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Photonic Devices
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SUMMARY

Fhotonde devices are devices in which the basie particle of Hght—the photon—plays

major rode. In this chapter, we consider four groups of photonic devices: light-emitting

diodes | LEDs} and lasers {light amplification by stimulated emission of radiation]), which

convert electrical energy to optical energy; photodetectors, which electrically detect opti-

cal signals: and solar cells, which convert optical energy into electrical energy.
Specifically, we cover the following topics:

*  Basic interactions between a photon and an electron.
*  Ceneration of photons by spontancos emission for the conventional and

organdc LEDs,
= Generation of photons by stimulated emission for heterostructure lasers.

*  Absorption of photons to create electron-hole pairs for photodetectors.
*  Absorption of photons to convert them to electrical energy for solar cells.

9.1 RADIATIVE TRANSITIONS AND OPTICAL ABSORPTION

Figure 1 shows the electromagnetic spectrum of the optical region. The detectable range
of light by the human eye extends only from approsimately 0.4 pm to 0.7 pm, Figure 1
also shows the major color bands from violet to red in the expanded scale. The ultrvi-
olet region inchades wavelengths from 0.01 pm to 0.4 pm, and the infrared region extends
Fromn 0.7 jam to 1,000 pm, In this chapter, we are primarily interested in the wavelength
mnge from nearultrviolet (~0.3 pm) to near-infrared (~1.5 pm).

Figure | also shows the photon encrgy on a separate horizontal scale, Te convert the
wanvelength to photon encrgy, we use the relationship

1.24
hvieV)

& ke
A

pm, (n

TSMC-1017
U.S. Patent 8,884,373



Chapter & Photonic Dovices © 253

Crunge
Vot e Tiren Yellow 1 Red
P e — =
:Ihﬁ 0455 QL4 05T 0SS DGR (i Rrrd
'I.‘- L _jl
-n._\..“- '-_-..--r_—"
L B rmiianket b BN = i L — leefiil
N Ty TR
Esfreme 2o} Fag i* I Moar Modimm Far Exbreme
oty -
L L i F -8 1 | ] 1 [} i | ] _:
(LT Bl 6l few fi 18 fi i 40 100 (Lo
05 0T
Winnlength (jgm) ——=
P ecs . 1 i i i i i
106 16 | ol Ll EL]]

= Fhulon eaergy (V]
Fig. 1 Chart of the electramagnetic spectrum from the ultrmdolet region to the infraned region.

where ¢ is the speed of light in vacuum, v is the frequency of light, b is Planck’s constant,
and hivis the energy of a photon, and is measured in electron volts. For example, 1 0.5 pm
green light corresponds to a photon energy of 2,48 eV,

8.1.1 Radiative Transitions

Theere are basically three processes for interaction between a photon and an electron in
a soliek: absorption, spontaneons emission, and stimulated emission, We use a simple sys-
tem to demonstrite these processes.! Consider two energy levels E; and E; of an atom,
wheere E, corresponds to the ground state and E; corresponads to the excited state (Fig, 2).
Any tranition between these states invelves the emission or absorption of a photon with
frequency vy, given by vy, = E; - E,. At room temperature, most of the atoms in a solid
are at the ground state. This situation i disturbed when a photon of energy exactly equal
tofiv, impinges on the system. An atom in state E, absorbs the photon and therely goes
tor the excited state E;, The change in the e state is the absorption process, shown
in Fig. 20. The excited state of the atom is unstable. After a short time, without any exter-
nal stimulus, it mukes & transition to the ground state, giving off o photon of energy v,
This provess is called spontencous emisdon (Fig. 2b), When a photon of energy hv,,
impinges on an atom while it is in the excited state (Fig. 22), the atom can be stimulated
to make a transition to the ground state and gives ofT a photon of energy Avy,, which is
in phase with the incident radiation. This process is called stimulated emission. The radi-
ation from stimulated emission is monochromatic becase each photon has precisely an
enengy hvyy and is coherent because all photons emitted are in phase.

The deminant operating process for LEDs is spontancous emdssion, for the luser diodes
(LIDs) it ks stimadabexd emdssion, and for the photodetectors and the solar cell it is absorption,

Let us assume that the instantaneous popalations of E, and E; are n) and ny, respec-
tively. Under a thermal equilibrivm condition and for (E, - E;) > 3 kT, the population
is given by Boltzmann distribution:

;] o =
;]_= gl Ea=E AT _ b AT (2
i

The nepative exponent indicates that n, is less than n; in thermal equilibrium; that is,
st electrons are at the lower energy leved,
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Fig.2 The thres basic transition processes betweon two energy levels. * Black dots indicated
the: state of the atom. The bnitial state iz ot the left: the finad state, after the transition, i at the
right. [a) Absoeplion, i) Spontaneous emission. (o) S batee] emisson.

In steady state, the stirmubited -emission rate (Le., the number of stimolabed-emis-
sion transitions per unit tme) and the spontancous-cmission rte mist be balanced by
the: rate of absorption to maintain the populstion 6, and ny constant. The stimulsted-camis-
stom rate is proportional to the photon-field energy density p (hv,,), which is the total
energy in the rdiation feld per unit volume per unit frequency. Therefore, the stimu-
lu.l.e:fﬁmls.ﬂnn rate can be written as Bymngplhv,), where oy is the number of electrons
in the upper bevel and By, is & propartionality constant. The spontaneous-emission rate
is proportional only to the population of the upper bevel and can be written as Ay ny, where
Ay, is a constant. The ahsorption rate is to the electron population at the
lower level and to p (Avy,): this rate can be written as B 0, pfhv,,), where By, is a pro-
portionality constant. Therefore, we have at steady state

stimulated-emission mte + spontancous-emission rate = absorption rate,
ar
Byymyp (hvig)+ Ay = Bygmyp (hvyg ) (3
From Eq. 3 we observe that
stimulated — emission rate B

spamtaneous — emission ke .
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To enhance stimulated emission over spontanecus emission, we must have o very large
photon-field encrgy density p (hv,,). To achieve this dtnﬂ;;mﬁimlmmt cavity
I used to increase the photon ficld. We also observe from Eq. 3 that

stimulated — emission rate _ By, [ ny 5
absorption rate By | my

If the stimulated emission of photon is to dominate over the absorption of photons, we
must have higher electron density in the upper level than in the lower level, This con-
dition is called population incersion, since under an equilibrium condition the reverse is
true. In Section 9.3 on sembconductor bisers, we consbder various ways to have a lurge
photan-field enengy density and achieve popadation inversion, so that the stimulated emis-
sion becomes dominant over both spontaneous emission and absorption.

8.12 Optical Absorption

Figure 3 shows the basie transitions in 4 semiconductor. When the semiconductor is illu-
minated, photons are absarbed to create electron-hale pairs, as shown in Fig. 3a, if the
photon encrgy is equal to the bandgap energy, that is, hv ecquals E_. If hv is greater than
E‘.luEhdmu-hlh}ﬁ.irlsghmlﬁlwd,inddiﬂmllmmnerg{hr-.ﬁ.]i:dﬂ-
sipated as heat, as shown in Fig. 35, Both processes, (Figs. a and b) are called tntrinsic
transitions (or band-to-band transitions). On the other hand, for v less than E,, a pho-
lm%ﬂuheﬂﬂmﬁedmlh'lfﬂmmmnmﬂihhmrmrnﬂﬂhthefmhddm
due to chemical impurities or physical defects, as shown in Fig. 3c. That process is ealled
extrinsic transition. This discussion also is generally true for the reverse situation. For
example, an electron at the conduction band edge combining with a hole at the valonce
bane edge will result in the emission of a photon with energy equal to that of the
Assume that a semiconductor is illuminated from a light source with kv greater than
E, and a photon Nux of @, in units of photons per square centimeter per second. As the
pﬁmnnummhﬂmmghummmdmmmumu ons absorbed is
propartional to the intensity of the flux. Therefore, the number of photons absarbed within

Ey

Fig.3  Optical absarption for (o) hy = E_ (b) hv > E_ aml () hv < E.
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an Incremental distance Ax (Fig. 4a) i given by adxiir, where & is a proportionality

constunt defined as the absorption coefficient. From the continuity of photon flux as shewn
in Fig. 4a, we obtaln

®fx + Ar) - x) =d—$ﬂ.ﬁ: = —ood{ x ) Ax

:f'::ft} =-mb[:} ®

The negative sign indicates a decreasing intensity of the photon (ux due to absorption.
The solution of Eq. 6 with the boundary condition @x) = &, atx = Ols

@[rﬂ:'ﬂﬂ " Bl (7}

The fraction of photon flux that exits from the other end of the semicondoctor at x = W
(Fig. 4b) ks

W)= P, (B}

The absorption eoefficient & is a function of hv. Figure 5 shows the measured opti-
cal absorption coefficient for some important semicondsctors that are used for photonic
divices.? Also shown is the absorption coefficient for amorphous silicon | Ve,
which is an important material for solar cells. The absorption coefficient decreases rapidly
il the cutoff wavelength A, that is, |

A -2 pin (%
El

B =y il & dx)

- e
{ah

=—
ih}

Fg. 4 Optical absorption. (a) Semiconductor ander Whamination, (b) Exponential decay of phe-
fon [l
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Fig. 5 Optical ahsorption coefficients for various semiconductor materials.* The value in the
parenthesis is the cutoll wavelength.

bexause the aptical band-to-band absorption becomes negligible for iiv < E.ord> 4.

 EXAMPLE1

A single-crystal silicon sempbe 0.25 pm-thick i illuminabed with a monochromatic Beht (single fre-
gquency] having an kv of 3 eV, The incident power i5 10 mW. Find the total energy shearbed by
the semiconductor per secemd, the rate af excess thermal energy dissipated to the Lattice, and the
mumher of phitons per second given off from recombination by intrinse tmasitions.

SOLUTION  From Fig. 5 the sbsorption cocffickent a b 4 % 100 em!. The energy absorbed per

secomd ks
L | L T Itl"[l .-up[-q % 10" %025 % m"}]
= 00063 J/s = 6.3 mW,
The portion of esch photon’s energy that is converted to heat i

hv-E 3-l18 oo
v 3

Themofore, the amount of enengy dissipated per second to the latties is
Ba% 6.3 = 35 mW
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Since the recombinstion rmdiation sccounts for 24 mW (Le., 6.3 mW =18 mW) st 1.12 &V phio-
tan, the number of plotons per second from recombination is

Tdx 107
— e =l3x10" phitons /5
1LEx 107,12 4

8.2 LIGHT-EMITTING DIODES

Light-emitting dicdes (LEDs) are p-n junctions that can emit spontanecus radistion in
ultraviolet, visible, or infrared regions. The visible LED has a multitude of applications
as an information link between electronic instruments and thetr users. The infrared LED
is useful in opto-isolators and for optical-fiber communication.

821 Visible LEDs

Figure 6 shows the relative eye response as a function of wavelength (or the cormesponding
photen energy). The maximum sensitivity of the eye is at 0.555 pm, The eye response
falls to nearly zero at the extremes of the visible spectrum at about 0.4 and 0.7 pm. For
wormil vision at the peak response of the aye, 1 W of radiant energy is equivalent to 683
lamen.

Since the eye is only sensitive to light with a photon energy hv equal to or greater
than 1.5 €V (30.7 pm), semiconductors of interest must have an energy bandgap langer
Ehan thais Bt Figureﬂa]mdmthuhnﬂmsuhmunﬂmduﬂmwelﬂm
the semicondictors used to produce light in the visible and infrared parts of the spec-
trum. Among all the semiconductors shown, the most important materials for visible LEDs
are the alloy Gas, P, and GaIn N 11V compaund systems. An alloy I-V compound
is Formed when more than one group 1T element is distributed rndomly on group 111
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Fig- 6 Semscondisctors of intenest s visible LEDs. Figure inclisdes relative response of the
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TABLE® Comenon [ll-V materials wsed to prodwce
LEDs and their emizsion wavakangiha.

Materal Wavelength {nm)
IndsShPTnAs A0

InAs L
GaltAsPGaSh L

Gash 150Ky
Ga,In,_As, P, 1100- 1600
Gty rlng s 1550
Gyl 180 03P 10 Lo
Gads:ErInP:Er 1540

SieC 1300

Cads: Vb InP:Yh 100y

Al Ga, AsSi A5E-5H40
GadsSi 840

Al Gy 52 530

Aly Gy xSl 650

Cads, Py 660

Gadsy Fyy G20

Gt o Fy o 550

(ALGay g glng P B5%

Cal B

Cal:N 550-570
Ga,In, N 340,430,560
SiC MM
BN D60.310,450

lattice sites (e.g., gallinm sites) or more than ene group V element are distributed mn-
domly on group V lattioe sites (e.g., arsenic sites). The notation used is A, B, Cor AC,_ D,
for ternary (three elements) compounds and A B C D, _ for quaternary (four Ehmunui
compouncds, where A and B are the group 111 elements, G and 12 are the group V ele-
ments, and x and i are the mole fractions, that is, the ratios of the number of atoms of
a givem species to the total number of group I or group V atoms in the alloy compomd.

Figure Ta shows the energy gap for GaAs, P, as a function of the mole fraction y.
For 0 < y < 045, the bandgap is direct and increases from E, = 1424 eVaty = Ot E,
= L9TT eV at y = 0.43. For y > 0.45, the bandgap is indirect. Figure Th shows the cor-
responding energy-momentum plots for selected alloy compositions.” As indicated. the
conduction band has two minima. The one along p = 0 is the direct minimem, and the
ome along p = p__ is the indirect minimum. Electrons in the direct minimum of the con-
duction band and holes at the top of the valenoe band have cqual momenta (p = 0). But
electrons in the indirect minimum of the conduction band and holes at the top of
the valenee band have difforent momenta. The mdiative transition mechanisems are
found predominantly in direct-bandgap semiconductors, such as galliom arsenide and
Gads, P, (y < 0.45). since the momentum is conserved. The photon energy is approx-
mately equal to the bandgap energy of the sembconductor.

However, for GaAs, P, with y greater than 0.45 and gallinm phosphide, which are
indirect-hanclgap semicondiuctors, the probability for rdiative transitions is very small,
since lattice interactions or other scaltering agents must participate in the process to
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consenve momentum. Therefore, for indirect-bandgap semiconductors, special recom-
bination centers are incorporated to enhance the radiative processes. Incorporating nitro-
gen into the erystal lattios can form efficient radiative recombination centers in CaAs
When nitrogen is introduced, it replaces phosphorous stoms in the lattice sites, The cuter
electronic structure of nitrogen is similar to that of phosphores (both ane group V ele-
ments in the periodic table), but the electronic core structures of these atoms are dif-
ferent. This difference results in the ereation of an electron trp level close to the bottom
of the comduction band. A recombination center is thus produced, and it is called an fzo-
electromie cenfer. This recombination center can greatly enhance the probability of radia-
tive transition in indirect-bandgap semiconductors,

Figure 8 shows the quantum efficiency, the number of photons generated per elee-
tron-hole pais, versus alloy composition for GaAs, (P, with and without the isoelectronic
imnpaity mi n.¥ The efficiency witloat i dhrops sharphy in e compositi
n.—lpﬂli ut.lanﬁmg the bandgap amgsmmﬂ’ to Eﬂm atiy = nﬁﬁﬁ
chendy with nitrogen is considerably higher for g = 0.5 but nevertheless decreases steadily
with an increasing y because of the inereasing separation between the direct and indi-
rect bandgap (Fig, Th).

Figurnﬂdm thi basie visihle LED stractares in the fat-diode configuration ® Figune
B shows the cross section of a direct-bandgap LED, which emits red light, fabricated
on gallium arsenide substrate. Figure 9 i o indirect bandgap LED, which emits
orange, vellow, or green light fabricated on gallium phosphide substrates. A graded-alloy
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P, kaver is grown opitaxdally to minimize the nonradiative conters at the interface

result from lattice mismatch.
Fu:r high-brightness blue LEDs (04550492 pm). 11-V1 compounds such as ZnSe,
IT1-V nitride semiconductors such as GaN, and IV-IV compounds such as SiC have been
investigated. However, their short lifetimes prevent 1-1V-based devices from being
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commercialized at present; and the indirect bandgap of SiC results in the low brightness
of 5iC Blue LEDs,

The most promising candidates are GaN (E_ « 3.4 V) and related TV nitride semi.
conductors such as AlGalnN, which have direct bandgaps ranging from 1.85 &V 0 6.2
eV with cormesponding wavelengths from 0.2 pm to 0,63 pwm." Although thers are no lat-
tice-matched substrates for the growth of CaN, high-quality GaN has been grown on sap-
phire (ALO,} using a low-temperature grown AIN as a buffer laver. Figure 10 shows a
HI-¥ nitride LEL grovwn on sapphire substrate. Because the sapphire substrate is an insu-
lator, both the - and p-type ohmic contacts are formed on the top surface. The blue
light orginates from the radiative recombination in the Ga,In, N region which is sand-
wiched between two larger bandgap semiconductors: a p-type Al Ga, N layer and an n-
type Gal layer.

There are three ks mechanisms that reduce the quantity of emitted photons: absor-
tion within the LED material, reflection loss when light passes from a semiconductor to
air dhee o differences in refrictive index, med total intermnal reflection of light at angles
greater than the eritical angle 8, (Fig. 8a) defined by Snells low:

:|i11ﬂ,=EL

(10}

where the light passes from a medium with a refractive index of 7, such as GaAs with
ny = 366 at 4 = 0.8 pm, to a medium of i}, such as air with 70 = 1. For gallium arsenide,
the eritical angle is about 16%; and for galliom phosphide with 7, = 3.45 at A = 0.8 jum,
the eritical angle is about 17%.

The forward current-voltage characteristics of a LED is similar to that of the GaAs
p=n junction discussed in Chapter 4. At low forward voltages, the dicde current is dom-
inated by the nonrdiative recombination current due mainly to surface recombination
near the perimeter of the LED chip. At higher foreard voltages, the diode current is
dominated by the radiative diffusion corrent. At even higher voltages, the series resis-
tance will limit the: diode current, The total diode current can be written as

p-VPad electrods
Wi L A
Lighi |r|=rumrmn£.p-vlumdu j-CaN
pAlGa N
u-rlectrde Galm M [anechepescl §
Tidad % a-CaM
o n-AlN

Sapphive sulntrabe

Fig. 10 I0I-V nitridle LED grown on sappbine sebstrate®
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V=IR, oV -IR
I=1,; ¥]+LF Il{—zﬂ;—‘—}], (11}

where [, is the device series resistance o £ and I, are the satumtion currents dus to
diffuson and recombination, respectively. To increase the output power of the LED, we
marst rechuce I and B,

The emission spectra of LEDs are similar to the eye response curve shown in Fig. 6.
Thie spectral width i given by the full width at half madmuom (FWHM) intensity. The
spectral width generally varies as A%, where 4_, & the wanelength at the maximum inten-
sity.” Thus, the FWHM becomes larger as the wavelength is increased from visible to
infrared. For ecample, at 4, = 0.55 pm (green), FWHM is about 20 nm, but at 1.3 um
(imfrared), FWHM is over 130 nain.

Visible LEDs can be used for full-color displays, full-color indicators, and lamps with
high efficiency and high relizhility. Figure 11 shows the diagrams of two LED lamps.*
An LED lump contains an LED chip and a plastic lens, which is usually eolored to serve
as an optical filter and to enhance contrast. The lamp in Fig. 11a uses a conventional
diode header. Figure 11l shows a package that is suited for a transparent semiconduc-
tor, such as gallium phesphide, which emits light through all five facets {four sides anc
the top) of the LED chip.

Figure 12 shows the basic formats for LED displays. The seven segments (Fig, 12a)
display numbers from 0 to 8. The 5 x 7 matrix armay | Fig. 125) displays alphamimeries
(A=Z and 0-8). The displiys can be made by monolithic processes similar to those nsed

Fig. 11 ﬂi.n.gr-:mnrm'n‘l'.‘..::ﬂlnnpl."
[t T
[ 3 AEC

Fig- 12 LED display formats for numeric and alphanumeric: (a) T-segment (numeric); (b) 5x 7
arruy (alphanomeric)®
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to muke silicon integrated circuits {described in Cliapters 10 throwgh 14) or by using an
Individual LED chip mounted on a reflector to form a bar segment.

There has been Interest in the development of white LEDs for general llumination
because LEDs are threo times us efficient as incandescent lumgs and can last 10 tines
longer. A white LED requires LEDs of red, green, and blue colors. A wide-spread use
of white LED will be realized when the costs of these LEDs, especially the blue LEDs,
becime competitive with the conventional light sources,

OT: LED
In the previous discussions, we considered devices made only from inergenic semicon.
dhsctor materals, ssch as GadsP and GaN. In recent vears, certain erganie semicondue.
tors have been studied for electroluminescent applications. The arganic lght-emitting
diode (OLED} is particularly useful for multicolor, large-area lat-panel display because
ol its attrilutes of kow-power consumption and excellent emissive quality with a wide view.

e

Figure 130 shows the molecular structures of two representative organie semicon-
ductors "™ They are the tris (8-hydroxy-quinolinato) alaminm (AIQ,), which contains six
benzene rings connected to a central alaminum atom, and the aromatie dinmine, which
also contains six benzene rings but with a different molecalar arrangement. A basic OLED
has a number of layers on a transparent substrate (e.g., glass), Onto the substrate we
deposite, in sequence, a transparent conductive anaode e, TTO (inckivm tin oxicke)), the
dinmine as a hole transport Layer, the AIG, as the electron transport layer, and the cath-
oce contact (e.g. Mg alloy with 10% Ag). A cross sectional view is shown in Fig, 135,

Figure 13 shows the band disgram of the OLED. It is basically a heterojunction
formed between AlQ, and diamine. Under proper binsing conditions, electrons are is
fremm the cathode and move toward the heterojunction interfisce whenss holes are injocted
from the anode and also move towand the interface. Becanse of the energy harriers AE,-
und AEy, these carriers will aceumulate at the interfice to enhance the chance of rudia-
tive: recombination,

From Fig. 13, we can specify the design eriteria of an OLED: {a) ultrathin layers
for low biasing voltage—for example, the total thickness of the organic semiconchctor

ke~

(L)
g |
L

oo

ji
AE,

tal L il

Fig. 13 i} Organic sembconductors. () OLED cross sectional view. (o) Band diagramn of an
QLED,
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lnyers shown is only 150 nm; (b) low injection barrers—the barrier helght g@, for hole
injection and the barrier height g@y for electron infection must be low enough to allow
large carrier injections for high-curment density operation, and (c) proper bandgaps for
the: required colos. For Al the emitted light is green color. By choosing different organic
semiconductors with different bandgaps, various colors incheding red, yellow, and biue
can be obtained,

822 Infrared LED

Infrared LEDs inclede gallium arsenide LEDs, which emit light near 0.9 pm, and many
-V compounds, such as the quaternary Ga I, As P, LEDs, which emit light from
1.1to L6 pm.

An important application of infrired LEDs is in opto-isolaters, where an input or
control signal is decoupled from the output. Figure 14 shows an opto-isolator having an
infrured LED as the light source and a photodiode as the detector. When an i &ﬁ
nal is applied to the LED, light is generated and subsequently JWH'“E:E“
ode. The light i then converted back to an electrical signal as a current that flows through
a boad resistor. Opto-Bsolators transmit signals at the speed of light and are electrically
isolated because there is no electrical fecdback from the output to the input.

Another important application of infrired LEDs is for transmission of an optical sig-
nal through an optical fiber, as in & communication system. An optical fiber is o wive-
guide at optical frequencies. The fiber is usually drnven from o prefonm of glss to a diameter
af about 100 gm. 1t is fexible and can guide optical signals over distances of many kilo-
meders to a receiver, similar to the way a coaxial cable transmits electrical signals,

Two types of optical fibers are shown in Fig, 15. One type of fiber has a claddking
laver of relatively pure fused silica (8i0,) surrounding a core of doped glass (e.g., ger-
manium doped glas) that has a higher refractive index than the cladding layer," This
type of fiber is called a step index fiber. The light is transmitted along the length of the
fiber by internal reflection at the step in the relractive index. The critical angle for inter-
nal reflection is about T9° for 7, = 1457 (cladding kaver) and 7, = 1.450 (core, 20% Ge-

} as caleulated from Eq. 10, Nmﬂmdﬂfntmﬁmﬁvﬁllpmuﬂhdﬁkmﬂt
lengths {Fig. 15a). A light pulse reaching the end of a step fiber will resull in

a pulse spread. In a groded-indes fiber (Fig. 155), the index decreases from the core cen-
ter by n parabolic law. Now, ravs traversing toward the cladding have a high velocity (due

to bower refractive index) than rays aleng the center of the core. The pulse spread is sig-
nificantly reduced. As the light is transmitted along the optical fiber, the light signal will
be attenuated. However, due to the transparency of ubtrapure silica used for the fiber
material in the wavelength region from (.5 to L6 jm, the attemuation is quite low and

[
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Fig. 14 An opeo-solator in which an input sigeal & decoupled from the cutput sigaal.
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Craded-index fiber having » parabolic grading of the reflective index in the cope !

is proportional to 4. Typical attennations are about 3 dB&m at a wavelength of 0.8 pm,
016 dBAam at 1.3 gm, and 0.2 dB%m at 1.55 pm.

A simple point-to-point optical-fiber communication system is shown in Fig, 16, where
the electrical input signals are converted to optical using an optical source (LED
or laser), The optical signals are inter the fiber and transmitted to the photode-
tector, wherne they are converted ta ebectrical signals.

The surface-emitting infrared InGaAsF LED used for optical-fiber communication
is shown™ in Fig. 17. The light is emitted from the central surfuce area and coupled into
the optical fiber. The use of heterojunctions (e.g., InGaAsP-InP] can increase the offi-
clency that results from the confinement of the carrier by the layers of the
semiconductor InF, surrouncling the radiative-recombination region InCGaAsE We con-

Fhwoto-

Fig. 16 Busic elements of an optical fiber tramsmission link,
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Fig. 17 Small-area mesa-etched GalnAsF/InP surface-emitting LELD structure. '

sider this carmier confinement in Emﬁnn'ﬂ.ﬁ.‘lhhutmt::ﬂmmn also serve i an opti-
eal window to the emitted radiation becmise the higher bandgap-confining layers do not
absorb radiation from the lower-bandgap-emitting region.

The electrical input signal is generally modulated at high frequencies. This signal
canses direct modulation of the injected current in an LED. Parasitic elements such as
the depletion-luyer capacitance and series resistance can cause & delay of carrier injec-
tion into the junction and a delay in the light output. The ultimate limit on how fast one
can vary the light output depends on the carrier lifetime, which is determined by vai-
ous recombination processes, such as the surface recombination discussed in Chapter 3.
If the enrrent is modulated at an angular frequency o, the light output e} is given by

Plw)= i -, (12)
J1+(or)

whiere P{0) iz the light outpat at @ = 0, and tis the carrier lifetime. The modulation band-
width Af is defined as the frequency at which H}nlightuutputiumdumdluh"v’ithu
at @@ = 0, that is,

1

ﬁIIEIE_ ':13]'

EXAMPLE 2

Cabeulate the modudation bandwidth of o GaAs-based LED with £ = 500 ps.

1

- —————— = 318 MHz. -
2r-500- 107

af
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9.3 SEMICONDUCTOR LASER

Semiconductor lasers are similar to the solid-state ruby laser and helium-neon gas laser
in that the emitted radiation is highly monochromatic and produces a highly directional
beam of light. However, the semiconductor laser differs from other lasers in that it is small
{on the order of 0.1 mm long) and Is easily modubated at high frequencies simply by mod-
ulating the biasing current. Because of these unique properties, the r laser
is one of the most important light sources for optical-fiber communication. It is also used
in video recording, optical reading, and high-speed laser printing, In addition, sembcon-
Mrhﬂi:m;ipﬂﬁmrwﬂmlmmmymdmm@lm
ogy, such as high-resalution gas spectroscopy and astmospheric pollution monitoring,

931 Semiconductor Materials

All lasing semiconductors have direct bandgaps. This is expected because the momen-
tum is conserved and the mdiative-transiion probahility in a direct-han SEMico.
ductor i th.ﬂpmﬂ. the kaser emission wavelengths cover the range from 0.3 to
over 30 pm. Gallium arsenide vas the firet material to emit laser mdiation, and its related
LIEY nd allovs are the most extensively studied and developed.

The 1 mast important 11V compound alloy systems are Galn, As P,
Ga,Ing As Sh,  and AL Ga, 1.y %0bid solutions. Figune 18 shows the plot-
ted against the constant for varsous T11-V binary semiconductors and their inter-
mediate termary and quaternary compounds. ™ To achieve a beterostructure with negligible
interface traps, the lattices between the two semiconductors must be matched closely.

alk)
Fig. 18 Energy bandgap and bsttice constant for three -V compoasd solidd alloy svstem, &
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If we use GaAs (¢ = 56533 A} as the substrate, the temary compound Al Ga, As can
have a lattice mismatch less than 0.1%. Similarly, with InP (g = 5.58657 A) a the sub-
strute, the quaternary compound Ga, Ing_ As Py adso can have a nearly perfect latics
match, as indicated by the center vertical line in Fig. 18,

Figure 19 shows the bandgap of termary Al Ga;  As as a function of aluminum com-
pesition. ' The alloy has a direct handgap p to £ = 045, then becomes an indinect
semboonductor. Figure 19 shows the compositional dependence of the relrotive in
For example, for r = (0.3, the bandgap of AL, Ga,_As is 1.759 eV, which is 0,365 eV larger
than that of GaAs; its refmctive index is 3,355, which is 6% smaller than that of Gads.
These properties are important for continums operation of semiconductor lusers ot and
above room temperatures,

832 Laser Operation

Figure 20 dvos schematic ﬂirﬂmnﬁﬂnm“ af thie band dl.ll?l’lm under forvard-bias |
the refractive index profile, and the optical-feld distribation of lghtgermr-t-::iﬂﬂmjum-
tiom of 3 homojunction kaser (Fig. 20a) and a double-heterostructure (DH] lser (Fig, 206).

Population Inversion

As discussed in Section 811, to enhance the stimulated emission for laser operation we
need population imversion. To achieve population inversion in a semiconductor laser, we
consider a pon junction or a heterojunction formed between degenerate semiconductons.
This means that the doping kevels on both gides of the junction are high enoagh that the
Fermi level Egy is below the valence band edge on the p-side and Ejy. is above the con-
dhuction band edge on the ne-side. When a sufficiently large hmwﬂlﬂtd{ﬂmhu'rd:ﬁm
grains in Fig. 200, high injection oocurs, that is, lange concentrtions of electrons und holes
are infected into the transition region. As a result, the region d (Fig. 20) contains a large
comeentration of electrons in the conduction band and a luge concentration of holes in
the valence band; this is the recuired condition for population inversion. For band-to-hand

ant
L],
=} i
=
™ a0 'E
'? 5 i
3 3
1.0
[ 5] pp— e a0 i
L1 [ L4 i oS 1]
Cahi Alks Coahi Alhs
Mol fraction AlAs, 2 Nlole fraction AlAs, &
fm) [].1]

Fig. 19 (o) Compasitionsl dependence af the ALGa_As cevergy gap,! () Compositional depen-
dence of the refrective index ot 1.38 &V,
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Ff. 3 Comparison of some characteristics of (a] homajanetion laser amd (h) double-betem-
junction { X} laser, Second from the top row shows energy band disgrams antber foraund biss.
The refractive index change for a homojunetion luser is less than 19%. The mefractive index
change for DH laser is about 5%. The confinement of light is shown in the bottom rowe 1

transition, the minimum energy required is the handgap energy E_. Therefore, from the
band diagram in Fig. 20, we can write the condition necessary for population inversion:
(Epe = Epyl > E,.

Carrier and Optical Confinement

As cun be seen in the DH laser, the carriers are confined on both sides of the active region
by the heterojunction barriers, whereas in the homejunetion laser the carriers can move
away from the active region, where radiative recombination occurs.

In the: DI laser the optical field is also confined within the active region by the abrupt
reduction of the refractive index outside the active region. The optical confinement can
be explained by Fig. 21, which shows a three-layer dielectric wave guide with refractive
indices i, my and 7, where an active layer is sandwiched between two confining layers
(Fig. 21a). Under the condition iy > iy = iy, the ray angle 8, at the laver Vayer 2 inter-
face in Fig. 21h exceeds the critical angle given by Exq, 10, A similar situation occrs for
8y, ut the kayer 2/layer 3 interface. Therefore, when the refractive index in the sctive layer
is larger than the index of its surmounding layers, the propagation of the optical radiation
is guided (confimed) in a direction parallel to the laver interfaces. We can define a con-
finement factor I, which is the ratio of the light intensity within the active layer to the
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Layer 3 [p = AL Gy _As)
| Layer2(Gaan)
Layer 1 (n~ Al Ga_As)

Fig- 21 (o} Represemtation of o three-layer diclectric waveguide, (b) Ray trajectonies of the
puided wave,

sum of light intensity both within and outside the active layer. The confinement factor
is given as

I=1-exp| -CaRd). (14)

wiheere O Is a constant, An 18 the difference o the refractive index, and o & the thicknes
af the active layer. It is chear that the larger A0 awd o are, the higher I will be.

Optical Cavity and Feedback

We have considered the condition necessary to produce laser action: population inver-
sson, Photons released by stimulated emission are likely to canse further stimulations as
long as there is popilation inverdon. This is the phenomenon of optical gain. The gain
obtained in a single travel of an optical wave down a laser cavity ks small. To increase gain,
matltiple passes of a wave must occur. This is achieved using mirmoes placed at either end
of the cavity, shown as the reflection planes at the left side and right side in Fig, 21a. For
a semiconductor laser, the cleaved ends of the crystal forming the device can act as the
mirrors. For a Gads deviee, along (110) plane creates two parallel identical mir-
rors. Sometimes the back mirror of the lser is metallized to enhanee the reflectivity: The
reflectivity B at each mirror can be caleulated as

n -[i"]:. (15)

m+l

where it s the refractive index in the semiconductor corresponding to the wavelength 4
(@ is gencrally a function of 4).
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EXAMPLE 3
Caleulate the R for Cats (5 = 3.6).

SOLUTION From Eq. 15,

H
A6=1
| —— =
- [:351-1] o

that is, 32% of the Bght will e reflected at the cleaved surfuos. -

If an integral number of hall-wavelength fit between the two end planes, reinforeed
and coherent light will be reflected back and forth within the cavity. Therefore, for stim-
ulated emission, the length L of the cavity must satisfy the condstion

(&)

md = $7 L., (16a)

where m is an integral number. Olviously, many values of 4 can satisfy this condition

(Fig, 22a), but only those within the spontaneous emission spectrum will be prodisced

(Fig, 22b). In addition, optical losses in the path traveled by the wane mean that only the

strongest lines will survive, leading to n set of lasing modes, as given in Fig. 22, The sep-

aration A4 between the allowed modes in the longitedinal direction is the difference in

tilit uﬁngﬂu corresponding to m and m+ 1. Differentiating Eq. 160 with respect to
WE n

or

]
Ad A% Am

= WL A/ aNda dA)] (1)

|pgitadinal medes

N

Fig. 2 () Resomant nesdes of a lser cavity. (1] Spentansms emissson spectram, (o) Optical-
gain wavelengths,
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Although 7 is o function of 4, over the very small change in wavelength between adja-
cent modes di/dA is very small, and hence to a good approxmation the mode spacing

Ad s given by

s . (18)

EXAMPLE 4
Caleulste the mode spacing For & typloal Gads leser with 4 = 084 pm, 0= 3.6 and L = 300 pm.

SOLUTION From Exq. 15,

2
CETES L
MiJ- ) —wdx 107" m =g A <
e A 6w 300w 10

933 Basic Laser Structure

Figure 23 shows three laser structures. "' The first structure (Fig. 234, is a hasic p-n
junction leser and is called & homofuenction faser becanse it has the same semiconductor
material (eg, GaAs) on both sides of the junction. A pair of parallel planes (or facets)
are cleaved or palished perpendicular to the (110)-axis. Under appropriate biasing con-
ehitiones laser [ight will be emitted from these planes (only the front emission is shown in
Fig. 23). The two remaining sides of the diode are ronghened to eliminate lasing in the
directions other than the main ones. This structure is called a Fabryp-Ferot capity, with
a typical cavity length L of shout 300 pm, The Fabry-Perot cavity configurtion is used
extensively for 1 m semiconchector bsers.

Figure 23 shows a double-heterost micture (DH) laser, in which a thin layer of a semd-
condhector (e.g., GaAs] is sundwiched between lavers of a different semiconductor (e,
Al Ca, As). The laser structures shivwn in Figs. 2% and b are broad-area lasers becaise
the entire area along the junction plane can emit radiation. Figure 23 shows a DH laser
with a stripe geometry, The oxide kayer solates all but the stripe contact; consequently
the kasing irea is restricted to a narrow region under the contact, The stripe widths § are
typlcalhy 5-30 pm. The advantages of the stripe geometry are reduced operating current,
elimination of multiple-emission areas along the junction, and improved reliability that
s thie result of removing most of the jonction perdmeter.

Threshold Current Density

Ome: of the most important paruneters lor lser operation is the threshold current den-
sty [, that is, the minimum current density recquired for lusing to oecur. Figure 24 com-
péares J; versus operating temperature for a homojunction laser and a DH laser.™ Note
that as the temperature increases, [, for the DH laser increases much more slowly than
Jis, For the homojunetion laser. Because of the bow values of [, for DH lasers at 300 K,
DH lasers can be operated continuously at reom temperaturs, This characteristic has led
to the increased use of semiconductor lusers, especially in optical-fiber commumnication
systems.
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e

Fig. 23 Semicontuctor laser structure in the Fabr—Pemt-cnity conlimirati, (a)
Homojunction bser, (B Double-keterojunction (D) laser, (o) Stripe-geometry DH lager. #02

In a sermicomdhsctor laser, the gain g, the incremental optical energy fux per undt length,
depends on the current density. The gain g can be expressed as  function of a nominal
current density |, which is defined for unity quantum efficiency (Le., number of car-
riers generated per photon, 7 = 1) as the current density required to uniformly exeite 1
jm thick an active kayer. The actual current density is then given by

JiAtem?) = lna;i (18}

where d is the thickness of the active layer in pm. Figure 25 shows the cadeulated gain
fior a typical gallivm arsenide DH laser™ The gain increases nearly with | for 50 < g
< 400 cm'. The linear dashed line can be written as

g=(&/Jo)lJ ... 1o} (20)
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Fig. 24 Threshold current density verius temperature for the two laser stractures shown™ in
Fig 20,
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where gy/fy = 5% 107 em-pm/A and J; = 4.5 > 10° A/ em-pum.

As discussed previously, at low currents there i spontaneous emission in all direc-
thons. As the curment increases, the gain increases (Fig. 25) until the threshold for lasing
is resched, that is, until the gain satisfies the condition that a light wave makes a com-
plete traversal of the cavity without attenuation:

Rexpl{Tz-ajL|=1 {21)
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ar

: 1,]1
rg{ﬂ:mhum gain ) .:+L|,{H} (22
where Iis the confinement factor, & is the loss per unit length from absorption and other
scattering mechandsm, L is the length of the cavity shown hl"ig.ﬂ.mﬂﬂhﬁl! reflectanos

of the ends of the cavity assuming that R for both ends is equal. Equations 19, 20, and
22 may be combined to give the threshold current density as

Id.EMnnE:mi&é +[iﬁ;~1a+ %]n[%]] (23)

The term | J,dige 07} is often called 1B, where B is known as the gain factor. To reduce
[ e can incresse 1), I, L, and B and reduce o and

 EXAMPLE 5

Find the threshobd carrent for a laser diode using the following data: front and rear mirmor reflec-
tivitiess are 0440 and 0.989, respectively, The cavity lemgth and wideh are 300 s asd 5 pm, respec-
ivedy, @ = 100 cm, =00 em A" o= 100 con?, and M= 05

SOLUTION  With a knewn gain factor, the term [din in Eq. 23 cn be expressed as g,/

D to different reflectivities of the tao mdrmm, Edqg, 23 5 modiled o

T A | PR T e S
JafAlem®) 5 +F|:n+ulr{ i, ] (23]
104 1 1 |
x| 100 2056 A f om”,
Thus,  Ju = Tl x[ +ggm:1u4b{ﬂ-4‘lﬂ&m]]. e
and s 1y = B096 5 300 107" 5 5% 107 = 30 mA <
Temperature Effect

Figure 36 showws the temperature dependence of the threshold current 1, for a cw (con-

tinuous wave) stripe geometry Al Ga,  As-GaAs DH laser.'” Figure 263 shows ow light
ocutputs versus injoction current o various temperatures between 25° and 115°C. Note

the excellent linearity in the light -current chamicteristics. The threshold current at o given
temperature is the extrapolated value for zer output power. Figure 268 shows a plot of
threshold currents as & fanction of temperature. The threshold evrrent increases expo-

nentially with tempserbore os
T
- o 24)
L ﬂl{Tu} {

where T is the temperature in "C and T, is 110°C for this laser.
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Fig- 26 (a) Light owtpat versus diode carrent fior 1 GaAs/AlGads heterosmicture Lser. (b)
Temperature dependence of the continucus wave (ow)-current threshald, 7

EXAMPLE &

Cabeulate the temperature at which the room-temperature valuo of the threshold carrent doubles
fir the faser shown in Fig, 26,

SOLUTION

exp{27/110)
Yo  exp{T1I0)
therefore T = 27 + 110 % In2 = 27 + 76 = 103°C. -«

Modulation Frequency and Longitudinal Modes
For optical fiber communications, the optical source must be able to be modulated at
high frequencies. Unlike LEDs, whose output power decreases with increasing maosdu-
lation bandwicth (Eq. 12), the output power of typical GaAs or GalnAsP laser remains
at 4 constand kevel (eg., 10 mW per facet) well into GHz

For a stripe-grometry GalnAs-AlGaAs DH laser at a current above the threshold,
many emission lines exist that are approdmately evenly spaced with a separation of A%
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(e.g. Ad= 4 Ain Ex, 4), These emission lines belong to the longitudinal modes given in
Eq. 17. Because of these longitudinal modes, the stripe geometry laser is not a spectrally
pure light source. For optical-fiber communbcation systems, an ideal light source is one
that has a single frequency. This is becanse light pulses of different frequencies travel
through optical fiber at different speeds, thus causing pulse spread.

934 Distributed Feedback Lasers

Because of the mubtimodes in stripe-geometry lasers, these devices are only useful for
telecommunication systems operated at relatively low mtes (ie., bebowe 1| Ghits). For
ahvanced optical fiber systems, single-frequimey lasers are necessary. The fundamental
approach is to take 3 laser cavity that allows only one mode to resonate and to provide o
constructive Interference mechanism that picks out a single frequency. Two laser eon-
figurations wse this approach—the distributed Bragg reflector kaser and the distributed
feedback laser.'®

¥7a shows the cross section of a distributed B rellector (DBR] liger. The
region which conduets electric current ks called the pu region. A wavelength-selec-
Hom giﬁnngﬁphmimm&eﬂmpum[wd region. Because of effictent coupling betwren
the active region and the passive grating strocture, the reflection is enhanced at the wave-
length Ay, known as the Bragy wavelength, which is related to the period of the grating
A by

a5 )

where 7 is the effective refractive index of the mode and [ is the integer order of the

grating. The mode ot the Bragg wavelength that has the bowest loss, and thus, the low-
est threshold gain will have the predominant outpat.

Figure 276 shows the distributed feedback (DFB) laser, which has a cormgted grt-

i structure within the active region, The grating region has a periodically varying index

of refraction that enhances the wavelength closest to the Bragg wavelength, thus achiey-

ing singe- frequency operation. Because of the small temperature dependence of the refrac-

tive index, the lasing wavelength of the DFB laser has a very small temperature coefficient

Drisiribmsted peflechsr

Prrmpel i
- iile
e ] — |'||||||n1|
1||. \.— J5F B e i —
g | i

F
7

Fig. 21 Tow methods of abtaining a single-frequency laser. (o) Distributed Bragg reflector
[DBR) laser, and (k) a distributed foedback (DFB) laser.
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(~0.5 ArC), while the temperature coefficient for a corresponding stripe-goometry laser
s much lurger (-3 APC), because it follows the tempemture dependence of the bandgap.
DBR and DFR lasers are abio useful as optical sources in integrated optics, which uses
miniature optical waveguide components and dreidts made by planar technology on rigid
substrates,

935 Quantum-Well Lasers

The structure of a quantum-well (W) laser™ ™ is similar to that of a DH laser cxcept
the thickness of the active layer In a QW laser is very small, about 10-20 nm. Figure 25
sherws the band disgram of & QW laser where the central GaAs region (L, = 20 am) is
sanitwiched between two luorger bandgap AlGaAs layers. The lmtgtl:hn comparable to
the de Broglie wavelength (4 = Afp, where & is the Planck constant and p is the momen-
tum of the charge carrier), and the carriers are confined in & finite potential well in the

y-direction.
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Fig. 28 The quantuns-well (W] laser: (o) single Gads QW surronded by AGaAs, () discrete
enengy levels within the well, and ie) density of stutes for olectrons and holes within the well,
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Th energy of the timrgc' Pa.n-i;-]:e can be separated into a confinement convponent
in the f-direction and two unconfined components in the 1- and z-direction of the QW

layer.

A

m_ttf-rl':!:l. (26)

where E, is the nth clgenvalue of the confined particle, m'” is the effective muss, and k,
and k, are the wave numbser in the 1- and s-direction, respectively. Figure 28b shows the
energy levels in the quantum well. The values of E, are shown as E,, E;, E; for electrons,
Eurs Esaoe Era T8 heavy holes ! and Ey . gy for light holes.' The usual parabolic forms
for the condisction and valence banc density of states have been replaced by a "staircuse”
representation of discrete levels (Fig. 25¢), each cormesponding to a constunt density of
states per unit area given by

Eln, k,, k)=E, +

N m
dE  gp?
Since the density of states is constant, rather than gradually increasing from zero, as:
in & comventional laser, there is a group of electrons of nearly the same energy available
to recombine with a group of holes of nearly the sime energy, for example, the level E
in the conduction with the leved E, in the valence band, QW lasers offer significant
improvement in laser performance, such as reduction in the threshold current, high ont-
put power, and high speed, compared with the conventional DH lasers. QW lasers made
in wﬂﬂmmmaﬂmhmtt}wmhidmmmdcnﬂﬁnﬁhﬂuﬁﬁ Alom®
and submilliampere threshold currents. These lasers operite at emission wavelengths
arcumd 0.8 pm.
For lenger-wavelength operation, GalnAs'\CGalnAsP il tiple—guantuom-well (MOW)
lasers for the 1.3 pm and 1.5 pm wavelength regions have been developed. Figure 200
shows a schematic diagram of a separate-confinement-heterostructsre {SCH) MQW
laser where four QWs of GalnAs with GalnAsP barrder bvers are sandwiched between
the InP dadding lavers to form a wiveguide with a step index change. ™ These alloy com-
positions an: chosen so that they are lattioe matched to the InP substrate. The active
is composed of four & nm thick, undoped GalnAs QWs (with E, of 0.75 V) separated
by 30 nm thick undoped GalnAsP layers (with E_of 0.95 oV ). Figure 296 shows the cor-
ng hand diagram of the active region, The n- and p-cladding InF layers are doped
with sulfur (10" em?} and zine (107cm™), respectively.
A graded-index SCH (GRIN-SCH) is shown in Fig 29, in which a GRIN of the
de is sccomplished by several small stepwise increases of the bandgap energies
af mubtiple cladding layers. The GRIN-SCH structure confines both the carriers and the
optical field more effectively than the SCH strueture and, consequently, heads to an even
lower-threshold current density. With the MOW structure, a variety of advanced lasers
and] phaotonic integrated cirouits becomes possible for fisture system applications.

(27)

1In GaAs, the effective mass for heavy holes is 0.62 my, wheneas that for ght holes is 074 my,



Chapter & Photonic Desices 0 311

p* = Calnds cap laver

p = InP clubling lover (1]
CalnAsP
CalnAs 5o
pite (T E Wi
n = InP buffer layer
GRIN | MOW CIIN
SCH : :!I.!H
At = InF ahapane : :
i i
fa}

!
4 Wills
3

"

Fig. 23 (a] Schematic of the cross section of an GalnAsGalnAsP multiple-quantum.well luser

strscduire. (I} Schematic Etfﬁ'lrb-ﬂﬁlfﬂ af the SCEL-MOW ll;.'uﬁahwn im izl (e) GRIN-

il.':I-I-I'--'['ll,'lll"u"m‘mI stracture with thin layers of increasing bandgaps to approximate the graded-index
.

94 PHOTODETECTOR

Fhotixdetectors are semiconductor devices that can convert optical signals into electrical
signals. The operation of a photodetector invalves three steps: carrier generation by ingi-
ibent light, carrier transport andfor multiplication by whatever current gain mechanism
may be present, and interaction of current with the external circuit to provide the out-
past signal.

Photodetectors have a broad range of applications, including infrared sensors in opto-
isolators and detectors for optical-fiber communications. For these applications, the pho-
todetectors must have high sensitivity at the operating wavelengths, high response speed,
aned low noise. In addition, the photodetector should be compact, use bow biasing volt-
ages or currents, and be reliable under the required operating conditions.

941 Photoconductor

A photoconductor consists simply of a slab of semiconductor with chimbe contacts at both

ends of the slab (Fig. 300, When incident light falls an the surface of the

tor, ebectron-hole pairs are generated either by band-to-band transition (intrinsic) or by

tramsitions: imvolving forbidden-gap enengy bevels {extrinsic), resulting in an increase in
For the intrinsic photoconductor, the conductivity is given by

o = gt n + i, p) (28)



aiz

Chapter 8. Photonic Devices

Fig. 8 Schematic disgram of a photoconductor that consists of a slab of semiconductos and
o contnets ab the ends,

and the increase in conductivity under (lhamination is muinly due to the increase in the
number of carriers. The long-wavelength cutoff for an intrinsie photoconductor is ghven
by Eq. 9. For the extrinsic photoconductor, photoexcitation mary oceur between the band
edge and an energy level in the energy gap. In this case, the long-wuvelength cutoff is
determined by the depth of the forbidden-gip enengy level. '
Conséder the operation of & phot or under [llamination. At time zem, the
number of carriers generated in o unit volume by & given photon T is m,. At a later
Hime ¢, the number of cirrders it} in the same volume decays by recombination as

i -

where Tis the carrier lifetime. From Eq. 28 the recombination rate is

en| 1 f i
fal-iroerd )5 o

If we assume a steady fow of photon fu impinging uniformly on the sarface of o
uctor (Fig. 30) with an area A = WL, the number of photons arriving at

the surface is (P Mfiv) per unit time, where P, is the incident optical and hv s
the photon enerzy. At steady state, the carrier-generation rate G must be equal to the
recombination rate n/'t, 1f the detector thickness D is much larger than the light pene-

tration depth L'a the total steady-state earrer-generation rate per unit volume is

¢-.’1=M_ (31}

T WL

where 1 is the quantum efficiency, the mumber of carriers generated per photon, and
is the carrier density, the number of carriers per unit volume. The photocurrent flowing
between the electrodes is

1, =|o¢) WD = (qu,né | WD = [que VD, (32}
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where is the electric field inside the photocoductor and ©, is the carrier drift veloity,
Substituting m in Eq. 31 into Eq. 32 gives

F, £
N o || H, T
B q[ﬂ_lw][ T } (33)

If we: define the primary photocurrent as

F
Zopt
i.r*"{”' m-} (34)

the photoourrent gain from Eq. 33 is

{:_u]u-—IL:::Eﬂi.l‘ {.ﬁ}
) L
ph e

where £, = Livy = LA, s the cardier transit time. The gain depends on the ratio of car-
rier lifetime to the transit time,

i EXAMPLE 7

Caleulate the photocurrent and gain when 5 = 10" photons/s arriving at the sarface of a ploto-
comductor of it = (L8, The minority carror lifetime is 005 ns, and the device has g, = 2500 e
Wos | = SO0 Viem, and £ <10 jum,

SOLUTION  From Eq. 33,

i : i =
rp.q{u,axsxm“ IM.,,“}_ 2500 cm®/ Vs -5 10""s- 5000 V/ cm
10 10 cm

wdx W0 Awd paA,

undd from Eq, 35,
=625, -

A 25005 10 . 5000
Caln = B o
ST 100 107

For a simple with long minority-carrer lifetime and short electrode spacing, the gain

can be substantially greater than unity, Gains as high as 10° can be abtained from some

uctors. The response time of a photoconductor is determined by e transit

time: £.. To achieve short transit tme, small electrode spacing and a high electric field

miuist be used. The response times of photoconductors cover a wide rnge, from 10 to

10" seconds. They are extensively used for infrased detection especially for wavelengths
greamber thio o few microns.

942 Photodiode
A photodiode is basically a p-n junetion or a metal-semiconductor contact operated under

reverse bias. When an optical signal impinges on the photodiode, the depletion region
serves to separate the photogenerted electron-hole pairs and an electric cument Aows
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in the external cireuit. For high-frequency opemtion, the depletion region must be kep
thin to reduce the transit time. On the other hand, to increase the quantum effi ,
the depletion layer must be sufficiently thick to allow a large fraction of the incident light
tos be absorbed. Thus, there is a trade-off between the response speed and quantuin effi.

ClEncy.

Quuntum Efficiency
The quantum efficiency as mentioned previously is the number of electron-hole pairs
generated for each incident photon:

(2}

where [ is the photogenerated current from the absorption of incident optical power
P :tn'ﬁ'nwleﬂglhﬂ.tmerpundlng to-a phaton energy iivi, One of the key factors that
determine 1 is the absorption coefficient @ (Fig. 5). Since & is a strong function of the
wavelength, the wavelength range in which appreciable photocurment can be genermted
is limited. The lng-wavelength cutaff 4, is established by the bandgap, Fq. 9, and is about
L& pm for germanium and 1.1 pm for silicon. For wavelengths longer than 4, the val-
wes of & are too small to give appreciable band-to-band absorption. The short
cutoff of the photoresponse comes about becase the values of & are very large (~10°
e}, and hence the mdiation is mostly absorbed very near the sarface where recombi-
nation time is short, Therefore, the photocarriers can recombine before they can be col-
lected in the p-n junction.
Figtun:il shows typical plots of quantum efficiency versus wavelength for some high-
wtodiodes, ®* Note that in the ultraviolet and visibbe region, metal-semiconductor
P shes good quantum efficiencies. In the nearinfrred region, silicon pho-
todiodes (with an antireflection coating) can reach 100 quantum efficiency near the
0.8- to 08-pm region. In the 1.0- to 1L6-pm region, germanium photodiodes and Crop

({11
L Coalinha
A InSls
_ s} “hﬁ (TTE)
® |
gm_
Cem'-p

§ ot
g I r-t:l

m-

] i 1 (] | I ] 1 1 1

ml [ a4 08 1 2 4 6 B0

A [pm)
Fig- 31 Quantum efficiescy versus wavelength for various photodetectoes 15
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HI-V photodiedes {e.g., GalnAs) have shown high quantum efficiencies. For oven longer
wavelengths, photodicdes are cooled (e.g, to 77 K) for high-efficlency operation.

Response Specd

The respanse spocd is limited by three factors: (1) diffision of carrers, (2) drifk time in
the depletion region, and (3) capacitance of the depletion region. Carriers gencrated out-
sicde the diepletion region must diffise to the junction resulting in considerble time delay.
To minimize the diffusion effect, the junction should be formed very close 1o the sur-
face. The greatest amount of light will be ahsorbed when the depletion region Is wide.
Hewever, the depletion liver must not be too wide or transit time effects will limit the
frequency response, It also should not be too thin, or exeessive capacitance C will result
in a large RC time constant, where R is the load nesistance. ﬂ.:ﬂ:nmd comproanise is
the width at which the depletion layer trnsit time is approdmately one hadf the modu-
lation period. For example, for a modulation frequency of 2 GHz, the optimal depletion
laver thickness in silicon {with a ssturation velocity of 107 emis) is shout 25 pm.

p-i-n Photodiode

The p-i-n photodiode is one of the most common photodetectors because the depletion
region thickness (the intrinsic liyer) can be tailored to optimize the quantum eficiency
and frequency response. Figure 32a shows a cross section of a p-i-n photodiode that has
an antireflection eoating to increase quantum efficiency.

Figures 32 and 326 show the energy hand diagram of the pei-n diode under reverse-
bias condition and its optical absorption characteristics, Light sbsorption in the semi-
conductor produces electron-hole pairs. Pairs produced in the depletion region or within
a diffusion length af it will eventually be se by the electric field as shown in Fig
32, whereby a current Bows in the external circuit as carviers drift across the depletion

layer.
EXAMPLE §

On reaching the surface of the semiconcdisctor, the incident oo piwer Py will have its beved redusced
to Pyl - ) on entering the material, where R is the reflection coefficient. On passing though the
semicomdiscton the light will be absorbesd, and 5o at any depth 1 the amount of residual optical pewer
Pix} is given by Plx) =Pyl - R) expl-ax). For @ = 10" em and B = 0,1, caleulate the depth at
which liall the incident optical power has been absorbed n a material.

SOLUTION

"E"{ﬁz]ﬁj]"mq"‘{::u] em

= (155 jsm, -

Metal-Semiconductor Photodiode

The construction of a high-speed metal-semiconductor photodiode is shown in Fig. 33,
Tor avoid large reflection and absorption losses when the dicde is illuminated through
the metal contact, the metal ilm most be very thin (- 10 nm) and an antireflection coat-
ing must be used. Metal-semiconductor photodiodes are particularly useful in the ultra-
vindet- and visible-light regions. In these reglons the absomption coefficients, & in most
of the common semiconductors are very high, of the order of 10° em™! or more, which
comresponds to an effective alsorption length Veeof 1.0 gm or less. 1t is possible to choose



gJ...

Mictal
‘o lmet

m.—l-

eating

{n}

s o

1
'
&

-
i
i

]
1
[
|
i

s -

[ AT EE, N

() Crens-section view of p-i-n phetodiode, (b) Enongy

i-n photodiod
barsd diagram ander reverse bias, (¢) Carrier shsorption characteristics.

P

Fig. 32 Opemtion of a

50y
Thin,
Fig- 33 Metal-semicondisciar pleobodiode

316



Chapter 8. Photonss Devices 37

a metal and an antireflection coating so that a Iu.rgp fraction of the incident radintion will
be absorbed near the surface of the semiconductor. As an example, for a gold-silicon pho-
todetector having 10 nm gold and 50 nm zine sulfide as the antireflection coating, more
than 8#5% of the incident light with A = 0.6328 pm (helium-neon laser wavebength, red
light} will be tramsmitted into the silicon substrate.

Heterojunction Photodiode

Anather photodicde structure is & beterojunction device formed by depositing a large-
bandgap semiconductor epitaxially en a smaller-bandgap semiconductor. One advantage
of & heterojunction photodiode is that the quantum efficiency does not depond critically
on the distance of the junction from the surface, becanse the large-bandig material can
be used as a window for the transmission of optical power. In addition, the heterojunc-
tion can provide unique matertal combinations s that the quantum efficieney and response
speed can be optimized for a given optical-signal wavelength.

Tos esbtain a heterojunction with low leakage carment, the lattice constants of the bvo
semiconductors must be chosely matched. Temary H1-V compounds Al Ga_ As epitaxi-
ally grosm on GaAs can form heterojunctions with perfectly matched lattices. These het-
ercjunction are important for photonic devices operated in the wavelength range from
0.65 to 0.85 pm. At longer wavelengths (1 to 16 pm), ternary compounds such as
Gy oIy, gy (with E, = 0.75 V) and quaternary compouncds such as Gag o lng o As, 0Py o
{with E, = 0.95 V) can be used, These compounds have a nearly perfect lattice match
to an InF substrate. The quantum efficiency & greater than T0% over the wavelength
mange from 1 to 16 pm as shovm in Fig. 31 (GalnAs ourve),

943 Avalanche Photodiode

An avalanche photodiode (APD) is operated under a reverse-bias voltage that is suffi-
cient to enable avalanche multiplication. The multiplication results in intemal current
gain and the device can respond to light modulated at frequencies as high as microwave
Frecuuendies,

One important consideration in the design of an APD is the need to minimize
mvalanche nolse. The avalanche noise comes about From the rmdom nature of the walinche
multiplication process in which every electron-hole pair generated at & given distance in
the depletion region does not experience the same multiplication. The avalanche nokse

on the ratho of the ondzation coefficients a /o, ; the smaller the ratio, the smaller
is IIE:E avalanche mdgﬂﬂﬂ.s is because when @, = o, each incident photocarrier results
in three carriers in the multiplicating region: the primary carrier and its secondary hole
and electron. A Hufhmﬁmﬂdmiﬂ the number of carriers by one represents a large
percentage change, and the noise will be large. On the other hand, if one of the ionkea-
tion eoefficients approaches zero (e.g, @, — 0}, each incident photocarrier can result in
a large number of carrers in the maltipbeation region. In this case, o fectuation of one
carrier is a relatively insignificant perturbation. To minimize the avilanche noise, we should

use semiconductors with a lange difference in a, and . The noise factor is given by
F-H‘rf-tﬁ'.[z-l]"j_‘-'ﬂ (a7)

lu, .’ M L‘ .-:!”I

where M is the multiplication factor. We can see from Eq. 37 that when o, = a,, the noise:
factor has & maximum value of M; while for e /a, = 0 and for a large M, the minimum

noise factor is 2.
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Fig. 34 A typieal silicon svalanche photodicde: (2] device strocture and (0] gquantum efficiency.

Figure 34 shows the structure of a typical silicen APD having a n*-p-mp* doping
l_:r'l:lml_' (it l'lg]'ltt}" 1|-[:|':ﬂ:r| p-n:g:jnn}. The T Eml:':lnm:].' is near 100 % ot o wave-
length of about 0.75 pm for a device having a Si0,-5i,N, antireflection coating (Fig, 34b).
Because the ratio of a /e, is about 0.04, the noise factor obtained from Eq. 37 is 2.3 for
M = 10,

9.5 SOLAR CELL

Solar cells are useful for both space and tervestrial applications. Solar cells furnish the
long-duration power supply for satellites. The solar coll is an important candickate for an
alternative tesrestrial encrzy source because it can convert sunlight directly to electrie-
ity with good conversion efficiency, can provide nearly permanent power at low operat-
ing cost, and is virtually nonpolhsting, **#4

851 Solar Radiation

Thi= ruchintive enongy output Froum the sun derives froam a nocbkear losion reaction. In EVETY
second, abowt 6 = 10 kg lydrogen is converted to helhum, with a net mass loss of about
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42 107 kg. The mass loss is convertid through the Einstein relation (E = me®) to 4 = 10
|- This energy is emitted primarily as electromagnetic mdiation i the oltrmdolet to nfrured
region (0.2 to 3 pm). The total mass of the sun i now about 2 % 10™ kg, and & reason-
ably stable life with a nearly constant radiative-energy cutput of over 10 billion (10') years
is o |
The intensity of solar radiation outside the earths atmosphere, at the average dis-
tance of its orbit around the sun, is defined as the solar constant and has a valoe of 1367
Wim®. Terrestrially, the sunlight is sttenuated by douds and by atmospheric seattering
and absorption. The atternation cepends primary on the kength of the light’s path through
the atmosphere, or the mass of wir through which it passes. The “air mass” is dofined as
Licosg, where @ is the angle botween the vertical and the sun's position.

- EXAMPLE §

The air mass can neost easily be estimated from the length of the shadow, o, of a vertical structure
of hedght, fr, as %1 & s = LG moand b o= 100 m, fnd the air mass.

SOLUTION
J1+0L118/ 108 =205 =15

Wi have an air miss 15 (AM E5]. The correspronding cosg is 115 = (U667 and the angle ¢
betanen the vertical and the sun’s position is cos'(0867) = 487, The maximum sanlight
imtensity ocours when the sun s straight overbead (Le, AM L0 with ¢ = 07 «

Figure 35 shows two curves related to solar spectral irmadiance (power per unit area
per unit wavelength).® The upper curve, which represents the solar spectram outside
the Earth's atmosphere, is the air mass zero condition (AMO), The AMO spectrum is rel-
evant for satellite and space vehicle applications. Terrestrial solar-cell performance is

g
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Fig.35 Solar speciral brrafiance ® ot air mass O aned sir mass |5 aod the cutoll wavelength of
GaAs and 5i,
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:r.ﬂ:iﬁ::-d with reference to the air mass 1.5 [..";H].E:I:-':-E.-l:l rumn. This spectnun représemis
the sunlight at the Earths surface when the sun is at an angle of 45° from the vertical,
At this angle the incident pooer is aboat 963 Wim®,

852 p-nJunction Solar Cell

A schematic representation of a p-n junction sl cell is shown in Fig. 36. It consists of
a shallow p-n junction formed on the surface, a front ohinic contact stripe and finpers,
a back ohmic contact that covers the entire back surdace, and an antireflection coating
on the front surface.

'l.'ﬂun the cell is exposed to the solar spectrum, a photon that has an energy less than

Hgm}msmmtrhrﬂmlnth:m“mqmn. A photon that has energy grester

ﬂ'mn E_ contributes an energy E, to the eell output, Energy greater than E, is wasted x
iat. Tnde-rh'r- the converston efficlency, we shall consider the energy band diagram of
a p-n junction under solar radiation shown in Fig, 37a, The equivilent cireait is shown
in Fig, 37h, where a constant-current source is in parallel with the junction. The souance
I, results from the excitation of excess carrbers by solar radiation, 1, s the diode saturm-
tion current, and K, is the load resistance,

The ideal IV charscteristics of such a devies ars miven by

L, [e M 1)1, (38)
anil
‘; =£'—=q..'i| i"u‘ 1 e E‘“h- ta&ﬂ
i A [ Hli' -|I

ﬂlnmdhﬂ!dﬁ“nm.hpﬁuﬂ’ﬁq.ﬂﬂﬁgﬁmnm I'lg.ﬂﬂcfmJLrlﬂﬂnm. [ =l
nA, cell area A = 4 em®, and T = 300 K. The curve passes through the fourth quadmnt

Fremt
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anel therefore, power can be extructed from the device, The -V curve is more gener.
ally represented by Fig. 38b, which is an inversion of Fig, 38 about the voltage wds. By
choosing a proper load, close to 80% of the product 15,V can be extracted, where I,
is the short-circuit nuthT:al to I, and V.- is the open-circuit valtage of the cell; the
shaded area in the figore is the mudmum-power rectanghe. Also defined in Fig, 355 ane
the quuntities Land V,_ that correspond to the current and voltage, respectively, for the
madmmum power output F (= I_x V_ ).
From Eq. 35 we obtain for the open-circuit voltage (1 = 0)
kT, (1 kT f1
. TS LR
e
Hence, for a given 1, Vi increases logarithmically with decreasing saturation eurrent
1,. The output power is given by
R A (4m)
The condition for maximum power is obtained when dP 7 dV = 0, ar
L+ /1
v. wdpl 1A/ ”m_k_rb{.ﬂ,} wid
q | 1+{qV.a /kT) q kT
Vi |ovaiir I
I nI.[ T } —f!.-[] q'i-’_ll"kT} {41k}
The maximum output power P is then
kT Ve, | kT
P omlV, = IL[VM _Th{] +1k—19.]-.“_:|_ (42)
~ EXAMPLE 10

Caleulate the apen-cirouit voltage and the output power st o voltage 07035 V for 2 solar cell shown
in Fig.:!&:r.

SOLUTION  From Eq. 30
e |
V. = (0026 V) L”“_]_—i =048V
Ixl™A

The outpuat power at 0.35 V s given by Eq. 40 (pote that I, and I, are reverse curmeats so we
meed megative s for them:

P=(-107"A) (035 V"R ) (- 01 A)-(0.85 V)= a8 107 W, -
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853 Conversion Efficiency

Ideal efficiency
The Power conversion t.-JT:il;ﬂ-:u::r aof a solar eell is glven |.|l].
I VE—EM{I+5—F1]—E
IV q kT q
n=-2m - (43)
FI:. Fl.h
or p- thdhe (43a)

where P, is the incident power and FF is the fill factor defined as

iV kT Y kT
S T e ]
FF.T:_ 1 v, .I 1+ i ] T ()

The (il factor is the ratio of the masimum power rectanghe (Fig. 385 to the rectangle
ol Ty ¥ V. Too rravdinize the efficiency, we should maxmize all thres items in the numer-
ator of Eq. 43a.

The ideal efficiency can be obtained from the ideal I-V characteristics defined by
Eq. 38, For a given semiconductor, the saturation current density is obtuined from Eq.
38a. For a given air mass condition (e.g.. AM 1.5}, the short-cireult current [ s the pro-
duct g and the number of the available photons with esergy hv = E_ in the solar spec-
tram. Once I, and [, are known, e output power P and the maximuom P can be
obtained from Eqgs. 40 to 42, The input power P, is the it on of all the photons in
the solar spectrum (Fig. 35). Under AM 15 condition, the efficiency P, /F,, has a broad
madmum®® of about 20% and does not depend critically on E. Therefore, semicon-
ductors with bandgap between 1 and 2 ¢V can all be considered solar eell materials,

Spectrum Splitting

The simplest way to exceed the efficiency limit is by “spectrum splitting”. By splitting
sunlight knto narrow wavelength bands and directing each tora cedl that has a bandgap
optimally chosen to convert just this band, as shown in Fig. 39, efficiency above 6% is
possible in principle.” Fortunately, simply stacking cefl an top of one another with the
highest bandgap cell uppermost, &5 in Fig, 306, automatically achieves an identical spec-
tral-splitting effect, muking this “tandem™ cell approach a reasonably practical way of
increasing cell efficiency.

Series Resistance and Kecombination Current

Many factars degrade the ideal efficiency. Dmnd"ﬂw:'-:irfmm is the series resis-
tunce K, from the ohmic boss in the front surface. The equivalent circuit is shown in Fig 40,
From the ideal diode current given by Eq. 38, the I-V characteristics are found to be

ln[%kn]:%{v-m,}. (45)
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Fig. 8 Current-voltage characteristios and the equivalent cireult of solir cells that have
resistanee:.

Plots of this equation are shown in Fig. 40, with R, = 0 and 5 £2 and where the other
parameter I, 1, and T are the sune as those in Fig. 35, It can be seen that a series resis-
tance of only 561 reduces the svailable power to less than 30% of the maximum power
with R, = 0, The output current and output power are

[= :,!n;{flk}ﬂﬂ]—l}— b (46)
P ;[E].{—L’ it ]+ m,J. (47)
q I,

The: series resistance depends on the junction depth, the im rity concentrations of
p-type and n-type regions, and the amangement of the rm-rfp.:: olimic contacts. For
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a typical silicon solar cell with the geometry shown in Fig. 36, the serios resistance is about
0.7 £ for n*-p cells and 0.4 £ for p*-n cells. The difference in resistance is mainky the
result of the lower resistivity in n-type substrates.

Another factor is the recombination curreat in the depletion region, For single-level
centers, the recombination current can be expressed a

o ;:[mq{%}- 1] (48)
' W

il. = -31‘—, {458a)
A Jrr,

where I', is the saturation current. The energy conversion coquation can be pat into a closed
form yiekding equations similar to Eqs, 39 through 42 with the exception that 1, is replaced
by F*, aned the exponential factor is divided by 2. The efficency for the recombination
current case is found to be mueh less than the ideal current due to the degradation of
bath V- and the Al factor. For silicon solar cells at 300 K, the recombination current
can canse 4 25% reduction in efficiency.

and

954 Silicon and Compound-Semiconductor Solar Calls

Silicon is the most important semiconductor for solar cells. It is nontosic and is second
only to oxygen in the earth’s crust. Therefors, silicon poses minimal envirenmental or
resource depletion risks if used on a large seale. 1t also has a well established techoo-
logical hase because of its use in microelectronkes.

11V compaund semiconductors and their alloy systems provide wide choices of
bardgaps with cosely matched lattics constants, These compounds are ideal for prochacing
tandem solar cells. men;gl:.ﬁlﬁ:ﬂu.h.(hln?ﬂ:mu. and GalnAsInP material sys-
tems have been developed for solar cells in satellite and space vehicle applications,

PERL Cell

The silicon passivated emitter rear focally-diffused (PERL) cell® is shown in Fig41. The
o]l haes inverted pyramids on the top that are formed by wsing anisotropic etches o expose
the slowly etching (111) crystallographic planes. The pyramids reduce reflections of light
incident on the top surface, since light incident perpendiculary to the cell will strike one
of the inclined (111) planes obliquely, and will be refracted obliquely into the cell, The
rear contact is separated from the silicon by an intervening oxide bayer, This gives much
better rear reflection than an aluminum layer. To date, the PERL cell shows the high-
est conversion efficiency of 24%.

Amorphous 5i Solar Cell

‘The basic cell structure for a series interconnected -5 solar cells is shown™ in Fig, 42,
A layer of Si0, followed by a transparent conducting layer of a large bandgap, degener-
ately doped semiconductor such as S0, is deposited onto a glus substrate and patterned
using u laser. The substrate is then coated by a pei-n junction stack of amerphous silicon
by the decomposition of silane in a radio-frequency plasma-discharge system. After depo-
sttion, the a-5i layers are patterned in a second lser system. A layer of aluminum is
sputtercd onto the rest of the silicon and this luyer is also patterned by laser. This tech-
nicpue forms o serbes of interconnected cells, as shown in Fig 42. The cell has the bow-
est manufacturing cost and has a modest efficiency of 5%.
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Tandem Solar Cell

Figure 43 shiws the stracture of a monolithic tandem solar cell ® A ptvpe germanium
is used as the substrate, which has a lattice constant very close to that of GauAs and
Gty g Ing P A p-GalnP layer is then grown to reduce the minority-carrier concentra-
tiom near the rear contact. The bottom junction is the GaAs p-n junction (E, = 1.42 eV},
and the top junction is the GalnP junction (E_= 1.9 ¢V), A tunneling p-n* GaAs junc-
tion is placed between the tog and bottom junctions to connect the cells. Tandem solar
ocells with efficiency as high as 30% have been obtained.

955 Optical Concentration

Sunllight can be focused by using mirvors and lenses. Optical concentration offers an attmc-
tivee and fexible approsch to reducing high cell costs by substituting a concentrator area
for mech of the cell area. It also offers other srhvantages, such as a 20% increass in offi-
ciency for a concentration of 100 suns { an intensity of #3107 Win?),

Figure 44 shows the measured results of a typical silicon solar cell mounted in a con-
centrated system.™ Note that device pedonnances improve as the concentration increases
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From one sun toward 1000 suns. The short-circuit current density increases linearly with
cancentration. The open-circuit voltage increases at a rate of 0,1 V per docade, while the
Gl factor varies shightly. The efficiency, which is the product of the foregoing three fac-
tors divided by the input power, increases ot a rate of about 2% per decade. With a
antirellection coating, we project an eflicency inerease of 30% at 1000 suns. Therefore,
one cell operated under 1000-sun concentration can produce the sume power output as.
1:300 cells under one sun. Potentially, the optical concentration approach can replace expen-
sive: solar cells with less expensive concentrator materdals and a related tracking and hegt
removal system to minimize the overall system cost.

SUMMARY

The operation of the four groups of photonie devices — LEDs, laser diodes, photode.
tectors, and solar cells depends upon the emission or absorption of photons. Photons are
emitled due to the recombination of charge carrers, and photons are ahsorbed to ere-
ate charge carrers.

LEDs are p—n junctions that can emit spontanenas mdintion due to recombimations
of electrons and holes in a forward-biased junction. Visible LEDs can emit rudiation with
photon energles in the range of 1.5 to 28 eV, corresponding to wavelengths from 0.7 ta
0.4 wm. They are used extensively for display and various electronic instmments. By com-
bining LEDs of different colors (i.e., red, green, and blee), we can form white LEDs
which are useful for general illuminaticon. Organic semiconductons can also be used for
displiy applications. OLED is particularly useful for multi-color lange-area lat-pane] dis-
plays. Infrared LEDs can emit radiation with Ay < 1.8 eV. They are used for opto-isola-
tor and short-distance optical-fiber communication,

The laser diode is also a p—n junetion operated under forvand bias condition. Hewever,
the dinde structure must provide the confinement of the carriers and the optical field so
that the stimulated emission condition can be established. Laser dindes have evalved from
the homajunction, to the distributed feedback configurtion, and to quantum-well strue-
tures. The main objectivies are to lower the threshold current density for lasing and 1o
have all emitted photons at a single frequency, The laser diode is a key deviee for long
distance, optical fiber communicathon systems, It is also extensively used for video recond-
ing, high-speed printing, and optical reading.

Photodetectors inchude photoconductors, photodiodes and avalanche photodiodes,
They ean convert optical signals into electrical signals. When photons are absorbed, elec-
tron-holes pairs ane generated in the device, which are subsequently separated by an clee-
trical fiedd to produce a photo-cimrent flowing between the electrodes. Photodetectors
awree used for optical sensing and detection in opto-isalutors and optical-fiber communi-
cation systerms.

A solar cell is similar to a photecdiode and has the same operational principhe. Howeves,
the solar cell differs from a photodiode in that it is a lange-area device and covers a wide
ringe: of optical spectrum (solar radiation). Solar cells furnish the long-duration power
supply for satellites. The solar cell is a major candidate for a terrestrial & SOurce
because it can convert sunlight directly to electricity with good efficiency and is envi-
ronmentally benign, Currently, the important solar cells ane the highly efficient silicon
PERL cell (24%), the GalaP/GaAs tandem cell (30%), and the low cost, series-inter-
comnected a-5i solar cell {5 %)
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PROBLEMS (* DENOTES DIFFICULT PROBLEMS)
FOR SECTION 8.1  BADIATIVE TRANSITIONS AND OFTICAL ABSORFTION

A Cads sample is Hlaminated with o bght lasing a wavelength of 0.6 pm. The incident
power is 15 mW. If cne-third of the incident power (s reflected and anather thind exits
from the other end of the sample, what is the thickness of the sample? Find the thermal
encrgy dissipated per soooed to the lattice,

FOR SECTION 0.2 LIGHT EMITTING DIODE

- The effictoncy for electrical-to-optical conversion in o LED is given by 48,5, - u:uq.h'ﬁ,
# fiy, whore iy mnd my are the refractive index of ar lru{lhemmhmduunf
ill.dE,I:lh:u‘:l:lu]lﬁﬁ:hﬂﬂ:dﬂd:md'mﬁlu#n,thﬁﬂﬂwrﬂndnlm
jum,

FOR SECTION 8.3 SEMICONDUCTOR LASER

L

=1

An InGaAsP Fahry—Perot bser opersting at a wavelength of 133 jan has o cndty lemgth of
300 um, The index of refraction of InGaAsP is 330, (a) What is the mirror koss expressed
i P (b IF ane off e luer fucets h:ul.rdtup'ndlﬂm rrl'l.n:-ﬁul-t_-,l, T 1snch
thpeshobd corrent pecsction (s o pcmhg::lmhqxﬂnd.mmlngu = I e,

Caleulate the confinement [actor for 3 GaAs laser with an sctive region thickness 1y,
riefractive index 3.6, anad critical angle at the active-to-poascthe boandary of 847, Assume
the C comstant to be Bx 107 m™. Repeat the caleulstion for 3 CaAs'ACaAs DH laser,
where all the factors remain unchanged exoept for the critical angle, which is now 78%

Derive Eq. 17 for the separation AL between the allowed medes in the kongitudinal dinee-
tiom. For a GaAs beer diode opersted at A = 0,89 um, with 5, = 358, L = 300 pm. and
dnyedd = 25 pmc?, find AL

Calealte the guin cocfficient for the two cases of Prob. 4 iF the candty length is 100 pm,
I;J'I-Ellbi!l}rpthm coelsent is 100 m!, aned ithe el o are clesves]. How misch shorter
can the cavity be and siéll produce the same gain if one end-mirmor is metallized to pro-
&nlrﬂhﬂﬂynfﬂﬂ?

« Caleulate the threshold current for the two cases of Prob. 4 if one end-mirmr's refllectivity

is (L68, The canity width is 5 pumi sl the gain Gctor (o case 1 is 0.1 cme A7)
For a DFB biser with a cavity lesgth of 300 pm, a matestal reflective index of 3.4 and an

oscillating wavelength of 1.33 pm, find the Bragg wavelength and grating pericdicity, The

11, 8
moe = iy
oscillating wanvelength A is given by Ay = Ay t(_-?:..]_' where m bs an integer,

For high-temperatune laser operation, i is importat to have a low-temperature coeffi-
cient of the threshold carrent § = (el @ TVdT,. What is the coeficient £ for the bser
shom In Fig. 267 I T, = BPC, is this laser better or worse for high-temperabune
operation
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FOR SECTION 8.4 PHOTODETECTOR
M A photecomcductor with dimensions L = 8 mm, W e 2 man, and [ = 1 mm (Fig, 30 ks

11.

"lz.

Gl i 8

placed under undform mdiation. The absarption af the light increases the carment by 253
mA. A voltage of 10V is applied across the device. As the radiation & suddendy cut off, the
current falls, nitially af o rate of 23.6 Afs. The electron and hole mobility are 3600 and
1700 em?-s, respeetively, Find (u) the equilibrium density of electron-hole palrs gener-
ated aneler mdiation, (b] the minorty-carrier ifetime, and (¢} the excess density of elec-
tremes auntl holes remaining 1 ms after the mdistion i it off.

Caboubabe thee gsin and cvrrent generated when | pW of optical power with hv = 3oV s
shone onta a photoconductor of 7 = (.85 and & minarity carder lifetime of 06 ns. The
material has an electron mohility of 3000 cm®V-s, the eloctric feld is 5000 Viem, and L =
Bk o

Shecrww that thee quantum efficiency 1 of & p-f-n photodetector is related to the responsivity

= a S]] !—E'
R{= [P} at a wavelength & (pm} by the equation 7 T4

A silicon n*-p-g <p* wvalanche photodiode operated st 0.8 jum has a p-layer of 3 pm and a
n-laver 8 pm thick. The hissing voltage must be high enough (o casse avalanche Break-
dovwr in the p-region and velocity satumation in the g-region. Fimd the minjimuam mequined

hinsing valtage and the comesponding doping concentration of the p-region. Estimate the
transit time of the devics,

FOR SECTION .5 SOLAR CELL

14

it B

i

Iv.

1%,

A pem junction photodiode can be operted ander photevoleaie conditions similar 1o tha
of a solar cell. The curment-voltage charscteristics of a photodiode under illaminatien ame
also simalar (Fig. 371 State theee major differences bebween o photediode and a salar cell.

mﬂdﬂlﬂhﬂpﬂhﬂhﬂlﬂﬂfﬂﬂﬂmhm'. [T the dopings af the solar cedl ane
Ny = L7 10" eon® and N, = Bx10™ ee®, andd piven €, = 10 jis, £ = 0.5 s, 2, = 5.3
mn‘.ll.!.'l Hﬁﬂ.ﬁ,ﬁd]‘ = 55 mA, (a) caloulate and plot the -V charscteristics of the
solar olf, (b} ealculate the open-cirouit voltage, and (o) determing the maximom outpat
perweer af the solar cedl, all at room fempersture.

Ar 300 K, an dead solar cell has a shoet cirenit current of 3 A and an apen-cirenin valtage
of 0. V, Caleulate and sheteh ils power outpat as o function of operiting voltage and find
its Kl Esetor from this power output,

Far the solar cell shewn in Fig. 40, o the refative maimam power output fora B, of
and 5 41

For the: solar cell operated under solur-concentration conditions {Fig, 44 with the me-
sl 1, b rl'J.l.rI}'.mnquhl-:d.h q:ln'nl:ﬂ ursiler one-sun condibons are nesded 1o
produce the sane power satput as one cell opersted under o 10-sun, 100-sun, or 1000-
sun concentration?
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SUMMARY

As discussed in Chapter 2, the two most important semiconductors for discrete devices
and integrated circuits are silicon and gallium arseniche. In this chapter we describe the
common technigues for growing single erystals of these two serdcondectors. The basic
process flow from starting materials to polished walers is shown in Fig. 1. The starting
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materials, silicon dioxide for a silicon wafer und gallium and arsendie for a gallhum arsenice
waler, are chemically processed to form a high-purity polyerystalline semiconductor from
which single erystals are grown. The single-crystal ingots are shaped to define the diam-
eter of the matertal and sawed nto walers, These walers are ctched and polished to pro-
vide smooth, specular surfaces on which devices will be mucde.,

A technology elosely related to crystal growth imeobves the growth of snghe-crvstad seoni-
conductor layers on a single-crystal semiconductor substrate. This is called epitaxy, from
the Groek words epi (nseaning “on”) and tads {meaning “armngesent™), The epitaxial byer
an the substrate materials may be the same, giving rise to homoepitarial. For example,
an n-type silicon can be grown epitadally an an n*-silicon substrate. On the other hand,
if the epitaxial layer and the substrate are chemically and often erysiallographically dif-
ferent, we have heteroepitary, such as the cpitaxtal growth of Al Ga,  As on GaAs,

Specifically, we cover the following tapics:

*  Basic techniques to grow silicon and GaAs single-erystal ingots.

*  Waler-shaping steps from ingots to polished wafers.

*  Waler characterization in term of its electrieal wd mechanical properties.

*  Basic technigques of opituxy, that is, to grow a single-crystal baver on a single-

erystal substrate,

*  Structures and defects of lattice-matched wnd strained-liver epitodal growth,

» 10.7 SILICON CRYSTAL GROWTH FROM THE MELT

The basic technique for silicon erystal growth from the melt, which is material in liquid
form, is the Crochralski technique. A substantial percentage (> 90%) of the silicon erys-
tals for the sembconductor l.l!ll:tlh’!rj'l.'i prepued'hyl]u{“mhrth:[ technique, and virtu-
ally all the: silicon used for fabricating integrated circuits s prepared by this technique.

1011 Starting Material

The starting matertal for silicon i a relatively pure form of sand (510} called quartzite.
This is placed in a fumace with varsous forms of carbon (eoal, coke, amd wood chips).
Although a number of reactions take place in the furmace, the overall reaction i

SiC (zolid) + 8i0y (solid) — Si (solid) +5i0 (gas) + OO (gas). (1}

This process produces metallungical-grade silicon with a purity of about 85%., Next,
the silicon is pubverized and treated with hydrogen chloride (HCL) to form trichborosi-
lane (SEHCL,):

Si (solid) + 3HC! (gas) —""— SIHCL, (gas) + H, (gas). (2)

The trichlorosilane is a liquicd at room temperature (boiling point 32°C). Fractional
distillation of the liquid removes the unwanted impurities. The purified SiIHCL, is then
used in a hydrogen reduction reaction to prepare the electronic-grade silicon (EGS)-

SIHCL, (gas) + Hy (gas) — Si (solid) + SHCH (gas). (k)

This reaction takes place in a reactor containing a resistance-heated silioon rod, which
sorves as the nucleation point for the deposition of silicon. The EGS, a polyerystalline
material of high purity, is the raw material used to propare device-quality, single-crystal
silicon. Pure ECS generally has impurity concentrutions in the parts-per-billion range.’
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1012 The Czochralski Technique

The Caochralski technique uses an apparatus called a erystal puller, shown in Chapter 2.
A simplificd version is shown in Fig. 2. The puller has three main components: (a) & fur-
e, which inchwdes a fused-silicon (5i0,) crucible, o graphite susceptor, a rotation mech.
anism (clockwise as shown), a heating element, and a power supply: (b} 4 crystal-pulling
mechanism, which includes a seed holder and a rotation mochanism (counter-clockwise),
and (&) an ambient control, which inchedis a gas source (such as argon), a flow control,
and a exhaust system. In addition, the puller has an overall microprocessor-based con-
tral system to contral process parmeters such as tempersture, erystal diameter, pull rte,
and rotation speeds, as well as to permit progrimmed process steps. Also, various sen-
sors and feedback loops allow the control system 1o respond automatically, reducing oper-
mkor imbervenbion,

In the erystal-growing process, polyerystalline silicon (EGS) is placed in the croeible
and the furnace is heated above the melting temperature of silicon. A suitably oriented
seed crystal {e.g., <111=) s suspended over the crucible in a seed holdes. The seed is
inserted into the melt. Part of it melts, but the tip of the remaining seed crystal still touches
the liquid surface. It is then slowly withdriwn. Progressive freezing at the solid-liquid

O ow

Fig.2 Crochralshs crystal puller. CW, clockatse; COW, counter clockwise.



Chapter 10. Crystal Growth and Epriaxy Fi5

interface vields a karge, single crvstal, A l'.'=-1|.'.-.| pruall I rate i & Few mdllEmaeters per minute
Far |.|.rl'| sdigmeter silicon ingois, an -_'-.I;u,'-rlt'|| mAgTsetic [l is .jﬂ;ul_-‘-.;i to Fhe hasic
Crochialald puller, The purpose of the external magnetic field i to control the concen-
tration of defects, ||-.|i:l|h|‘:|hl: &, i OV coqrbenis, |'|'.;1|:|' 3 shows o 300 mm (12 )
andl o 00 e (16 i) Crochmbsdd grown silicon ingots,

10.1.3 Distribution of Dopant

I L':I:'.h|iL= il:r'l:m'rh. i known amount of |:||||1:|:|1 i added to e mielt to obtain the Gesired
doping concentration in the grown crystal. For silicon, boron and phosplwsns are the most
common dopants for p- and n-type materials, respectively,

Aga |.'1'|-1.J|. is i:-|.|1|-ci from the melt, the o doping concentration conporate sl imdo thie
crystal (solid) is usually different from the doping concentration of the melt (liquid) af
!ilv' interface. The mtio of these two concentrtions {s delined as the f'i'lrlrIII'JIJrIiIrH ST
peticn covfficient kg

where C, andd Cp are, respectiviely, the equilibrivm concentrations of the 1']:'1|:r|:n|| im ithee
s amel ||lp|.1|] niear e inte rlece. Tabde | Hsis wilses af k; for ile |.-|.|l|1|||-|:-|||'. u.u-n:h!::-p..ml'.
for silicon. Note that most vabues are below 1, which means that during growth the: dopants

Fig. 3 300 g (12 in.) and 400 nums (16 in. ] Cachmiskd-prevn silicon mngls, | PR doariesy
of ShineEt Handotai Co., Tokyo )
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TABLE 1 Equilibriwm Segregation Coslicisats for Depants in 5i

Dopant ky Typo Dopant L, _ Thpe
B B 10 il As 3.0 = 1t n
Al 2% 102 T 5h 23x 10" n
Ga 8 x 10 P Te 2.0x 10t n
In L L " Li L= e n
g 125 n Cu 4.0 10 —
c T 1r? n An 5% 108 -1
15 L35 n

“Dieep-lying impurity level

are rejected into the melt. Consequently, the melt becomes progressively enriched with
the dopant as the crystal grows.,

Consider a crystal being grown from a melt having an inftial weight M, with an inj-
tial doping concentration C, in the melt (Le.. the weight of the dopant per 1 g of melt).
At a given point of growth when a enstal of weight M has been grown, the ameount of
dhewpant remaining in the melt (by weight) is 5. For an incremental amount of the erys-
tal with weight 4M, the corresponding reduction of the dopant (-dS) from the melt is
€, dM, where C, is the doping concentration in the crystal (by weight):

=dS = C, dM. (5}
Now, the remaining weight of the melt is My~ M, and the doping concentration in the
Hiuid (by wesight], C, , is given by

Gy

TM,-M
Combining Eqs. 5 and 6 and substituting C, /C) = k; vields

S dM
T"""{M.—H} %

Civen the initial weight of the dopant, €, M, we can integrate Eq. 7.

(B}

5§ dS w —dM
L:.H.?"&“-L My— M (8]
Salving Eq. 8 and combining with Eq. 6 ghves
-1
M
C,= k:r!:n[i —'E P L}

Figure 4 ilhastrites the doping distribution as a function of the fraction solidified (M/
M) for several segregation coefficients.® As crystal growth progresses, the compaosition
initially at &, will imcrease continually for & < 1 and decrease continoally for k; = 1.
When k; 2 1, & uniform impurity distribution can be oltained.

b EXAMFPLE 1

A silivon ingot, which should contain lﬂ“bmmnﬂmuﬂun“.'utnbepmmlg'ﬂh:wmlﬁlsﬁb
niggee, What eomeentration of boron stams shoubd bo in the melt to give the regaired ooncentr-
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Fig. 4 Curves for growth from the melt showing the doping concentration in & solid a3 a fune-
tiom of the fraction solidified.!

ton in tha ingot? IF the mitial boad of silicon in the erocible is 60 kg, how many grams of boson
(atomic weight 10.8] should be added? The density of molten silicon is 253 g/em’,

SOLUTION Table 1 shows that the segregation coefficient &, for boroa is 08 We sssume that
€, = k,C, througheut the growth. Thus, the initial concentrution of barm in the mel should be

16
IE_E:. 1253 10™ baron atoms / cm”.

Sinoe the mmount of boron concentration is so small, the voliume of melt can e ealealabiod from
thee weright of silioon. Therefore, the volume of 60 kg of silicon i

i 10"

=237 = 10% e,

The total mumbes of boron atoms in the meb is
125 10' apomadem® % 2.37 % 109 oo = 2,081 0% heros abodm,
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sty that

2 96 = 107 atoms = 105 g / mal

= 531 x 107 g of baron,
.02 x 10 atoms / mol

= 5.31 mag ol boson,
Nato the small amount of boron needed to dope sach a large load of silicon. -

10.1.4 Effective Segregation Coefficient

While the crystal is growing, dopants are constantly being rejected into the melt (for
< 1. If the rejection rate ks higher than the rate of which the dopant ean be transported

by diffusion or stirring, then a concentration gradient will develop at the interface,
as illustrated in Fig, 5. The sepregution coefficent (given in Section 10.1.3) is ky = €, /C{0).
Wi cam define an effective segregation coefficient £, which is the ratio of C, and the impu-
rity concentration far away from the interface:

: uCe :
km k. (10)

Consider a small, virtually stagnant layer of melt with width din which the only flow
is that required to replace the crystal being withdrwm from the melt. Outside this stag.
nant layer, the doping concentration has a constant value C,. Inside the layer, the dop-
ﬁlgmmmmbp:lmﬁhﬁii:ylhmnﬁmdq:uquﬂﬁ!ﬂﬁ‘.m}d:ﬂﬁﬂﬂ in Chagiter
3. At steady state, the only significant terms are the second and third terms on the right.
hand side {we replace n, by C and pr, &by e

e _d'e
ﬂn L1 -Et—'\ll H EI {11]
where I is the dopant diffusion coefficient in the melt, v is the crystal growth velocity,
and € is the doping concentration in the melt,

Sadil - IJ:||||I||: ———
G \/r:‘:h
IIIII E c‘l
; kg 1)
1 i
€, =k, G :
| . i
L 4
——— [orowth direction

Fig.5 Duoping distribustion near the solid-melt interface,
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The solution of Eq. 11 is
c '=.Fl|¢'-=ll" +..'i.! “5‘-"

whore A; and A, are constants to be determined by the boundary conditions. The Arst
boundary conditian is that C = C, (0) at £ = 0. The second boandary condition is the con-
servation of the total number of dopants: that is, the sum of the dopant fuxes at the inter-
face must be zero. By considering the diffusion of dopant atoms in the melt (neglecting
diffusion in the solid), we have

di
D[I]..u + [ero-¢,Je=0. (13)
Substituting these boundary conditions into Eq. 12 and noting that © = Cat x = & gives
i EI -{:!
T Too=c, D
Therefore,
kowSe by (15}

r E-' lzu+{|—i.;:lp_:.'|ﬂ-

Thee doplng distribution in the erystal is given by the same expression as in Eq. 9, except
that k; is replaced by k,. Values of k, are larger than those of k, and can approach 1 for
Large values of the growth parsmeter o8/0, Uniform doping distribution (k, — 1) in the
u:.-s-r.alun heahhunedhyemﬁnyﬁlgnlﬂghpullmmﬂﬂmvm@adIf!JnmE

to the rotation speed). Another approach to schieve uniform dop-
ing i to ldl:l pure polyerystalline silicon continuously to the melt so that the initial
doping mmtmlm is maintained.

» 10.2 SILICON FLOAT-ZONE PROCESS

The float—zone process can be wsed to grow silicon that has lewer contaminations than
that nermally obtained from the Caochralski technique. A schematic setup of the float
one process is shown in Fig, 6a. A high-purity polverystalline rod with a seed crystal at
the bottom is held in a vertical position and rotated. The rod is enclosed in a quartz enve-
lope within which an inert atmosphere (argon) is maintained. During the operation, a

small zone {a few centimebers in length) of the crystal is kept molten by a radio-frequency
heater, which is moved from the seed wpward so that this floating zone traverses the length
of the rod. The molten silicon is retained by surface tension between the melting and
growwing solic-silicon fwes. As the floating zone moves upward, a single-crystal silicon
freezes at the zone’s retreating end and grows as an extension of the seed crystal. Materials
with hi resistivities can be oblained from the float-rone process than from the
Ceochralski process because it can be used to purify the erystal mose easily. Furthermare,
sinte no enucible is nsed in the foat-sone process, there is no contamination from the
crucible (as with Caochralski growth). At the present time, float-zone crystals are used
mainly for high-power, high-voltage devices, where high-resistivity materials are

Tor ervathater the doping distribution of a (loat-zone process, consider a smplified moded,
as shaowm in Fig, b, The initial, uniform doping concentration in the rod is £ (by weight).
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Fig.§ Floatone prooss. (a) Schematic schap. (b} Sinple mode] for doping evaloation.

L is the length of the molten zone at a distance x along the rod, A the cross-sectional
area of the rod, g, the specific density of silicon, and § the amount of dopant present in
the molten zone. As the zone trverses a distance dr, the amount of dopant added 1o it
at its advancing end is C oA dx, whereas the amount of dopant removed from it at the
retreating end is k (8 do.), where k_ is the eficctive segregntion coefficient, Thus,

s {lat

: s
Ld“-[:. CopaA—kSIL)

where 5, = C,pAL is the amount of dopant in the zone when it was first formed at the
front end of the rocl. From Eq. 162 we obtain

ﬁp[ﬁi]_ﬂﬂd-{h&ru o

{16a)

L) CopyA-(kS/L)
oar
5= S0PU% 11—k ) (17a)
Since C, (the doping concentration in the erystal at the retreating end} is given by C, =
kSAp L), then

C, =Col1=(1 =k, ;"**""]. (18)
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Figure T shows the doping concentration versus the solidificd zone length for various val-
uesof k.

These two erystal growth technigues can also be used to remove impurities. A com-
parisan of Fig. 7 with Fig. 4 shows that a single pass in the float-zone process does not
produce as much purification as a single Crochralski growth. For examgple, for k; = &, =
0.1, €,/C, is smaller over most of the solidified ingot made by the Crochralskd growth,
However, multiple float-zone passes can be performed on a rod much more easily than
a crystal can he grown, the end region cropped off, and regrovn from the melt. Figure 8
shows the impurity distribution for an element with &, = 0.1 after a number of succes-
sive passes of the zono along the length of the rod. * Note that there is a substuntial reduc-
tion af impurity concentration in the rod after each pass. Therefore, the float-zone process
i ideally suited for crystal purification, This process is also called the sone-refining tech-
nique, which ean provide a very-high-purity level of the row material.

CACgm 1 = (1 —k b
Oy = 1 for all carees

0y
B

il | i i i i i
|

Salidifiend sone keagthn o1,

Fig. 7 Curves for the float-zone process shewing doping concentration in the salid as a fanetion
of solidified wose bengihs®
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Fig. 8 Belative impurity conomtraton versus zome keagih for a namber of pases. L denotes
the: zone length.*

If it is desirable to dope the rod rether than porify i, consider the case in which al
the dopants are introduced in the first zone (5, = CAp L) and the initial concentration

Cy is negligibly small. Equation 17 gives

S,,,n.E'E'lp[%-E]. (1)

Since €, = k,(S/Ap,L), we obtained from Eq. 19
C, mkCav L, (20)

Therefore, if kL. is small, C, will remain nearly constant with distance except at the
endd that is last to solidify.

For certain switching deviees, such as high-voltage thyristors, discussed in Chapter
4, large chip areas are wsed, Froquently an entine waler for o single devior. This sine imposes
stringent requirements on the uniformity of the starting material. To oltain homogeneons
distribution of dopants, we use a float-zome silicon slice that has an average doplng con-
centrtion well below thie required mmount. The slice is then irmcdioted with thermal neo-
troms. This process, called neutron frrmdiution, gives rise to fractionnd transmutation of
silican into phosphorus and dopes the siticon n-type:

Sii + neutron— Sil + ymy ——= 3B+ fray. (21)
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Fig.3 () Typicul lateral resistivity distribution in o conventimally dopod silicon. (1) Silicon
doped by newtron irrsdiation ®

The hall-life of the intermediate element Sij; is 262 hours. Because the penctration
depth of neutrons in silicon is about 100 cm, doping is very uniform throughout the slice,
Figure & compares the literal resistivity distributions in conventionally doped silicon and
in silicon doped by neutron irraciation.* Note that the resistivity variations for the neu-
tron-irradiated silicon are much smaller than that for the conventionally doped silicon.

103 GaAs CRYSTAL-GROWTH TECHNIQUES
10.21 Starting Materials

The sturting materials for the synthesis of polyerystalline galliom arsenide are the ele-
mental, chemically pure gallium and arsenie. Because gallivm arsenide {s & combination
of two materiabs, its behavior is different from that of a single material such as silicon.
The: behavior of & combination can be described by o phase diagram. A phase is o state
(g, solid, liquid, or gaseons) in which o material may exist, A phase disgram shows the
relutionship between the two components, gallium and arcenic, as a function of tem-
perature.

Figure: 10 shows the phase diagram of the gallivm-arsenic system. The abscissa rep-
resents varkous compositions of the two components in terms of atomic percent {lower
seale) ar woight percent (upper seale).®” Consider a melt that is initially of composition
¥ (e, 85 wtomic percent arsenic shown in Fig. 10). When e temperature is bwered,
its compasttion will remain fved until the liquidus line is reached. At the paint (T,, x),
material of 50 atomic percent arsende (f.e., gallivm arsenide) will beygin to m1jdHi.-,
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Fig. 10 Phase disgram for the gallinm-arsenic system.®

- EXAMPLE 2

In Fig 10, consider a melt of inftial compesition ©_ (weight percent scabe) that is cooled from T,
{om the liguidus line) to T, Find the fraction of the melt that will be salidified,

SOLUTION At T, My is the weight of the lguid, M, the weight of the solid (Le., Gats), and C; and
G, the comcentrations of dopant (s the and the solid, respectively, Therefore, the weizht of
-n::i:]ul:huuﬁll-]:lMxﬂmﬂﬂlnnd][_ﬂ_.rﬂpﬂ\d}tﬂmmr}rlmllw‘ﬂghk
(M« M we hupes

ML« MG, = (M« MIC_
M, weightolGadsatTy €, -Cp &
M, weightof liquidatT, ©,-C, I
whiere ¥ and [ are the lengths of the two lines measuured from ©_ lnlh:ﬁqulﬂlnml.n:ﬂ:ldmﬂ.
respoctively. As can b seen from Fig. 10, about 109 of the mwelt i salidified.

or

Unlike stlicon, which has a relatively low vapor pressure at its melting poaint {=10r"
atm at 1412%C), arsenic has much higher vapor pressures at the melting point of galliom.
arsenide (1240°C). In its vapor plase, asenic has As; and As, as its major species, Figure
11 shavers the vapor pressures of gallinm and arsente along the liquidus curve® Also shown
for comparison is the vapor pressure of silicon, The vipor pressure curves for galliom
arsenicle are double valued. The dished curves are for arsenic-rich gallinm arsenicle melt
(right side of lquidus line in Fig. 10), and the salid eurves are for gallium-rich galliom
arsenide meldt (left side of liquidus line in Fig. 10). Becanse there is a larger amount of
wrsenic in an arsenic-rich melt than in a gallium-rich melt, more ansenic (As; and As,)
will b vaxporized from the arsenic-rich melt, thus resulting in a higher vapor pressune.

A simikar argument can explain the higher vapor pressure of gallium in a gallium-rich
melt. Note that bong before the melting point is reached, the surface layers of liquid gal-
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Fig. 11 Partial pressure of galliom and arsenic over gallinm arsenide as s function of tempera-
ture,® Also shown s the partial pressure of silicos,

liuen arsenicle may decompose into gallinm and arsenic, Since the vapor pressure of gal-
linsmn and arsenic is different, there is a preferential loss of the more volatile arsende species,
and the liquid becomes gallium rdch.

To synthesize gallium arsenice, an evacuated, sealed quartz tube system with a two-
temperature furnace is commaonly used. The high-purity arsenic is placed in a graphite
bt aned heated to GI0C—B20°C, whersas the |ﬂ_g:|'|-p||.rﬂ'}' gpﬂjum i nlwosd in awother
graphite boat avd heated to slightly above the gallivm arsenide me}zhg temperatune
(1240°~1260°C). Under these conditions, an overpressure of arsenic s established (a) 1o
cause the transport of arsenbe vapor o the gallium melt, converting it into gallium arsenide,
ared (] to prevent decomposition of the gallium arsenide while it is being formed in the
furnace. When the melt cools, a high-purity polyerystalline gallium arsenide results. This
serves as the rew material to grow single-crystal gallium arsenide. 7

1032 Crystal-Growth Techniques

There are two techniques for GaAs erystal growth: the Caochralski technique and the
Bridgman technicue. Most galliom arsenide is grown by the Bridgman technique. However,
the Crochralshd technique s more pogalar for the growth of larger-diometer GaAs ingots.
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For Caochralski growth of gallinm arsenide, the basic poller is dentical to that for
silicon. However, to prevent decomposition of the melt during erystal growth, a liquid
encapsulation method is employed. The liquid encapsulant is a molten boron tricaide
(B,00,) laveer abonst 1 em thick. Molten boron triocdde is inert to the gallinom arsenide sur-
fnce and serves as 4 cap to cover the melt. This cap prevents decomposition of the gal.
liwm arsenide s bong as the pressure on its surfoce i igtrl'-'l'l‘hm 1 atww (P60 Torr]. Becaume
boron trioxide can dissolve silicon dioxide. the fosed-silica cnacible is replaced with o
graphite eructble.

To obain the desired doping concentration in the grown ervstal of GaAs, cadmium
andd zine are commonly used for p-type matertals, wheneas sebeninm, slicon, and tellarum
are wsed for n-type materials. For semiinsulating CaAs, the material is undoped. The equi.
librim n coefficients for dopants in GaAs are listed in Table 2. Simflar to thoss
in 8i, most of the segregation coefficients are less than 1. The expressions derived pre-
viously for 5i are equally applicable to GaAs (Eqs. 4 to 15).

Figure 12 shows a Bridgman system in which a twe-zone famace is used for grow.
ing single-crystal gallium arsenide. The left-hand zone ts held at a temperature {~610°C)
to maintain the required overpressure of arsenic, whereas the right-hand zone is held
just above the melting point of gallium arsenide (1240°C), The sealed tube i macde of

and the boat is made of graphite. In operation, the boat is loaded with a charge
of palyervetalline gallivm arsenide, with the arsenic kopt at the other end of the tube.

As the furnace is moved toward the rght, the melt cools at one end. Usually, there
is 4 seed placed at the left end of the boat to establish a specific crystal orlentation. The
gradual freesing (solidification} of the melt allows a single erystal to propagate at the lig-
wid-solid interface. Eventually, a single crystal of gallium arsenide is grosm, The impa-
rity distribution can be described essentially by Eqs. 8 and 15, where the growth rate is
given by the traversing speed of the fumace.

TABLE 2 Equilibrium Sogregation Coefficiests for Dopants in Gafs

B i p

Mz 0.l P

Zn 4 1071 P

e 08 nip

i L85 x 1! nip

L 28 x10°* n/p

5 0.5 [

Se B 10! n

5n 5.2 x 10* m

Te .5 = 1ot "

Cr 1AKG = 4P Semémnelaling
Fa 1.0 1 Semiinsulating
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Fig. 12 Bridgman technique for growing singhe-crystal galliom arsenide and @ temperature pro-
fibe of the fumace,

10.4 MATERIAL CHARACTERIZATION
1041 Water Shaping

After a erystal is grown, the first shaping operation is to remove the seed and the other
end of the ingot, which is last to solidifi." The next operation is to grind the surface so
that the dismeter of e moterial is defined. Afer tat, one or more [a regions are ground
abong the lkength of the inget. These regions, or flats, mark the specific crystal orenta-
tion of the ingot and the conductivity type of the material. The largest flat, the primaony
Jlat, allorws a mechanical locator in automatic processing equipment to position the wafer
and to orient the deviess relative to the crystal, Other smaller flats, called secondary flats,
are ground to identify the orientation and conductivity type of the crystal, as shewn in
Fig, 13. For crystals with diameters equal or larger than 300 mm, no Aats are groand.
Instead, a small groove & ground along the length of the ingot.

The ingot is ready to be sliced by diamond sww into wafers. Slicing determines four
wider paremeters: surfince onfentation (e.g., <111> or <1002 ), thickness (eg,, 0.5-0.7 mm,
depending on waler diameter; taper, which is the wafer thickness variations from one
end to another; and bew, which is the surface curvature of the wafer, measured from the
conter of the waler to its edge.

After slicing, both sides of the wafer are lapped using o misture of ALO, and ghe-
erine to produce a typleal lutness uniformity within 2 pm. The lapping operation usu-
ally leaves the surface and edges of the wafer damaged and contaminated. The
and contaminated regions can be removed by chemical etching (see Chapter 12), The
final step of wafer shaping is polishing, Its purpose is to de a smooth, specular sur-
face whiere divice features can be defined by lith i processes (see Chapter 12).
Figure 14 shows 200 mm (8 in.}) and 400 mm (16 in.) polished silicon walers in cossettes,



S48 » Chapar 10. Crystal Growth and Epitaxy

Iﬁﬂm CI Em
g

{1101 n-type [111] petvpe

|| Primary Primsairy
| § Mt flat
Sec —wr -
Blat e
| servmdary
i
1] =ty [ BOUH, - byt

Fig. 13 Idmllﬁ.-llhs flats on a semmconductor waler.

Fig. 14 200 mm (5 in.) asd 400 ma (16 in.) polishied silicon walrs in cesettes. (Fhoto cour-
tesy af Shin-Fisa Hundotsd Co,, Takye)

Tahle 3 sl the specilicntions for 125, 150, 200, anel 300 man dinmeter Pﬂliﬁ}lud sili
com wifers from the Semiconductor Equipment and Materials Institute (SEM1]. As men-
tioned previously, for large erystals (2 200 nm dismeter) no flats ane ground; instead, a
grixwe is matde an the H:]gl_- of the waler for pusitioning ant] oreniaticn prirpose.
Callihum arsenide is a more fragile materdal than silicon. Although the basic shaping
operstion of gellivm arsendde is essentully the somie as that for silicon, greater care must
b epeecised in _glﬂ'mm wrseriicle waker e rakio. Thie states af ;|§.|'||I||:||'| wrsenide tech-



Chapter 10. Crystel Growth and Epitaxy 349

TABLE3 Specilication fer Polished Monocyrstallise Silicon Walars

Paramwter 135 mam 150 s 200 mam A0 nam
DMarmeter {mmem ) 1851 1501 2001 JinHE]
Thickness: {man ) 0.6~ B (L6507 0.715-0,735 0.755-0.775
Primary flak bength {mm) LU L BA-60 Nas NA
5m1n|:|.l.r_|.' flat |-H1§lh [mEn} 2530 A} MA WA
[Beewwr {purm) ik ] 30 = 3
Tital thickness variation (um) &3 H 1i] = 10
Surface orlentation {100 £ 1° B S Sam

(1h1) % 1* Fame Samen Samee
A e vl lable,

nology is relatively primitive compared with that of silicon. However, the technelouy of
group 1T1-V compeunds hus advanced pantly because of the advances in silicon technalogy:

1042 Crystal Characterization

Crystal Defects

A real crystal (such as a silicon wafer) differs from the ideal crystal in impaortant ways, It
is finite; thus, surface atoms are incompletely bonded. Furthermaors, it has defects, which
strongly influence the electrical, mechanical, and optical properties of the semiconduc-
tor. There are four categories of defects: point defects, line defects, area defects, and val-
wme defects.

Figure 15 shows several forms of point defects.'* Any foreign stom incorporated into
the lattice at either a substitutional site [ie., at a regular lattice site (Fig. 15a]] or inter-
stitial site [i.e., between regular lattice sites (Fig. 155)] is a point defect. A missing atom
i the lattice ereates a vacancy, also considered a point defisct (Fig, 15¢). A host atom
that is situated between regular lattice sites and adjacent to a vacancy is called a Frenkel
defect (Fig, 15d). Point defects are particularly important subjects in the kinetcs of dif-
fusion and oxidation processes. These topics are considered in Chapters 11 and 13,

The next class of defects is the line defect, also called a dislocation.” There are two
zpwnfdhhﬂﬂmucﬂ}aedgﬁ and seresw types. Figure 164 is a schematic representation

an edge dislocation in a cubic lattice. There is an extra plane of atoms AB inserted
into the kattice. The line of the dislocation would be perpendicular to the plane of the
page. The screw dislocation may be considered as being produced by cutting the crystal
partway through and pushing the upper part one lattice spacing over, as show in Fig. 165,
Line defects in devices are undesirable because they act as precipitation sites for metal-
lic impurities, which may degrade device performance.

Area difects represent a large area divcontinuity in the lattice, Typical defocts are
twins and grain boundaries. Twinning represents a change in the crystal orientation across
a plane. A grain boundary is a transition between crystals having no particular arienta-
tional relationship to one another. Such defects appear during crystal growth. Another
area defect is the stacking fault.* In this defect, the stacking sequence of atomic layer is
interrupted. In Fig. 17 the sequence of atoms in a stack is ABCABC . . . . When a part
of layer € is missing, this is called the intrinsic stacking fault, Fig, 170. If an extra plane
A is inserted between bayers B and C, this is an extrinsic stacking fault (Fig, 17h). Such
dofects may appear during crystal growth. Crystals hiving these area defects are not usable
for intermted-cireuit mamafacture and are disearded.
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Fig- 17 Stacking fault in seméconductor. (g) Intrinsic stacking fult. (b) Extrinsic stacking faubt.*

Precipitates of impuritics or dopant atoms make up the fourth class of defiects, the
volume defects. These defocts arise becaise of the inherent solubility of the impurity in
the host lattice. There is a specific concentration of impuerity that the host lattioe can accept
in a solid solution of itself and the impurity. Figure 18 shows solubility versus tempera-
ture for a variety of elements in silicon.” The solubility of most impurities decreases with
decreasing temperature. Thus, at 4 given temperature, if an impurity is Introduced to
the: maximum concentration allewed by its solubility and the crystal is then cooled to a
bower temperature, the crystal can only achieve an equilibrium state by precipitating the

impurity atoms in excess of the solubility level, However, the volume mismatch
the: lost kattice and the precipitates resubts in dislocations.

Material P

Tisble 4 compares silicon characteristics and the requiresents for ultralarge-scale inte-
gratson! (ULSI). " The semiconductor material properties listed in Table 4 can be mea-
sured by various methods. The resistivity is measured by the four-point probe method
discussed in Section 3.1, and the minority-carrier lifetime can be measured by the pho-
tocomductivity method considered in Section 3.3, The trace impurities such as oxgen
and carbon in silicon can be analyzed by the secondary-lon-mass spectroscope (SIMS)
techniques to be described in Chapter. 13, Note that although the current capabilities
can meet most of the waler specifications listed in Tabile 3, many improvernents are needed
to satisfy the stringent requirements for ULSH technology.

The oxygen and carbon concentrations are substantially higher in Caochralski erys-
tads than in float-zone ¢ because of to the dissolition of cxygen from the silica ero-
cible and trnsport of 1 ter the melt from the graphite susceptor during crystal growth,
Typical carbon concentrations rmge from 10° to about 107 stoms’em? and carbon atoms
im silicom ocoupy substitutional lattice sites. The presence of carbon is undesirable becanse
it aicks the: formation of defects. Typical asygen concentrations range from 107 to 100
atoms/em®, Oxygen, however, has both deleterions and beneficial effects. Tt can act as o
donor, distorting the resistivity of the crystal cased by intentional doping. On the other
hanel, exygen in an interstitial littice site can Increase the yield strength of silicon,

In addition, the precipitates of axygen die to the solubility effect can be used for
gritering. Gettering is a general term meaning a process that removes harmful impuri-
ties or defects from the region in a wafer where devices are fabricated. When the wafer
is subjected to high-temperature treatment (g, 1050°C in N,), oxygen evaporates from

§ The number of eomponents in an ultralangs-scale integrated cireuit 15 more than 107,
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the surface. This lowers the cxvgen content near the surface. The treatiment creates &
defect-free (or denuded) zone for device fabrication, as shown in the inset! of Fig. 19
Additional thermal eycles can be used to promote the formation of oxygen precipitates
in the interior of the wufer for gettering of impurities. The depth of the defect-free zone
depentds on the Hme and temperature of the thermal cyele and on the diffusivity of oxy-
geen in silboon. Measured results for the denuded zone are shown® in Fig. 18, It is possi- -
bl to obtain Czochralski erystals of silicon that are virtually free of dislocations.
Commercial mel-grown materals of gallium arsenide are heavily contaminated by
the crucible. However, for photonic applications, most mquln:mmr.sm]]furhm'il}rdﬂpﬂll
muterinls (between 1007 and 10 em~), For integrated circuits or for discrete MESFET
(metal-semiconductor field-effect transistor) devices, undoped galium arsenide can b



TABLEA Comgatisen of Silicon Material Characteristics and Requirements for ULSE

Charmcteristics
Rexiffements for

Propertys Caochmbski Flowt wone LSl
Resistivity (phasplionis] a-type (abm-cm) 1-30 =300 amd up 5-50 and up
Resistivity (antimony) n-type (chm-cm) 0,005 10 — 0001-0402
Resistivity (baron) petype (obm-cm) i E5-50 I-Hx) B30 andd 15
Hesistivity gradient (Fouar-point probes) (%) 5-10 20 <]
Minority carrier ifetime (jss) 0300 S50 M- 100
Crygen (ppuna) 525 Not detected Undform and

comtrolled
Carbon (ppma) 15 0.1-1 <0l
Deislocation (before processing) (per cm®) £ 500 = 500 5l
Diameter (mm) Upta200  Upto 100 Up to 300
Slice: bow (jm) <25 £25 <5
Slice taper (pm) S15 £15 <
Susface Matness (jtm) £5 <5 <]
Heavy-motal imparities {ppha) sl L1001 < 0001

* ppuna, parls per million aleem: ppha. parts per billon alees.

1IS0°C, 1% HCL 6% O

F250°C, (u5% HCL 95.5% Oy

FIEs

Fig. 19 Denuded wone width for two sets of processing conditions. Inset shows a schematie of
oF Cross section. !

the denuded zone and gettering sites ina
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used as the starting material with a resistivity of 10° £2-cm. Oxygen b an undesimable impa.
rity in GaAs betonse it can form o deep donor level, which contributes to a trapping chirge
in the bulk of the substrate and Increases fts resisthity. Oxvgen contamirution can be min-
imnized by using graphite cracibles for melt growth, The dislocation content for Crochrals.

grown gallium arsenide crystals is about two onders of magnitde higher than that for
!lIl::m. Far Bridgman GaAs crystals, the dislocation density is about an onder of magni-
tuche lower than that for Caochralski-grown GaAs crystalks.

10.5 EPITAXIAL-GROWTH TECHNIQUES

In an epitaxial process, the substrate waler acts as the seed crystal, Epitaxial processes
are differentiated from the mell-growth processes described in previous sections in that
the epitaxial laver can be grown at a temperature substantially bebow the melting point,

30-50% lower. The common technigques for epitaxial growth are chemical-vapor
deposition (CVD) and molecular-beam epitasy (MBE),

1051 Chemical-Vapor Deposition

CVD ks also kmown as vapor-phase epitaxy (VPE). CVD is a process wherebw an epita-
ial Layer is formed by a chemical reaction between gaseous compounds. VD can be per-
formed at atmospheric pressure (APCVD) or at low pressure (LPCVD).

Figure 20 shows three common susceptors for epitacial growth. Note that the oo
maetric shape of the susceptor provides the name for the reactor: hortzontal, pancake, and

basrel susceptors—all made from graphite blocks. Susoeptors in the epitadal reactors are
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Fig. 2 Three common susceptors for chemical vapor deposition: (o) horizontal, (b) paneakos,
ama () harred suscrptor,
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unalogous to the crucible in the erystal growing fumaces. Not anly do they mechanically
support the walier, but in induction-heated reactors they also serve as the source of ther-
mal energy for the reaction. The mechandsm of CVD involves a number of steps: (a) the
reactants such as the gaees and dopants are transported to the substrate region, (b) they
are transferred to the substrate surface wheers they are adsorbed, () a chemical reaction
occurs, catalyzed at the surface, followed by growth of the epituxial layer, (d) the gaseous
products are desorbed imto the main gas stream, and (@) the reaction products are trans-
ported out of the reaction chamber.

CVI for Silicon

Four sibican sourees have been used for VIPE growth. They are silicon tetrachloride (SiC1),
dichlorosilane (SIH,CL), trichlorosilane (STHCL), and silane (SiH), Silicon tetrachlodde
has been the most studied and has the widest industrial use. The typical reaction temn-
perutures is 1200°C, Other silicon sources are used because of lower reaction tempera.
tures. The substitution of a lydrogen atom for each chlarine atom from silicon tetrachloride
permits about a 50°C reduction in the reaction temperature. The overall reaction of sil-
icon tetrachloride that results in the growth of silicon layers is

SiCl, (gas) « 2H, (gas) 5 Si (solid) « 4HC] (gas), (22}
An additional competing reaction is taking place along with that given in Fe. 22:
SICl, (gas) + 8 (solid) 55 25iCL (gws). (23)

As a result, if the silicon tetmchloride concentration s too high, etehing rather than growth
of silicon will take place. Figure 21 shows the effect of the concentration of silieon tetra-
chloricle in the gas on the reaction, where the mole froction is defined as the ratio of the
number of molecules of & given species to the total number of molecules. ™ Note that

Fillm groevih rste {prmin)

!
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Elx ||||||.;_

L 1 K | ol 3 o4

Fig. 21 Efect af SiCl; concentration on silicon epitudal growth '
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initially the growth rate increases linearly with an incréasing concentration of silicon tetrs-
chlordde. As the eoncentratton of silicon tetrachloride s inereased, a masdmum gronth
rate is reached. Beyand that, the growth rate starts to decrease and eventually etching
of the silicon will ocour. Silicon is usually grown in the low-concentration region, as indj.
cated in Fig 21.

The reaction of Eq. 22 is reversible, that is, it can take place in either direction. If
the carrier gas entering the reactor containg hydrochloric acid, removal or etching will
take place. Actually, this etching operation is used for in-situ cleaning of the silicon wafir
prior to epitodal growth,

The dopant is introduced at the same time as the silicon tetmchloride during epi-
taxdal growth (Fig. 200). Gaseous diborane (B,H,) s used as the p-type dopant, wheress
phosphine (FH,) and arsine (AsH,) are used as n-type dopants, Gas mixtures are ordj.
marily used with vdrogen as the dilsent to allow reasomable control of llow rates for the
desired doping concentration. The dopant chemistry for arsine is illustrated in Fig, 22,
which shows arsine being adsorbed on the surface, decomposing, and being incorporated
infto the growing layer, Figure 22 also shows the growth mechanisms at the surface, which
are based on the surface adsorption of host atoms (silicon) as well as the dopant atom
(e.g., arsenic) and the movement of these atoms toward the ledge sites.™ To give these
adsorbed atoms sufficient mobility for finding their proper positions within the erystal
lattice, epitaxial growth needs relatively high temperatures.

CVD for GaAs

For gallium arsenicle, the basic setup is similar to that shown in Fig, 200, Since gallium
arsenide decomposes into gallinm and arsenic upon evaporation, its direct transport in
the: vapor phase is not possible. One approsch is the use of As, for the asenic compo-
nent and galliem ehloride (GaCly) for the gallium component, The overall reaction lead-

ing to epitaxdal growth of gallium arsenide is
As, + 4GaCly «6H; = 4Cals < 12HCL (24)
The As, is generated by thermal decomposition of arsine (AsH, )
4AsH, =+ As, + GH,. {24a)

qacl, Ha AsH,

o Oo o
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Fig. 22 Schematic representation of amsenic doping and the growing processes,'*
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anid the gulliom chieride i penerated by the reaction
GHCI + 2Ga — 2CaCl, + 3H,, {24h)

The reactants are introdhced into a reactor with o cimier gas (o.g., Hy), The galliom arsenide
witlers are typicadly held within the 50" -850 temperiture moge, There must be suf-
ficient arsenic overpressure to prevent thenmal decomposition of the substrate and the
Erowimg byer,

Metalorganic CVD
Metalorganic CVD (MOCYD) is abo o VPE process hased on pymolytic reactions, Unliks
the conventional CVD, MOCVD is distinguished by the ehemical nature of the precar
sor. 1t is important for those elements that do not form stable hwdrides or halides bt
that form stable metalorganic compounds with reasonable vapor pressure, MOCVD has
bsizny tr:m:rmlli]y p."!]iﬂ:,l in tle= hl:t-crnl.-.pllni:] gn:lwllh of TH-¥ andd 11-¥T compouncds.
To grow GaAs, we can use mq:-ukwganh compounds such as trimethyigalliom
Ga{CHy), for the gallium component and aresine AsH, for the arsenic component, Both
chemicals can be transported in vapor form into the reactor, The overall reaction ks

AsH, + GalCH,), — GaAs + 3CH,, (25)

For Al-containing compounds, such as AlAs, wer can wse trimethylslominom ACEH ),
During epitaxy, the GaAs is doped by introducting dopants in vaper form. Diethylzine
ZniC,H, ), amd diethylcadmium Cd{C,H,), are tvpical p-type dopants and silane SiH, is
an n-type dopant for 111-V compounds, The hydrides of sulfur and selenium or tetram-
ethyltin are also used for a-type dopants; and chiromyl chloride is used to dope chromium
fnto GaAs to form semiinsulating kavers. Since these compounds are highly poisonous
aned often spontancously inflammable in air, Aigorous safety precautions ane necessary in
the MOCVD process.

A sehematic of an MOCVD reactor ts shown in Fig. 23. Typically, the metalorganic
compoumd s transported to the gquartz reaction vessel by hydrogen carrer gas, where it
is mixec with AsH, in the cise of GaAs growth. The chemical reaction is induced by leat-
ing the gnses to GX°-S00PC above o substrate placed on a graphite susceptor using radio-
frequency heating, A pyrolytic reaction forms the GaAs layer. The advantages of nsing

ics are that they are volatile at moderately low temperatures and there are no
tronthlesome liquid Ga or In sources in the reactor

1052 Molecular-Beam Epitaxy

MBE" is an epitadal process involving the reaction of one or more thermal beams of
atoms or molecules with a erystalline surface under ultrahigh-vacuonm conditions (- 107
Pal! MBE can achieve precise control in both chemical compesitions and doping pro-
files. Single-crvstal multilayer structures with dimensions on the order of atomic layers
can be made using MBE. Thus, the MBE method enables the precise fabrication of semi-
conductor heterostructures having thin lyvers from a fraction of o micron down to a mono-
brver. In general, MBE growth rates are quite low, and for GaAs, a valoe of 1 pmvhr is

typical.

¥The internalional unit for pressane is the Pascal (Pal; 1 Pa =1 Mim®, However, variows other
umits bave been used. The conversion of these unlts ono as follows: 1 atm = 780 mom Hg = 760
Torr = LOL3 = 10 Pa
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Figp 8 Schomatic dingram of a vertical atmespheric-pressure metalorganic chemical-vapor
depomition (MOCVDY) reactor™ DEZn is disthylogine Zn{C,H,, TMCS s trimethyigallivm
CalCH, )y, aml TMAL is trinsethylabuminam AT (CH,),

A schematic of MBE system is shown in Fig. 24 for gallium arsenide and related IT1-
V compounds such as AL Ga,_As. The system represents the ultimate in film deposition
mumfdhnhnm.mﬂhﬂu chemical chanecteriztion cipability. Separate effusion ovens.
made of pyrofytic boron nitride are used for Ga, As, and the dopants. All the efusion
avens are housed in an ultrahigh-vacaum chamber (<107 Pa). The temperature of each
oven is adjusted to give the desited evaporation mte. The substrute holder rotates con-
tinuously to achieve uniform epitadal lavers (g, 1% in doping variations and +0.5%
in thickniess waristions),

To grow GaAs, an overpressure of As i maintained, since the sticking coefficient of
Ga to GaAs is unity, whereas that for As is zero, unbess there is a previously
Ca baver. For a silicon MBE system, an electron gun s used to evaporate silioon. ﬂﬂﬂm’
e effusion ovens e used F‘n"rht.:kwnls Efusion ovens bshave like small-area soorees
and exhibit 4 eos® emisdon, where 8 is the angle between the direction of the source
angd the normal to the substrate surface.

MBE uses an evaporation method in a vacunm systems. An important parameter for
vacuum technology is the molecular impingement rate, that is, how many molecules:
Im[ﬂzﬁ. on i unit area of the substrate per unit e, The impingement mte @is a fune-

he molecular weight, temperature, and pressure. The rate is derived in Appendis
K and can be expressed as™

¢ = P{2rmkT)"'* (26)
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Ulrahigh-vsscuism
chatiber

Fig. 2%  Armungensent of the senrces and substrate in a conventional moleeulor-beam epitaoy
[MBE] system, (Conmtesy of M. B. Panksh, Boll Lsborstories, Lucent Technologies. )

o 6 =264 x m"[:l.-.;T-J eolectlis f e 5 (26a)

where P is the pressure in Pa, m is the mass of a molecule in kg , k is Boltzmams con-
stant in JK, T is the tempermture in Kelvin, and M is the molecular weight. Therefore,
at 300 K and 10 Pa pressure, the impingement rate ks 2. 710" moleculesfem®-s for ony-
men (M = 32),

EXAMPLE 3

At 300 K, the molecular dizmeter of mygen i 364 A, and the number of molecules per wnit srea
N, Is T.54 = 10" con®, Find the time regquired to form o menclayer of oogen at pressares of 1,
[0, and 10-*Pa

SOLUTION The time nequined to form o monolayer (assuming 1009 sticking) is obtsined from
the impingement e

AT
¢ L64x10™F
therefore,
i = 2 8= 10 = 0.28 ms at 1 Pa,
=285 at 10~*Pa,
=TT he s 1P

To avoid comtumination of the epitodsl layer, it is of paramount importasce to maintin
ultrahigh-vacum comdithons (- 107 Pal lor the MBE process. |
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Druring molecular motion, they will collide with other molecules. The aversgs dis.
tace traversed by all the molecules betwesn sucoessive collisions with each other is de
as the mean free path. It can be derived from a simple collision theory. A molecnle hey.
ing a dismeter d and a velocity ¢ will move a distance o8t in the time &f. The molecy]e
suffers a collision with another malecule if its conter is amywhere within the distance o
of the center of another molecule. Therefore, it sweeps out (without eollision) a cylin.
der of diameter 2d. The volume of the cylinder is

& = T (2d)" vk = md* . )
Sinee there are n molsoulesfem?, the valums esocinted with one mobeculs is on the awer.

age Un eor’, When the volume &V is equal to Ln, it must contain on the average one
other mobecule; thus, a collision would have occurred. Setting T = &t as the average time

between callision,

2w mtr, (28)

n
and the mean free path 4 is then

E kT
A_urnjruft 'FEEE-. (20}
A mare rigorous derivation gives
kT

1=T—wl (30

and

(0.
Fiim Pa)

A= CITH (31)

for sir mﬂhulﬁi_w:piwhnt mioleeular dismeter of 3.7A) at room temperature. Therefone,
al a system pressure of 107 Pa, 2 would be 660 km.

» EXAMPLE 4

Assume an effasion oven geometry of ares A = 5 em® and a distance L between the top of the oven
ansdd thee galbivem arsenide subsirate of 10 cm. Caleulate the MBE growth rate for the offuston oven
Filbed with galliom arsenide a8 H0PC. The surface density of gallinm abom b6 3 1002, and the
mvernge thickness of & monolayer is 25 A

SOLUTION O leeating gallium arsenizle, the volatile arsenic vaparizes firt, beaving o galliom.rich
solution. Therefore, cnly the pressares masked Ca-rich in Fig 11 are of interest. The pressure at
HO0PC is 5.5 3¢ 107 Pa for gallivm sl 1.1 Pa for asenbe (As,), The arival rste can be obeained
Froan the impingement cate {(Eq. 26q) by mualtiplyimg it by Afsl®

Arrival rute = 254 ln'“[:ffEIﬁ] mobecules / ci'-s.

The malecular weght A is 68,72 For Ga and 7482 x 2 for As,, Substiuting saloes of P, M, and
FILIT3 K inko the abave erjustion gives
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Arrival pabe =5.2% 10" cn®-5  for Ca,
= L1 10 em?-s  For As,.

The growth rate of gallium arsenide is foumd to be governed by the asvval rate of gallium, The
growth rube i

52x 10" x28
i 107
Noe that the growth e s relatively bow companed with that of VPE. &

=38 A 5= 23 nm / min,

There are two ways to clean a surface in stu for MBE. High-temperature haking
can decompose native oxide and remove other adsorbed species by evaporation or dif-
Fusion into the waler. Another approach is to use o low-enengy ion beam of an inert gas
to sputter-clean the surface, followed by a low-temperature anneading to reorder the sur-
fiwce Lattice strocture.

MBE ean e o wide vu_ncl?' dopants (compared with CVD and MOCVD), and
the doping profile can be exactly controlled. However, the doping process ks similar to
the vapor-phase growth process: a fho of evaporated dopant atoms arrives at a fvorable
battiee site e is hmr[.urrn.lnd along the growing interface. Fine control of the doping
profile is achieved by adjusting the dopant flux relative to the Mux of silicon atoms (for
silicon epitaxtal films) or gallium atoms (for galliem arsenide epitaxgal flms). It is also
possible to dope the epitaxial film using a low-current, low-energy jon beam to implant
the dopant (see Chapler 13).

The substrate temperatures for MBE range from 400°-800°C; and the growth rates
range from 0.001 to 0.3 pm/min. Because of the low-temperature process and low-growth
rater, many unigque doping profiles and alloy compositions not obtainable from comven-
tional CVD ean be produced in MBE. Many novel strsctunes luave been made using MBE.
These include the superdattice, which is a perfodic strocture consisting of altermating ultra-
thim layers with its period less than the electron mean froe path (eg., GaAs'AlL Gay_As,
with each laver 10 nm or less in thickness), and the heterojunction feld-effect transis-
tors discussed in Chapter 7.

A further dﬁ!Tﬂ;ﬂHn MBE has replaced the group 11 elemental sources by met-
aborganic compounds such s trimethygallivm (TMG) or tricthylegallium (TEG). This
approach is called metalorganic molecnlar-beam epitaxy (MOMBE) and is also referned
to as chemical-beam epitay (CBE). Although dosely related to MOCVD, it is consid-
o i al form of MBE, The metalorganices are sufficiently volatile that they can be
adn directly into the MBE growth chamber as & beamn and are not decomposed befone
forming the beam. The dopants are generally elemental sources, typieally Be for p-tvpe
and 5i or Su for n-type Gads epitaxial lapers.

106 STRUCTURES AND DEFECTS IN EPITAXIAL LAYERS
1061 Lattice-Matched and Strained-Layer Epitasxy

For comventional homoepitaxial growth, a single-erystal semiconductor luyer is grown on
a singbe-erystal semiconductor substrate. The semiconductor laver and the substrate ane
the same material having the same lattice constant. Therefore, homoepitaxy is, by defi-
nition, a lattice-matched epitaxial process. The homoepitaxial process offers one impor-
tant mesns uﬂ'q.unlnﬂlin;fue doping profiles so that devee and cirewit performance can
be optimized. For cxnmple, an n-type silicon layer with a relatively loo doping concentration
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ez be growm epitaxially en an n*-silicon substrate. This structure substantically reduces
the series resistance associated with the substrate.

For heteroepitay, the epitiagal laver and the substrate are two different semicon.
duictors, and the epitaxial byer must be grown in such a way that an idealized interfacial
structure is maintained. This implies that stomic bonding across the interface must be
continuous without interruption. Therefore, the two semiconductor must efther lave the
same Lattiee spacing or be able to deform to adopt a common spacing, These two cises
are refermed to as lattioe-matchied qﬂlm?' arnd strainesd-layer epituo

Figure 250 shows a luttice-matched epitacy where the substrate and the film have
the same lattice constant. An important example is the epitaxial growth of AL Ga,_As on
a GaAs substrate where for any x between 0 and 1, the lattice constant of ALGa,  As dif-
fers from that of CGaAs by less than 0.13%.

Faor the lnttice-mismatched case, if the epitaxdal lower has a langer lattioe constant
anl s flexible, it will be compressed in the plane of growth to conform to the substrate
spacing, Elastic forces then eompel it to dilate in a direction perpendicular to the inter-
fivcee, This type of struwcture is called strutned-layer epitacy and is Qhstrated ™ in Fig, 255,
On the other hand, if the epitaxdal laver has a smaller lattice constant, it will be dilated
in the plane of growth and compressed in a direction perpendicular to the interface, In
the above struined-layer epitaxy;, as the strained-layer thickness increases, the total nm-
ber of atoms under strain or the distorted atomic bonds grows, and at some point miséi
dislocations are nucleated to relieve the homogensous strain energy, This thickness is
referred to as the critical layer thickness for the system. Figure 25 shows the case in
which there are edge dislocations at the interface.

The critical layer thicknesses for two material systems are shown™ in Fig. 26, The
upper curve is for the striined-lyer epitacy of a Ge, Si, laver on a silicon substrate, and

Strained
Lartion wralitied R Umstrainanl
- o T-I 1l §o #
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Fig. 25 Schematic illustration of (o) lattice-matched, (b strained, and (c) reloed heteroepita-
ial structures. " Homoepitasy is strocturally idenibeal to the lattios-msiched hotercepitay:
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Fig. 28 Experimentally determined eritioal layer thickness for defect-free, strained-layer
epitaxy™ of Ga,5i,_ on 5§, and Ga,_In As on Cads,

the lower curve is for o Ga In As laver on a GaAs substrate. For example, for Geg ,Si; »
on silicon, the maximum epitadal thickness is about 70 nm. For thicker films, edge dis-
losations will ooour,

A related heteroepitaxial structure is the strained-layer superlattice (SL5). A super-
lattice is un artificinl one-dimensional persodic strscture constituted by differont mate-
rials with a period of about 10 nm. Figure 27 shows™ a SLS luving two semiconductors
with different equilibrium bittiee constants 4, > a,, grown in a structure with & common
inplane lattice constant b, where a; > b > a;. For sulficlently thin layers, the lattice mis-
match is acoormmadated by unlfmm strains in the kayers. Uneder these condition, no mis-
fit dislocations are generated at the interfaces, so high-quality erystalline materials can
be obtained. These artificially structured materials can be grown by MBE. These mate-
rinks provide o new area in semiconductor research and permit new solid-state devices,

especially for high-speed and photonic applications.

1062 Defects in Epitaxial Layers

Defects in epitaxial layers will degrade deviee properties. For example, defects can result
in risduced mobility or inereased leakasge current. The defects in epitaxdal loyers can be

categorized into five groups.
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Defects from the substrates. These defects may propagate from the substrate
into the epitaial laver, To avoid these defects, dislocation-free semiconduoctor

Defects from the interface. The oxide precipitates or any contamination at
the interface of the epitaial byer and substrate may canse the formation of
misoriented clesters or nuelel containing stacking faolts. These clusters and
stucking fuults may coalesce with normal nuclei and grow into the film in the
shape of an inverted pyramid, To avoid these defects, the surface of the sub-
strate must be thoroughly cleaned. In addition, an in-situ eteh back may be
used such as the reversable reaction of Eq. 22

Precipitates or dislocation loops. Their formation is due to superssturation of

impurities or dopants. Epitaxial lavers contadning very high intentional or
unintentional dopants or impurity concentrations are susceptible to such

defects.

. Low-angle grain boundaries and twins. Any misoriented areas of an epitaxial

film during growth may meet and coalesce to form these defects.
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5. Edge dislocations. These are formed in the heteroepitay of two lattice-mis-
matched semiconductors. If both lattices are rgid, they will retain their fun-
damental lattice spacings, and the interface will contain rows of mishonded
atoms deseribed as misfit or edge dislocations. The edge dislocations can also
form in a strained layer when the layer thickness becomes langer than the
eritical layer thickness,

SUMMARY

Severnl techniques are avaflable to grow single crystals of silicon and gallinm arsenide.
For silicon crystals, we use sand (Si0y) to produce polyerystalline silicon, which then serves
as the raw material in a Ceochralski puller. A seed crystal with the desired orentation is
used to grow a large ingot from the melt. Over 90% of silicon crystals are prepared by
this technigque. During crystal growth, the dopant in the crystal will redistrilute. A by

is the segregation coefficient, Le., the ratio of the dopant concentration in the
solid to that in the melt. Since most of the mi’l’h:—[eulﬁ are bess than 1, the melt becomes
progressively enriched with the dopant &s the crystal 4

Another growth technicqee for silicon is the Moat-zone process. It offers lower con-
tamination than that normally oltained from the Caochralski technique. Float-zone crvs-
tals are used mainly for high-power, high-voltage devices where high-resistivity materials
are

To make GaAs, we use chemically pure gallivm and arsenic as the starting materi-
als that are synthesized to form polyerystalline GaAs. Single erystals of Gads can be
by the Crochralski technique. However, a liquid encapsulant (e.g.. By0,) is required to
prevent decomposition of GaAs at the growth temperature. Another technique is the
Brickgman process, which uses a two-zone fomace for gradual solidification of the melt.

After a erystal is grown, it usually goes through wafer-shaping operations to give an
end product of highly polished wafers with a specified diameter, lhldm&ﬂ. and surface
orientation. For example, 200 mm silicon wafers for a MOSFET (metal-oodde-semicon-
ductor febd-effect transistor) fabrication line should have a dismeter of 200 £ 1 mm, a
thickness of 0.725 £ 0.01 mm, and a serfsce orientation of (100} £ 1°, Wafers with diam-
eters larger than 200 mm are being manufsctured for future integrated circults. Their
specifications are listed in Table 3.

A real crystal has defiects that influence the electrical, mechanical, and optical prop-
erties of the semiconductor, These defects are point defects, line defects, area defects,
ancd voluwme defecis. We also discussed means to minimize such defects. For the more
demanding ULSI applications, the dislocation density must be less than | per square cen-
tmeter. Other important requirements are Bsted in Table 4.

A technology elosely related to erystal growth is the epitaxtal process. In this pro-
cess, the substrate wafer is the seed. High-quality, single-crystal films can be grown at a
temperature 30%-50% lower than the melting point, The commen techniques for epi-
tuxial growth are chemical vapor deposition (CVD), metalorganic CVD (MOCVD], and
mulecular-beam epitacy (MBE). CVD and MDL"!."Dh:mIE;nmi.ﬁl deposition processes.
Gases and are in r form to the substrate, where a chemical reac-
ﬁmnmmmumw&padﬁ‘:ﬂFﬂm epitaxial kover. Inorganic compounds are
usedd for CVD, whereas metalorganic compounds are used for MOCVD. MBE, on the
other hand, is a physical deposition process, 1t i done by the evaporation of a species in
an ultrahigh vacuum system. Because it is a low-temperature process that has a low growth
rate, MBE can grow single-crystal, multilayer stroctures with dimensions on the order
of atomde kayers.
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In addition to comentional homoepitaxy, such as n-type silicon on an n*-silicon sub.

strate, we have also considered heteroepitaxy that inchades lattice-matched and strained.
layer structures. For stralned-laver epitaxy, there is a eritical laver thickness above which
edge dislocations will nucleate to relicve the strain energy.

Besides the edge dislocations in an epitaxial layer, we have defects from the substrate,

defects from the interface, precipitates, and low-angle grain boundaries and twins. Thess
defects degrade device performance. Various means have been presented to minimizs

ar

even to eliminate these deficts so that a defect-free semiconductor layer can be grown

either homoepitaxially or heteroepttaxially.
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» PROBLEMS {* DENOTES DIFFICULT PROBLEMS)
FOR SECTION 10.1 SILICON CRYSTAL GROWTH FROM THE MELT

1. Pot the doping distsibation of arsenic sl distances ol 10, 20, 30, 40, and 45 cm from the

sewl im o wilicon ingot 50 cm long that bas been pulled from s mel with s initial doping
conceniration of 1077 cm?,
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In silicon, the latttes constant is 5,43 A, Assume a land-sphers model. (o) Calealate the
radius of & silicon atom. (b} Determine the density of silicon atoms in atoms’em®. (¢} Use
the Avegadlro constant to find the density of silicon.

Assuming that « 10 ko pure silicon charge is used. what is the amount of boron that must
Ise 1o et the baron-doped sibcon keving n resistivity of 0.01 £3-con when one half

of the ingat Is gromm?

A silicon wafer 1-mm thick having a dismeter of 200 mm contains 541 mg of boron uni-
Formby distribsted i sabstatitional sites. Find (a) the boron concentration in stons/om’

andl, [h) the sversge distonce between born atoms.

The seed onystal wsed in Crochralski process is usually necked down to @ small diameter
(5.5 mm) as a means to initkate dislocation-free growth, I the critical yield strength of sli-
o i 2 10P plem®, caleulse the mudmun length of & silieon ingot 200 mm diamseter
that can be supported by such o seed.

B, Plat the curve ol C0C, valie for k= 0,08 |n Caochralsld techmigue.

K.

. A Crochralski grown crystal ks doped with boron. Why s the boron contentration langer il

the tail end of the crystal than st the seed end?
Why is the imparity concentration kanger in the conter of the wafer than at its perimeter?

FOR SECTION 10.2  SILICON FLOAT-ZONE FROCESS

ia,
i,

Wi use the foat-vone process to purify a silicon isgot that contains o uniferm gl
pomceatration of 5 % 10™ em ™, Due pass is made with & molten zone 2 em long. Cher
what distance is the resulting gallium concentration below 5 x 10 em =%

From Eq. 18 find the €,/C, valse at ©/L = 1 and 2 with k, = 0.3

IT p-n shrupt-junction dicdes are fabricated using the silicon materals shown in Fig, 9,
find the percentage change of breakedown voltages for the conventionally doped silicon
awd the neutron-irrdisted silioon.

FOR SECTION 103 CGahs CRYSTAL-GROWTH TECHNIQUES

From Fig. 10, if € is 20%, what fraction of the liquid at T, will remain?

13, From Fig. 11, explain why the Cads lquid sheays becomes gallinm rich?

FOR SECTION 104 MATERIAL CHARACTERIZEATION
14. ‘The equilibrium density of vacaney n, is ghoen by Nexp(=E/&T), whene N i the demity of

13,

16,

semiconductor stoms and E, i the enengy of formation, Caleulate s, in silicon at 279C,
B, and 1200PC. Assume B, = 23 6V

Assurne the energy of formation (Eg) of a Frenkel-type defect to be L1 eV and estimate
the defiect density at 2790 ad 900°C. The equilibrium density of Frenkel type defects is

given by n; = VNN e 5 T ahore ¥ is the stomie denslty of siican (cm), and

N is the density of svailable inberstitial sttes (en™] and it is represented by
N =1 100 g VAT

Hirw masy chips of anes 400 mm® can be placed oo o wafer 300 mm in diameter? Explain
yoner pesermptions on the chip shape and amussd waler perimsster?

FOR SECTION 105 EPITAXIAL-CHROWTH TECHNIQUES

*17.
18,

Find the perage molecuber velocity of air at 300 K {the moleculsr weight Tor abe s 25,

The distunce hetween souroe and wafer in a deposition chamber s 15 cm. Estimate the
pressure & which this distunce become 109 of the mean free path of source mobecules.
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*19. Find the mumber of atoms per unit area, N, needed to form a menolsver under close.
packing comdition (i.e.. each abom is in contact with its six neighbearing atoms), ascaming
ibe dismeter o of the atom is 466 4

#20, Assume an sfusion oven geometsy of A = 5 om? and L = 12 em (a) Caleulate the aniv)
rate of galliom amd the MBE growth rate for the effusion oven Flbed with gallium
arsenide at §70°C, (b) For a tin effusion oven operated uf T0PC ursder the same prame-
try, calculate the doping concentration (assuming tin atoms are fully incorporated in the
gallium arsenide grown st the sforementioned rate). The molecular weight for bn is
11568, and the pressune at TO0PC for tin i 26610 Pa.

FOE SECTION 10.6 STRUCTURES AND DEFECTS IN EPITAXIAL LAYERS

21. Find the maximum percentage of In, ie., the ¥ value for Ca ln, , As film grown on Gads
substrate without formation of misfil dislestion, B the final Glm thickness i 10 nm,

22. The lattice misfit. f, of o film is defined as fm [ay/x) — oyl baglf) = sy, where a,(s) and

aglf) are the anstrained lattice constants of the substrate and the film, respectively. Find
the fvailes for InAs-GaAs and Ge-Si systems.



CHAPTER 1 1

Film Formation

1.1 THERMAL OXIDATION
1.2 DIELECTRIC DEQPOSITION
11.3 POLYSILICON DEPOSITION
Th4 METALLIZATION
SUMMARY

To fabricate discrete deviees and integrated circoits, we wse many different kinds of thin
films. We cun classify thin films into four groups: thermal oxtdes, dielectric kayers, poly-
erystalline silicon, and metal films. Figure 1 shows a schematic view of a conventional
silivon m-chamnel MOSFET (metal-odde-semiconducior fielcl-efTesct trnnsitor) that wses
all four groups of films. The first important thin fitm from the thermal oxide group is the
gate-oxide layer under which a conducting channe! can be formed between the source
and the druin, A related bayer is the febd axide, which provides isolation from other devices,
Both gate and field oxides generally are grown by a thermal oxddation process because
only thermal oxidation can provide the highest-quality oxides having the lowest interface
trap densities.

Daelectric (51N}

Dislectric {505) o, )
ﬁ'ﬂ:
'm,,_____"__,_.-’ \E
bﬂll‘llﬂ'ﬂ 5:&.'
g
P&
MOSFET

Fig. 1 Schematic cross section of o metal-cadde-somiconductor Aeld-cffect transiior
[MOSFET),
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Dielectric loyers such as silicon dicadde and silicon nitride are used for insulation
between conducting kavers, for diffuston and ton bmplantation masks, for capping doped
films to prevent the ks of dopants, and for passivation to protect devices from impur-
thes, modsture, and seratehes. Polyerystalline silicon, usually referved to as polysilicon, i
nsed as a gate electrode material in MOS dnim.nmﬂwﬁmmm{dhmﬂtﬂeuj
metallizstion, and a contact mterial for devices with shallow junctions. Metal films such
s aluminum and silicdes are used o form low-reslistance interconnections, ohmic con-
tacts, and rectifving metal-semiconductor barriers.

Specifically, we cover the following topics:

*  The thermal oxidation process to form silicon dioxide (S50,).

*  Deposition technicques to form low-dielectric-constant and high-
diclectric-constant films s well as polysilicon flms.

*  Deposition techniques to form aluminom and copper interconnections as well
as the related global planarization process.

*  Characteristics of these thin films and their compatibility with integrated-
clrouit prooessing,

11.1 THERMAL OXIDATION

Semiconductors can be oxidized by varioos methods. These inchude thermal oxddation,
electrochemicn] anodization, and plasma reaction. Among these methods, thermal o
dation is by far the most important for silicon devices, It is the key process in modem
silicon integrated-cireuit technology, For gallium srsenide, however, thermal oxidation
results in generally nonstoichiometrie films. The osides provide poor electrical insula-
tion and semiconduwetor surface protection; hence, these oxides are rarely used in gal-
lium arsenide technology. Consequently, in this section we concentrate on the thermal
axiclation of silicon.
The basic thermal oxidation setup is shown'® in Fig, 2. The reactor consists of a resis-
I:.Enm—huatnﬂ furnace, a cylindrical fused-quartz tube containing the silicon wafers beld
in a shotbed quartz boat, and a source of either pure dry exygen or pure water
1{&]@&]11 end of the furmace tube protudes into a vertical flow hood where a
Hl!e-md Aow ul'i}.r is maintained. Flow is directed as shown by the arrow in Fig. 2 The
hood reduces dust and [u;l:}nﬂnl: madlers in the air iumundingtbe walers and min-

|- Sl wylion

:E}-. T venk
== ] cap {pmartz)
H\"‘\.Flllnlqlluhl

frormmoe tnlwe

1 1
T rA
Exhiant

Fig.2 Schemalic cross sectiom of o restetnnte-heated oddation fumace.
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mizes contamination during wafer loading, The oxddation temperature is generally in the
range of 900°-1200°C and the typical mas fow rate is about 1 literfmin, The axidation
system uses microprocessors to regulate the gas flow sequence, to control the automatic
insertion and remeoval of silicon wafers, to ramp the temper:tumg (i.e., to increase the

fumace temperature linsarly) from a low temperature to the n temperature so
that the wafers will not warp due to sudden temperature change, to maintain the oxida-
tion temperature to within £1°C, and to ramp the temperature down when oxidation is

completed,

1111  Kinetics of Growth
The following chemical reactions describe the thermal oxidation of silicon in cxygen or
water vapor:
5i (solid) + O (gas) —= 50, (solid), (1)

i (salid) « 2H,0 (gas) — Si0, (solid) +2H, (gns). (2)

The silicon-silicon diodide interface moves into the silicon during the oxidation process.
This creates a fresh interface region, with surface contamination on the original silicon
ending up on the oxide surface. The densities and moleculur weights of silicon and sili-
con dioxide are used in the following example to show that growing an oxide of thick-
ness ¥ consumes a laver of silicon 0.44x (Fig. 3).

i~ EXAMPLE 1

If a silicon oxide beyer of thickness « is by thermal cuiclation, what is the thickness of silicon
britieg examsuermesi? The: malecular of 5i is 25.9 gmol, and the density of S8 is 2.33 glem®,

The corresponding vilies for S50, are 60.08 g/mol and 2.21 gfom’,
SOLUTION  The volume of 1 mal of silicon s

Molecular weight of S| 250 g /male
Density of 51 2.33 gfem”

The volume of 1 mol of silicon diovide i

= 1206 e/ mol.

Muolecular weight of 550, - 60.08 jr/mol = 27,18 o mol.

Density of Si0, 221 giem®

Fig. 3 Growth of silicon dioide by thermal oddation
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Sipoe 1 mol of silicon is converted to 1 mol of sieon dioxide,

Thickness of 5i x area svalume of | mol of Si
Thickness of 560y xarea  volume of 1 mol of $i0,

Thickness of 5i _ 12.06 _
Thickness af S8, 2718

44,

Thickness of sifican = (44 (thickness of Si0,),

For example, to grow a slicon diodde layer of 100 nm, a layer of 44 nm of silicon
s comsurmed, 4

Thie basie stroctuml unit of thermally grown silicon dioxdde is a silicon atom surmounded
tetrahedrally by four atoms, as lustrated” in Fig, 4a. The silicon-to-oxygen inter.
nuckear distance ix 1.6 A and the oxygen-to-mygen internuclear distance is 227 A. These
tetruhedra are joined together at their corners by oxygen bridges in a variety of ways to
form the various phases or structures of silicon dioxide (also called silica), Silica has sev-
eral crystalline stractures (e.g., quartz) and an amorphows strocture, When silicon is ther-
mally oxidized, the silicon dioxide structure is amorphous. Typically amorphous silica has
a density nfﬂaﬂci]ljg:m’. compared with 265 giom® for quartz.

The: besic rence between the crystalline and amorphous struetares is that the
former is a periodic structure, extending over many molecules, whereas the latter has no
periodic structure at all. Figure &b is a two-dimensional schematic diagram of a quartz
crystalline structure made up of rings with six silicon atoms. Figure 4c is a two-dimen-
sional schematic diagram of an amorphous stracture for comparison. In the amorphous

Fig. 4 (u) Basic sirschural unit of slicon diode. () Tao dimensions] representation of o
qquartz crystal luttice. (0) Two-dimensional representation of the amorphous stracture of silicon
dicide. !
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structure there is still @ tendency to form chamcteristic rngs with six silicon atoms, Note
that the: amorphous structure in Fig. 4c is quite open because only 43% of the space is
oocupled by siicon dioside molecules. The relatively open structure sccounts for the lower
density and allows a varety of imparities {such as sodium) to enter wnd diffuse readily
through the silicon dioxide Layer.

The kinetics of thermal axidation of silicon can be studied based on a simple model
lhastrated® in Fig. 5. A silicon shice contacts the exidizing specis (onygen or water vapar),
resulting in a surface concentration of C, molecules'em? for these species. The magni-
tude of G, exquals the equilibrivm bulk concentration of the species at the oxidation tem-
perature. The equilibrium concentration generally is proportional to the partial pressure
af the cxidant adjacent to the oxide surface. At 1000°C and @ a pressure of 1 atm, the
concentration Cy is 5.2 x 10" molecules/cm? for dry oxygen and 3 x 10" moleculesiom?
for water vipor.

‘The oxidizing species diffuses through the silicon dioxide layer, resulting in a con-
centration Cat the surface of silicon. The flux F| can be written as

dC _ DiCy=C,}

Fy _ﬂdg 2 e (3
where D is the diffusion coefficient of the oxdizing species and x is the thickness of the
aidhe layer already present.

At the silicon surface, the oxidizing species reacts chomically with silicon. Assuming
the rate of reaction is proportional to the concentration of the species at the silicon sur-
face, the fhux F, is given by

Fy=C, (4)

where x is the surface reaction rate constant for oddation. At the steady state, F, = F, =
F. Combining Eqs. 3 and 4 gives

dgrrs eyt (5)

The reaction of the oxidiing species with silicon forms silicon dioxide. Let ©, be
the number of molecules of the cxidizing spectes in a unit volume of the oxide. There
are 2.2 % 107 silicon diodde molecules'cm? in the oxdde, and we add one cxygen mobecule

Fig.5 Basic model for the theremal ovidation of silicon.®
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(0,) to each silicon dicxide molecule, whereas we sdd two water molecules (H 00 to each
silicon dioxide molecule, Therefore, C, for oxidation in dry oxygen is 2.2 % 10% cm, angd
for exddation in water vapar it Is twice this number (4.4 =% 10% em ), Thus, the growth
rate of the odde layer thickness is given by

ﬁ:i:%__ 1“}
dt C x+(Dix)

Wie caan sobve this differential equation subject to the initial concition, £(0) = d, where
dly is the: initial onide thickness; dy can abo be regarded as the thickness of oxide layer
gromm in an earlier oxidation step, Solving Erq. 6 ylelds the geneml relationship for the
oxidation of silicon,

4 %rn%ﬂ-it-hﬂ, (7
where © = (d} + 20d,/K)C/2DC, which represents a time coordinate shift to account
for the initial codde layer d,.

The oxide thickness wfter an eoddizing time £ is given by

b BCK*(E+1)
I—k[J-HL e, I:|. (8}
For small values of 1, Eq. 8 reduces to
IE%F{:+I:I. (9
and for karger values of ¢, it redhices to
;nﬁ@i[wﬂ. (100
i

During the early stages of oxide growth, when surface reaction is the rate-limiting fac-
tor, the odde thickness varies lincarly with time. As the axide layer becomes thicker, the
oxidant must diffise throsgh the oxide layer to react at the silicon-silicon dioside inter-
face and the reaction becomes diffusion limited. The oxide growth then becomes pro-

portional te the square root of the oxidizing time, which resubts in a parbolic growth
ritke

IE:pm‘itm 7 is aften written in a more compact form:

=4 Ar = Bif + 10, {11]

where A = 2I¥Vk, B = 2DC/C, and B/A = xCyC,. Using this form, Eqs. 8 ancl 10 can be
writhen as

:-%um (12}

fur the linear region and as
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H-iill:h-'r].l {13}

for the parbolic region. For this reason, the term B/A is referred to as the lincar rate
constant and B is the parabolic rte constant. Experimentally measured results agree with
the predictions of this model over a wide range of oxidation conditions, For wet oxida-
thon, the initial oxice thickness d;, s very small, or 5 0. However, for dry oxidation, the
extrapolated value of dy at ¢ = 0 is about 20 nm.

The temperature dependence of the linear rate constant B/A is shown in Fig, 6 for
bath dry and wet oxidation and For (111)= and { 100}-orented silicon walers.? The linear
rate constant viries as exp (-E/ET), where the activation energy E, is about 2 &V for both
dry and wet oxddation. closely agrees with the energy required to break silicon-sil-
icon bomds, 1.53 eVimolecule. Under & given oxidation condition, the linear rate con-
stant depends on crystal orientation. This is because the rate constant is reluted to the
rate: of incorporation of axypren atoms into the silicon. The rate depends on the surface
banel structure of silicon atoms, making it orientation dependent. Becanse the density
of available bonds on the (111)-plane i higher than that on the (100)-plane, the Bnear
rate constant for (111 }-silicon is larger.

Figure 7 shows the tempeniture dependence of the parabolic rate constant B, which
can also be described by exp (~E &T). The activation energy E, is 1.24 eV for dry oxi-
dation. The comparable activation energy for oxygen diffusion in fused silica is 1.18 eV,
The corresponding value for wet oxidation, 0.71 eV, compares favorably with the value
of 0.7 eV for the activation energy of diffusion of water in fused silica. The parabolic
rate constant is independent of crystal orentation. This isdependence is expected beeuise

N, HO (100 Pl
o \E. =205V

-t

Wrer oo, (10%R) NN
E =206V

Linear pate constant BA (umthre)
Py

bl i 3

(i - -
(LT L1y ns na Lo | |

100G ¢ K1)
Fig. 6 Linear rafe constant versus tempertare. *
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it is a meaxsure of the diffusion process of the oxddieing specles through a random net.
waork layer of amorplwoes silica.

Altheugh oxides grown in dry oxygen have the best electrical properties, consider-
abily more time is required to grow the same oxide thickness at a given temperature in
dry ceygen tham in water vapor. For relatively thin cxddes such s the gate oxide in & MOS.
FET (typically £ 20 nm), dry oaddation is used. However, for thicker oxides such as fisld
enitdes (220 nm ) in MOS integrated circuits, and for bipolar devices, oxddation in water
vapor (or steam) is used to provide both adequate isolation and passivation.

Figure 8 shows the experimentsl results of silicon dioxide thickness as a function of
reaction time and temperature for two substrade orientations.” Under a given axddation
condition, the oxide thickness grown on a (111)-substrate is larger than that grown on g
{ 100)-substrate because of the karger lnear mte constant of the (111)-orientation. Note
that for & give temperature and time, thee ke film obstained wsing wet oxidation is aboat
5-10 times thicker than that using dry exidation.

11.12 Thin Oxide Growth

Relative slow growth rtes must be used to reproducibly grow thin oxide films of precise
thickness. Various approaches to achieve such slower growth rutes have been reported,
inchsding growth in dry O at atmospheric pressure and lower terperatures (SO0P-800°C);

h at prossures lower than atmospherie pressure; growth in a reduced partial pres-
sures of O, by using a diluent inert gas, such as Ny, Ar, or He, together with the gas con-
taining the oxidizing species: and the we of composite axide films with the gate-oxide

films consisting of a lover of thermally grosn Si0, and an overlayer of chemical -vapor
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Fig- 8 Experimental resalts of silicon dioxide thickness as a Rinction of reaction thse and term-
perature for twn substrate arlemtations, (o) Growth in dey coven. () Growth in steam,*

deposition (CVEY) Sith,. However, the mainstream approach for gate oxides 10-15 nm
thick is to grow the oxde film ot stmosphesic pressure and lower temperitures
(S00°-BO0C). With this approach, processing using modemn vertical axidation fumaces
ean grow reproducible, high-quality 10 nm axides to within 0.1 nm across the wafer,
We noted earlier that for dry oxidation, there is an apparently rapid oxidation that
gives rise to an initial oxide thickness d; of about 20 nm. Therefore, the simple model
presented in Section 11.1.1 is not valid for dry oxidation with an odde thickness = 20

nim, For ultralarge-seale in n [ULSI), the ability to grow thin (53 ~ 20 nm), uni-
m.wwﬁmmmmmwmmmm-
consider the growth mechanisms of such thin osides, :

In the early stage of growth in dry eddation, there is o large compressive stress in
the: oxide layer that reduces the oxypen diffusion coefficient in the oxide. As the aide
becomes thicker, the stress will be reduced due to the viscous flow of silica and the dif-
fusion coefficient will approach its stress-free value. Therefore, for thin axides, the value
of DV may be sufficlently small that we can neglect the term Ax in Eq. 11 and obtain

1 — it = B, (14}
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where d, is equal to V206,00, , which is the instial oxide thickness when time is
olated to zero, and B is the parsbolic rute constant defined previously. We therefore expect
the initial growth in dry caddation to follow a parabolic form.

11.2 DIELECTRIC DEPOSITION

%ﬁdd&iﬁu%mmﬂmﬂyﬁ#iw amd passhvation of discrete devicey
integrated circuits. Ther: are three com used deposition methods: atmospheric-
pressure CVID, low-pressure CVD (LPCVDY), and plasma-enhanced chemical vapor depo-
sition (PECVD, or plasma deposition), PECVD is an energy-enhanced CVD method, in
which plasma energy is added to the thermal energy of & conventional CVD system,
Considerations in selecting a deposition process are the substrate temperature, the depo-
sition rate and film uniformity, the morphology, the electrical and mechanical proper.
ties, andl the chemical compasition of the dielectric films.

The reactor for stmospheric-pressure CVE is simikar to the one shovwn in Fig. 2, escept
that difforent gases are used at the gas inlet. In a hot-wall, reduced-pressure reactor as
shown in Fig. Ga, the quartz tube is heated by a three-zone furnace, and gas is introduced
at ane end and punped out at the opposite end. The semiconductor wafers are held ver.
Hﬂbhadﬁtﬂdmﬂhﬂ.‘ﬁq@:mﬂhﬂnhﬂmhtdﬁnﬂthﬂu
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Fig.9 Schematic diagrams of chemical-vapor deposition resctors. (o) Hot-wall, recliscd.- pres-
sure resctor. () Parallel-plate plisns deposition reactor.! rf. radio frequency,
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furnace, in contrast to a cold-wall reactor sich as the horizontal epiticdal reactor that uses
rdic frecuency (rf) heating.

The parallel-plate, radial-flow, PECVD reactor shown in Fig. 9b consists of a cylin-
drical glass or ahuminum chamber sealed with aluminum endplates. Inside are two par-
allel aluminum electrodes. An of voltage is applied to the upper electrode, whereas the
lower electrode is grounded. The rf voltage canses a plasma discharge betwesn the elec-
trodes. Widers are placed on the lower electrode, which is heated between 100° and 400°C
by resistance heaters. The reaction gases flow through the discharge from outlets located
along the circumference of the lower electrode. The main sdvintage of this reactor i its
low deposition temperture. However, its capacity is limited, especially for large-diam-
eter wafers, and the wafers may become contaminated if loosely adbering depesits fall
oy Lhem,

.21 Silicon Dioxide

CVD silicon dioxice does not replace thermally grown oxddes because the best electri-
cul properties are obtained with thermally grown films. CVD oxddes are used instead to
complement the thermal oxides. A layer of undoped silicon dioside is used to insulate
marltilevel metallization, to mask fon implantation wnd diffusion, and to increase the thick-
ness of thermally grown field oxides. Phosplworus-doped silicon dioxide is wsed both as
an insulator between metal lavers and as a final passivation laver over devices. Oxides
doped with phosphons, arsenic, or boron arne used occasionally as diffusion sources.

Depasition Methods

Silicon dioxide films can be deposited by several methods. For low-temperature depo-
sition {(MH°-SO0°C), the films are formed by reacting silane, dopant, and oxwgen. The
chemical reactions for phosphorus-doged oxides are

SiH, + 0, —25 4500, + 2H,, (15)

4PH; + 50, =25 5 3p.0, +6H,. (16)

The deposition process can be performed either at atmospheric pressure in 8 CVD reae-
tar or at reduced pressure in an LPCVD reactor (Fig. Sa). The low deposition temper-
ature of the siline-ooygen reaction makes it a suitable process when flms must be deposited
over a laver of aluminum,

For intermediste-temperatune deposition (500°<800°C), silicon dioxide can be formed
by decomposing tetraethylorthosilicate, Si(0C,H,),, in un LPCVD reactor. The compound,
abbreviated TEOS, is vaporized from a liquid source, The TEOS compound decomposes
a5 follows:

SHOC H, )y —5s i, + by - products, {(n

forming both SiC3; and a misture of arganie and organosilicon by-products. Although the
higher temperature required for the reaction prevents its wse over alsminum, it i suit-
able for icon gates requiring a uniform insulating laer with good step coverage.
The good step coverage is a result of enhanced surface mobility at higher temperntures.
The ociedes can be doped by adding small amounts of the dopant hydrides (phosphines,
arxine, or diborane), similar to the process in epétasial growth.

The depasition rte as o function of tempersture varies as e ™47, whepe E, is the acti-
vation energy. The E, of the silane-oxgen reaction is quite low: shout 0.6 eV for undoped
onicles wwd almast zero for phosphors doped oxide. In contrast, E, for the TEOS reaction
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is much higher: about 1.9 eV for undoped oxde and 1.4 eV when phosphorus doping -

compounds are present. The dependence of the deposition rate on TEOS partial pres.

sure is proportional to (1 — ™), where P is the TEOS partial pressure and Py & aboup

30 Pa. At low TEOS partial pressures, the deposition mte is determined by the rate of

the surface reaction, At high partial pressures, the surface becomes nearly saturated with

adsorbed TEOS and the deposition rabe becomes essentially independent of TEQS
sure.

Recently, stmospheric-pressure and low-temperature CVD processes using TEQS
anel czane (0,) have been proposed,® as shown in Fig, 10. This CVD technology pro-
chices oxide fllms with high conformality avd bow viscosity under low deposition tem.
perature. In addition, the shrinkage of oxide film during anneafing is abso a function of
e oonsentration, as shown in Fig. 11. Becanse of their porosity, O,-TEOS CVD onides
are often accompanied by plasma-assisted caddes to permit planarization in ULSL

rocess
: Fuf‘ﬁ@.-mnptrﬂure deposition (S00°C), silicon diudide is formed by reacting
dichlorosilane, SiC1L,H,, with nitrous exide at reduced pressure: '

SiC1gHy + 2N 0 ————8i0; + 2N, + 2HCL (18)

This deposition gives excellent film unifermity and is sometimes used to deposit insy-
lating layers over polysilicon.

Properties of Silicon Dioxide

Depasition methods and properties of silicon dioside films are listed® in Table 1. In gen-
eral, there is a direct correlation between deposition temperature amnd flm quality. At
higher temperatures, deposited oxide filns are structurally simélar to silicon dieodde thae
has been thermally grown,

The lower densities oocur in films deposited below 500°C. Heating deposited sili-
von chicodde at temperatures between 600° and 1000°C canses densification, during which
the oxide thickness decreases, whereas the density increases to 2.2 glom®. The refractive
index of silicon dioxide is 148 at a wavelength of (L6328 pm. Oxides with lower indices
are porous, such as the oxdde from the silanc-oxygen deposition, which has a refractive
index of 1.44. The porous nature of the axide also is responsible for the lower dielectric
strength, which is the applied electric field that will cause a high curvent to flow in the
oaide film, The elch rates of axides in a hydrofluorie acid solation depend on deposition

;51 sulsizate, vecuwsm-chcked

____ﬂq-enmh-ﬂ

Ognnizer Plymphorns  Boron TEOS

Fig. 10 Experimental apparabus for the 0,-TEOS chemicakvupor deposition (CVID) system.
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T Eleposition empemtine $00°C

{renne cononirathn (%)

Fig. 11 Depemndence of the shrinkage of the 0,-TEQS CVI film an owone concentration using
anmealing. (Coisrtesy af SAMOD Company, Japan. )

temperature, annealing history, and dopant concentration. Usually higher-quality oxides
are etched ab lower rates,

Step Coverage
Step coverage relates the surface topography of a deposited film to the virious steps on
the semiconductor substrate, In the illustration of ideal, or conformal, step coverage shown
in Fig. 12a, film thickness is uniform along all surfaces of the step. The uniformity of the
film thickness, regardless of topography, is due to the rapid migration of reactants after
acksorption on the step surfaces

Figure 135 shows an example of nonconformal step coverage, which results when
the reactants aclsorh and react without signifieant surface migration. In this instance, the
doposition rate is proportional to the arvival angle of the gas molecules. Reactants arriv-
ing alomg the top horizontal surfice come from many different angles and 8, the arrival

TABLE1 Proporties of Si0, Films

Property Thermally grown. SIH, + O, TEOS SiCLH, « NyO
FERNEL L [ at 4 al TOOM( ak BN

Campaosition i1, 50y, (H) 5e, SOyl
Drensity (gem®) 23 2.1 22 22
Refractive indes 146 144 1.4A 1.46
Diglectric strengtl

{10* Wiem) =10 E ] 10
Etch rate (A /min}

{100:1 H,O:HF) 30 ('] an 1
Eich rate (A /min)

(buffered HE) 440 130} 450 45D
Step coverage L Mofconfonmal  Conformal  Confonmal
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Fig-12  Step coverage of depasited filmns. (o) Conformal step coverage. (b} Nonconfosmal step
coverage.!

angle, varies in two dimensions, from 0 to 150°, whereas reactants arrving at the top of
a vertical wall have an arrival angle @, that varies from 0° to 907 Thus, the film thick-
et om e top surfivce is double that of a wall surface. Further down the wall, &, is related
to the width of the opening, and the film thickness is proportional to
oy = mﬂmwT {19

whaere | s the distance from the top surfuce and W is the width of the opening. This type
of step coverage is thin along the vertical walls, with a possible erack at the bottom of
step caused by self-shadowing,

ilicon dioxide formed by TEOS decomposition at reduced pressure gives a nearly
conformal coverage due to rapid surface migration, Similarly, the high-temperature
dichlorosilane-nitrous oxéde reaction also results in conformal coverage. However, dur-
ing silane-caygen deposition, no surface migration takes place and the step coverage Is
determined by the arvival angle. Most evaporated or sputtered materials have o step cov-
erage similar to that in Fig, 125,

P-Glass Flow

A smooth topography is usually required for the: deposited silicon dioxide used as an insi=
lator between metal layers, If the oxide used to cover the lower metal layer is concave,
circuit Failure may result from an opening that may aceur in the upper metal layer dur-
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The angle 8 as a function of weight percent of phosphorus as shown in Fig. 13 can

be approximated by
o= 124:1“[ La “m'} {2n)

10

If we want an angle smaller than 45° we require a phosphomnis concentration larger than
6 wi%h, However, af concentrations above § wt% | the metal Alm (e.g., aluminum) may
be corroded by the acid products formed during the reaction botween the phosphons
in the osdde and atmospheric molsture. Therefore, the Pglass Mow process uses phos.
phomus concentrations of 68 wi%.

1122 Silicon Nitride

It is difficult to grow silicon nitride by thermal nitridation (e.g., with ammonia, NH,)
because of its low growth rate and high growth tesapernture. Howeves, silicon nitride films
can be deposited by an intermediate-temperature (T50°C) LPCVD process or & low-tem-
perature {30°C) plsma-assisted CVD process.™ The LPCVD films are of stoichiometric
composition ($i,N,} with high density (28-3.1 giom”). These films can be used to pas-
sivate devices because they serve as good barriers to the difTuston of water and sodium,
The films also can be used as masks for the selective oxddation of silicon because silicon

nitride oxidizes very slowly and prevents the underlying silicon from oxidizing. The films

deposited by plasma-assisted CVD ane not stoschiometre and have a lower density (24-25
gfem’), Because of the bow deposition temperature, silicon nitride films can be
over fabricated devices and serve as their final passivation. The plasma-deposited nitride
provides excellent scratch protection, serves as a moisture barrier, and prevents sodium
diffusion.

In the LPCVD process, dichlorosilane and ammonia react ot reduced pressure to
deposit silicon nitride at temperstures between 700° and S00°C. The reaction is

G501 Hy +4NH; —2=4 81,8, + 6HCL + 6H;, (21

Good film uniformity and high wafer throughout (the number of wafers processed per
heour) are advantages of the reduced-pressure process. As in the case of oxide deposi-
tion, silicon nitricde deposition is controlled by temperature, pressune, and reactant con-
centration. The activation energy for deposition is about 1.5 eV The deposition rate

increases with increasing total pressure or dichlorostlane partial pressure and decreases

with an increasing ammonia-to-dichiorosilane ratio,
Silicon nitride deposited by LPCVD is an amorphous dielectric containing up to 8
atomie percent (at %) hydrogen. The eteh rate in boltered HF is less than 1 novimin.

The film has a very high tensile stress of approximately 1007 dynesicm®, which is nearly

10 times that of TEOS-deposited $10,. Films thicker than 200 nm may crack becanse of
the very high stress. The resistivity of silicon nitride st room temperature is about 10
em, Its dielectric constant is 7 and its dielectric strength is 107 Vicm.

In the plasma-assisted CVD process, silicon nitride is formed either by rescting silane
and ammonia in an argon plasma or by reacting silane in o nitrogen discharge, The reae-
tioms are as follows:

SiH, + NH, —2% 4 5iNH + 3H,. (22a)

28IH, + Ny —2C5 3 3GiNH « 3H,. (225)

[
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The products depend strongly on deposition conditions. The rdial-low, pasallel-plate
reactor {Fig, B is used to deposit the films. The deposition rate generally increases with
inereasing tempersture, power Input, ol reactant Eis presaire,

Large concentrations of hydrogen are comtained in plasma-deposited films. The plasma
nitrice (also referned to as SN} used in semiconductor processing generally contains 20-25
at % hydrogen. Films with low tensile stress (~2 % 10 dynes/'em®) can be prepared by
plasma deposition. Film resistivities moge from 107 to 10 Dk, depending on silicon-
to-nitrogen ratio, whereas dielectrie strengths are between 1 x 10°and 6 x 107 Viem.

1123 Low-Dielectric—Constant Materials

As devices continue to scale down to the deep submicron region, they require multilevel
intercomnection architecture to minimize the time delay due to parmsitic resistance (R)
and capacitunce (7). The gain in device speed at the gate level will be offset by the prop-

om clelay at the interconnects because of the increased RO time constant, as
shown in Fig. 14. Fnrmngﬂu,indwﬁm with gate bength of 250 nm or less, up to 50%
of the time delay is due to the RC delay of long intereonnections * Therelore, the device
interconnection network becomes o Bmiting fector in determining chip performance sach
as device speed, cross talk, and power consumption of ULST circuits.

In order to reduce the REC time constant of ULSH cirouits, interconnection maberi-
als with low resdstivity and interlayer films with bow capacitance are required. Cn the low-
capacitance tople (C =£A/M, where & is the dielecric permittivity, A the area, and o the

Laate deley
Susm ut delays, Al and 5o,

EE® O

Dby (s}

(5 1] b i s ] a5 1501 130 L1}
Mllinimem festure keagth (nm)
Fig. 10 Caleulated gute and interconnect delay versus technology geoenmtion. The dislectric
constand far the bew-k material 5 20, Both AL and Cu interconnoets are 0.5 pm thick snd 43 pun
bertig,
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thickness of the dielectrie film), it s not easy to lower the pamsitic capacitance by inerea.
ing thickness d of the interduyer dielectric (which makes gap filling more difficult), o
decreasing wiring height and area A (which results in the increase of interconnect resis.
tamce), Therefose, materials with bow dielectrie constant (kyoe-k) e reqquired. The g 5.
exqqual to the multiplication of k and &, where k and & ane the dielectric constant and the

vacuim pennittivity, respectivel:

Material Options

The properties of the interayer dielectric film and how they are formed have to mest
the following requirements: bow diclectrie constant, low residual stress, high planariz.
tiom capalility, high capabtlity for gap filling, low deposition temperature, simplicity of
process, and ease of integration,

A substantind number af bow-k matedals have been :}rnﬂms:md for the inlermets]
dielectric in ULST cincuits. Some of the promising low-k materials ane shovn in Table 2,
These materials can be either inorganic or organic and can be deposited by either CVD
or spin-on technigques *

EXAMPLE 2

Estimate the intrinsic AC vabue of two pasallel Al wires 005 g = 0.5 g is cross section, 1 mm
in length. and separated by a polyimide (k-2.7) dielectrie layer that is 05 pm tick, The sesistiv.
ity of Al 5 27 pO-cm

EOLUTION

i £ wi . 1107
RO= P [, LG Too, aiflIE R ) Rl P ik (¥
[ ] "Pﬂ" wirdth { 025 107"

iy g DX 07 % 107!
SESx 0w T ————— =257 . |
{ ‘ 0.5% 107 ] =

TABLEZ Lewe-k Malerials

Dieberminant Muteriaks Diebectric constast

Vapor-phase depasition polymers  Fluorosilicate glass (FSG) 3.5-40
Parylene N 2.5
Fardene F 24-25
Black diameand (C-doged ondde) 2.9-3.0
Fluorinated hydrocarbon 20-24
Telon-AF L3

Bpin-on pabymers SO RISE) 2.8-30
Polyimdde: ay-29
SILK {aromatie 27

bydrocarbon polyamer)

PAE [pob{andene ethers)| 26

Flurinated amarshous carbon 21
Xoropels (porous silica) .1-20
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1124 High-Dielectric-Constant Materials

High-k materinls are required for ULSI sircuits, especially for dynamic random access
memory (DRAM). The storage capacitor in & DRAM has to maintain a cortain value of
capacitance for proper operation (e.g., 40 [F). For a ghven capacitance (£AA), usually a
minimum o &5 selected to meet the conditions of the maximum allewed leakage current
and the mindmum required breakdovwn voltage. The wrea of the capacitor can be incressed
by using stacked or trench structures. These structures are considered in Chapter 14
However, for o planar structure, area A is reduced with increasing DRAM density.
Therefore, the diclectric constant of the flm must be increased,

Several high-k materials have been proposed, such as barum strontium titimate (BST)
aniel lend sirconium titanate (PET). They are shown in Table 3. In addition, there are
Hianales with ome or mose such as alkaline exrth metals, or with
mnrmti:iﬂ'zpﬂm.mhm mmu The tantalum oside (TaOy) M‘-
tric constant in a range of 20-30. Az a reference, the diclectrie constant of Si,N, s ina
range of 6-7 and that for 5i0y is 3.9. A Ta,0, film can be deposited by a CVID process
nsing gaseous TaCly and Oy as the starting materials.

EXAMPLE 3

A DRAM capacitor has the following parameters: capacitance © = 40 [F, cell size A = 1.25 pm',
and dielectric canstant k = 3.9 for silicon dioxide. I we replace $30, with Ta,0, (k = 25) without
changing thickness, what is the equivalent cell area of the cepacitor?

W-Lu“ﬂ
{:- F (]

39x1.98  25xA
d d

.-.Eqmmnumh%:xus-upm'. -

TABLE3 High-k Materials

Muterials Diglectric consiant
Binary Ty I
IO, 40
1,0, 17
SLN, 7
Pasnelectric perovskite SrTHC, (STON 140
(Bay 5} TiOLBST) oL IR LY
Ba(T, Zr, )0,/ BET) 300
{Phy La}Zr, T 1O,{PLZT) RO 1M
Ph{Ma, Wy, K0, (FMN) 10002000

Fermoelecric peroskite PHZR, o T 5o O, FET) = 1000
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1.3 POLYSILICON DEPOSITION

Using palysilicon as the gate electrode in MOS devices is a significant development ig
MOS technology, Ome importsnt reason ks that polysilicon surpasses duminum for elee.
trode reliability, Figure 15 shows the maxinnm time to breakdown for capacitors wigh
both polysilicon and aluminum electrodes." The polysilicon is dearly superior, especially
for thinner gate oxides. The inferior time to breakdown of aluminum electrode is due 1o
the migration of aluminum atoms into the thin oxide under an electrical field. Polysilicon
is also used as a diffusion source to create shallow junctions and to ensure chmic con.
tact to crystalline silicon. Additional uses include the manufacture of conductors und high.
value resistors.

A low-pressure reactor (Fig. Sa) operated between 600° and 650°C is used to deposit
pobysilicon by pyrolvzing silane scconding to the follewing reaction,

SiH, —27C_ 555 21, {23}

Of the two most common low-pressure processes one operates af a pressure of 25-130
Fa nsing 100% silane, whereas the other process involves a diluted mixture of 209%-—30%,
silane in nitrogen at the same total pressure. Both processes can depaosit polysilicon on
bundreds of wafers per run with good uniformity (i.e., thickness within 5%)

Figure 16 shows the deposition rate at four deposition temperatures. At low silane

partial pressure, the deposition rate is proportional to the siline pressure.® At higher silane
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Fig- 16  Efect of silane conoentration on the pohsilicon depesition rate.®

concentrations, saturation of the deposition mte ocours, Deposition at reduesd prossure
is gonerally limited to ternpertbures between 600° and 650°C. In this temperature range,
the deposition rate varies as exp (-E_ /&T), where the activation energy E, is 1.7 eV, which
is essentially independent of the total pressure in the reactor. At higher temperatares,
gas-phase reactions that result in a rongh, loosely adhering deposit become significant
and silane depletion will occur, cansing poor uniformity. At temperatures much lower
than G00°C, the deposition rate i too slow to be practical.

Process parameters that affect the polysilicon strocture are depasition temperature,
dopants, and the heat eycle applied Following the deposition step, A eolumiar structure
results when polysilicon is depostied at a temperature of B00°-650°C. This structure is
comprised of polyerystalline grins ranging in size from 0,03 to 0.3 pm st & prefermed ord-
entation of (110). When phosphors is diffused at 950°C, the structure changes to erys-
tallite and grain size inereased to a size between 0.5 and 10 pm. When temperature i
increased to 1050°C during oxidation, the grains reach a final size of 1-3 pm. Although
the nitinlly deposited film appears amorphous when deposition occurs below 800°C,
growth chamcterstios similar to the polyerystalline-grain columnar structure are
ohserved after doping and heating.

Polysilicon cun be doped by diffusion, bon implantation, or the sddition of dopant
g during deposition, referred to as in situ doping. The implantation method is most
commenly used because of its lwer processing temperatures, Figure 17 shows the sheet
resistance of single crystal silicon and of 500 nm polysilicon doped with phosphones and
antimony using jon implantation. ' The jon implantation pmnhmuhiimd
13. Implant dose, annealing temperature, muimuuﬂugﬁm:ﬂ]nﬂmthnshmtm
tance of implanted polysilicon. Carrier traps af the grain boundaries case o very high
resistanee in the Bghtly implanted polysilicon. As Fig. 17 illustrates, resistance drops rapidly,
approaching that of implanted single crystal silicon, as the carder traps become saturated
with dopants.
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Fig. 17 Shect resistance versus jon dose info 500 nm polysilicon at 30 kW)Y

11.4 METALLIZATION

1141 Physical-Vapor Deposition

The most common methods of physical-vapor deposition (FVD) of metals ane VPO
Hon, e-beam evaporation, plusma spray deposition, and spattering, Metals and metal oom-
pounds such as Ti, Al Cu, TiN, and TaN can be deposited by PVD. Fvaporation eccurs
when o source material is heated above its melting point in an evacusted chamber. The
evaporated atoms then travel at high velocity in straight-line trajectories. The source can
be miolten by reststance: heating, by of heating, or with a focused electron beam.

and e-beam svaporation were wsed extendvely in earlier generations of integrated dir-
cuits, but they hive been replaced by sputtering for ULST circuits.

In bon-beam sputtering, a source of lons is acoelerated toward the target and impinged
o its surface, Figure 15 shows the standard spattering system, The sputtered material
cheposits on a waler that is placed facing the target. The lon current and enengy can be
independently adjusted. Since the target and wafer are placed in a chamber that has lewer
pressure, more target material and less contamination are transferred to the wafer,

Oine etluod to inerease tae ion dmrsﬂ“nnd henee, the sputte itiom rube is fo
use a third electrode that provides more electrons for ionization, An method is to
nse & magnetic field, such as electron oyelotron resonance (ECR), to capture and ral
electrons, e their ionizing efficiency in the vicinity of the sputtering tamget.
technigque, referred to as magnetron sputtering, has found widespread applications for
the deposition of aluminem and its alloys at & rete that can a | pm/min.

Lamg-throw sputtering is another techndeue used to contrul the angular distribution.
Figure 15 shows the long thnm-sgnhu‘lris_}ﬂum. In standard sputtering configura-
tions there are bwo primiry reasons for & wide angular distribution of incident (hx at the
surface: the use of a target to substrate separation, J,, wnd seattering of the s
by the working gns as the flux travels from the target to the substrate. These two factors.
are linked becuuse a small o, is needed to achieve good throughput, uniformity, and film
properties when there is substantial gas scattering, A solution to this problem B to
sputter at very low pressures, a capability that has been developed using a variety of sys-
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tems, which can sustain the magmetron plasma under more rarefied conditions. These
systems allow for sputtering at working pressures of less than 0.1 Pa. At these pressures,
s seattering is less important, snd the n-substrate distance cin be greatly incrensed.
From a simple wrgument, this allows the angular distribution to be greatly
marmowel, w permits more deposition at the bottom of high-aspect featares such as
gontact holes.

Contact holes with large aspect ratio are difficult to Al with material, mainly because
scattering events canse the top opening of the hole to seal before appreciable material
s ited on its Moor. This problem can be overcome by collimating the sputtered
atoms by plactng an of collimating tubes just above the wafer to restrict the depaosit-
ing flux to normal +5°, wring with a collimator is shown in Fig. 18, Atoms whose
trajoctory is maore than 5° from narmil are deposited on the inner surface of the eolli-
makors,

1142 Chemical-Vapor Deposition

CVIis attractive for metallization because it offers coatings that are conformal, has good
step coverage, and can coat a large number of waless at a time. The basic CVD setup is
this swme: as that wsed for deposition of dielectrics and polysilicon (see Fig. Sa). Low-pres-
sure CVD (LPCVD) is capable of producing conformal step coverage over a wide runge
of topographical profiles, often with lower electrical resistivity than that from PVD.

Ome of the major new applications of CVD metal deposition for integrated circuit
prochection is in the area of refractory-metal deposition. For example, tungsten's low elec-
trical resistivity (5.3 p€d-cn) and its refractory nature make it o desirable metal for use
im imterrmted cirenit brication,

OV

Tungsten is used both as o contact phig and as a firgt-level metal. Tungsten can be deposited
by wsing WF, as the W source gas, since it is a liquid that boils at room temperature.
WF, can be reduced by silicon, hydrogen, or silane. The basic chemistry for CVD-W is
as folbows:

WF,; + 3H, = W s+ 6HF (hydrogen reduction), i24)
IWF, + 350 — IW + 38iF, (silicon reduction), (25)

IWF, + 3SiH, = 2W + 35iF, + 6H, (silane reduction). (26)
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On a 5i contuct, the selective process starts from a silicon reduction process, Thig
process provides o nueleation layer of W grown on Si but not on S0, The hydrogen redi.
tion process can deposit W rapidly on the nucleation laver, forming the phug. The hydm.
gen reduction process provides excellent conformal eoverage of the topography, This
process, however, does not have perfect solectivity, and the HF gas by-product of the
reaction is responsible for the encroachment of the oxide, as well as for the rough sur.
face of deposited W filims.

The silane reduction process gives a high deposition rate and much smaller W gra
st than that obtained with the hydrogen reduction process. In addition, the problems
of encroachment and rough W surfuce are eliminated becanse there is no HF by-prod-
uct generation. Usually, a silane reduction process is used as the first step in blanket W
deposition to serve as a nucleation layer and to reduce junction damage. After the silang
reduction, hydrogen reduction is used to grow the blanket W layer.

CVD TiN

TiN is widely used as a diffusion barrier-metal byer in metallization and can be depositad
by sputtering from a compound target or by CVD. The CVD TiN can provide better
coverage than PVD methods in deep submicron technolsgy. CVD TiN can be
deposited, - using TIC1, with NH,, Hy/N,, or NHyH,:

GTICL+ SNH, — 6 TIN + 24HC1 « N,, (27}
ZTCL, + Ny » dH; — ETiN + BHC], (28}
ITiCLy+ 2NH, = Hy — 2 TiN + SHCL. {28

The: deposition temperature is about 400°-700°C for NH, reduction and is higher than
TOOC for the NyH, reaction. The higher the deposition temperature, the better the TiN
film and the less C incorporated in TiN (~5%),

1143 Aluminum Metallization

Alsminum and its alloys are used extensively for metalliztion in integrated circuits. The
Al film can be deposited by a PVD or CVD method. Because aluminum and its alloys
huve fow resistivities, 2.7 pQd-cm for Al and ap to 3.5 p€-cm for its alloys, these metals
satisfy the low-resistance requirements. Aluminum also adheres well 1o silicon dioxide.
However, the use of aluminum in integrated cireuits with shallow junctions often cre-
ates problems, such as spiking and eletromigration. We consider the problems of alu-
minum metallizition and thelr soluthons in this section,

Junction Sp
Figure: 19 shows the phase diagram of the A1-51 system at 1 atm."® The phase diagram
relates these two components 45 a function of temperature, The AL-Si system exhibits
etectic characteristies; that is, the addition of vither component lowers the system’s melt-
ing point below that of either metal. Here, the minimum melting temperature, called
cutectic temperature, is 577°C, comesponding to a 11.3% 5i and 85.7% Al composition.
The melting paints of pure aluminnm and pure silicon are 660°C and 1412°C, respec-
tively. Because of the eutectic characteristics, during wluminum deposition the temmper-
ature on the silicon substrate must be Hmited to less than 577°C,

The inset of Fig. 19 also shows the solid solubibity of silicon in aluminam. For exam-
ple, the sofubility of silicon in aluminum i 0.25 wi% at 400°C, 0.5 with at 450°C, and
0.8 wi% at S00°C, Therefore, wherever aluminum contects silicon, the silicon will dis-
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Fig. 19 Phase disgrom of the alamimm—silicon system.™

sobvo into the aluminum during annealing, The amount of silicon dissobed will depend
ot enly om the salubility st the annealing tempersture bt also on the volume of alo-
ik o be saturated with silicon, Consider a long aluminum metal line in contact with
an area ZL of silicon as shown in Fig. 20. After an annealing time ¢, the silicon will dif-
fuse a distance of approximately VD¢ along the aluminum Lne from the edge of the con-
tact, where I is the diffusion cosfficient given by 4 % 107 exp(-0.92&T) for silicon diffusion
in deposited aluminum films. Assuming that this length of aluminum is completely sat-
rated with silicon, the volume of silicon consumed is then

Vol = 2D (HZ ws[f:—]. {30)

where g, und g, are the densities of aluminum and silicon, respectively, and 5 s the sol-
ubility of silicon in aluminum at the anoealing temperature. ™ If the consumption takes
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Fig. 8 Daffusion of slicon in alomimem metalbzstion 1®

place uniformly over the contact area A (wherne A = ZL for uniform dissalution), the: depth
to which silicon would be consumed i

ba2iDe [!f:]s{ﬁﬂ] @1

* EXAMPLE 4

For T = 800°C, ¢ = 30 min, ZL = 18 e, Z = § s, and K = 1 im.
Find the depth b, assuming anifoen dissalition.

SOLUTION  The diffusion coefficient of silioom in alomimen o 500°C is shout 2 = 100 em®; ihus,
VD s 60 jem, The density ratio is 2.7/2.33 = 116,

A BODFC, 5 s 08 wiS. From Eg. 31 we b

b-zxsu[if‘éi]umn.mun.m pen,

Abamipim will fll a depth of b « 0.35 pen from which silicon is consumed. I at the contact
point there is a shallow junction whese deqith is less than b, the diffasion of slicon into alu-
mninum can shost-clrenlt the junction, -

In a practical situation, the dissolution of slicon does not take place uniformly but
rather at only a few points. The effective area in Eq. 31 is less than the actual contact
area; hence b is much larger. Figare 21 llustrates the actual situation in the p-n junc-
tion area of aluminum penctrating the silicon at only the few points where spikes ane
formed. One way te minbnize aluminum spiking is to add silicon to the alumivum by
cosvaporation until the amount of silicon contained by the alloy satisfies the solubility
requirement. Another method is to introduce a barrier metal bver between the aluminum
and the silicon substrate (Fig. 22). This barrier metal layer must meet the following require-
ments: it forms low contact resistance with silicon, it will nod react with aluminom, and
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Fig. 22  Cross-sectiomal view of 8 MOSFET with a barrber meetal between the alyminam aod st
foon arsd & comgesite gate electrode of slicide and pefysilicon.

its deposition and formation are compatible with the overall process. Barrier metals such
as tianbum nirdde (TIN] have been ovalosted and found to be stable for eontact wnoseal-
ing tempemtures up to 550°C for 30 min.

Electromi
in {:h.u_l;m_'r fwe chiseassed sealed-cown cdeviees. As the devies becommes smaller, the eor-
responding current density becomes targer, High current densities can cause deviee fail-
ure due to electromigration. The term electromigration refers to the transport of mass
[Le, mtoms) in meetads under the influemes of current. 1 occors by the: transfer of momen-
tum from the electrons to the positive metal jons. When o high current passes through
thin metal conductors in integrated elrcuits, metal fons in some regions will pile up and
voids will form in other regions, The pileup can short-cirouit adjacent conductons, whensas
thie vodds can resal® in an open circuit.

Thie emsean tiems to failire {MTF) of 4 condoctor due to electromigration can be related
tor the current density | and the activation energy E, by

1 E
e e e
MTF _F E-l]:{ T ] 32
I-':.q:{'-rinmnln“}'. avilue al E' 2 0.5 &V iz obtained for l|-|:|'!l|'ﬂi.ll|’.'1'l alwminum. This ndicates
that low-temperature, grain-houndary diffuséon is the primary vehicle of material trans-
port, since E, = 1.4 oV would chameterize the self-diffusion of single-coystal aluminum.
The electromigration resistance of aluminuwm conduetors can be inereased h}' using serv-

erl technigues. These technigques include afloying with copper (e.g.. Al with 0.5% Cu),
encapsulating the conductor in a dielectric, or ncorporating cxygen during film deposition.
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1144 Copper Metallization

It is well known that both high conductivity wiring and low-dislectric-constant insuly.
tors are required to lower the BC time delay of the interconnect network. Copper is the
obwious choice for a new interconnection metallization because it has higher conductiy.
ity and higher electromigration resistance than aluminum, Copper can be deposited by
PV, CVD, and electrochembcal methods, However, the use of Cu as an alternative mate.
rial te Al in ULSI circuits has drawbacks, such as its tendency to corroce under standand
chip manufacture conditions, its lack of a feasible dry-ctching method or 4 stable self.
passivating oxide similar luAl,D,mALnndiupmraz:m to diclectric materials, such
as SH0; and low-k polymers, In this section, we discuss the copper metalliztion tech-
mbues.

c Several different techniques for fabrication of multilevel Cu interconnects have been
reportecd '™ The firt method is a conventional method to pattern the metal lines fol-
lowed by diebectric deposition, The second method is to pattern the dielectric laver firg
and fill copper metal into trenches. This step is followed by chemical mechanical pal-
ishing, discussed in Section 11.4.5, to remove the excess metal on the top surfice of dislee.
tric and lesve Cu material in the holes and trenches. This method Is also known as a
damascene process,

Damascene technology
The approach for fabricating a copperlow-k dielectric interconnect structure is by the
“damascens” or “dual damascene™ process, Figure 23 shows the dual dunascene sequence
for an adhvineed Cu interconnection structure, For a typical damascene structure, trenches
for metal lines are defined and etched in the interdaver diclectric (ILD) and then fol-
lowed by motal deposition of TaNACu . The TaN layer serves as a diffusion barrier layer
anl prevents copper from penetrating the low-k diclectric. The excess copper metal on
the surface is removed to obtain a planar strecture with metal inlays in the dielectric.
For the dual damascene process, the vias and trenches in the dislectric are defined
using two lithography and reactive ion etching (RIE) steps before depositing the Cu metal
(Fig. Z3a—c). Then a Cu chemical-mechanical polishing process is used to remove the
metal on the top surface, leaving the planarized wiring and via imbedded in the insubs-
tor " Ome special benefit of dual damascene is that the via plug is now of the same mate-
rial as the metal line and the risk of vin electromigration failure is reduced.

EXAMPLE 5

IF we replace Al with Cu wire associated with some low-k décleetrie (k = 26) instead of 510, kyer,
what percentage of reduction of BC time constant will be achieved? (The rosistiity of Al s 27
pid-cm, and the reststivity of Cu is 1.7 pl-cm.)

SOLUTHIN
1.

-1
[ B

x—':::lm--lﬂ. L |

3]
=
]

11.45 Chemical-Mechanical Polishing

In recent years, the development of chemical-mechanical polishing (CMP) has became
increasingly important for multilevel interconnection because it is the only technology
that allows global planarization (Le., to make a flat surface across the whole wafer). Rt
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Fig. 23 Process scquence imed bo fabricabe o Cu line-stud streciore wing dissl damascene. (o)
Reestst stencil applied; (] reactive ion etching dielectrio and sesist pattomning; | () trench and
vin definition: snd (d) Cu depesitions followed by chemécal-mechanical polishing (CMP).

that allows global planarization (e, to make a at surface across the whale wafer), It
affers many achantages over other types of technologies—better global planarization over
bargze: or small structures, reduced defect density, and the avoidance of plasma damage.
Three CMP approaches are summarized in Table 4.

The CMP process eonsists of moving the sample surface against o pad that carries
shirry between the sample surface and the pad. Abrasive particles in the slurry cause
mechanical damage on the sample surface, loosening the materlal for enhanced chemi-
cal attack or frecturing off the pieces of surface into a slumy where they dissolve or are
swept avay. The process is tailored to provide an enhanced material removal rate from

TABLE 4 Thres Mathods of Chomical-Mechanical Polihing [CMP)
Methesd Wafer facing  Flaten movement Shurry feeding

Rotary CMP Diowm Rotary sgainst rotuting wafer carrier  Dripping to pad srface
Orhital CMP Diam Orhital against rotating wafer carrier Through the pad surface
Linear CMP Diovwm Lingar sgainet rotating wafer carrier  Dipping to pad surface
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high points on surfaces, thus affecting the planarization because most chemical actiong
are isedropic, Mechanical grinding alone, theoretically, may achieve the desired pla-
narkzation but is not desirable becanse of extensive associated damage to the materia)
surfaces. There are three main parts of the process: the surfice to be polished, the pad—
the key medin enahling the transfer of mechanical sction to the surface being polished,
and the sherry—which provides both chemical and mechanical effects. Figure 24 shows
the CMP setup.

EXAMPLE &

The exiche Mﬂmﬂ]rlhmlﬂwmmﬂﬂeﬂth:ﬂrmd:muﬂlﬂmmi&[u]hdt:m? kayer)
are Ir and 0.1r, respectively. To remeve | jm oide and 0000 pun stop Laver, the total renoval time
is 5.5 min. Find the oxide retseal mie,

=88, r=0.2m/ min «

1145 Silicide

Silicon forems many stable metallic and semiconducting compounds with metals. Several
mietal silicides show Jow resisivity and high thermal stability, muking them suitable for
ULSI application. Stlicldes such as TiSi, and CoSi, have ressonably low resistivities and
are penerally compatible with integrated-cirouit processing. Silicides become important
mietallization materials as devices become smaller, One important application of silicide
is for the MOSFET gate clectrode either alone or with doped polysilicon (polycide) above
the gute oxide. Table 5 shows a comparison of titanium silicide and t silicicle.

Metal silicides have been used to reduce the contact resistance of the source and
drain, the gate eloctrodes, and the interconnections. The self-aligned metal silicide tech-
nology (salicide) has been proven to be a highly attractive technique for improving the
performance of submicron devices and circuits. The sell-aligned process uses the sili-
cide gate electrode s the mask to form the source and drain electrodes of a MOSFET
(e, By ion implantation, considered in Chapter 13). This process can minimiee the over-
laps of these electrodes and thus reduce the parmsitic capacitances.

Fig- 24 A schematic of a CMP Fp]l::hcr
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TABLES A Comparsion of TiGi, and CaSi, Films

Irputies % Ay
Resistiviby 13-16 222K
Silicide/'metal rtio 23 3.50
Silicide/Si mtio 1.4 8T
Reactive fo native oxids Vs Mo
Silicidaticn temperatur: [*C) RN} —B5 S50 5N
Fﬂmmu{d}m':-nﬁ'l- 1.5 = 10 1.2 5 10

Figure 25 shows the polycide and salicide process. A tvpical polycide formation
sequence ks shown in Fig, 250, For spatter deposition, a high-temperature, high-puarity
compound target is used to ensure the quality of the silicide. The most commenly used
silicides fior the polveide process are WSi,, TuSi,, and MoSi,. They are all refractory, ther-
mally stable, and resistant to processing chemicals. A self-aligned silicide process is illus-
trabed in Fig. 258, In the process, the polysilicon gate: is rnid witloat any silicide,
anel & sidewall spacer {silicon oxdde ar silicon nitride) is formed to prevent shorting the
gate to the source and drain during the silicidation process. A metal layver, either 11 or
Co, is blanket-sputtered on the entire structure, followed by silicide sntering, Silicide is
formed. in principle, only where the metal is in contact with Si. A wet chemical wash
then rinses off the unrescted metal, leaving only the silicide. This technique eliminates

Fig. 25 Polyeide und salicide processes. (a) Polyride stractures (i) gate axide; (5 pobysilicon and
silicidle deposition, (i) pattern polyeide; and (iv) lightly doped drain (LDD) implant, sidews
Bormaticmn, aned ST implant, (b Salickde stresctare: (i) gate patterning (pobysilicon anly), LDD,
siclewall, apd 590 jmplat; (i) metsd (TUCs) depoaition; (5i) onneal to o salicide; mad (iv)
sebectve fwet) eteh to remove unreacted metal
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the need to pattern the composite polyeide gate structure and adds silicide to the
soarrcefdrain area to reduce the contact resistance.

The silicides are promising materials for ULSH circuits bocanse of their low resis-
tivity and excellent thermal stability. Cobalt silicide has been widely investigated recently
because of its lowest resistivity and high-temperature thermal stability. However, cobaly
is sensitive to native oxide as well as an ogygen-contained environment, and a large amoant
af silicon is consumed during silicidation.

* EXAMPLE 7

Caleulste the thickness of the cobalt silicide. For a desired sheet resistance of (06 £, the rests-
tivity is 18 pdl-cm.

SOLUTION The resistivity is ecpuaal o the product of the sheet resistance and the film thickness:

':ll ﬂ.!ltl‘.

= 3 107 e 300 fm, -

jala 15:= 107
0.6

R,

SUMMARY

Muodemn semiconductor deviee fabrication requires the use of thin films, Currently, there
aret four impartant types of films—thermal oxides, dielectric Lyers, pu]}mﬂullinu sili-
oom, and metal Glms. The major tssses related to Alm formation are kow-temperature
cessing, step coverage, selective depaosition, uniformity, flm quality, pl.mw‘:mr.lm.
throughput, and large-wafer capacity.

Thermal axidation offers the best quality for the $i-5i0); interface and has the low-
est interface trap density. Therefore, it is used to form the gate cadde and the field oxde.
LPCYD of diclectrics and polysilicon offer conformal step coverage. In contrast, FVD
and atmospherio-pressure CVD generally result in noncomformal step coverage. CMP
offfers global planarization and reduces defect density. Conformal step coverage and pla-
narization are alse required for precise pattem transfer at the deep-submicron lithogra-
phy level. Pattern transfer technology is discussed in the next chapter,

To minimize the AC time delay due to parasitic resistance and capacitance, the sili-
cide process for ohmic contacts, copper metallization for interconnects, and low—dieloc-
tric-constant materials for interayer films are extensively used to meet the requirements
of the multilevel interconnect stroctures of ULST circiits. In addition, we have invest-
gated high-dielectric-constant materials to improve the gate insulator performance and
to increase the capacitance per unit area for DRAM.
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PROBLEMS (* DENOTES DIFFICULT PROBLEMS)

FOR SECTION 11.1 THERMAL OXIDATION

L. A p-type <100c--orieated, silicon waler with a resistivity of 10 (-cm is placed inoa wet o-

dation system o grow a fbeld oaide of 045 jm sl [OSPC, Determine the time requined bo
et oxidle.

*2. After the frst axidation s given in Frob. 1, a window & opened in the oxide to jrow o

gabe oudde at |000PC for 20 minutes bn dey eddation. Fimd the thicknesses of the gaite
omide and the total field oxide,

8. ﬂmt]ﬂlEq.llmdmh#'-BffwhngHmndln:-BMﬂ-ﬂli:nnhm

Hmes,

{. Determne the diffusson coefficient L for dry oxidation of <100=-orienbed stlices samples

at B0 amil 1 atm.
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FOR SECTION 11.2 DIELECTRIC DEPOSITTON
5. (a) In a plasma-deposited silicon nitride that contains 20 at% hydrogen and has a silicon-

te-nitrogen ratio (54N of 1.2, find x and y in the enspirical formula of SINGH,. (b} 1T the
varintion of [Klm reslstivity with 56N ratio B given by 5 % 107 expl-33.57) for 2 > ¥> 08,
where yis the ratio, find the resistivity of the Film in (al,

. The dielectric constamts of 580y, 5i,N,. and Ta,Oy are shout 1.8, 76, and 25, respectively.

What is the capacitance rabio for the capacitors with the Ta0y and oxide/mitridefocide
iielectrics for the same diclectric thickness, provided the ovde/nitride/oside las thickness
ratio 1:0:1 for the mdde to the mitrdde?

In Prob. 6, if BST with a diclectric comstant of 50 is chosen to replace Tay0y, caleulste
the area reduction ratio to maintain the same cipacitance if the twe films have the sane
thicimess,

In Prob, &, calculate the equivalent thickness of the T, Oy in terma of 500, thickness if
bath have the samie mpﬁm.ﬂﬂntlh:ﬂlﬂﬂﬂthrﬂl{'fn.ﬂlh AL

. In a silane-oxygen reaction to deposit undoped Si0, Alm, the deposition mte is 15

i af 425°C. Whest tensperstune is required to doable the deposition mte?

The Poglass Bow process recquines temperatures abose 1000PC, As devioe dimensions
become smallsr in VLS, we pnst use lower temperatures, Soggest methods to obisin a
smoath topography st < S00°C for deposited silicon dioxide that can be wsed as an insls-

FOR SECTION 11.3 POLYSILICON DEPOSITION

Whiy is silame more often wsed for pobyalicon deposition than silicon chiloride?

12, Explain why the deposition tempessture for pobysilicon films (s moderately low, aseally

bseebaenem - G50

FOR SECTION 114 METALLIEATION

i4.

15,

(18
17.

Al - Teean cvaporation system s wsed o deposit abuminum to form MOS capacitors. 1§
thes Autharsd voltage of the copacitance i hifted by 0.5 V beeanse of e-beam mdiation,
Finel the numbser of Fed oxide charges (the silicon dieaide (hickness i 50 am), How san
these charges be remmed?

A metal line (L = 20 jtm, W = 0,25 pm) has a sheet resistance 5 Lsq. Caloulate the resis-
tamce of ther metil line.

Calewlate the thickness of the TiSi, and CaSiy, where the initial Ti snd Co film thickness
dre Y nam.

Compare the atvantages and disachantages of Tisi, and CoSi, for salieade applications,

A diclecirie material is placed between the tao parallel metal lines. The length L = 1 cm,
width W = (025 pon, thickness T = 0.3 pm, and spacing 5 = 0.36 pm. (a) Caloulate the £
time dheday. The metal is Al with a resistivity of 67 pll-em and the dislectric i oxide with
ibelectrie constsnt 39, (b) Caleulsle the BC time delay, The mectal s Ca wilh o resistivity

of 1.7 jdd-cm and the dhlumtusnrgn.mn Mﬂﬁuﬁﬂl&:ﬁhmiﬁ (el
Compans the results in (a) asd (b). How much cin we decrease the HC e dela?

Bepeat Prob. 17 (a) and (b} if the Fringing fctor foe the capacitors &s 3. The fringing (o
tor ks due to the spreading of the electric-field lines beyond the length and the width ol
the metal limes.

To avoid electromigration problems, the madmom aflowed current density in an alp-
mimrm runmer 15 bt 5 % lﬂ'b'i:m’.]:rﬂrmmtrl:iﬂmrihn;, 1 wide, and nosmi-
madhy 1 o thick, acal if 20% of the mnmer bength passes over steps and is ondy (0.5 jgm
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thick there, find the total resistance af the ranner if the resistivity is 3 5 107 Qem, Fid
thee maxirum voltage that can be applied across the munser,

*20, To use Co for wiring one mmst overcome several obstacles: the diffusion of Cua througl
S§e0y, selbesion of Cu to S0y, and cormosion of Cu. Ome way 1o overcome these obstacles
is to use o claddingadhesion layer (o.g. Ta or TIN] to protect the Cu wires. Consider a
edubded Cuo wire with s square cross section of 0.5 gm % 0,5y and compare it with o
lavered TibSAVTIN wire of the sune size, with the bop and bobtom TiN layers 40 am end
0 nm thick, respectively. What i the masimam thickness of the cladding layer i the
mesistancd af the clsddied Cu wire and the TISGALTIN wire is the same?



w12

Lithography and Etching

121 OPTICAL LITHOGRAPHY

122 NEXT-GEMERATION LITHOGRAPHIC METHODS
123 WET CHEMICAL ETCHING

124 DRY ETCHING

12§ MICROELECTROMECHANICAL SYSTEMS
SUMMARY

Lithogruphy is the process of transfordng pattemns of geometric shapes on a mask to a
thin layer of radiation-sensitive material (called resist) covering the surfice of a semi-
conductor wafer.' These patterns define the varions regions in an integrated dreuit such
as the implantation regions, the contact windows, and the bonding-pad arcas. The resist
pattems defined by the lthographic process ane not permanent elements of the (nal deviee
bast only replicas of circuit features. To produce cireuit features, these resist pattemns mst
be transferred onee more into the underlying lavers comprising the device. The pattern
transfer is accomplished by an etching process that selectively removes unmasked par-
tions of a layer® A briefl description of the pattern transfer has been given In Section 4.1
Specifically, we cover the following toples:

* The importance of a clean room for lithography:

o The most widely used lithographic method—the optical lthography and its
resolution-entuncement techniques.

»  Advantages and limitations of other lithegraphic methods.

«  Mechanisms for wet chemical elching of semiconductors, insulator, and metal
filmas.

*  Plasma-assisted etching (abo called dry etching) for high-fidelity pattern
tramsfer,

*  Microelectromechanical systems (MEMS) formed by orentation-deperdent
etching, sacrificial etching, or LIGA (lthography, electroplating, and molding)
'[JI'II,'.'EEL

121 OPTICAL LITHOGRAPRY

The vast majority of lithographic equipment for integrated-eircuit (1C) fabrication s opti-
cal equipment using ultraviolet light (4 = 0.2-0.4 pm). In this section we consider the
exposure tools, the masks, the resists , and resolution-enhancement techniques used for
optical lithography. W also consider the pattern transfer process, which serves as a basts
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for other Ethographie systems. We first briefly consider the elean room, becanse all litho-
graphic processes must be performed in an ultmelean emdronment,

1211  The Clean Room

An 1C fabrication facils ives a clean TN, in the anea used
for lithography. The mmm-mm m“;?f‘ﬂﬂfm in the air
can settle on semiconchsctor walers and lithographic macks and can canse defects in the
devices, which result in circuit faflure. For example, a dust particle on a semiconductor
surfuce can disrupt the single-crystal growth of an epitaxial film, cansing the formation
of dislocations. A dust particle incorporated into the anxidde can result in enhanced
conductivity and canse device failure due to low b 1 voltage. The situation is even
more eritieal in the lithographic area, When dust particles adhere to the surface of a pho-
tomask, they behave as opaque patterns on the musk, and these patterns will be trans-
ferred to the underlying laver along with the circuit patterns on the mask. Figore 1 shows
three dust particles on a photomask.? Particle 1 may result in the formation of a pinhale
in the underlying laver. Particle 2 is located near o pattern edge and may cause a con-
striction of carrent flow in a metal nanner. Particle 3 can lead to a short circuit between
the: two conducting regioms and ronder the cinenit useless.

Inn a clean room, the total number of dust particles per unit volume must be tightly
controlled along with the temperature and umickity. Figure 2 shows the partiche-size dis-
tribution curves for various dlasses of clean rooms. We have two systems 1o define the
elasses of clean room.* For the English system, the numerical designation of the class is
taken from the maxdmum allswable number of particles 0.5 pm and lirger, per cubie foot.
For the metric system, the class is taken from the logarithm (base 10) of the maxdmom
alloswable number of particles 0.5 pm and larger, per cubic meter. For example, a class
100 clean room {English system) has a dust count of 100 particles/ft* with particle diam-
eters of 003 m and larger, whereas a class M 3.5 clean room (metric sistem) has a dust
count of 1% ar about 3500 partickes'm” with particle diameters of 105 pm or large. Since

Fig. 1 Vasious ways in which dust particles can interfore with phetomask patterns.
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Fig.2 Particle-size distribution curve for English (- - -) and metre (—) classes of dean rooms

100 particles/Tt? = 3500 particles'm®, a class 100 in English system corresponds to a class
M 3.5 in the metric system.

Since the number of dust particles increases as particle st decreases, o mone strin-
gent control of the clesn room emvironment is requinsd when the minimum featare lengths
of 105 are redueed to the deepesubmicron range. For maost 1C fabrication aneas, o class
100 elean room is required, that is, the dust count must be about four arders of magni-
tude lower than that of ordinary room air. However, for the lithography area, a class 10
chean room or ane with a lower dust count is requined.

» EXAMPLE1

If we expose a 200.mm waler for 1 minute to an air stream under o laminar-flow condition at
30 mmin, how mamy dust particles will land on the wafer in o cliss 10 clean mom®

SOLUTION  For a class 10 clesn roam, thene ane 350 particles (05 jtm and larger) per cubie meter
Thi air vedume that goos avor the waler in 1 minute is

8
130 mflrﬁﬂh!{““] x| minute = 0942 m”,

¥

-

The number of dust partiches (0.5 o ad larger) contained in the air wbume is
50 % 0,542 = 330 particles,
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Therefore, if thene are 400 IC chips on the wafer, the particle count amounts to one particls on
each af 52% af the chips. Fortunately, candy a fraction of the particles that lasd sdhere to the
wafer surface, and of those only a fraction are st a circuit location eritical enough to cuse o Ifnﬂ-
ure. However, the caleulation indicates the imeportanee of the clean moom.

1212 Exposure Tools

The pattern transfer progess is accomplished by wsing a lithographic exposure tool, The
performance of an exposire tool i determined by three parmmeters: resolution, regis-
tration, sl throughput. Resolution is the minimum feature dimension that can be trans-
feerred with high fibelity to a resist film on a semiconductor wafer. Repistration is o measure
of hew accurately patterns on sucoessive masks can be aligned (or overlaid) with respect
to previously defined patterns on the waler. Thrughput is the number of wafers that
can bo exposed per hour for a given mask level.

There are basically two aptical exposure methods: shadow printing and projection
printing.* Shacow printing may have the mesk and wafier in direct contact with one another
as in confact printing, or in close proxtmily as in proxtmity prinfing. Figure 3z shows &
basic setup for contact printing where a resist-coated wafer ks brought into physical con-
tact with a mask, and the resist is exposed by & nearly collimated beam of ultraviobet light
through the back of the mask for 2 fved time. The intimate contact between nesists and
mask provides a resalution of <1 pm. However, contact printing suffers a major drwe.
back caused by dust particles. A dust pasticle or a speck of silicon dust on the wafer can
ber imbedded into the mask when the mask makes contact with the wafer. The imbed-
thed particle causes permanent damage to the mask and results in defiects in the wafer
with each succeading exposure.,

To minimize mask damage, the proximity exposure method is used. Figure 3 shows
the: basic setup. It is similar to the contact printing method except that there is o small
gap, 10-50 pm, between the wafer and the mask during exposare. The small gap, how-
ever, results in optical diffraction at feature edges on the photomask, that is, when light

et _ Proadeity

Fig.3  Schematie of optical shadow printing techniques’; (a) contact printing, (1) prosmity
primting.
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passes by the edres of un Ol sk feature, rl‘il'lgr_': are formed and some thl: [P
etrates into the shadow region. As a result, the resolution is degradecd to the 2-5 pm range.
In shadow printing, the minimum linewidth [or critical dimension (C1)] that ean

be printed is roughly

CD=+/Ag, il

when 4 s the wavelength of the exposure rudistion and g is the gap between the mask
and the wafer and inchades the: thickness of the resist, For 4 = 04 pm and g = 50 pm,
the CD is 4.5 pn. 1T we reduce 4 to 0.25 pm (wavelength range of (0.2-003 pm is in the
deep-UV spectral reglon) and g to 15 pm, CI becomes 2 pm. Thas, there is an advan.
tagze in reducing both A and g. However, for a given distance g, any dust particle with 4
chinmeter larger than g potentially can cause mask damage.

To averied thee nﬂwpmhhmm-dudﬂtshmﬁ:wrpﬁnﬁng. projecticas-pring.
ing exposure tools have been developed to project an fmage of the mask patterns onto a
resist-coated wafer many centimeters away from the mask. To increase resohition, anly
a simall portion of the mask Is exposed at & time. The small image area is scanmed or stepped
over the wafer to cover the entire wafer surlace, Figure 4a shows a 1:1 wafer scan
jection system 5" A nurrow, arc-shaped image field -1 mm in width serally transfers the
slit image of the mask onto the wafer. The image size on the wafer is the sume as that
o the mask.

The semall image Gedd can also be stepped over the surface of the wafer by too-dimen-
siomal translations of the wafer only, whereas the mark remains stationary. After the expo-
sure of one chip site, the wafer is moved to the next chip site and the process & repeated,

Fig. 4  Image paritioning techniques for projection pristing: (o) snnmal-Geld wafer scan, (0] 1:1
step-and-ropeat, (e} M:1 reduction step-and repeat, and (o) M:1 reduction step-and-scan.*"
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Figure 45 and 4¢ show the partitioning of the waler image by step-and-repeat projection
with a ratio of 1:1 or at a demagnification ratio M:1 (e.g., 10:1 for & 10 times reduction
om the wafer), respectively. The demagnification mtio is an important factor in our abil-
ity to produce both the lens and the mask From which we wish to print. The 1:1 optical
systems are easier to design and fabricate than a 10:1 or a 5:1 reduction systems, bat it
is much more difficult to produce defect-free masks at 1:1 than it is at a 10:1 or a 5:1
demagnification ratho.

Reduction projection lithography can also print larger wafers without redesigning
the stepper lens as long as the field size (i.e.. the exposure area onto the wafer per se)
of the lens ks large enough to contain ane or mare 1 chips. When the chip size exoeeds
the feld size of the lens, further partitioning of the image on the reticle is necessary. In
Fig. dd the image field on the reticle can be a narrow, arc-shaped for M:1 step-and-scan
projection Hthography. For the step-and-scan system, we have two-dimensional transla-
tions of the wafer with speed v, and one-dimensional translation of the mask with M times

that of the wafer speed.
The resolution of a projection system is given by
A @)

where 4 is again the exposure wavelength, k| is a process dependent factor, and NA Is
the numerical aperture, which is given by

NA = Haing (3)
with 7 the index of refraction in the image medium (usually air, where 7 = 1), and @ the
hall-angle of the cone of Light ing to a point image at the wafer, as shown® in Fig, 5.
Also shewn in the figure is the of focus (DOF), which can be expressed as

pop_tal? it o 4 i
tanf  sin® AP

where k, Is another provess-dependent factor.
2 indicates that resolution can be improved (i.e., souller L) by either reduc-

ing the wavelength or increasing NA or both. However, Eq. 4 indicates that the DOF

H-Ellldnrh'lﬁ_pl-
Dﬂi-:[kﬂ?ur Lars If"l"l'h.En']lrn.‘EFL-t
.I.-
£
e ‘:_. ——
TI-l.|:'|:|i-l:d: T it
e }—I'ﬂ!’_ﬂ-’

Fig.5 Sample imoge syslom?
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degrades much more rapidly by increasing NA than by decreasing A This explains the
trend toward shorter-wavebength sources in optical lithography:

The high-pressure mercury-arc lunp is widely used in exposure tols hecause of it
high intensity and reliability. The mercury-are spectrum is composed of several peaks,
as shown in Fig, 6. The terms G-line, H-line, and 1-lne refer to the peaks at 436 nm,
405 nm, and 385 nm, respectively. I-line lithography with 5.1 step-and-repeat projection
can offer a resolution of 0.3 pm with resolution enhancement tichniques (soe Section
12.1.6}. Advanced exposure tools such as the 248 nm lithogruphic system using a KrF
eveimer laser. the 193 nm lithogrphic system using an ArF excimer laser, and the 157
nm lithograplic system using a F, excimer laser have been developed for mass produc-
tion with & reschstion of 0.15 pm (150 nm, 0.10 e (100 nm), and 0.07 pm (70 nm),

respectively.

LT
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Fig. & Typical bigh-pressure mescary-arc lamp spoctrm.
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1213 Masks

Masks used for 1C manufacturing are wually reduction reticles, The first step in mask
making is to use a computer-aided design (CAD) system in which designers can com-
pletely deseribe the circuit patterns clectrically, The digital data produced by the CAD
system then drives a pattern generator, which is an clectron-beam lithographic system
{see Section 12.2.1) that transfers the patterns directly to elecimn-sensitized mask. The
mask consists of a fused silica substrate covered with & chromdoum laver. The circuit pat-
tem s first transferred to the electron.sensitized laver (eloctron resist), which is trans-
ferred once more into the underdying chrominum baver for the finished mask. The details
of pattern transfer are considered in Section 12.1.5.

The patterns on a musk represent one level of an 1C design. The composite layout
is broken into mask levels that correspand to the IC process sequence such as the isola-
tion region on one level, the gate region on another, and so on. Typically, 15-20 differ-
ent mask bevels are required for a complete 1C yele,

The standard-size mask substrate is a fused silica plate 15 x 15 em separe, U6 cm
thick. The size is needed to sccommodate the lens Reld sizes for 4:1 or 5:1 optical expo-
sure tools, whereas the thickness & required to minimize pattern placement errors due
to substrate distortion. The fused silica plate is needed for its low coofficient of thermal
expansion, its high transmission at shoster wavelengths, and its mechunical strength. Figure
7 shows o mask on which patterns of geometric shapes have been formed. A few sec-
ondary-chip sites, used for process evaluation, are also included in the mask.

Ome of the major concerns about masks is the defect density, Musk defects can be
introduced during the manufacture of the mask or during subsequent lithographic pro-
cesses. Even a seall mask-defect density his o profound effect on the final 1C yield. The
yield is defined as the ratio of good cldps per walier to the total number of chips per wafer.
As o first-order approximation, the yield Y for a given masking level can be expressed as

Yoe™, (3)

Fig. T An integrated-cirenit photomask.' Prvice beatun:
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where D is the sverage number of “fatal” defects por unit area and A is the area of an
IC chip. If D remains the same for ol mask levels {(eg, N = 10 levels), then the final
yield hecomes

Yz, (6

Figure § shows the mask-limit yield for a 10-level lithographic process as 4 fimetion
of chip size for various values of defect densities, For example, for D = 0.25 defectiom?,
the: yield is 104% for a chip size of 80 me?, and it drops to about 1% for a chip iz of
180 mmn®, Therefore, inspection and cleaning of masks are important to achimee high vields
on large chips. OF course, an ultraclean processing area is mundatory for lithographic pro-
CEREng,

1214 Photoresist

The photoresist is 4 radiation-sensitive compesind. Photoresists can be classified as pos-
itive and negative, depending an how they respond to radiation. For positive resists, the
exposed regions become more soluble and this more easily removed in the development
process. The net result is that the patterns formed (also called images) in the positive
reesist are the sume as those on the mask. For negative resists, the expesed regions become
less soluble, and the patterns formed in the negative resist ane the reverse of the mask
patterns.

Positive photoresists consist of three components: a photosensitive compound, a base
resin, andd an erganic solvent. Prior to exposure, the photosensitive compound is insolu-
ble: in the developer solution, After exposure, the photosensitive compound absorbs radi-
atbon in the exposed pattern areas, changes its chemical stracture, and becomes soluble
in the developer solution. After development. the exposed areas ane removed.

Negative photoresists are polymers combined with o photosensitive compound. After
exposure, the photosensitive compound alsorbs the optical energy and converts it into

{:hanﬂe {#11im)

002 defeotiom®
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Fig. 8 Yield for a 10-mask lithographic process with various defect densities per Jevel,
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chemical energy to Initiate a polymer linking reaction, This reaction canses cross linking
af the polymer molecules, The eross-linked polymer has o higher malecular weight and
becomes insoluble in the devidoper solution. After development, the unexposed areas
are removed. One major drawback of o negative photoresist is that in the development
, the whaole resist mass swells by absorbing developer solvent. This swelling action

mits the resolution of negative plotoresists.

Figgure S shaws a typleal exposure response curve and image cross section for a pos-
itive resist.! The response curve describes the percentage of resist remaining after expo-
mﬂﬂnrhplmﬂmﬂnwﬂ Hﬁelhﬂdmnﬁislhma[hﬂmmluhﬂﬁ}l
in its developer, even without exposure to ion, As the exposure energy Increases,
the solubility gradually increases until at |:|’cl:ruu:d:n:dénlluue-m.-:'_g'_l.rE1rh the resist becomes com-
pletely soluble. The sensitivity of a positive resist is defined as the energy required to
produce complete solubility in the exposed region. Thus, E; corresponds o the sensi-
tivity. In addition to E,, a parameter 3, the contrast ratio, is defined to chameterize the

ys [In{%{-]r. (T)

where E, is the energy obtuined by drwing the tangent at E; to reach 1005 resist thick-
ness s shown in Fig. Sa. A larger pimplies a higher solubility of the resist with an incre-
menital increase of exposure energy and results in sharper images.

. 14 Ha

Fig.5 Exposurc-response curve and cross section of the resist image after development.” (o)
Positive p'l'-bl:nrr_d.ﬂ: ikl uegﬂhlepllulmul.ﬂ
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The image cross section in Fig, S ilhntrates the relationship between the edges of
a photomask imige and the corresponding edges of the resist images after development,
The edges of the resist image are generally not at the vertically projected positions of
thee mask edges because of diffraction. The edge of the resist image corresponds to the
pasition where the total absorbed optical energy equals the threshold energy Er.

Figure Gb shows the exposre-response eurve and image cross section for & negs.
tive resist. The negative resist remains completely soluble in the developer solution for
exposure encrgies lower than the threshold enengy Ex. Abave Er, more of the resist Alm
remains after development. At exposure energies twice the threshold energy. the rosist
film becomes essentially insoluble in the dewvedoper. The sensitivity of a negative resis i
defined as the energy required to retain 50% of the original resist filim thickness in the
exposed region, The parameter yis defined similarly to yin Eq. 7 exoept that E, and E,
are interchanged. The image cross section for the negative resist (Fig, 8b) is also influ-
enced by the diffraction effect.

~ EXAMPLE 2

Find the parameter ¥ for the photoresists shown in Fig, 8
SOLUTION  For the positive resist, Ep = 90 mpiem? and E; = 45 m]em®:

e e

For the negative resist, E= 7 m}iem® and E, = 12 m}em®:

ym 1.[.:2-]-' - h{%] e 19, “

For deep UV lithography (e.g. 245 and 193 nm), we cannot use conventional pho-
boresists becanse these resists require @ high-dose exposure in deep UV, which will canse
lens damage and bower throughput. The chemical-amplified resist (CAR) has been devel-
opeed fior the deep UV process. CAR consists of i photo-seid generator, a resin polymer,
and a solvent. CAR is very sensitive to deep UV radiation and the exposed and unesposed
regions differ greathy in their sohsbility in the developer solution.

1215 Pattern Transfer

Fignre 10 iflustrates the steps to transfer 1C patterns from a mask to a silicon wafer that
has s insulating Si0, layer formed on its surface.® The wafer is placed in i clean room,
which, typically, is illuminated with yellow light, since photoresists are not sensitive (o
wavelengths greater than 0.5 pm. To ensure satisfactory adhesion of the resist the sur-
face miust be changed from hydrophilic to hydrophobie. This change can be made by the

tiom of an adhesion promoter, which can provide & chemically compatible surface

for the resist. The mast common sdheston promoter for slicon 1Cs is hexa-methylene-
di-siloxane (HMDS). After the application of this adbesion layer, the wafer is held on &
vaeuum spindle, and 2-3 co of liquidous resist is applied to the center of wafer. The wafer
s then rapidly accelerated up to a constant rodatiomal sped, which is maintained for about

= |
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Fig. 10 Details of the optical lithographic pattern transfer process,*

30 seconds. Spin speed is generlly in the range of 1000-10,000 rpm to coat a uniform
film about 0.5 to 1 pm thick, as shown in Fig. 10a. The thickness of photoresist is cor-
related with its viscosity.

After the spinning step, the wafer is given a soft bake (typically at 90P-120°C for 60--120
seconds) to remove the solvent from the photoresist flm and to increase resist sdhesion
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to the waler. The wafeer is aligned with respect to the mask in un optical lithographic sntem,
and the resist is exposed to UV light, as shown in Fig. 106, If a positive photoresist is
used, the exposed resist is dissolved in the developer, as shown in the left side of
10k, The photoresist development is usually done by looding the wafer with the devel-
oper solution. The wafer is then rinsed and dried. After development, a posthaking a
~100°-180°C may be required to increase the adhesion of the resist to the substrate. The
wadier s then put inan ambéent that etches the expased insulation bayer but does not attack
tlse resist, as shown in Fig, 10d. Finally. the resist is stripped (e.g., using solvent or plasma
onddation], leaving behind an insulator image (or pattern) that is the same as the opaque
image on the mmﬁ: {left side of Fig. 10e),

For the negative photoresist, the procedures described are also applicable, except
that the unexposed areas are removed. The final insulator image (right side of Fig. 10)
is the reverse of the opague image on the mask.

The insulator image can be used as a mask for subsequent processing. For example,
an lon implantation can be done to dope the exposed semiconductor region, but not the
arca covered by the insulator. The dopant pattern is a duplicate of the design pattern on
the photomask for a negative photoresist or is its complementary pattern for a positive
photoresist. The complete circuit is fabricated by aligning the next mask in the sequence
to the previous pattern and repeating the lit i tramsfer process.

A related pattern transfer process is the liftoff technique, shown in Fig, 11 A posi-
tve: resist Is used o form the resist pattern on the substrate (Fig, 11a and 115). The film
(g, aluminum) is deposited over the resist and the substrate (Fig. 11e); the flm thick-
ness must be smaller than that of the resist. Those portions of the film on the resist ane
remaved by selectively dissolving the resist layer in an appropriate lquid etchant so that
the overlying film is lifted off and removed (Fig. 11d). The liftolf technigue is capable
of high resolution and is used extensively for discrete deviees such as high-power
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Fog. 11 Liftod¥ process for patter transler.
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MESFETs. However, it is not as widely applicable for ultralange-scalo integration, in which
dry etching is the preferred techninue,

1216 Resolution Enhancement Techniques

Optical lithography has been continnously challenged to provide better resolution, greater
depth of focus (DOF), and wider exposure Latitede in 1C processing, These challinges
have been met by reducing the wavelength of the exposure tools and developing new
resists. In addition, many resolution-enhancement technigues have been developed to
extend the capability of optical lithograghy to even smaller feature lengths.

An important-resabution enhancement technique is the phase-shifting mask (PSM).
The hasic concept is shown® in Fig. 12 For a conventional mask, the electrie feld has
the same phase & every aperture (clear area) in Fig. 120, Diffraction and the lmited res-
alution of the optical system sproad the electric field at the waler, as shown by the dot-
ted Eines. Interference between waves diffracted by the adjacent apertures enhances the
field between them. Because the intensity [ is proportional to the square of the clectric
field, it becomes difficult to separate the two images that ane projected close to one another:
Thee phase-shift liyer that covers sdjscent apertures reverses the sign of the electric field.
as shewm in Fig. 120 Becanse the intensity at the mask is unchanged, the electric field
of the images at the wafer can be cancelled. Thenefore, images that are projected close
to one another can be separated. A 180° phase change can be obtained by using a trans

parent kyer of thickness dul.’ﬂﬁ—ll,“hen?ﬁls the relfractive index ond A is the

wavelength, which covers one aperture, as shown in Fig. 124,

Anather resolution-enhancement technique is the optical proximity correction (OPC),
which uses modified shapes of adjacent subresolution geometry to improve imaging
capability. For example, a squane contact hole with dimensions near the resolution timit

Camvenkiomal mask Flise-shifiing mask

L L —_—

SN, L SN

Fig. 12 The principle of phase-shift technology, (a) Conventional technology: (5] phase-shif
technologe”
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will print nearly ax o circle. Modifing the contact-hole pattern with additional geomet.
rics at the corners will help to print & more sccurate square hale,

12.2 NEXT-GENERATION LITHOGRAPHIC METHODS

Why is optical lithography so widely uwsed ancl what makes it such o promising method?
The rensons are that it has high throughpuat, goeod resohition, lew oost, and ease in operation,

However, due to deep-submicron IC process requirements, optical lithography has
soanet limitations not yet sobved, Although we can use PSM or OPC to extend its useful
span, the complexity of mask production and mask inspection can not be easily resolved.
In additbon, the cost of the masks is very high. Thercfore, we need to find postopticsl
lith to process deep-submicron or even nanometer 1Cx,

m types of next-generation lithographic methods for 1C Eabrication are diseussed
in this section. We consider electron-beam lithography, extreme UV lithography, X-ray
lithography, and ion-beam lithography, Wee alse consider the differences among these litho-
graphic methods,

1221 Electron-Beam Lithography

Electron-beam lithography is primarily used to produce photomasks. Relatively few tools
are dedicated to direct exposure of the resist by a focused electron beam withoat a mask.
Figure 13 shows a schematic of an electron-beam lithography system. " The electron gun
is a device that can generate a beam of electrons with a suitable current density. A tung-

Pattern
Rrneraior

Fig. 13 Schematic of an electron-besm mackhine, ™
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sten thermionic-emision cathode or sl:rq.;lo:-rr].'.'l.lu] Eanthamnam hisa-boride (LaByg) is used
for the: electron gun. Condenser lenses iwre used to forus the electron beam to a spot size
10-25 nm in diameter. Beam-blanking plates that tum the electron beam on and off, and
beam deflection coils are computer controlled and operated at MHz or higher rates to
direet the focused electron beam to any bocation in the scan field on the substrate. Because
the scan field (typically 1 cm) is much smaller than the substrate diameter, 2 precision
meechanical stage is used to position the substrate to be pattermed.

The advantiges of electron-beam lithography include the generation of submicron
resist geometries, highly sutomated and precisely controlled operation, greater depth of
focus than that available from optical lithography, and direct patterning on a semicon-
ductor wafer without using a mask. The disadvantage is that electron beam lithographic
machines have low throughput—approximately 10 wafers per hour at less than 025 pm
resolution. This throughpat is sdequate for the production of photomasks, for situations
that require small numbers of custom circuits, and for dedgn verification. However, for
moskless divect writing, the machine most have the highest possible thronghpat sod there-
fore the largest beam diameter possible consistent with the minimam device dimensions.

There are basically two wavs to scan the focused electron beam: rster sean and veo-
bar sean. ! In a rster scan system, resist patterns ane written by a beam that moves through
a regular mode vertically oriented, as shown in Fig. 14a. The beam scans sequentially
over every possible location on the mask and is blanked {turmed off} where no exposure
is reqquired. All pattems on the area to be written must be subdivided into individual
acldresses, and a given pattern must have & minimuom incremental interval that is evenly
divisihle by the beam address size.,

In the vector scan system, as shown in Fig. 148, the beam is directed only to the
requestesd pattern features and jumps from feature to featune, rather than scanning the
whaole chip, as in raster scan. For many chips, the average exposed region is only 209 of
the chip area, so we can sve time by using o vector scan system.
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Fig. 10 |} Ruster soan writieg scheae; (5) vector scan writing schemes; and (o} shapes of elec-
treny bsanm: rotndl, variable, cell projection, ™
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Figure 14c shows several types of electron beam employed for e-beam bthography:
Ganssian spot beam (round beam), variahle-shaped beam, and cell projection. Tn vari-
ahle-shaped beam system, the patterning beam has a rectangular cross section of vari.
able size and aspect matio. It offers the ahantage of exposing several address unity
simultamesusly. Therefore, the vector scan method using varable-shaped beam has higher
throughout than the comventional Ganssian sport beam. Tt is also possible to pattemn a
complex geometric shape in one exposune with an electron beam system; this is called
cell projection as shown in the far right of Fig. e, The ecll projection technigque i

suitable for highly repetitive designs, as in an MOS memory cells, since sev.
eral memory cell patterns can be exposed at once. Cell projection has not yet achieved

the throughput of optical exposure tools.

SCALPEL

A new appraach for electron-beam technology is the electron-beam projection lithogra-
phy. An example is the SCALPEL (Scattering with angular limitation projection electron-
beam lithography) system. ™ SCALPEL combines high resolution with the wide
latitusde inherent in electron-heam lithography (depth of focus about 2030 pm com.
paresd with <1 pm for KrF lithography) and the high throughput of a projection system,
SCALPEL's masks are expected to be considersbly bess expensive than optical masks, which
recuire optical proximity correction, and plase-shift masks for the 100 nm generation,
because SCALPEL adopts a 4x projection redoction.

The system has an initial design for a 3 mm feld, which would be capable of deliv.
ering a throughput of 200 mm wafers at o rate of 30 per hour. As shown in Fig. 15,
SCALPEL wsest a scatfering musk to conduct the reduction projection Ethography
a scanner. The mask is uniformly luminated by o parallel beam of 100 keV electrons

Fig. 16 Basic SCALPEL principle of epersiion showing contrast penerstion by dilferentiating
mane- ar lest-seattered slectrong,
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wer i arca [ mm % | mm. The key aspect of SCALPEL that differentiates it from pre-
vious attemplts at projection electron-beam lithography (s the mask design. The mask is
conmprised of a thin {100-150 nm), kow-atormic-mmber membrane (SN, ), and a thin (30-60
nm) high-atemic-number pattern lyer (CrY),

Although the mask is almost completely electron transparent at the encrgies used
{100 keV), contrast is generated by utilizing the difference in electron-scattering char-
acteristics between the membrane and pattermed materials. The membrane of kw-atomic-
number material scatters electrons weakly with small angles, whereas the pattern layer
of high-stomée-number material scatters most electrons strongly with high angles. A
SCALPEL aperture in the back-focal plane of the projection optics blocks the strongly
scattered electrons, forming a high-contrast aerial image on the wafer.

Electron Resist

Electron resists are polymers. The behavior of an electron-beam resist is similar to that
of a photoresist, that iz, a chemical or plysical change is induced in the resist by irradi-
ation, This change allows the resist to be patterned. For a positive electron resist, the
polymer-electron interaction cawses chemical bonds to be broken (chain scission) to form
shorter molecular fragments, as shown' in Fig. 160, As a result, the molecular weight is
reclucesd in the irradiated area, which can be dissolved subsequently in a developer solu-
tion that attacks the low-molecolarweight material. Commeon positive electron resists
mclude poly-methyl methacrylate (PMMA] and poly-butene-1 sulfone (PBS). Positive
eloctron resists can achieve reselutbon of 0.1 pm or better.

For a negative electron resist, the irmdintion causes rmdiation-induced polymer link-
ing. as shown in Fig. 16b. The cross linking creates a complex three-dimensional struc-
ture with & molecular weight higher than that of the nomirmadiated polymer. The
nonirmdiated resist can be dissolved in a developer salution that dees not attack the high-

malecular-weight material. Poly-ghyeidyl methacndate-co-ethy] acrylate (COP) is a common

{al

Fig. 18  Schematic of positive and negative resists used i clectron-heam lithography. '
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misrtive electron resist. COPF Dke most negtive photoresiss, ilso swells during devel.
opment g0 the resofution s limited to about 1 pm.

The Proximity Effect

In optical lithography, the resolution s Hmited by diffraction of light. In electron-beam
lithography, the resolution is not limited by diffraction (because the wavelengihs asioc.
ated with electrons of o few ke amd hlgllrr energies are less than 0L1 nm) bt h} elpe
tron scattering, When electrons penetrate the resist film and underlying substrate, they
unilergo collisions. These collisions lead to energy losses and path changes. Thus, the inci-
dent electrons spread out as they trvel throwgh the material antil either all of their EnETy
is lost or they leave the material because of backscattering.

Figure 17a shows computed electron trajectories of 100 electrons with initial energy
of 20 keV incdent at the origin of & 0.4 pm PMMA flm on a thick silicon substrate,'*
The electron beam is incident |.L'|-|.|r.|g ither =-axis_ ard all trajectorics have besen [-'l"!‘.k'f‘t'l'-'d
onto the xz plane, This figure shows qualitatively that the electrons are distrilated in an
oblorg pear-shaped volume with a dizmeter on the same order of magnitude as the elec-
tron penetration dE'lith =35 :Im]. Also, there are Ty electrons 1hos II:IH!-.‘I'ﬁ:lJ hackscat-

) ke o hosuny
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Fig. 17 o} Siemalated] trajectaries of 100 electrons in PMMA for o 20-ke'V electron beam,™ (I}
Edeser abistribution for forward seattering amd backscattering at the resist-substrate interface.
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tering collisions and travel hackward from the silicon substrate into the PMMA resist film
il Jesve the materal.

Figure 17h shows the normalized distribations of the forward scattering and backscat-
tering electrons at the resist-substrate interface. Because of the backscattering, electrons
effectively can irradiate several micrometers sway from the center of the exposune beam.
Since the dose of a resist is given by the sum of the irradiations from all surrounding areas,
the electron-beam irmdiation at one location will affect the iradiation in neighboring
bocations. This phenomenon is called the provimity effect. The proximity effect places a
limit on the minimum spacings between pattern features. To correct for the proxdmity
effect, patterns are divided into smaller segments. The incident electron dose in each
segment is adjusted so that the integrated dose from all its neighboring segments is the
correct exposure dose. This approach further decreases the throughput of the electron-
beam system, because of the additional computer time required to expose the subdivided
resist pattems,

1222 Extreme-Ultraviolet Lithography

Extreme-ultraviolet (EUV] lithography i s promising next-generation lithographic tech-
nology to extend the minimam linewidths to 30 nm without throughput loss.'"® Figure 15
shows 1 schematic dingram of an EUY lithographic system. A laser-produced plasnia or
a synchrotron radiation can serve as the EUY source of A lﬂ-l-i am EUY ki fght The
EUV radiation is reflected by a mask that is produced by patterning an ahsorber mate-
rial deposited on a multilayer-coated Nat silicon or glass-plate mask blank. EUY radis-
tion is reflected from the nonpatterned regions (i.e., nonabsorbing regions) of the mask
through a 4x reduction camera and imaged into a thin liyer of resist on the wafer.
Since the EUY radiation beam is narrow, the mask must be scanned by the beam to
lluminate the entire pattern feld that describes the cireail mask lyer, Also, lor a £ four-
mirror (Le., the one-paraboloid, two-ellipsaic, and one-plane mirrors) reduction camera,
the wafer mast be scanned af one-fourth the mask speed in a direction opposite to the
muask movement to reproduce the image field on afl chip sites on the wafer surface. A

EUV Bight 10-14 nen

Lasee plasms soure or
svmchrtmn radiation

—= | 1m

Fig. 18 Schematic reprosentation of an extreme-ubtravialet (EUY) lithograpby system, '
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precision system is required to perform the chip-site alignment and to control the waifr
and mask stage movements and the exposure dose during the scanning process.

EUV lithography is capable of printing 50-nm features with PMMA resia
13-nm radiation. However, the production of EUV exposure tools hus i number of chal.
lenges. Sinee EUV is strongly alsorbed in all materials, the lithography process must be
performed in vacuum. The camera must use reflective-lens elements, and the mirroes
st b coated with multilayer coatings that produce distribted quarter-wane Bragg reflec-
tors. In addition, the mask blank must also be multilayer coated to maximize its reflectivity
at A = 10-14 nm.

1223 X-Ray Lithography

X-ruy lithography'™ (XBL) Is a potential candidate to sueceed optical lithograply for the
fabrication of integrated circuits at 100 nm. The synchrotron storuge ring is the choiee
of X-ray source for high-volume manufiscturing. It can provide a large amount of colli-
muted flux and can easily sccommodate 10-20 exposure tools,

XEL uses a shadow printing method similar to optical proximity printing, Figuare 19
shows a schematic XRL system. The X-my wavelength is about 1 nm, and the printing
is through a 1x mask in elose proxdmity (1040 pm) to the wafer. Since X-ray ahsorption
depends on the atomic number of the materal and most materials have low 1y
at =1 nim, the mask substrate must be a thin membeane (1-2 um thick) made of bow-
atomic-number material, such is silicon carbide or silicon, The pattern itself is defined
in a thin (- 0.5 pm) relatively high-atomic-number material, such as tantalim, tungsten,
gobd, or ane of their alloys, which is supported by the thin membrine.

Masks are the most difficult and critical element of an XRL system, and the con-
struction of an X-ray mask is much more complicated than that of a photomask. To aveid
ahsorption of the X-rays between the source and mask, the exposure generally takes place
in a helhim eavirenment. The X rays are produced in vacuum, which is separated from
the helinm by a thin vacoum window ( of beryllinm). The mask substrate will absod
25%~35% of the incident flux and must therefore be cooled, An X-ray resist | pm thick

]
]
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Fig. 19 Schematic representation of a prodmity X-my lithography svstem, !
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will ahsort abont 10% of the incident fux, and there are oo reflections from the sub-
strate bo creml .ﬂnnﬂ.ili__u; wives, 5o inbredlection CORIRNES (TC Uy,

We can use electron beam resists s X-ray resists because when an X-ray is alsorbed
by an atom, the atom goes to an excited state with the emission of an electron, The excited
whom retums to its ground state by emitting an Xory having a different vavelength than
the incident X-ray. This X-ray is absorbed by another atom, amd the process repeats. Since
all the processes result in the emission of electrons, a resist film unl:'ln X-ray Irradiation
is expuivalent to one being irmadiated by o Birge member of secondary ¢ Jectrons from any
of the other processes. Omee the resist film is trmdiated, chadn eross oking or chain seis-
sion will ocour, depending on the type of resist.

1224 lon-Beam Lithography

Lon-beam lithography can achieve higher resolution than optical, X-ray, or electron-beam
lithographic techniques beeause jons hive a higher mass and therefore seatter less than
electrons. The most important application is te repair of masks for optical lithography,
a task for which commmercial systems are available.

Figm'l: 20 shewas the commputerssimulated topectories of 50 H* jons implanbed at 6 ke
inte PMMA and various substrates.'® Note that the spread of the fon beam at a depth of
0.4 pim is only 0.1 pm in all cases (compane with Fig. 17a for electrons), The backscat-
tering is completely shsent for the silicon substrate, and there is only a small amount of
backscattering for the pold substrate. However, jon-beam lthography may sulfer from
random | or stochastic) space-charge effect, causing broadening of the jon beam,

There wre two types of ion-beam lithography systems: o scanning focased-beam sys-
tem and a mask-beam system. The former system is similar to the electron-beam machine
(Fig. 13), in which the fon source can be Ga* or H*. The latter system is similar to an

5 reduction projection 5lrE-|.md-m[m|.l system, which projects 100 ke light ioas
such as H*, through a stensil mask,

1225 Comparison of Various Lithographic Methods

The lithographic methods discussed above all have 100 nm or better resolution. A com-
parison of various lithographic technologies is shown in Table 1. However, each method

[hstance (jum}
T i e {18 Y iz {12 o g
L I RN N L R TT 11

FMMA

Fig. 2 Trajectores of 60 ke H* jons traveling through PMMA into Au, 56, and FMMA®
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TABLE1 Comparison al Vasious Lisographie Technalegies
Optical
248183 nm  SCALFEL* EUW Xorary lon beam
Exposure  Source Laser Filunent  Laser Synchrotron  Multicusp
Toal plasma
DiiTrmction Y Ko Wes Yis o
limited
Optics Befractive Redractive Refrctive  No optics Full-field
refractive
Steop and Vs Yeusi Yes Vs Stepper
s 1]
Throughpat of 40 A0-35 S0-30 30 an
20 many
withersdir
Mask Demagnification 4% 4X 4x X X
Cptical Yes Mo Yes Yes Ma
prodmly
parrection
Roslsation path  Tramsmission  Transmission  Beflection  Tramsmissien  Stencil
Resist  Single or Single Simple Suirface Sinegle Single

Multibyyer [ maging
Chemical Yies Yeus Mo Yes No
:m_pllﬂnd

risksk

BCALPEL. Seattering with angular finsttstion peojection eloctron-beam lthoraphe EUY, extrome ulirmiclet.

hiats ity cowm limitations: the diffraction effect in optical lithography, the proximity effect
in electron-beam lithography, mask fabrication complexities in Xoray lithography, difi-
culty in mask blank production for EUV lithography, and stochastic space charge in fon
projection lithography.

For IC fabrication, many mask levels are involved. However, it is not necessary to
use: the same lithographic method for all kevels, A miv-and-match approach can take advan-
tuge: of the unique features of each Hthographic process to improve resohstion and to maz-
Imize throughpat. For example, a 4:1 SCALPEL or EUV method can be used for the
mast eritical mask levels, whereas 4:1 or 5:1 optical system can be used for the rest.

According to the Roadmap of Semiconductor Industry Association, 1C manufactur-
ing technology will reach the 50 nm generation around 2010, With each new technology
generation, lithography has become an even more important key deiver for the semi-
comductor industry because of the requirements of smaller feature size and tighter over-
lay tolerance. In addition, lithography tool costs have become higher selative to the total

uipment costs for 1C manufucturing fucility. Currently, the technology development
next-generation lithography s conducted by multinational research projects or by indus-
trial partners,

12.3 WET CHEMICAL ETCHING

Wet chemical etching is nsed extensively in semicondisctor processing, Starting from the
sawed semiconductor wafers, chemical etchants are used for lapping and polishing (o give
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an optically flat, damage-free surface. Prior to thermal oxidation or epitaxal growth, the
senﬂmnduHmmﬁmmchanﬂmﬂv:huadlnmmmmmmmﬂm:mﬂm from

ring. Wet cliemical etchings are especially sultable for blanket ctch
{i.e., mhﬂiﬂi%rnﬂm}ﬁpﬂjﬂm mdmnhﬂmnm!ﬂh.mﬂ[l]-ﬁ
compemmis,

The mechanisms for wet chemical etching invobee thres essential steps, as illustrated
in Fig. 21: the reactants are by diffusion to the reacting surface, chemical
reacthons ocour at the surface, and the produets from the surfuce are removed by diffu-
sion. Both agitation and the temperature of the etchant solution will influence
rate, which i the amount of film remeoved by etching per unit time. In 1C processing,
most wet ehemical etchings proceed by immersing the walers in a chemical solution or
hy:pmﬁngﬂmmﬁmm:hﬂuﬂduﬂmhﬂmﬁrhmnknﬂcbhgﬂwﬂnﬁrh
immersid in the eteh solution, and mechanical agjtation is usually requeired to ensure etch
uniformity and a consistent etch rate. Spray etching has gradually replaced immersion
etching bocause it greatly increases the etch rate and uniformity by constantly
fresh ctchant to the wafer surface, 2 i

For semiconductor production lines, highly uniform etch rates ane importast. Etch
rates misst be wndform seross a wafer, from wider to wafer, from run to ran, and for any
variations in feature sizes and pattern densities. Etch rate uniformity is given by

(maximurm cbeh rate = mindmem elch mte)

Etch uniformity (% .
e o maximum etch rute +mhhn“mﬂnhmu1mﬁ “
~ EXAMPLE 3
Caleulate the Al sverage eteh rabe and eich raee om @ 3K mm dimaneter silicon walor,
sssumsing the etch rates at the center, left, right, top, af the wafer ane 750, 812, 765,

T3, and TH5 nm/min, respectively.

Fig- 21  Basic mechanisms in wet chemical etching,
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SOLUTION
Al average otch mate = (750 + 812 + 765 + 743 + 798} + 5 = T73.6 nm/min.
Etch rate uniformity = (812 = 743) + (512 « 743) % 100% = 4.4 %. 1

1231 Silicon Etching

For sembconductor materials, wet chemical etching usually proceeds by oxidation, fal-
lowed by the dissolution of the oxide by o chemical reaction, For silicon, the mest eom-
muonly used etchants are mbures of nitre acid (HNO,) and hdroflooric scid (HF) in
water or acetic acid (CHLCOOH). Nitrie acid oxidizes silicon to form a S0, lyer™ The

oikathon rewction is
§i + 4HNO, — Si0, + ZH,0 + 4N0, (5
Hydrolluoric acid i used to dissolve the 5i0, liver. The reaction is:
5i0y+ BHF — H54F +2H, 0. 10y

Water can be wsed as a dilsent for this etchant. However, acetic acld is preferred because
it redhuces the dissolution of the nitrie acid.

Somme etchants dissolve a given erystal plane of single-crystal silicon much faster than
another plane; this results in orfentation-dependent etching® For a silicon lattics, the
{111)-plane has more svailable bonds per unit area than the: (110} and (100}-planes; there-
lore, the etch mte is expected to be slower for the (1113-plane. A commonly used ori-
entation-dependent etch for silicon consists of a misture of KOH in water and isopropyl
aleohol. For example, a solution with 19 wt % KOH in defonized (D1} water at about
S0°C removes the (100)-plane at a much higher rate than the (110)- and {111)-planes.
The ratio of the eteh rates for the (100)-, (110)-, and (111 }-planes is 100:16:1.

DﬂE‘ntﬂ.l.ll.ﬂl-ﬂEPﬂ'rﬂerlt -L-I.E'J'li'rlg off o 10z -orienteel silicon thrmq;lp % PH.IIEI'I'IHd gili-
con dioside mask creates precise V-shaped grooves,'” the edges being (111)-planes at an
angthe of 54.7° from the (111 surfioe, as shown at the left of Fig. 220 17 the window in
the mask s sulfictently large or if the etching time is short, a U-shaped groove will be
formed, as showmn at the right of Fig. 220, The width of the bottom surface is given by

W), = W, - oot 54.7°

or W, =W,-+v2 I, (1

where W, is the width of the window on the wafer surface and [ is the etched depth. [F
<110=-orented silicom is used, essentially strasght-walled grooves with sides of (111 )-planes
can be formed, as shown in Fig. 22h. We can use the large orientation dependence in
the etch rates to fbricate device structures with submicron feature lengths,

1232 Silicon Dicxide Etching

The wet etching of silicon diogide is commenly achieved in a dilute solution of HF with
or without the sddition of ammonium fleoride (NH,F), Adding NH,F is referred to as
a bulfered HF solution (BHF), also called buffered-oxide-etch (BOE). The sddition of
NH,F to HF controls the pH value and replenishes the depletion of the Auoride ions,
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thus muintaining stable etching performance. The overall reaction for Si0, etching ks the
same as that in Eq. 10. The etch mte of S0, etching depends on etchant solution, etchant
comeentration, agitation, and temperature, In additional, density, porosity, microstructure,
and the presence of impurities in the oxide also influence the etch rate, For example, a

high concentration of in the oxide resulis in o rpid increase in the eteh rate,
and a loosely structured chemical-vapor deposition (CVD) or sputtered oxide exhilits o

Silicon dioxide can also be etched in vapor-phase HF. Vapor-phase-HF oxide-etch
technobogy has a potential for submicron feature etching becanse the process can be well
controlled.

1233 Silicon Nitride and Polysilicon Etching

Silicon nitride flms are otchable at room temperature in concentrated HF or buffored
HF and in a boiling H,PO, solution. Selective etching of nitride to axide is done with
BS5% H,PO, at 180°C because this solutbon attacks silicon dioxide slowly. The etch
rate s bypically 10 novimin for silicon nitride, but less than | nm/min for silicon diosde.
However photoresist adhesion problems are encountered wihven etching nitride with boil-
ing H,PO, solition. Better patterning can be achieved by depositing a thin oxide liyer
on top of the nitride film before resist coating. The r&ﬂmﬁlmmmﬂm
oxicde layer, which then acts as a musk for subsequent etching,
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Etching polysilicon is similar to etching single-crystal silicon. However, the etch rate
is considerably faster becuuse of grain boundaries, The etch solution is usually modified
to ensure that it does not attack the underving gate oxide. Dopant concentrutions and
temperature may affect the etch rate of polysilicon.

1234 Aluminum Etching
Aluminum and aluminum alloy films are generadly etched in heated solutions of phos.
phoric acid, nitric ackd, scetic acid, and DI water. The typical etchant is a sohstion of 736
H,PO,, 4% HNO,, 3.5% CH,COO0H, and 19.5% DI water at 30°-50°C, The wet etch.
ing of aleminum proceeds as follows: HNO, oxidizes alominum, and H,PO, then dis-
solves the oddized alumimum. The eleh rate depends on etchant concentration,

TABLE? Fichants lor Insulators asd Condsciars
Maberial Etchant cotnposition Etch rage (na'min)

i), 25 ml of HF
170 ml of HF
113 g of NHF

15 nl of HF
10 ml of HNO,
300 ml of Hy0

S,N, Buffered HF 0.3
Al H,PO, 10

4 ml of HNO,

35 ml ol CHLO00H ]
74 ml I:d'l'!;"ﬂ;

195 ml of 1,0

Au 4gKI 1000

]Elﬂl]’.

40 ml of 0
T Gml af H PO, =0

2ml af HNO,

4ml of CHCO0H

150 el of H.O

1 ml of HNO,
R TmlofHE 50
8 ml of Hy0

Mg ol KH PO,

W 134 g of KOH 160
& g of KyFelCNly
H,0 to make 1 Eter

Hhffered HF 1403

F—ctch 1z
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temperature, agitation of the wafers, and impurities or alloys in the aluminum flm, For
example, the etch rate is reduced when copper is adided to the aluminum,

Wet etching of imsulating and metal films is usually done with the similar chemicals
that dissolve these materials in bulk form and involve their conversion Into soluble sabts
or complexes, Generally, Alm materials will be etched more rapidly than their bulk conmn-
terparts. Also, thi etch rates are higher for Glms that have a poor microstructure, built-
in stress, or departure from stoichiometry, or that have been imudisted. Some useful
etchants for insulating and metal films are listed in Table 2.

1235 Gallium Arsenide Etching

A wide variety of etches has been investigated for gallinm arsenide; however, few of them
are truly isotropic.® This is because the surface setivities of the (111)-Ga and {111)-As
faces are very different, Most etches give a polished swrfiace on the arsenic face, but the
gallium face tends to show enystallographic defects and etehes more sbowhy. The most
commanly used etchants are the H,50,-H,0,-H,0 and H,PO-H,0,-H,0 systems. For
an etchant with an 8:1:1 volome ratio of H,50,:H,0,:H,0, the etch mate is 0.8 pm/min
for the (111}-Ga face and 1.5 pm/min for all other fices. For an etehont with 3:1.50 vol-
ume ratio of HoPOeHO-HLO, the etch mate s 04 pmvmin for (111-Ga fuce and 0.5
jrm for afl ather faces.

124 DRY ETCHING

In pattern-transfer operations, a resist pattern is defined by a lithographic process to serve
as a mask for etching of its underlying laver (Fig, 23], Maost of the layer materias (eg.,
Sildy, SipN, and deposited metals) ane amorphous or polyerystalline thin films. IF they
are etched in @ wet chemical etchant, the etch rte is generally isotropic (Le., the lateral
and vertical etch rates are the same), as lllustrated in Fig. 230, I b is the thickness of
the baver material md I the laterl distimee etched undemeath the resist mask, we can
thefine the degree of anisotropy Ay by

I i Ry
Armlee—ew]adea]—=l, {12)
AT B R

where ¢ is the time and H; and HL are the kateral and vertical eteh rates, respectively. For
isotropic etching, i) = R, and

The major disadvantage -nf'rwnt chemical etching for pattern transfer is the under-
cutting of the Layer underneath the mask, resulting in a loss of resolution in the etched
pattern, In practico, for isotropic etching, the film thickness should be about one-thind
or less of the: resalution required. If pattems are requined with resolutions much smafler
than the film thickness, antsotropic etehing (ie.. | = A >0) must be used. In practice,
the vahse of A¢is chosen to be close to unity. Figure 23 shows the lmiting case where
Apm 1, cormesponding to [ = 0 (or K, = 0).

T achieve a high-fidelity transfer of the resist patterns requined for ultralarge-seale
integration processing (A, =1), dry etching methods have been developed. Dry etching
is symoavmons with plasma-assisted rl:l.'lung. which denotes several technbgques that use
plasima in the form of low-pressure discharges. Dry-cteh methods include plasma etching,
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reactive ion etching (RIE), sputter etching, magnetically enhanced RIE (MERIE), resc-
tive fom beamn Etthhl!.;, anid hlg]m!ml.'iil:_l,: plasma {HDF) etching,

1241 Plasma Fundamantals

Plasta is a fully or partially iontzed gas composed of equal numbers of pasitive and neg-
ative charges and a different number of unienized molecules. Plasma is produced when
an electrie Oeld of wiffieient magnitsde is ij;!]’]lit':_l to o gas, cansing the gas to break down
and become ionkzed. The plasma is initiated by free electrons that are released by some
s, such as field emission from a negatively binsed electrode. The free electrons gain
kinetic energy from the electric field. In the course of their travel through the gas, the
electrons collide with gas molecules and lose thedr energy. The energy trunsferred in the
collision canses the mas molecules to be jonkzed (Le., to free electrons). The free alec-
trons gain kinetic energy from the field, and the process continues, Therefore, when the
apphied voltage is larger than the breakdown potential, a sustained plisma is formed
throughout the reaction chamber,

The ebectron concentrations in the plasma for dry etchings are relatively low, typi-
cally on the order of 10°-10" can®. At a pressure of | Torr, the concentrations of gas
molecules are 10°0-107 times higher than the electron concentrations. This resulbts in an
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avernge gas tomperature in the range of 50°-100°C. Therefore, the plassa-assisted dry
etching is a low-temperature process.

EXAMPLE 4

The electron densities in a RIE system and HOP system range from 10°-10' and 10''- 10" e,
respectively. Assuming the RIE chamber pressure is 200 mTorr and HDP chamber pressare is 5
i Torr, cabculate the donization efficiency in RIE reactors and HIDP reactors at marm temperature.
The jonization efficiency s the ratio of the electron denséty 1o the demsity of molecubes.

SOLUTION
IV = nRT

where P is the presare in stm (1 stm = T60,000 mTorr), V e vohume in liters, o the
number of moles, R the gas constant (0,082 lner-sto/mol-K), and T the absolute temporatuse

in K, respectively.
For o RIE system,
WV = AT = (2007600000 00082 = 300} = 106 = 10r { moltiter)
= D06 3 10 = 602 = 106D 4 1000
= G35 w 10 {em¥),
lomization elleciency = (107 < 10" 635 = 10%)
w |56 % 107 = 1,56 = 104,
For a HDF sysiem,
VY = FiRTw (ST00, 00082 « 300) = 268 = 10F (molfier)
= 166 1077 x 6,02 = 105 & (000
= LG = WP (et
Tomizagion offecteney = (108 = 101G = 10M)
= 625 = 10~ 625 = 1072,
Therefore, HDP has much higher ionzition efficiency than RIE. «

1242 Etch Mechanism, Plasma Diagnestics, and End-Point Control

Plasma etching is a process in which a solid film is removed by a ehemical reaction with
ground-state or excited-state neutral species. Plasma etching is often enhanced or induced
by energetic ions genersted in a gaseous discharge. The basic etch mechanism, plasma
dingrostic, and end-point control are introduced briefly in this seetion,

Etch Mechanism
Flasma etching proceeds in five steps, as illustrated in Fig, 24: the etchant species is gen-
eruted in the plasma; the reactant is then transported by diffuston I'hmughﬂ.!l:dglwrtps
layer to the surface. The reactant is adsorbed on the surface; a chemical reaction (along
with physical effects such as ion bombardment) follows to form volatile compounds; the
compeunds are desorbed from the surface, diffused into the bulk gas, and pumped ot
by the vacuum system

Plasma etching is based on the generation of plasma in a gas at low pressure. Two
basic methods are used—physical methods and chemical methods. The former includes
sputter etching and the latter includes pure chemical etching, In physical etching, pesitive
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jons bombard the sarface at high speed; small amounts of negative ions formed in the
[‘Mmmmmwm&rsnr&mudthﬂufmphymﬂmﬂmhhplﬂamm-
ing. In chemical etching, neutral reactive species generated by the plasma interact with
the material surface to form volatile products. Chemical- and physical-eteh mechanisms
han: different characteristics. Chemical etching exhibits a high etel rate, and good seloc-
tivity (i.e., the mtio of etch rtes for different materials) produces low jon-bombard-
ment-induced damage but yields isotropic profiles. Physical etching can yield anisotropic
profiles, but it is assoctated with low etch selectivity and high bembardment-induced dam-
nge. Combinations of chemieal and physical etching give anksotropic etch profiles, rea-
somably good selectivity, and moderate bombardment-induesd damage. An example is
the RIE, which wses a physical method to assist chemical etehing or creates reactive jons
to participate in chemical etching

Flasma Diagnostics

recessing plasmas omit redistion in that from infrared to ultraviolet. A sim-
ple iihﬂl:u'HﬂfF tadl',adqueis to measure the Mhmm:mhfm versus wavelength
ﬂ;l?m m the nrmﬁ]a:; - h’fﬂ ﬂluu il

1] ni niet ol EAnF T

mlﬂk#ﬁﬂhpﬁhﬂ#dﬂ:nnmuﬂmwrﬂm Hnllﬂwmmirﬂimum nl'lh:ﬂslmdni
can be obtained by correlating changes bn intensity with the plasma pasmeter. The emis-
sion signal derived from the primary etchant or by-product begins to rise or fall at the
end of the etch cyele,

End-Point Control

Dry etching differs from the wet chemical etching, in that dry ctching does not have
enough etch selectivity to the underdying laver. Therefore, the plasma resctor muost be
equipped with a monitor that indicates when the etching process is to be terminated
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(i.e, an end point detection system). Laser interferometry of the wafer surface i vsed
ta continuously monitor etch rates and to determine the end paint, During etching, the
intensity of laser light reflected off a thin film surface oscillates, This oscillation ooeurs
because: of the phase interference between the light reflected from the outer and inner
interfaces of the etching layer. This laver must therefone be optically trunsparent or sem-
transparent to obeerve the oscillation. Figure 25 shows o typical signal from a sili-
cide/polyerystalline Si gate etch. The period of the oscillation is reluted to the change
in film thickness by

Ad = b 0 (1)

where Ad is the change in film thickness for ene period of rellected light, L is the wave-
bength of the laser light, and i is the refractive index of the etching layes. For example,
Ad for polysilicon is 80 nm, measured by using a helium-neon luser sonree for which
A = B32 8 i,

1243 Reactive Plasma-Etching Techniques and Equipment

Plasma reactor technology in the 1C industry has changed dramatically sine the first apphi-
cation of plasma processing to photoresist stripping. A reactor for plasma dl.h.h'ig ©on-
tains a vacuum chamber, pump system, power nlp];!l'," EENEralons, pressure Sensors, gs
flow control units, and end-point detector. Table 3 shows the similarities and differences
in the types of etching equipment that are commerdally svailable, A comparison of pres-
suire apenting ranges and ion ¢ for different types of reactors is shown in Fig, 26,
Each etch tool is designed empi and uses a particular combination of pressure, elec.
trodde configuration and type, and soures frequency to control thes two primary steh mech-
istais — chemical and physical. Higher etch rtes and tool automation are required for
most etchers used in manufacturing,

Reactive lon Etcher (RIE)

RIE has been extensively used in the microelectronic industry. Tn a parallel-plate diode
system, a radio frequency () eapacitive-coupled bottoam electrode holds the waler. This
allewws the grounded electrocde to have a significantly larger area because it is, in fact, the
chamber itself. The larger grounded area combined with the lower oporating pressure

Sibividepobilionmn stk
espwrrimental cunve

edywilwimnm ————

Reflevtance {arbitrry i)

Eiuh ifense (arbiirary wnits)

Fig-25 The relative reflectance of the etching srface of & composite silicide/paly-5i layes. The
end point of the etch is indicated by the cessation of the refloctance oscillation,
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TABLE 3 Eich Mechanisms, Pressure Ranges of Plasma Reaciom

FEE?JHM@W Eich mechanism Preswure range ( Tor)
Barrel ctching Chemical 0.1-10
Diovwnstreamn phatima otching Chemical 0.1-10
Reactive lon etching (HIE) Chemical and physical 0,01-1
Magnetic erhanced RIE Chesmical and physical 0.01-1
Magretic confinenent triode RIE Chemical and physical 0.001-0,1
Electron cyclotmres resanancy

plasia etch Chemical anel physical 0.001-0.1
Indd oF Choemical snd 0,0 -0, 1
Surfoce wave ooupled pasma Chemical and plosical 010, 1

or helicon plasma etching

.I'H-tl: HIE RIE
1] Larw-pressare Puarred
Bighs-thensity plakma
e
ik

1 o 100 1000
Pressure {mTorr]

Fig. 28 Comparison of ion energy and operating pressure ranges for different types of plasma
reactoss,

T enrgy (e¥]

T

{« 500 mTorr) causes the wafers to be subjected to a heavy bombardment of energetic
bons from the plasma as a result of the large, negative self-bias at the waler surface.

The etch selectivity of this system is relatively low compared with traditional barrel-
mhmuﬂwdslwwmmwtymhmm
by choosing the proper etch chemistry, for example, by polymerizing the silicon surfsce
with fucrocarbon polymers to olbtain selectivity of 510, over silicon. Alternatively, a tri-
ode-configuration RIE etch, as shown in Fig, 27, can separate generation from
bom transport. Ton encrgy is controlled through a bias cm the wafer electrode,
thereby minimizing the loss of selectivity and the jon-bombardment-induced damage
observed in most traditional RIE systems.

Electron Cyclotron Resonance Plasma Etcher
Mozt parullel-plate plasma etchers, except trode RIE, do not provide the ability to con-
trel plasma parameters, such as electron energy, plasma density, and reactant density inde-



Chapter 12 Lighography and Etcking < 437

Fig. 21 Schematic of o triode reactive jon sich rescior. The ion energy I8 separately controlled
by  bilas voltage on the bottom electrode. o, rmdio frequency.

pendently. As & result, ion-bombardment-indoced damage becomes a serious Jem,
The electron cyclatron resonance (ECR) reactor combines microwave power with o static
etie field to faree electrons to circulate around the magnetic ficld lines at an wng-
E:ﬂmmc.y. When this frequency ecpuals to the applied microwave frequency, a reso-
nance coupling occurs between the eblectron energy and the applied electrie fickd that
results in a high degree of dissociation and lonization (10 for ECR compared with 10
for HIE). Figure 28 shows an ECR reaction chamber configurition. Microwave power
is coupled throwgh a microwave window into the ECR source region. The magnetic field
is supplied From the magnetic coils. The ECR plasma systems can also be used in thin
film deposition. The high eficiency in exciting the reactants in ECR plasmas allows the
deposition of films at room temperature without the need for thermal activation,

Other High-Density Plasma Etchers

As feature sizes for ultralarge-scale integration (ULS1) continue to decrease, the limits
of the conventional RIE system are being approached, In addition to the ECR system,
other types of high-density plasma (HDP) sources, such as the inductively coupled plasma
{ICF) source, the transformer-coupled plasma (TCF) source, and the surfisce wave—cou-
pled plasma (SWP) sources, have been developed. These etehers have high plasma den-
sity (10'-10"* cm ), and low processing pressure (< 20 mTorr). In addition, they allow
the wafer platon to be powered independently of the source, providing sipnificant decou-
pling between the: ion enengy (wafer bias) and the son ux ( density primnarily driven
by source power). The primary processing advantages of HDP sources are better criti-
cal dimension (CD] control, higher etching rates, and better selectivity,

In addition. HDP sources provide low substrate damage (because of independent
biasing of the substrate and the side-electrode potentials) and high anisotropy (becanse
of low pressure yet high active species rl-rmil?'}. However, because of their complexity
and higher cost, the systems may not be used for less eritical applications, such as spacer
etching or planarization. Figure 29 shows a TCP plasma reactor. A high-density, low-
pressune plasma is generated by a fat spiral coil that is separated from the plasma by a
dielectric plate on the top of the reactos. The wafer is located away from the coil, so it
is not affected by the electromagnetic field generated by the coil. There is little plasma
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density koss because plasma is generated only a few mean free paths sway from the waler
surface. Therefore, a high-density plasima and high etch rates are achieved.

Clustered Plasma Processing

Semiconductor wafers are processed in clean rooms to minimize exposure to ambient
particulate contamination, As device dimensions shrink, particulate contamination beeomes
a more serious problem. To minkmize particulate contamination, clustered plasma tools
uses 4 waker handler to pass wafers from one process chamber to another in a vacaum
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emironment. The clustered plisma processing tools can also Incresse throsghput, Figune 30
sheyors the multilayer metal interconnect [TIMVVAICTIV) etching process with clustered
boilds 0 an AlCo eteh chamber, a TIW eleh chamber, and a strip passivation chamber.
The clustersd tools provide an economic advantage by having a high chip yield because
the waler is exposed to less ambient contamination and is handled less,

1244 Reactive Plasma-Eiching Applications

Plagna e‘:.hl‘:fz has rapidly evolved from a simple and batch resist stripping to a large
and single-waler processing, The etching system continues to be improved from the con-
ventional RIE tool to the high-density plasma tool for pattern transfer of deep-submicron
devices. Besides the etching tool, etch chemistry ales plays o critical role in the perfor-
mance of eteh process. Table 4 lists some etch chembstries for dilferent otch

Developing an etch process usually means optimizing ctch rate, selectivity, profile con-
trol, eritical dimension, damage, ete., by adjusting a large mumber of process parameters.

Silicon Trench Etching
Ax device feature sive decreases, a mpnnﬂirlg ilecrense is needed In the wafer sur-
face area oocupied by the isolation between cireuit elements and the storage capacitor
of a DRAM cell. This surface area can be reduced by etching trenches into the silicon
substrate and filling them with suitable diebectric or conductive materials. Deep trenches,
usuilly with a depth larger than 5 pum. are used mainly for forming storage capacitors.
Shallow trenches, usually with a depth less than 1 pm, are often used for solation.
Chlorine-hased and bromine-based chemistries have a high silicon eteh rate and high
etch selectivity to the silicon diodde mask. The combination of HBr + NF, + 5F, + O,
gas mixtures is used to form a trench capacitor with a depth of =7 pm. 1t is also used for
shallow trench isolation etching. Aspect ratio dependent etching (Le., variation in etch
rister with uspect ratio) is often observed in submicron-deep silicon trench etching caused

T etch ehambar Serip pecsivabion chamber

chambser

O

Casseeio lnadunkaad
chuiet=sd

Fig- 30 Cluster resctive ion etch foal for maltibsyer metal {TRYARCWTIW) interonmest
ehching !
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TABLE & Etch Clemistries of Diflerent Eich Processes

Material belng stched Ertching chemisiry

Deep i tremich HErMF0,/5F,

Shallow 54 trench HEBACL0,

Foly 51 HRBeCL /0, HBAY,, BOLACL, SF,
Al BCL/Cl,, $iC1/CL, HBRCl,
ARSIC ]

w SF, oaly, NF/Cl,

W 8F, only

Wiy, TiSk,. CoSi, OCLF/NF,, CF /Cly, ClyNJGF,
S0, CF JCHF /A C,F . CoF,. C,F/C0.CF, CH,F,
Si,M, CHFy0,. CH,F, CH,CHF,

by liendted bon and neutral transport within the trench. Figure 31 shows the dependence
of average silicon trench etch rate on aspect ratio. Trenches with large aspect nitios are
etehed more slowly than trenches with small aspect ratios.

Polysilicon and Polycide Cate Etching

Palysilicon or polyvide (i.e., low-resistance metal silicides over polysilicon) is usually used
sk a gebe material for MOS devices, Anisotropic etehing and high etch selectivity to the
gate axide are the most imparant requirements for gate ctching. For example, the selec-
tivity required in 1G DRAM is more than 150 (Le., the mtio of etch rates for polyeide
and gate oxide is 150:1). Achieving high selectivity and etch anisotropy at the same time
is difficult for most lon-enhanced etching processes. Therefore, multistep processing is
wsied in which different etch steps in the process ane optimized for etch anisotropy and
selectivity. Om the other hand, the trend in plasma technology for anisstropic etching and
high selectivity is to utilize a low-pressure, high-density plasia using a relatively low power.
Mot chilorine-bosed and bromine-based chemistries can be used for gate etching o achieve

LR

i {1355 0 0125
i {1, 5 ELA i
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Etch ratet {Jmtemin)

A L ] i

LI} I il el dik 50
Aspect ratin

Fig. 1 Dependence of sversge slicon trench etch rate on aspect mtio.”
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Dielectric Etching
The patterning of dielectrics, especially silicon dicside and silicon nitride, is a key pro
corss i ithe manufacture of modern semiconductor devices. Becawse of their higher bond-
ingt energies, dielectric etching requires ngpressive ion-enhanced, Auorise-based plasma
chemistry. Vertical profiles are achieved by sidewall passivation, typically by introducing
& carbon -containing [uorine species to the plasma (eg, CF,, CHF,, C,F,). High jon-
lsombard mend CAETEicS e r'l'.H]:llrr.'d o remowe this '|'_|-r||3.'|t1:-r ];L}-u.-r from the oxide, ns wedl
as to mix the resctive species into the oxde surfsee to form SiFy products.

A low-pressure, high-density plasma is advantageoas for aspect-rutio-dependent etch-
i||!.=- However, the HDP -!::II'IIE:E"-‘ILH |Iiﬂl"|1"ltl[lt'l’.,|hlﬂ" clectrons and ﬂ“leﬁ:l":.ll-“lI:.' [T
et a high degree of dissociation of fons and radicals. Tt penerates far more active radicals
and jons than RIE or MERIE plasmas . In particular, a high F concentration worsens
the sehectivity to silicon. Varkous methods were tried to enhance the selectivities in the
high-density plasma. First, a parent gas with a high €/F ratio, such as C,F,, C,F,, or C.F,,
has been tried. Alio other methods to scavenge F rudicals have been dhervitloped =

Interconnect Metal Etching

Elt‘hhig of s metallization lver is a very important step in IC fabrication. Aluminum,
coppeer, and tumggsten ane the most popular materiaks used for interconnection, These mate-
rials usually requine anisotropic etehing, The reaction of aluminum with Muorine results
in nonvalatile ALF,, which has a vapor pressire of only 1 Torr at 1240°C. Chlorine- based
le.g., CL/BCL, misture) chemistry has been widely used for aluminum etching, Chlorine
has a very high chemical eteh rate with alumimem and tends to produce an undercat during
etehing. Carbon-containing gas (e.g, CHF,) or N, is added to form sidewall passhation
during aluminum etching to abtain anisotropic etching,

Fig- 32 (L35 jum TENGALTIN lines and spaces on o wafor madwtained st ambient for 72 hours
alber a mitrowne strip are nocd crrrrosliod
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Fig. 31  Various proonss sequeences for dhunl damastens process.

Exposure to the ambient is another problem in alumimum etehing, Residue chiorine
on the Al sidewall and the photoresist tends to react with atmosphere water to form HCL
which cormdes aluminum. An in-situ exposire of the waler to a CF, discharge to exchange
Cl with F and then to an oxygen discharge to remove the resist followed by immediate
immersion in delonized water can climinate Al corrosion. Figure 32 shows 035 pm
TIN/ALTY lines and spaces ot i waher maintained af ambient for 72 hours. Mo corrosion
is present even after prolonged exposure to the ambient.

Copper has drawn much attention as a new metallization material in ULS] circuits
because of its kow resistivity [=1.7 polim-cm ) and superior resistance to electromigration
compared with Al or Al alloys. However, because of the low volatility of copper halides,
plasma etching at room temperature is difficult. Process temperatures higher than 2000C
are required to etch coppers films. Therefore, the damascene process is used to form
Cu interconnection without dry etehing. Damascene processing involves the creation of
interconnect lines by first etching a trench or canal in & planar dielectric layer and then
filling that trench with metal. such as aluminum or , I chual damascene process-
ingt (Fig. 33), 0 second level is involved where a series of holes (e, contacts or vias) ane
etched and filled in addition to the trench. After filling, the metal and diclectric ane
phanartzed by chemical-mechanical (CMP). The advantage of damascene pro-
cessing is that it climinates the for metal etch. This is an important concern s the
inddustry moves from aluminuem to copper interconnections.

ure CVD {LPCYVDY) tungzsten (W) has been widely used for Alling contact
holes and first-bevel metallization because of its excellent deposition conformability. Both
fluorine and chlorine-based chemistries etch W and form volatile etch products. An impor-
tant tungsten eteh processes is the blanket W etchback to form a W plug, The blanket
LPCVD W I;l:kpmd‘lﬂd on |upr{;1?};hurﬂer1a}1muﬂmm in Fig. 34. A two-steg
process is usually used. First, 90% of the W is etched at a high etch rate, and then the
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Fig. 3 Formastion of tangston plisg in ﬂmlﬂrh'll!?hﬂhgﬂmlﬂhkpmunhw-
cal-vapor deposition W and then wusing resction jon etching etchback.

etch rate is redueed to remove the remaining W with an etchant that has a high Weto-
TIN selectivity.

125 MICROELECTROMECHANICAL SYSTEMS

There has been rapidly growing interest in microelectromechanical systems (MEMS),
since: the late 19505 when a spinning micromotor made from polysilicon was fabricated
on a silicon chip.*=" The manufacture of silicon MEMS adopted many of the highly devel-
oped technologies of silicon integrated eireuits. This approach has enabled MEMS prod-
ucts to be produced at low cost by using batch fabrication, just as for 1Cx. In addition te
the 1C fubrication - some new specialized technigques have been developed for
MEMS. We mlﬂ three specialized etching techniques: bulk micromachining, sur-
face micromachining, and the LIGA process.

1251 Bulk Micromachining

In bulk micromachining, the devics (0.2, a sensor or an actuator} bs shaped by etching
a large single-crystal substrate. The films are pattemed on the bulk to define the iselation
und transducer functions. Orientation-dependent wet chemical etching technique pro-
vide a high-resolution eteh and tight dimensional control. Often, a bulk-micromachined
devioe uses two-sided processing, creating i self-isolated strocture with one side

to the measured variables, such as mechamical or chemical signals while the other side
is enclased in a clean package. Two-sided structures are very robust for operation in envi-
ronments hostile to microelectronic deviees, Simple mechanical devices such as diaphrgm
pressure sensors, membranes, and cantilever-beam piezoresistive accelemtion sensors are
fabricited commercially by this technique. Figure 35 illustrates a fabrication process of
a stmple silicone rubber membrne ®

1252 Surace Micromachining

Surface-micromachined devices are constructed entinely from thin flms. There are sev-
eral dilferences and trade-offs between structures made from bulk and thin film materi-
als. Typical dimensions for bulk-micromachined sensars are in the millimeter range, but
surface-micromachined devices are of micrometer dimensions. Surfsgee micromachining
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Fig. 35 Fabricstion process of simple silicone rabber membrane. (a) Nitride deposition snd pat-
terming: (b} KOH etching: (o) siicone nubher spin coating: sl (ef) nitride remenal on back side, ®

permits the fibrication of structurlly complex devices by stucking and patteming kvers
ar “bullding blocks” of thin films whereas multilayered bulk devices are difficult to constract,
Free-standing and movable parts can be fabricated using sserificial layers. Figure 36
illustrates how sacrificial etching techniques can be used to create an electrostatic micro-
motor with well-defined, submicron tolerance between the rotor and the center hub.™

1253 LUIGA Process

LIGA is o German acronym for lithographic, galvanoformung, ablormung.™ It consists
of three basic processing steps: lithography, electroplating, and molding, The LIGA pro-
cess is based upon X-ray radiation From a synchrotron, The process can prodioe microstre-
ture with lateral dimensions in the micrometer range and structural heights of several
hundred micrometers from a variety of materials. Its potential applications cover micro-
electronics, sensors, microoptics, micromechanies, and biotechnology.

An example of LIGA process is shown in Fig. 37. A thick X-ray resist ranging from
300 pm to more than 500 pm in thickness is deposited on a substrate with an 'E.']:'I.."tl:‘il!il]"f
conductive surface, Lithographic patterning is done with extended exposure from highly
collimated X-riy radiation through an X-ray mask, as shown Figg. 37a. The Mower-shapesd
trench structure s formed in the thick resist after developer treatment (Fig. 37h). Metal
is then electroplated on the exposed bottom conductive surface, filling the trench space
and covering the top surface of the resist (Fig, 37c). The metil strocture ks formed sfter
remyovireg e resist {Fig. 37d), This structure can be used repeatedly a5 o mold insert for
injection molding to form multiple plastic replicas of the original plating base (Fig. Iiel
The plating base replicas, in turn, can be used to electroplate many metal stroctunes as
the final products, as shown in Fig, 37 and g.

The distinct advantage of the LIGA process is the ahility to create three-dimensional
struetures as thick as bulk-micromachined devices whike retaining the same degroe of
deesign Nexibility as surface micromachining, However, the initial synchnotron racdiation

process is a very costly step, and the mold-separation steps may result in degradation of
the original mold insert.
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Fig. 37 The LIGA process.™



Chagpter 12. Lithography and Etching 447

Plaaric injatiom ||1.:|1u|_[:||

ipeeniing. in gate plaie
Infection- maliled
plasiie struciurm
z

el i
Fig. 37  (oontiumed}

SUMMARY

The continwed growth of the semiconductor industry is a direct result of the capability
of transferring smaller and smaller cirenit patterns onto semiconductor walers. The two
major processes to transfer patterns are lithography and otching,

Currently, the vast majority of lithographic equipment are optical systems. We have
considered various exposure tools, masks, photoresists, and the clean room for optical
lithography. The primary factor limiting resolution in optical lithography is diffrction.
However, because of shancements in excimer lasers, photoresist chemistry, and reso-
luthon enhancement techniques such s the PSM and OPC. optical lithography will remain
the mainstream technology, at least to the 100 nm generation.

Electron-beam lithography is the technology of chaive for mask making and nanofal-
rication, in which new device concepts are explored. Other lithographic processing tech-
nologies are EUV, X-ray, and jon-beam Ethography. Although all thess have 100 nm or
better resolution, each process has (ts oom limitation: proximity effect in electron-beam
lithography, mask blank prodhuction difficulties in EUV lithography, mask-fabrication com-
plexity in X-ray lithography, and stochastic space charge in lon-beam lithography,

At the present time, no obvious successor to optical lithography can be identified
unambiguously. However, a miv-and-match approach can tuke advantage of the unbgue
features of each lithography process to improve resolution and to madimise throughput.

Wet chemical etching is used extensively in semiconductor processing. It is partic.
ubarly suitable for blanket ctching. We have discussed wet chemical etching processes
for silicon and gallium arsenide, insulators, and metal Interconnections. Wet chomical
etching was used for pattern transfer. However the undercutting of the layer nndemeath
the mask has resubted in loss of resolution in the stched pattern.

Dry etching methods are used to achieve high-fidelity pattern transfer. Dry etching
is symonymous with plasma-assisted etching, We have considered plasemna fundamentals
and various dry-etehing systems, which have grown from relatively simple, parallel-plate
configurations to complix chambers with multiple-Trequency genertors and a variety of
process-contral sensors.
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The challenges for future etching technobogy are high etch selectivity, better criti-
cal-dimensioned control, low aspect-ratio-dependent etching, and low plasma-induced
damage. Low- pressure, high-density plasma resctors ane necessury to meet these requin.
ments. As processing evolves from 200 mm to 300 mm and even larger walers, contin.
weed improverments an mqqﬁmd for etch uniformity within the wafer. New gas chemistries
mist be developed 1o provide the improved selectivity necessary for advanced integr-
tion schemes.

Microelectromechanical system (MEMS) is an emerging field. MEMS has adopted
the lithographic and etehing technologies from 1C fabrication, Specializcd etching tech-
nicpes have also been developed for MEMS: bulk mécromachining using an orientution.
dependent etching process, surface micromachining using sacrifical layers, and the LIGA
process using Xeray lithography with highly collimated radiation.
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PROBLEMS (* DENOTES DIFFICULT PROBLEMS)

FOR SECTION 121 OFTICAL LITHOGRAPHY

1. For s class 100 clean room, fird the number of dust particles per cubie metor with parti-
e sizes (a) betaeen 0.5 amd 1 pm, (b) between § and 2 pm, and (¢} above % jpm,

2. Final the final viekd for o nine-mask-leve] process in which the aversge fatal dofect densiey
por em® is 0.1 for four levels, 0,23 for four bvels, and 1.0 for ane bevel, Thes chip anes is
50 mm®,

3. An opticsl Bthographic system has an exposure power of 0.3 mW/em®, The required
expomure energy for o positive photoresist i 140 mjiom?® and for & segative photorosist (s
B malfean®. Assunsing neghigible times for kading ansd unlosding wafers, compare the waler
throughpat for pasitive photoresist and negative photorestst

4. (u) For an ArF-excimer laser 163 nm optical lithographic system with NA = 065, &, = 0,60,
and ky = 050, what are the theoretical resclution and depab-of-foms for this oal® (b) What
can we do in practice to adjast KA, k,, and &, parameters to improve resokation® (e] What
paramader does (he phisso-shilt masd (PEM ) techmlgue chasge 1o lmprovwe resolution®

5. The plots in Fig. 8 are called resposse enroes in microlithography. (a) What are the stan-
tages and disadvantages of using resists with high ¥ valises? (b) Conventional resists cin-
nait b wsed for 245 nm or 193 am bthography, Why oot

FOR SECTION 122 NEXT-CGENERATION LITHOGRAFIIC METHODS

6, (a) Explain why a shaped beam promizes higher throsghpat than a Causskan beam in o-
by Hupl:-ll}'.{h} Herw can Whmdtmmh@ﬂﬁg Is

tin Sir (o are 3
ey over B MR e
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Why has the operating mode of optical lithographic systems evolved from prosimity prist.

g do 1:] ﬂfﬂ'_h}bl'il'!h printing and fnally 1o 51 projection step-and-repeat? (b Is it possi-
bile 1o budld & step-and-scan X-rey lighographic system® Wiy ar sy not®

FOHR SECTION 123 WET CHEMITAL ETCHING

L2

1,

I1.

If the mask and the substrate can not b etebed by a particular etchant, sketch the edgs
profile of an isotropically etehed feature in a film of thickness & for (a) ctching fast to
-numpk-tlm (I} 1008 erverretehs, amd (o) 200FE overelch.

A = | Dh=-oricated silicon erystal is etched ina KOH solution through a 1.5 jm = 1.5 pm
winsdens definesd in silicon dicndcle. The etch mte normasl to (100)-plenes is 0.6 prmin,
Thie edeth rafde ratios are 1000161 for the (D000 10511 Ihphﬂ.ﬂmﬂlrn-lﬂm.[p‘tﬂ'
after 20 secomds, 20 seconds, and B seconids,

Hepeat the previons problem, o <T1s-ariented silicon is etched with a thin Si0, mask in
KOH solution. Shew the etched pattern profiles on «T102-5i.

A <100z -oricrted silicon waler 150 mm in dismetor is 625 pm thick. The waler e

100K pirn = LCKHD g 1Cs omit, Thee 16 chips are to be sepanited by oniestagion-dependos
ebching. Describs: tan methods for doing this and calewdate the fraction of the surface
area that is lost in these process,

FOR SECTHON 124 DRY ETCHING

i 18

4

14.

135.

LI

17

The average distance traveled by particles between collissons i called the mean free path
(&), A & 5% 10X Picm), where P is pressure in Torr, In typics] plasmas of interest, the
:lwi'hbrpm mgr:ﬁmI hm]ﬁﬂh“ﬁnmlhnmﬂquﬂjlgm:ﬁﬁ-
malecisles (e} and the mean free path?

Fhanrine {F| atones edch Si at s mte given by
Etch Hute (nmimin) « 2863 1077 n, TV

whre ny i the concontration of F stoms {em ™), T the temperatare (K), and E, and
it the activation esergy (2,45 kealmol) and ges constust (1987 cal-K), respectively. IF
ny s 3 % 107, caleulae the etch mte of 5i at oom tempermtbene,

Repeat the provioas problesn, 5#0), etched by F stoms coubd also be expressed by
Etch rate (mmfmin)e 0614 % 1P py 50 7h8, 0T

where g b5 3 % 10%em} and E, i 5.76 keal'mol. Calculate the etch rate of Si), and
wteh selectivity af SI0, over 51 at rooe lempeTatine,

hmﬂiﬂbw-mumhﬂtblqn[m]ﬁm gate with thin gate odde.
Hiww chia yiwa 1 it bl process that has no micromasking, hes an anisstropic etch
perafile, and & selocthe to thin gato odde?

Find the stch :Eﬁ-uli\dt}' rnqd:rdlncbd:l-l-m-nm pdy:]hn[n.:.l:rwlﬂm remoning
vt tham B e of its anderhing gate oxide, assuming that the polysilicon is etched with a
preeess having & 109 eteh-rate aniformity

Al puﬁﬁlE]milﬂEpud:lElImm. ﬂltﬂ-&lﬂlrndurrg}mmﬂp.ﬂmm[ﬂm
The medal is then etched with a misture of BCLACL gases at a terperature of T0°C in o
Helicon etcher. The selectivity of Al over photoresist is maintsined st 3. Assuming a 30%
everetch, what is the minimnum photoresist thickness requinsd to ensure that the top
el siarbace is fol abtacked?

« Inan ECR plasma, a static magnetic field B forces eloctrons 1o cireulate around the mag-

netic fiekl lines ot mlngu[n.r ﬁ'ﬂq‘lﬂt?’ﬂ.\l‘"‘ﬂ-l‘:h hghmh:r
a, = qlifm,,
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where i the electronde charpe, and m_ this slectron mass. 11 the microwase frogquency i
245 G Hz, what is the mqu:lmd mngl.:l‘h;"ﬂr.h:l.

15 What are the major distinctions between the tradetional reactive ion etching and high den-
sity plasma stching (ECH; ICP, stc. |7

b, Describe lew b eliminate the corrosion issoes in Al nes after etching with chlorine-
lasieal pliceraa.
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# 136 IMPLANTATION-RELATED PROCESSES
= SUMMARY

Impurity doping is the introduction of controlled amounts of impurity dopants into semi-
conductors. The practical use of impurity doping has been mainly to change the electri-
cal properties of the semiconductors. Diffusion and ion imglantation ane the two key
methods of impurity doping. Untll the early 1970s, impurity doping was done mainly by
diffusion at elevited temporatures, as shown in Fig. lo. In this method the dopant atoms
are placed on or near the surfsce of the wafer by depasition from the gas phase of the
d or by using doped-oxéde sources. The doping concentration decrenses monoton-
ically from the surfuce, and the profile of the dopant distribution is determined mainly
by the temperature and diffusion time.

Since the early 19705, many doping operations have been performed by jon implan-
tation, m shown in Fig, 16, In this process the dopant ions are Implanted into the semi-
condisctor by means of an jon beam, The doping concentration has a peak distribution inside
the semiconductor and the profile of the dopant distribution is determined mainly by the
ion mass andd the implanted-ion energy. Both diffusion and fon implantation are used for
fabricating discrete devices and integrted circuits because thess processes generally com-
plement each othes, ' For example, diffusion is used to form a deep junction (e.g,, a twin
well in CMOS) whereas jon implintation Is used to form a shallow junction (eg., a
souroeidrn junction of a MOSFET).

Spectfically, we cover the following topies:

*  The nwnvement of impurity atoms in the crystal lattice under high temperature

and high concentrtion-grdient conditions.

*  Impurity profiles for constant diffusivity and concentration-dependent

diffusivity,

*  The impact of lateral diffision and impurity redistribation on device

characteristics,

* The process and sthantages of bon implantation.

*  lon distributions in the crystal lattice and how to remove lattice damages

eaused by ion implantation,
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i

I

L)

Fig-1 Comngparison of (o) diffusion and (b) fon-teplantation techniques for the selective (ntro-
duction of dopants into the semiconductor substrate.

v Implantation-related processes such as masking, high-energy implantation, and
high-current implantation,

» 13,1 BASIC DIFFUSION PROCESS

Diffusion of impurities is typically done by placing semiconductor wafers in a carefully
controlled high-temperature quartz-tube furnace and passing 4 gns mixture that contains
the desired dopant through it. The temperature usually rnges between 800" and 1200°C
for silicon and 600" and 1000°C for gallivm arsenide. The number of dopant atoms that
diffuse into the sembconductor is related to the partial pressure of the dopant impurity
in the gas mixture.

For diffision in silicon, boron is the most popular dopant for introducing a p-type
imparrity, whereas arsenic and phosphorus are used extensively as n-t}lpudupﬂnl:s.‘l'lm
three elements are highly soluble in slicon, as they have solubilities above 5 % 10% e
in the diffusion temperature mlpe. These dnpam.s can be introduced in several ways,
including salid sources (e.g. 0, for arsenic, and P,0, for phosphorus),
liguid sources (BBr,, MEI:,. amed PCIGI,!I and g;uml.'i sources (B,H,, AsH,, and PH,).
However, liquid sources are most commenly used, ﬂﬂheﬂuﬂndiqrnnnfllmfmme
and gis Mlow arrangement for a liquid source is shown in Fig. 2. This armngement is sim-
ilar to that used for thermal oxddation. An example of the chemical reaction for plos-
phorus diffnsion nsing a liquid source is

4POCH, + 30, = 2P0, +6C1; T. (1)
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The Py 0 forms a glass on silicon wafer and is then redueed to phosphorus by silicon,
2P0y + 551 — 4P + 58i0,, (2)

anvl the phesphorus is released and diffuses into the silicon and CL, is vented.

For diffusion in gallinom arsenide, the h r pressure of arsenic requires
ﬁﬂmhﬂsmpﬁﬁ?&elﬂﬂfﬂuhlﬂ HMMLWW'ﬁﬂﬁ
ods include diffusion in sealed ampules with an everpressure of assenic and diffusion in
an open-tube fornace with o doped-oxide capping layer (e.g., silicon nitride). Mest of the
studies on p-type diffusion have been confined to the use of Zine in the forms of Zn-Ca-
As allovs and ZnAs, for the sealed-ampule approach or Zn0-5i0, for the open-tube
approach. The n-type dopants in gallium arsenide inchide selenium and tellurium.

13.1.1 Diffusion Equation

Diffusion in a semiconductor cin be visualized as atomic movement of the diffusant (dopant
atoms) in the crystal lattice by vacancies or interstitials. Figure 3 duws the tvo basic atomie
diffusion madels in a solid.'” The open circles represent the host atoms ocoupying the
equilibrium lattice positions. The solid dots represent impurity atoms. At elevated tom-
peratures, the lattice atoms vibrate around the equilibrivm kattice sites. There is a finite
probabiity that a host atom aceuires sufficient energy to leave the luttice site and to become
an interstitial atom, thereby ereating & wacancy. When a neighboring impurity stom migrates

QOO0 O
QOO0
OO0 O
0000 O

Fig-3  Atemic diffusion mechanisms for & two-dimensionsl lttice.' (o) Viacancy mechanism;
(b interstitial mechanism.
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to the vacancy site, as illustrated in Fig. 3a, the mechanism is called vaconcy diffuston.
If am interstitial atom moves from one plice to another without mlr}'lng i ln.th-ue sife
{Fig, 3b), the mechanism is nterstitiol diffusion. An atom smaller than the host atom often
fiwed interst -

The hasic diffusion process of im aboms is similar to that of change carrierss (elec-
trons and holes), discuscod in th:utr::}lhmdugl}r. we thofine o flux F as the numiber
aof dopant atoms passing through a undt anea in a unit time and © as the dopant concen-
tration per unit volume, From Eq. 27 in Chapter 3, we have

Fm —ﬂ%_ t?.]-
where we have substituted C for the carrer concentration and the proportionality eon-
stunt 1D is the diffusbon coefficient or diffusivity. Note that the basie driving foree of the
diffusion process is the concentration gradient dCidx. The Mlux is proportional to the con-
centration gruckient, and the dopant atoms will move (diffuse) away from a high-con-
centration region toward a lower-concentration region.

If we substitate Eq. 3 into the one-dimensional continuity equation, Exq, 56, given
in Chapter 3 under the condition that no materials are formed or consumed in the host
semiconductor (e, G, = K_= (), we obtain

ac__ar_afpac

P
When the concentration of the dopant atoms is low, the diffusion coeflicient can be con-
sidered to be independent of doping concentration, and Eq. 4 becomes

e

—-D— 15
*  x°

5 is often referred to as Fick's diffusion aquation.

Figure 4 shows the messured diffusion coefficdents for low concentrations of vari-
ous dopant impurities in silicon and gallium arsenide.** The logarithm of the diffusion
coefficient plotted against the reciprocal of the absolute temperature gives a straight line
in most of the cases. This implies that over the temperature range, the diffusion coeffi-
chents can be expressed as

(4

-E
D= UD‘I"'P[TT"} (6)

where I, is the diffusion coefficient in cin®s extrupolated to infinite temperature and
E, is the petivation eneegy in eV,

For the interstitial diffusion madel, E, s related to the energies required to move
dopant atoms from one interstitial site to another. The values of E, are found to be between
0.5 and 2 ¢V in bath silicon and gallium arsenide. For the vacancy diffusion moedel, E,
is related to both the energies of motion and the energies of formation of vacancies, Thas,
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Fig. 4 Diffusion coefficient {also called diffusivity) as o function of the reciprocal of tempen-
tmre fior {a} sibicon and (b) gallinm arsendde,**

E, for vacancy diffusion s larger than that for interstitial diffusion, usually between 3 and
e

For fast diffusants, such as Cu in $i and Gas, shown in the upper portion of Fig.
a anc 4b, the measured sctivation energies are loss than 2 &V, and interstitial atomic
movement s the dominant diffusion mechanism. For slow diffusants, such as As in Si
and GaAs, shown in the kower partion of Fig, 4o and 4b, E, is larger than 3 eV, and vacancy
diffusion is the dominant mechanksm,

1312 Diffusion Profiles

The diffusion profile of the dopant atoms is dependent on the initial and boundary con-
ditions. In this subsection we consider two important cases, namely, constant-surfice-
concentrtion diffusion and constant-total-dopant diffusion. In the first case, impurity
akcims are transported from a vapor source onto the semiconductor surface and diffused
into the semiconductor wafers. The vapor source maintains a constant level of surdice
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concentration during the entire diffudon period. In the second case, a fxed amount of
dapant is deposited ento the semiconductor surface and is subsequenthy diffased into the
walers,

Constant-Surfee-Concentration Diffusion
Thie initial condition at ¢ = Ois
Cix, 0), (7}

which states that the dopant concentration in the host semiconductor is initially zero. The
boundary conditions are

Cl0,1) = G, (8a)
arl

Cloe, 1) =0 ()

where €, Is the surface concentration (st © » 0), which i independent of time. The sec-
ond boundary condition states that at large distances from the surface there are o impa-
rity atoms.

The solution of the diffusion equation (Eq. 5) that satisfies the initial and bound-
ary conditions is given by ®

Clx.t)=C,erfc {?ﬁ;} 8
A

where erfi is the complementary error function and VD is the diffusion length. The
definition of erfe and some properties of the function are summarized in Table 1. The
diffusion profile for the constant-surfsce-concentration condition i shesam in Fig. Sa, whers
we plot, on bath linear (upper) and logarithmic (lower) scales, the normalized concen-
tration us @ funetion of depth for three values of the diffusion length VDt correspond-
ing to three consecutive diffusion times and  fived D for a given diffusion temperature.
Note that as the time progresses, the dopant penetrates deeper into the semiconductor.
The total number of dopant atoms per unit area of the semiconductor is given by

Qid=fg Cle, b, (10
Substituting Eq. 9 into Eq. 10 yields

q;:{n=:f."..::,qrﬂ = L13C Dt (11)
i

This expression can be interpreted as follows, The quantity Q) represents the urea under
one of the diffusion profiles of the linear plot in Fig. 5a. These profiles can be appread-
mated by triangles with hekght €, and base 2%/Dr. This leads to Qit) = €,VDr, which is
elose to the exact result obtained from Eq, 11

A related quantity is the gradient of the diffusion profile dCir. The gradient can
be obtained by differentiating . 9

dc G, e
- -:I..n. ; (12)
ILJ ﬂ:‘!‘ :



438 © Chapter 13 Impurity Doping
TABLEY Ervos Function Algebra

a ]
el (x) — [
= :r;h.' ely
erfe(z) = 1-erdix)

ed(l) = 0O

erf(=) = 1

erf(z) = - £ lors =<l
3
1 &

orfolx] = |
" i

o 2

Iﬂ'f{.:] = = £

)

L.uﬁh! = -j‘;u"‘

Jo erfe ly'dy” = m&w._,.'l' (1-e™")
K

= orfilzkds = -
by S0 E

© EXAMPLE 1

For a boron diffusion in silicon at 1000°C, the surface concentration s maintained s 109 cm - and

the hiffusion ﬂmh]hw.ﬂﬁ@{f!ﬂﬂewﬂﬂ!-ﬂmddllmh\MIhm
oonoentration reaches 10°0% cm,

SOLUTION Thee diffusion coefficient of boron al 1000°C, a8 obtained from Fig, 4, & abowt
2 3 10" em®s, so that the diffussan length (=

)

WDt =2 1074 3600 = 548 1% e,
e} = 113, VDr = 1,13 10" 8482 107 = 053¢ 10°* utoms / em®.

dc C LU
-- = =67 % 10 em .

I[...; Vax  Jmxsasx10®

When € = 10" em, the correspanding distance 3, s given by Eq. 8, or
;Jlﬂﬁeﬁfl[

10"
1

n“]-ﬂq'ﬁ (2.75) = 4,86 5 10~ cm = 0,466 i,

-
;"'El g /;*n-.:u:m"'m"- <
0| VAN
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Fig.5 Diffusion profiles. (o} Normaliesd complementary erar function versus distancs for sue-
cestive diffusion times, (b)) Normalized Canssian function wersus distance,

For this case, a fixed (or constant) amount of dopant is deposited onto the semicondue-
tor surface in & thin layer, and the dopant subsequently diffuses into the semiconductor.
The initial condition is the same as in Eq. 7. The boundary conditions are

fo Cixthly=5 (13a)
and
e ) m b {136

where § is the total amount of dopant per unit anca.
The solution of the diffusion equation, Eq. 5, that satisfies the above conditions is

]
Clx, 1) = I}}.m[-’a} (14)
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This expression is the Gaussian distribution, Since the dopant will move into the semi.
conductor as time increases, to keep the total dopant 5§ constant, the surface concentrs.
tiom must decrease. This is indeed the case, since the surface concentration is given by
Eq 14 withx = O

c’{”'?;_x' (15)

Figure 8b shows the dopant profile for a Ganssian distribution where we plot
the normalized concentration (C/5) as a function of the distance for three |
diffusion lengths, Note the reduction of the surfiace concentration as the diffusion time
increases. The gradient of the diffusion profile is obtained by differentiating Eq. 14

and is
dC 15 "':":m T
== e =——0C{x,1). (16
dr[._. D W }

The gracient (or slope) is zero at £ = 0 and at £ » = and the maximum gradient ooeurs
at T = V2N,

In integrated-cireuit processing, a two-step diffusion process is commenly used, in
which a predeposttion diffused Layer is finst formed under o constant—surfice-concentration
condition. This step is followed by a drive-in diffusion (also called redistribution diff-
sion) under a constant—{ntal-dopeant condition. For most practical cases, the diffusion
D for the predeposition diffision i much smaller than the diffusion length for
drive-in diffusion. Therefore, we can consider the predeposition profile as & delta fime-
tiom at the surfuce, and we can regard the extent of the penetration of the predeposition
profile to be negligibly soall compared with that of the final profile that results from the
drive-in step.

EXAMPLE 2
Aranss wik ted by arsine gas and the resulting total amount of dopant per anét area is
1% 10" ot . How lomg woaild it take to drive the anenic 0 o a jusction depth of | pm?

Assume a background doping of 1 3 10 stomséent’, and & drive-in temperature of 1200°C. For
As dilfasion, I, = 84 cms, and E, = 4,08 eV,

SOLUTION
=, ~4.08

D= —4. ='E-|m]{ ] 2602x 107 em ¥

ﬂ“q{ *TJ selAxI0 xlaTa) o

2 el0* =4l 3 = 1-ﬂlxiﬂ"‘rin[1'lmxlﬂﬁ]‘
b {Clqiﬂ] ot

£ log t — 100K + 8550 = 0.

The sobation to the shove equation can be determined by the cross point of equation g = ¢ - log ¢
I‘Iﬂy:lﬂm-ﬁlﬂ

Therelom, ¢ = 1100 seconcls = 20 minides, L |
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1313 Evaluation of Diffused Layers

The results of a diffusion process can be evaluated by three messurements—the june-
tion dopth, the sheet resistance, and the dopant profile of the diffused lyer. The junction
#ﬂ'iwmh:ddnmﬂdbymﬂmﬁi groove inta the sembconductor and etching the sur-
face with a solution (e.g., 100 cm® HF and a Few drops of HNGO, for silicon) that stains
the p-type region darker than the n-type region. as illustrated in Fig. 6a. If K, is the rcdius
ufthehnluﬂmfumthﬂgrmndmﬂm]umdeph.ﬁ is given by

’:",': bt R} =", {7

where a and b are hﬂll:-h'dmﬂwﬂg].lm. In addition, if A, is much larger than & and
&, then

at-p
2R,

The junction depth X, s illustrated in Fig. 6 is the position where the dhoguant
concentration equals the substrate concentration Cyg, or

EL'E'] L '- |:].E|'

Thas, if the junction depth and Cy are known, the surface concentration C, and the impu-
rity distribution can be caleulated, provided the diffusion profile follows one or the other
simple equation derived in Section 13.1.2.

The: resistance of a diffused layer can be measared by the four-point probe tech.
nique described in Chapter 3. The sheet resistance R is related to the junction depth 1,
the carrier mobility p (which is a function of the total Jmpml::.f concentration), and lhn
impuarity distribution Clx) by the following expression:”

£, . (18)

Rl_l-. {20)

ql 3 M)

€y bog C(x)

ik}

Fig. 6 Junction-depth messurement. (g) Grooving aml staindng; () position in which depant
anl substrate comcentration are epaal,
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For u given diffusion profile, the average resistivity B = Hy, is uniquely related to the sur-
{ace concentration C, and the substrute-doping concentrution for an sssumed diffusion
profile. Design ourves relation C, and 3 have been caleulated for simple diffusion pro-
files, sich as the erfe or Gaussian distribution.” To use these curves comectly we must
be sure that the diffusion profiles agree with the assumed profiles. For low concentrs-
tion and deep diffusions, the diffusion profiles generally cin be represented by the afore-
mentioned simple functions. However, a5 we discuss in the next section, for high
concentrution and shallow diffusions, the diffusion profiles cannot be represented by these
simiple functions.

The: diffusivn profile can be measured using the capacitance-voltage tecnique
deseribed in Chapter 7, The majority carrier profile, which is equal to the impurity pro-
Hle: i imipurities ane fully lonkzed. can be determined by measuring the meverse-biss cagpac-
itance of a p-n junction or a Schottky barrier diode as a function of the applied voltage.
A move elaborute method i the secondary-ion-mass spectroscope (SIMS) technique, which
measures the total impurity profile. Tn the SIMS technigue, an jon beam sputters mate-
rial off the surface of @ semiconductor, and the jon component is detected and mass ana-
lyzed. This technique has high sensitivity to many elements. such as boron and arsendc,
and it is an ideal tool for providing the precision needed for profile measurenents in high-
concentration or shallow-junction diffusions.”

13.2 EXTRINSIC DIFFUSION

The diffusion profiles described in Section 13.1 are for constant diffusivities. These pro-
files ocour when the doping concentration is lower than the intrinsic-carrier concentra-
tiem (1) at the diffusion temperature. For example, at T = 1000°C, 0, equals 5 % 100
e for glicon and 5 x 1007 e for gallium arsenide. The diffusivity at low concentra-
tioms is often referred to as the intrinsie diffusivity. Doping profiles that have concen-
trations less thann, (T) are in the fntrinste diffusion region as indicated in the left side
of Fig, 7. In this region, the resulting dopant profiles of sequential or simultancoas dif-
fusions of n- and p-type impurities can be determined by superposition, that is, the dif-
husions can be treated independently. Howeser, when the inypurity concentration, inchucling
bosth the substrate and the dopant, i greater than a1, the semicondisctor becomes extrin-
she and the diffusivity is considered to be extrinsic. In the extrinsic diffusion region the
diffusivity becomes concentration dependent. ™ In the extrinsic diffusion region the dif-
fusion profiles are mone complicated, and there ane intesactions and cooperative offects
among the sequential or simultaneous diffusions,

1321 Concentration-Dependent Diffusivity
As mentioned previously, when a bost abom acquins sufficient energy from the lattice
vibration to leave its lattice site, a vacancy is created. Depending on the charges associ-
abed with a veciney, we can have a niutral vacancy V9, an acceptor vacaney V-, a dou-
ble-charged acceptor vacancy V-, a donor vacancy V*, and so forth, We expect that the

vieenney density of o given charge state (Le., the number of vacancies per unit voleme,
Cy) has a temperature dependence similur to that of the carrder density (see to Eq, 28

in Chapter 2), that is ,
= E;—E
Cy =C, «r;{—fkT—l-} 21}
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VD, (T}

Fi9. 7 Donor-mpurity diffusivity versus electron concentration showing regions of intrinsic ad
entringe o Tusion, '

where C is the intrinsie vacancy density, Ey ks the Fermi level, and E, is the intrinsic Fermi
fesweed,

If the dopant diffusion is dominated by the vacancy mechanism, the diffusion cosf-
ficient is expected to be proportional to the vacancy density. At low doping concentra-
tians (a < n,), the Fermi level coincides with the intrinsic Fermi level (E,  E). The vacancy
density is equal to €, and is independent of doping concentration. The diffusion cosffi-
clent, which is proportional to C, abo is independent of doping concentration. At high
concentrations (s > u), the Fermi level will move toward the conduction hand edge (for
donortype vacancies), and the term [exp (E, = E,J&T] becomes larger than unity. This
causes Oy to increase, which in tum causes the diffusion coefficient to increase, as shown
in the right side of Fig. 7.

When the diffusion coefficient viries with dopant concentration, Eq. 4 should be
used as the diffusion equation instead of Eq. 5, in which [ is independent of C. We con-
sider the case where the diffusion coefficient can be written as

o ¥

D= D‘(ﬂ,] e ()
where C, is the surface concentration, £, is the diffusion coefficient ot the surface, and
¥ is a parameter to describe the concentration dependence. For such a case, we can write
the: diffusion equation, Eq, 4, as an ordinary differential equation and sobve it numerically,

Figure 8 shows the solutions'! for o constant-surface-concentration diffusion wit

different values of 3 For 7= 0, we have the cise of constant diffusivity and the profile
is the same as that shown in Fig, 50, For > 0 the diffusivity decreases as the concen-
tration decreases, and increasingly steep and box-like concentration profiles result for
increasing 3 Therefore, highly abrupt junctions are formed when diffisions are made
into a background of an opposite impurity type. The abruptness of the doping profile
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Fig. B Normalized diffusion profibes for extrinsic diffusion where the diffission coeficent
becosnies concemration dependont. !

results in a junction depth virtually independent of the background concentration, Note
that the junetion depth {see Fig. 8} is given by

x, =16 Dg for D -Eiy=1),
5 =LIDt forD-Ciy=2), (23]
5, =087y Dt for D ~Cy=3),

In the case of y= -2, the diffusivity increases with decreasing concentration, which leads
to u conesve profile, as opposed to to the convex profiles for other cases.

1322 Diffusion Profiles

Diffusion in Sileon
The mwrasured diffuston coefficlents of boron and arsenic in silicon have a coneenimtion
dependence with ya 1. Their concentration profiles are abrupt, as depicted in curve ¢
of Fig. 8. For gold and platinum diffusion in silicon, yis elose to -2, and their concen
Erafion p:;ﬂflr:s have the concave shape shown in curve J of Fig, 8.
The diffusion of 15 in silicon s associated with the wh
tor vacancy V-, and Il'nl:-"{nifplwI1I Fhasion coelTicient at high concentration d-;:migru mmmﬂ
expeect that the diffusion profile of phosphones resembles tht shewn i aurve b of Fig 8.
However, because of adissociation effect, the diffasion profile exhibits anomalous behavior.
Figure 8 shows phosphoras diffusion profiles for varous surface concentrations after
diffusion into silicon for 1 hour at 1000°C. 2 When the surfisce concentration is low, cor-
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Fig. 9  Phosphoras diffusion prafiles" for varous surface concentrations after diffusion into sili-
con for 1| hoor at 1000°C

respanding to the intrinsic diffusion region, the diffusion profile is given by an erfe (conve
a), As the concentration increases, the profile begins to deviate from the simple expres-
sion (cwrves b and ). At very bigh concentration (carve o), the profile near the surface
Is indeed similar to that shown in curve b of Fig. 8. However, at concentration n_, a kink
occurs and Is followed by a rapid diffusion in the tal region. The concentration n, cor-
respondds to a Formi level 0.11 eV below the conduction band. At this energy level, the
coupled impurity-vacancy pair (P*V®) dissociates to P, V-, and an electron. Thus, the
dissociation generates a large number of singly charged aceeptor vacancies V', which in
tum enhances the diffusion in the tail region of the profile. The diffsivity in the tail region
is aver 10-* cm¥s, which is about two orders of magnitude larger than the intrinsic dif-
fusivity at WOPC. Becuse of its high diffusivity, phosphorus is commonly used to form
deep junctions, such as the n-tubs in CMOS,

Zine Diffusion in Gallium Arsenide

We expect diffusion in gallium arsenide to be more complicated than that in silicon becanse
the diffusion of impurities may involve atomic movements on both the gallinm wnd arsenic
sublattices, Vacancies play a dominant role in diffusion processes in gallium arsenide
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Fig. 10 Diffusion profiles™ of wioc in GaAs alter snnealing at 1000°C for 2.7 hours, The differ-

enk surface concentrations are obtained by maintaining the Zo source ot temperatuns in the
range GO0"-S00°C.

because both p- and n-type impurities must ultimately restde in kattice sites. However,
the charge states of the vacancies have not been established.

Zinc is the most extensively studied diffusant in gallium arsenide. 1t diffusion coef-
ficient is found to vary as €, Therefore, the diffusion profiles are steep, as shown ¥ in
Fig. 10, und resemble curve b of Fig. 5. Note that even for the case of the lowest sur-
face concentration, the diffusion is in the extrinsic-diffusion region, because n, for Cads
at 1OBOPC is less than 10" em. As can be seen in Fig. 10, the surface concentration has
a profound effect on the junction depth. The diffusivity vares linearly with the partial
pressure of the zinc vapor, and the surface concentration s proportional to the square
root of the partial pressure. Therefore, from Eeq. 23, the junction depth is linearly pro-
portional to the surface concentration.

13.3 DIFFUSION-RELATED PROCESSES

In this section we consider two processes in which diffusion plays an important robe and
the impact of these processes on device performances.

1331 Lateral Diffusion

The ome-dimensional diffusion equation diseussed previously can describe satisfactorily
the diffusion process, except at the edge of the mask window, Here the impurities will
cliffuse downward and stdeamys (e, lterally). In this e, we must consider o tao-dimen-
sional diffusion equeation and use o numericl technique to obtain the diffusion profiles
uneder different initial and boundary conditions,
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Figure 11 shows the contours of constant doping concentration for a constant—sur-
face-concentration diffusion condition assuming that the diffusivity is independent of con-
centration.'* At the far right of the figure, the variation of the dopant concentration from
0.5 €, to 107 C, (where C, is the surface concentrition ) corresponds to the erfe distri-
bution given by Eq. 9. The contours are in effect « map of the location of the junctions
created by diffusing into various background concentrtions. For example, at €/C, = 10
(Le., the background doping is 10* times lower than the surfsce concentration), we see
from this constunt-concentration curve that the vertical penetration is ahout 28 jum,
whereas the lateral penetration is ahout 2.3 pm (i.e., the penetration along the diffusion
mask-semiconductor interface). Therefore, the literal penetration is about 0% of the
penetration in the vertical divection for concentrations three or more orders of magni-
tude below the surfisce concentration. Similar results are obtuined for o constant—total-
dopant diffusion condition. The mtio of lateral to vertical penetration is about T5%, Far
concentration-dependent diffusivities, the ratio is found to be reduced slightly, to about
A% T0%.

Beciwse of the lateral-diffusion effect, the junetion consists of a central plane (or
flat) region with approximately eylindrical edges with a mdis of curaiture ry. a8 shown
in Fig. 11 In addition, if the diffusion mask contains comers, the shape of the june-
ton near the comer will be roughly spherical because of luteral diffusion. Since the slec-
tric-field intensities are higher for cylindrical and spherical junction regions, the avalache
breakdown voltages of such regions can be sulstantially lower than that of a plane junc-
tion having the same background doping, This junction  curvitire efiect” was discussed
i Ehal'l-lli:r 4.

1332 Impurity Redistribution During Oxidation

Dopant impurities oear the silicon surface will be nedistributed during thermal oxidation.
The rediistribution depends on several factors. Wihen l*-.upu]ﬁ.-lrlmml'uuughln#hm
an fmpawrity in one solid will redistribute hetween the two solids until it reaches equilib-
rinen, This is ﬁmﬂuhmrpmﬂmﬁd&ﬂt&hnmimpnm}'mdﬂﬂluﬂmhm}mdﬁmﬂt

DHffusion mak
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Fig. 11 Diffusion contours at the edge of sn adide windew, where r, s the mdiis of curvatine,
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from the melt. The mtio of the equilibrium concentration of the impurity in the silicon
bor that in the silicon dioxide is called the segregation coefficient and is defined as

erquilibrium concentration of impurity in silicon
equilibrium concentration of impurity in S0y
A second factor that influences impurity distribution is that the Imparity may dif-
fuse rapldly through the silicon dioxide and escape to the gaseous ambient. I the diffu-
sivity of the impurity in silicon dioxide is large, this factor will be i . A third factor
in the redistribastion process s that the oxide is growing, and thus, the boundary between
the silicon and the oxide is advancing into the silicon as a function of time. The relative
rate of this advance compared with the diffusion rate of the impurity throwgh the oxide
is important in determining the extent of the redistribution. Note that even if the seg-
n eoefliclent of an impurity k equals unity, some redistribution of the impurity in
the silicon will still take place, As indicated in Fig. 3 of Chapter 11, the oxicle: liyer will
be: about twice as thick as the silicon layer it replaced. Therefore, the same amount of
impurity will now be distributed in a luger volume, resulting in a depletion of the impa-
rity from the: silicon.
Four possible redistribation processes are ilhistrated® in Fig. 12 These processes can
be classified into two groups. In one group the oxide takes up the impurity (Fig. 122 and

k=

124)

¥ (jam) 2 (m)}
(el idi
Fig. 12 Four different cases of impurity redistribuition in sélicon duoe to thermal oxdation.*
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I for k < 1), and in the other the oxide rejects the impurity (Fig. 12c and d fork > 1). In
each case, what happens depends on how rapidly the impurity can diffuse through the
axide, In group 1, the silicon surface is depleted of impurities; an example s boron with
k approsdmately equal to 0.3 Rapid diffusion of the impurity through the silicon dioxdde
increases the amount of depletion; an example is boron-doped silicon heated in a bydo-
gen ambient becuuse hydrogen in silicon dioxdde enhances the diffusivity of boron. In
groag 2, k ks greater than unity, so that the oside rejects the fmpurity. I diffusion of the
impurity through the silicon dioxide is relatively show, the imparity piles up near the sil-
ieon surface; an example is phosphoms, with k approximately equal to 10. When diffs-
sion through the silicon dioside is rapid, so much impurity may escape from the solid to
the gaseous ambient that the overall effect will be a depletion of the impurity; an exam-
ple i_srfpllllm with k approximately equal to 20.

we redistributed dopant impurities in slicon disside are seldom electrically active.
However, redistribution in silicon has an important effect on processing and device per-
formance. For example, nonuniform dopant distribution will modify the interpretation
of the measurements of interface-trap properties (see Chapter 6), and the change of the
surface conoentration will modify the threshold voltage and device contact resistance (see
Chapter 7).

134 RANGE OF IMPLANTED IONS

lon implantation is the introduction of energetic, charged particles into a substrate such
as silicon. Implantation energies are between 1 keV and 1 MeV, resulting in jon distri-
butions with average depths ranging from 10 nmn to 10 pm. Ton doses vary from 10'
ionsfem? for threshold voltage adjustment to 10" jons/em® for the formation of buried
insulating layer. Note that the dose is expressed as the number of jons implanted into 1
em? of the semiconductor surface area. The main advantages of jon implantation are jits
more precise control and reproduc of impuri ings and s Jower
lnmwgﬂummnpmﬂmmpﬂﬂ:mdﬂﬁ%pm“@.w e
Figure 13 shows schematically a medinm-energy jon implindor. ™ The jon sounce has
a heated filament to break up source gas such as BF, or AsH, into charged fons (B* or
Ast)l Ap extraction voltage, around 40 kV, canses the charred fons to move out of the
pom-source chamber into a mass analyzer. The magnetic field of the analyser is chosen
such that only jons with the desired mass-to-charge ratio can trave] through it without
being filtered. The selected fons then enter the acceleration tube, where they are accel-
erated to the implantation energy as they move from high valtage to ground, Apertures

Fig. 13 Sehematic of a medinm-current fon implastor,
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ensure that the fon beam s well collimated. The pressure in the implantor s kept belo
107 P to minimdze fon seattering by gas molsrules, The jon beam is then scanned owy

the waber surface using electrostatic deflection plates and is implanted inta the semj.
conductor substrate.

The energetic ions Jose their energies through collision with electrons and nuclei iy
the substrate and finally come to rest ab some depth within the lattice. The average depth
ean be controlled by sdjusting the scoeleration energy. The dopant dose can be controlled
by momitoring the jon coment during implantation. The: principle side effect is the dis-
mption or damage of the semiconductor littice due to jon collisions. Therefore, o sub-
sequent annealing treatment is needed to remove these damages.

1341 lon Distribution

The total distance that an jon travels in coming to rest is called its range R and is illus-
trated" in Fig. 14a. The projection of this distance along the axis of incidenee is called
the projected range R,. Because the number of collistons per unit distance and the energy
lost per collision are random variables, there will be a spatial distribution of jons having

Lamgd (b comm il sation )

mff}

BB ail,}

Tt Bsrm

L]

Fig- 14  (a) Schematic of the jon range & and projected mnge g, (b) Two-dimensional distribu-
thon of the kmplanted jons.
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the same mass and the same initial energy. The stutistical fuctuations in the projected
runge are called the profected stroggle o, There is also a statistical Muctuntion along an
s perpendicular to the ads of incidence, called the lateral srraggle o).

Figure 14h shows the ion distribution. Aleng the axis of incidence, the implanted
impurity profile can be approsimated by a Ganssian distribution function:

5 (x=R_)*
i) = e xp| = | (25)
vize, “P[ e,

where § is the lon dose per unit area. This equation is similar to Eq. 14 for constant-total-
dopant diffusion, except that the quantity 4D¢ is replaced by 207 and the distribution is
shifted along the r-axis by R,. Thus, for diffusion, the maximum concentration is at x =
0, whereas for ion implantation the maximum concentration is at the projected range R,
The ion concentration is reduced by 40% from its peak value ot (x - B} = 20, by one
decade at +2a7, by two decades at 230, and by five decades at <484,

Along the axs perpendicular to the axds of incidence, the distribastion is also a Canssian
function of the form expl-y%2e!). Because of this distribution, there will be some lat-
eral impluntation.” However, the lateral penetration from the mask edge (on the order
of &) Is considerably smaller this that from the thermal diffusion process discussed in
Section 13.3.

1342 lon Stopping

There are two stopping mechanksms by which an energetic jon, on entering a semicon-
dhector substrate (also called the target), can be brought to rest. The first is by transfer-
ring its energy to the target nuelei. This causes defllection of the incident fon and also
cistodges many target nucled from their original lattice sites. I E is the energy of the ion
at any point 1 along its path, we can define a nuclear stopping power 5,(E) = (dEidx), to
characterize this process, The second stopping mechanism is by the interaction of the
imcident fom with the cond of electrons surrounding the target’s atoms. The jon loses enengy
i collistons with electrons through Coulombie interaetion. The electrons can be excited
to higher energy levels (excitation), or they can be ejected from the atom (ionization).
We can define an electronic stopping power 5, (E) = [dEidx), to characterize this process.

The average rate of energy loss with distance is given by a superposition of the alove
two stopping mechanisms:

dE

-d-r-uS.I:EHSJE:I. (26)
If the total distance traveled by the jon before coming to rest is R, then
u Ly dE
= —_— I

where K, is the initial ion energy. The quantity R has been defined previously as the range.

We can vinumlize the nuclear stopping process by considering the elastic collision
between an incoming hard sphese (energy E, and mass M, ) and a target hard sphere (ini-
tind energy zero and mass M), as illustrated in Fig, 15, When the spheres collide, momen-
tum i tramsferred along the centers of the spheres. The deflection angle Sand the velocities
vy and oy can be obtained from the requirements for conservation of momentum and



472

Chapter 13 Impurity Daping

€

»
-
- [
e T
o S ¥
e o N
1
a“
] S
M e
E -,

£y

Fig. 15 Collision of hand spheres.

encrgy. The maxdmum energy boss is in a head-on collision, For this case, the enengy loss
by the incident particle M, or the enengy transferred to M, is

1 3 AM M
=My =| ——_ |E (28]
a bt ] [{ﬂﬂl + jigﬁl]i;ﬂ

Since M, is usually of the same order of magnitude as M, & large amount of energy can
be transferred in nuclear stopping process,

Detailed caleulations show that the nuclear stopping power increases lnearly with
encrgy at low energies (similar to Eq. 28), and 5 (E) reaches a maximum at some inter-
medizte energy. At high energies. 5/E) becomes smaller because fast particles may not
have rul'liclunt interaction time with the target atoms to achieve effective energy trans-
fer. The caleulated values of §(E) for arsente, phosphorus, and boron in silicon at vari-
ous encrgies are shown in Fig. 16 (sofid lines, wherne the superseript indicates the atomic
weight]." Note that heavier atoms, such as arsenie, have larger nuclear stopping power,
that is, energy loss per unit distance.

The e iic stopping power is found to be proportional to the velocity of
the incident ion, or

S(E) = E,VE (29)

where the coefficient k, is a relatively weak function of atomic mass and stomic number.
The value of k, is approximately 107 (eV)'%em for silicon and 3 % 107 {(eV)*%/em for gal-
linm arsendde. 'I'heela:h‘:rnlr::tuppingmnin silicon is plotted in Fig, 16 (dotted line).
Akso shavam in the Figire are the crossover energies, at which §E) equals 5,(E). For boron,
which has a relatively bow jon mass compared with the target silicon atom, the crossover
energy ks only 10 keV. This means that over most of the implantation energy runge of 1
keV to 1 MeV, the main energy loss mechanism is due to electronic stopping. On the
other hand, for arsenic with relatively high jon mass, the erossover energy is 700 kel
Thus, nuclear stopping deminates over most of the energy range. For phosphorus, the
crossover energy is 130 ke, For an E, less than 130 keV, nuclear stopping will dominate;
for higher energies, electronic stopping will take over.
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Fig. 18 Nuclear stopping power 5, (E), and electronic stopping power 5,(E) for As, F, snd B in
Si. The points of intersection of the curves earrespend to the energy at which nuclear and elec-
tronic stopping are equal

Once §,(E) and §,(E) are known, we can caleulate the range from Eq. 27, This in

tum can give us the projected range and projected straggle with the help of the Follow-
ing approximate equations':

R
R =s—
]'l":H!i'aH]} :MJI
2 i'.u,u,
a"a[ui+ut : b51)

Figure 17a shmllwpmfaﬂedmgem,:l the projected straggle (), and the lateral
straggle (o, ) for arsenic, boron, and phmphuminﬂﬂmn“ﬁ:w],themgerma
energy loss, the smaller the rnge, Also, the projected range and straggles increase with
ion energy. For a given element at a specific incident energy, @, and o, we comparable
and usally within «20%. Figure 17h shows the corresponding values for hydrogen, sne,
and tellurium in gallium arsenide.'” If we compare Fig. 17a with Fig. 17h, we see that
mast of the popular dopants (except hydrogen) have larger projected ranges in silicon
than they have in gallium arsenide.

EXAMPLE 3

Aszme W0 ke boson fmplanis on & 200 min wilicen waler at o dose of 5 % 10" jansten®. Caleulste
the peak concentration and the mquired jon besm current for 1 minute of implantation.
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Fig. 17 Projected range, projected straggle, and lateral straggho for (a) B, P, and As in S5, and
(b} H, Za, and Tee tn Cads. 719

SOLUTHRN ﬁunﬂ&]?’a.“nhuinl:lﬁl n'dﬂ.m'lmlhlhe'uqmtﬂlmﬁendpujrﬂ skrag-

The peak concentration Is at x = H_ and nix) = 255 % 10" jonsfen,
3
The tedal number of implanted bons= Q) = 5 Il]-":-:t:x[—?] = |57 10' joms.

"IE:IEq'I.ﬂJH:l:ll:I:II:I.IITEI:It-i ]3 =

(2]
= (43 mA. -

=4.10x 107 A
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1343 lon Channeling

The projected range and straggle of the Ganssian distribution discussed previously give
a gooid deseription of the implanted ions in amorphous or fine-grin polyerystalline sub-
strates. Both silicon und gallium arsenide behave s if they were amorphous semicon-
chuctows, provided the ion benm is misoriented from the low-index ervstallopraphic direction
(eg.«111>] In this situation, the doping profile described by Ex. 25 is followed closely
near the peak and extended to one or two decades below the peak value, This ks illus-
trated '* in Fig. 18. However, even for a misorientation of 7 from the <11 | =«aixis, there
still is @ tail that varies exponentinlly with distance as éxp (-x/2), where 1 s typically on
the order of 0.1 pm.

The exponential tail is related to the jon-channeling effect. Channeling ocours when
incident lons align with a major crystallographic direction and are guided between rows
of atoms in a crystal. Figure 19 illustrates a diamond lattice viewed along a < 110> -direc-
tion. ™ lons implanted in the <110>-direction will follow trajectories that will not bring
them close enough to u target atom to lose significant amounts of energy in nuelear col-
lisions. Thus, for channeled jons, the anly energy loss mechanism is electronic stopping,
and the: range of channeled lons can be significantly larger than it would be in an amor-

phious tanget. lon channeling is particularly exitieal for low-enengy implant and hesvy fons.

I
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Fig. 18 Impusrity profile obtained In o purposely misoriental target. Tan beam i incident 7
from theg =11 1> -axks,
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Fig. 19 Model for s dismond stracture, viewed along s (110)-axiz

Channeling can be minimized by several techniques: a blocking amorphous surface
baver, misorientation of the wafer, and creating a damage Lover in the waler surface, The
usuil blocking amomphoas kaver is simply a thin layer of grown silicon dioxide (Fig, 20a).
The layer randomizes the direction of the fon beam so that the jons enter the wafer at
diffeerent angles and not directly down the crystal channels. Misorientation of the wafers
5°=10 * off the major plane also has the effect of preventing the jons from entering the
channels (Fig. 206). With this method, most implantation machines tilt the wafer by 7
andl then apply a 22° twist from the flat to prevent channeling, Predamaging the water
surfice with a heavy silicon or germanium jmplant ereates a randomizng kyer in the wafer
surface (Fig. 30c). This method, however, increases the use of the expensive fon implantor.

uuuuuuuu

(el

Fig. 20 {a) Implant through an amorphous oxide layer, (b)) misorient the beam direction to all
I'.'I':r'.l-l:l] aves, wned (e) Frnﬂ.l.l'l.ngnm il mﬂnl-lm{lm.
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13.5 IMPLANT DAMAGE AND ANNEALING
1351 Implant Damage

Whin energetic lons enter a semiconductor substrate, they lose their encrgy in a serles
of nueclear and electronic collisions and finally come to rest. The electronic-energy boss
can be sccounted for in terms of electronic excitations to higher energy levels or in the
generation of electron-hole pairs. However, electronic collisions do not displace semi-
condisctor atoms from their lattioe positions. Omly mechear collisions can transfer suffi-
clent energy to the lattice so that host atoms are displaced resulting in implant damage
(also called lattice disorder).® These displaced atoms may karge fractions of the
incident energy, and they in tum cavse cascades nfﬂmnmh;em: of neurby
atoms to form a tree of disorder along the jon path, When the displaced atoms per unit
volume approach the atomde density of the semiconductor, the material becomes amor-
hous.
£ The tree of disorder E‘-erig}rt ions is quite different from that for heavy jons. Much
of the energy loss for Hght ions (e.g, "'B* in silicon) is due to electronic collisons (see
Fig. 16), which do not cause lattice damage. The fons lose their energies as they pene-
trate deeper into the substrate. Eventually, the ion encrgy is reduced below the erossover
energy (10 keV for boron) where nuclear stopping becomes dominant. Therefore, most
of the lattice disorder occurs near the final ion position. This is illustrated in Fig, 21a.
W can estimate the damage by considering a 100 keV boron joa. Its projected range
ks 0.31 pm, (Fig.17a), and its initial nuclear energy loss is only 3 eV/A (Fig. 16), Since
the: spacing between lattice planes in silicon is about 2.5 &, this means that the boron lon
will lnse 7.5 eV for each lattice plane hecause of nuclear stopping. The energy requined
to displace a silicon abom from its lattice position is about 15 eV. Therefore, the incident
boron fon does not release enough energy from msclear stopping to displace a silicon atom
when it first enters the silicon substrate. When the fon energy i redoced to about

Fig- 21  Implantation disorder caussed by (a) light ions and (&) heavy ions 25
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50 ke'V' (at a depth of 1500 A), the energy loss due to nuclear stopping increases to 15
&Y for each battice |1-]r|,r|.lr.= (i.e., B eV .|I|.]. suflficient bo create a latioe disosder, ﬁ!ﬂulning
that one atom s displaced per lattice plane for the remaining ion range, we have 600 Lat-
tice atoms displaced (Le., 1500 425 A). If ench displaced atom moves roughly 25 A from
its original pasition, the damage volume is given by V= s25A 4 15004) = 3 x 10-Yem?,
The damage density is G0V, = 2 » 10% oo™, which is only 0.4% of the atoms. Thus,
very high doses of light jons are needed to create an amorphous layer.

Far heavy jons, the energy loss is primarily duve to nuclear collisions; therefore, we
expect substantial damage. Consider a 100 keV arsende ion with a projected mnge of 0,06
pum or 60 nim. The average nuclear encngy loss over the entire encngy range is aboat 1320
eVinm (Fig. 16), This means that the arsenic jon loses about 330 eV for each lattice plane
on the average. Mast of the energy is given to one primary silicon atom. Each primary
atom will subsequently couse 22 displaced tanget atoms (i.e., 330 eV 15eV]. The total num-
ber of displaced atom is 5280, Assuming a range of 2.5 nm for the displaced atoms, the
darnige volume is Vi, = 2(2.5 nm}* (60 nm} =10"" en’. The damage density is then 52807,
=5 107! e, or ahout 10°% of the total number of stoms in V. Ax o result of the heavy-
iom imeplantation, the muderial has become essentinlly amorphous. Figare 215 llustrates
the situation where the dumagre forms a disordered duster over the entine projected range.

To estimate the dose required to comvert a crystalline material to an amorphoes form,
we can use the criterion that the energy density is of the same order of magnitude as
that needed for melting the material (Lo, 10° keView®). For 100 keV arsenic jons, the
dose required to make amorphous silicon s then

(10* keV 7 em™ R
- 2 L =6 x10" lons / em®. [az)

For 100 keV boron jons, the dose requined is 3 x 10" jonsem® becanse B, for boron is
five times larger than for arsende. However, in practice, higher doses (=10"" jons/em?)
are required for boron imvplant into a target at reom tomperatune becauss of the ronuni-
form distribution of the damage along the jon path,

1352 Annealing

Becanse of the damaged region and the disorder cluster that result from fon implanta-
thon, semiconductor parameters such as mobility and lifetime are severely degraded. In
awckdition, most of the ions as implanted ane not located in substitutional sites. To activate
the implunted ion and to restare mobility and other material parameters, we must anneal
the semieonductor at an appropriate combination of time and temperature.,

In conventional annealing, we use an open-tube batch-fiumace system similar to that
for thermal axidation. This process requires long time ad high temperature to remove
the implant damages. However, conventional annealing may canse substantial dopant cif-
fusion and canmot meet the requinement for shallow junctions and narrow doping poo-
files, Rapid thermal annealing (KTA) is an annealing process that employs a varety of
energy sources with a wide mnge of tmes, from 100 seeonds down to navoseconds—all
short compared with the conventional annealing. KTA can activate the dopant fully with
mininu] redistrilnstion.

Conventional Annealing of B and P

Annealing chameteristics depend on the dopant type and the dose involved. Figare 22
shows the annealing behaviors of boron and phosphorus implantation into silicon sub-
strates. " The substrate is held ot room tempernture (T,) during implantation, At o given



Chapter i3, Impurity Doging - 478

:

:

Anneabing temperabing (*C)

s

m 5 s aiaigl PR il i b b aas
pals it i 1® it

D (jemaom™)
Fig. 2@  Annealing teonperature vessus dose for 900 activation of boron and phosphons. 1

ion dose, the annealing temperature is defined as the temperature ot which 90% of the
implanted jons are activated by a 30 minute annealing in a conventional annealing Rar-
nace. For boron implantation, higher innealing temperatures are needed for higher doses.
For phosphorus at lower doses, the annealing behavior is similar to that for boron. However,
when the dose is greater than 10/ eomc?, the annealing temperature drops to about G00°C;
This phenomencn is related to the solid-phase epiiany process. At phosphors doses greater
than 6 10 em?, the silicon surface layer becomes amorphous. The single-crystal semi-
conductor undemeath the amorphous layver serves as a seeding area for recrystallization
of the amorphous Liyer, The epitaxial-growth rate along the <1005 direction is 10 nm/min
at B50PC and 50 nov/min at G00PC, with an activadion energy at 24 oV Therefore, a 100-500
nm amorphous layer can be recrystallized in a few minates. During the solid-phase opi-
tidal process, the impurity dopant atoms are incorporated into the lattice sites along with
the host atoms; thus, full activation cin be obtained ot relatively low temperatures.

Rupid Thermal Annealing

The machine for RTA with a transient lump heating is shown in Fig, 23, The tempers-
ture measured = from the heated wafer is usually from G00°-1100%C. A wafer is heated
quickly under atmospheric conditions or at low pressure under isothermal conditions.
Typiead lamps in a RTA system are tungsten filaments or arc lamps. The processing cham-
ber is made of cither guartz, silicon carbide, stainless steel, or aluminum and has quartz
windows through which the optical radiation passes to lluminate the wafer. The waler
hoslder is often made of quartz anc contacts the wafer in & minimum number of places.
A measurement system is placed in a control loop to set wafer temperature. The RTA
system interfaces with a gas-handling svstem and a comparter that controls systen oper-
ation. Typically, wafer temperature in a KTA system is measured with a noncontact opi-
cal pyrometer that determines temperature from radiated infrared energy.
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I prmvemetes
Fig- 23 Rapid thermal aomealing systens that is optically heated.

hmmlmimhebﬁmmnm“ﬂﬁlmmdﬂﬁkdmuhgﬁ&ﬂminTﬂﬂn
2, To achievie short ing times using KTA, trade-offs must be made in tempera-
ture and process ﬂllnr:'m::,c, measurement and control, and wafer stress and
mmﬁ'lpul In addition, H:mmmmrmwtrllw introcduction of electrically active
wafer defects during the very fust (100°-300°C%) thermal transients. Rapid heating with
temperature gradients in the walers can cause wafer damage in the form of slip dislocs-
thons inducod by thermal stress, Om the other hand, comentional rmace ing hrings
with it significant problens, such as particle generation [rom the hot walls, limited ambi-
ent control in an open system, and & karge thermal mass that restricts controlled heating
times to tens of minutes. In fact, requirements on contamination, process control, and
cost of manuficturing floor space have resulted in the paracigm shift to the KTA process.

TABLE? Technology Comparison

Dicermimsant Convendional firmscs Rapid thermal annealing
Prownss Hateh E'Ingtbwlﬂ!r

Fumace Hot-wall Coli-wall

Hiating rate Lo High

Cycle time High

Temperatune manilor Furmnsos Waler

Theermal bstheet High Liww

Partichs problem Yes Mimiinal
Uniformity and repeatability High Lawe

Throughpat High Lo
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136 IMPLANTATION-RELATED PROCESSES

In this section we consider & few implantation-related processes, such as multiphe implan-
tation, masking, tilt-angle implantation, high-energy implantation, and high-curment

impluntation.

1361 Multiple Implantation and Masking

In many applications doping profiles other than the simple Canssian distribution are
required. One such case is the preimplantation of silicon with an inert fon to make the
silicon surface region amorphons. This technigue allows close contral of the doping pro-
file and permits nearly 1009 dopant activation at low temperatures, as discussed previ-
ously. In such a case, a deop amorphous region may be required, To obtain this type of
region, we must make a series of implants at varying ion energies and doses.

Multiple implantation can also be used to form a flat doping profile, as shown in Fig.
24. Here, four boron implants into silicon are used to provide a composite doping pro-
filee. = The measured carrier concentration and that predicted using range theary are shown
in th figure. Other doping profiles, unavailable lmudﬂfuﬂmﬁduﬂqmm be obtuined
by using various combinations of impurity dose and implantation energy. Multiple implants
e beseny used to presenve stoichiometry dnnringﬂwmmplmtnhnn anad annealing of Cads.
This approach, whereby equal amount of gallivm and n-type dopant (or arsenic and p-
type dopant) are implanted prior to annealing, has resulted in higher carrier activation.

To form p-n junctions in selected areas of the semiconductor substrate, an appro-
printe mask should be used for the implantation. Because implantation is a low-temper-
ature process, a lurge variety of masking malﬂiahcan'he used. The minimum thickness
of masking material ruql.limdtn-mlzTIE[ tage of incident ions can be estimated
from the range parameters for ions insert anig. 25 shows a profile of an implant in

l[l“

Daping {cm ™)

[atance (pm)

Fig. ¥ Composite doping profile using multiple implants =
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Fig. 25 Minimum thickness #af 580, [—), 5N, (- - - -}, and photoresist (- - - - <) to produsce
masking efectiveness of 59.560%.

a masking material. The dose implanted in the region beyond a depth o (shown shaded)
is given by integration of Eq. 25 as

]
5 - =0

e | ; (33)

£ '.'Eil'n:l', i _[Jid",]

From Table 1 we can derive the expression

T

= .t""dy = % erfe (x), 134)

Therefore, the fraction of the dose that has “transmitted” beyond a depth d is given by

thi transmission coefficienl T:
d =
erlic T—HL (35}
x T,

Once T is given, we can obtain the mask thickness d from Eq. 35 for any given R,

5
IT"-—IL:
5

B | =

and o
;'I':e values of d to stop 99.99% of the incident fons (T = 107} are shown in Fig. 25
for 5ildy, SiN . and a photoresist as masking materials. "™ Musk thicknesses given in this
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figure are for boron, phosphons, and asenic implanted into silicon. These mask thick-
nexsess abso can be used as puidelines for Im|iur'il:|-' misking in gallum arsenide. The
nmsiuminrhc-[:umﬂm Sinoe both B, vary approcimateby lineary with enenry,
ther minimum thickness of the r:mimlg material also increases linearly with energy. In
certain applications, insteatl of totally stopping the beam, the masks can be used as atten-
uators, which can provide an ummphn:rus surface layer to the incident ion beam to min-
imize the chanmding effect.

EXAMPLE 4
When beron bons s frplanbed at 200 ke, whiat thicksess of SE0, will be requised o mak 09.906%
af the implanted jons (R, = 0.53 pm, &, = 0,063 pm)?

SOLUTION Tl complemengary srror function in Eqg. 35 can be approdimated if the angument ks
barge (zee Table 1

gip W

where the parameter o is given by (d -H,_W’iﬂ'. For T = 107, we cun sobve the alove equstion
b give o= 2.5 Thias,

d-ﬂrqlmq;-ﬂ,ﬂ+:l.ﬁ#ﬂ.m;ﬂ'.ﬁﬁ}m .|

1362 Tilt-Angle lon Implantation

In scaling devices to submicron dimensions, it is important also to scale dopant profiles
vertically. We need to produce junction depths less than 100 nn, including diffusion dur-
ing dopant activation and subsequent processing steps. Modern deviee structures, such
as the lightly doped drain (LDD), require procise control of dopant distribations verti-
cally and laterally.

It is the: jon velocity perpendicular to the surface that determines the projected mnge
af an implanted fon distribution. 1f the wafer s tilted at a large angle to the jon beam,
then the effective jon s greatly reduced, Figure 26 illustrates this for 60 ke'V arsendc
fons as a function of the tilt angle, showing that it is possible to achieve extremely shal-
boror clistribations using a high tile angle (86%). In tilt-angle jon implantation, we should
consider the shadow effect (inset in Fig. 26) for the patterned wafer. A lower tilt
leads to a small shadow area. For example, if the height of patterned mask is 0.5 pm,
with vertical sidewall, o 7* incident fon beam will induce a 61 nm slindow. This shadow
effect may introduce an unexpected series resistance in the device,

1363 High-Energy and High-Current Implantation

High-energy implantors, capable of encrgics as high as 1.5-5 MeV, are availahle and have
been nsed for u number af novel applications. The majority of these depend on the abil-
ity to dope the semiconductor to many mécrometers in depth, without the need for long
diffusion times at high temperatares. High-energy implantors can also be used to pro-
duce bowe-resistivity buried lavers, For example, a buried layer 1.5-3 pm bebow the sur-
face for a CMOS device can be achieved by high-energy implantation.

High-current implantors {10-20 mA), operating in the 25-30 kel range, are rou-
tivschy sl for the predeposition step in diffugon t!:'ﬁnﬂhg!r‘ because the amount of total
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dopant can be controlled precisely. After the predeposition, the t impurities can
be driven in by a high-temperature diffsion step at the same time implant dumage
at the surface region is annealed out. Another application is the threshold voltage adjust.
ment in MOS devices. A precisely controlled amount of dopant (e.g., boron) is implanted
through the gate oxide to the channel region® (Fig. 27a). Becase the projected ringe
of boron in silicon and silicon axide are comparable, if we choose a sultable incident energy,
the fons will penetrate just the thin gate oxide, not the thicker-field oxide, The thresh.
old voltage will vary approsimately linearly with the implanted dose. After boron implan.
tation, polysilicon can be deposited and pattermed to form the gate electrode of the
MOSFET. The thin exide surrounding the gate electrode is removed, and the source and
drain regions are formed as shown in Fig, 27h by another high-dose arsenic implantation,
High-current implantors with energies in the 150-200 keV range are now available,
A major wse [or these machines is to form high-quality silicon films, which are insulated

i kW ha == |

Feelaime: concestialion

Fig. 28 60 ke arsonic implanted into silieon, as 2 function of beam tilt angle, Insct shows the
sbusheny I.I'EI:FDTHI:I‘-I.EE'-E Ion imph.nln.tl.rm.

Fg. 21 Threshold valtsge adjostment using boron jon implantation.®
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Froem the substrate by implanting oxygen, creating an intervening kayer of silicon dioxide.
E:I].: separation by implantation of oxygen (SIMOX) is a key SO1 (silicon-on-insulator)
nology.

TEEHI'}K process uses a high-energy O heam, typically in the 150 to 200 keV
range, 50 that the cxygen jons have projected ranges of 100-200 nm. Additionally, 2 heavy
dose, 1-2 % 10" fons‘em®, is used to produce an insulating layver of S0, that is 100-500
nm thick. The use of SIMOX muterial beads to a significant reduction of source/driin eapac-
itances in MOS devices. Moreover, it reduces coupling botween devices and, thus, allows

tighter packing without the problem of latchup, As a result, it is widely proposed as the
material of choice for advanced, high-speed CMOS dlreuits.

SUMMARY

Diffusion and ion implantation are the two key methods for impurity doping. We first
considered the basie diffusion equation for constant diffusivity. We oldain the comple-
mientany error function (erfc) and the Gawssian function for the constant-surfuce-oon-
centration case and constant-total-dopant case, respectively. The results of & diffusion
process can be evaluated by measurements of the junction depth, the sheet resistance,
and the dopant profile.

When the doping concentration is higher than the intrinsic carrer concentration n,
at the diffusion temperature, the diffushity becomes concentration dependent. This depen-
denee has profound effect on the resulting doping profile. For example, srsense and baron
diffissivity in silicon vary linearly with the iImpurity concentration. Their doping profiles
are much more abrupt than the erde profile. Fhosphorus diffusivity in silicon varies as
the square of concentration. This depencence and a dissociation effect give rise to a phos-
phorus diffusivity that is 100 times larger than its intrinsic

Lateral ciffusion af the edge of a mask and imparity redistribution during oxidation
are two processes in which diffision can have an important impact on device performance.
The former can substrantially reduce the breakdown voltage, and the ktter will influ-
ence the threshold valtage us well as the contact resistance.

The key parameters for jon implantation are the projected mnge R, and its standard
deviation @, also called the projected straggle. The implantation profile can be approx-
imated by o Canssian distribution with its peak located at B, from the surface of the semi-
comdusctor substrate. The advantages of jon implantation process are more pregise control
of the amount of dogant, a more reproductble doping profile, and lower processing tem-
perature compared with the diffusion process.

We considered R, and &, for various elements in silicon and gallium arsenide and
discussed the d:lannelfng eﬂ'u:i anid ways to minimize this effect. However, implantution
may cause severe damage to the crystal lattice. To remove the implant damage and to
restore mobility and other device parameters, we must anneal the semiconductor at an
approgriate combination of Hme and temperature. Currently, the rupid thermal anneal-
ing [ 'TA) is preferred to comeentional furmace annealing because RTA can remove implant
damage without thermal breadening of the doping profile.

lon implantation has wide applications for advanced semiconductor devices. These
inchede (u) moltiple implantation to form novel distribations, (b) selection of masking
materials and thickness to stop a given percentage of incident jons from reaching the sub-
strate, (c) tilt-angle implantation to frm ultrshallow junctions, (d) high-enenzy implan-
tation to form buried layers, and (&) high-current tmplantation for predeposition and
threshold voltage adjustment and to form an insulating kayer for SO1 applications,
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PROBLEMS (* DENOTES DIFFICULT PROBLEMS)
FOR SECTION 131 BASIC DIFFUSION PROCESS

1. Caleulate the junction depth and the total amoust of dopant introduced after baron pre-

performed st 950°C for 30 mimstes in & neutral ambient. Assame the substrte
b n-type slicon with Ny = 15 10 e and the boron swrlace coneentrabion is O, =
1.5 % 0P em,
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If the sample dn Prob, 1 s sulbected o 4 neatral deve-in ol 1050°C for 80 minutes, cales-
Iste the diffusion profile and the junction depth.

. Aszumie the measured phosphonus profile can be represented by a Gausstan function

with a dilasivity [ = 23 % 1079 s, The measured surface concendration is 1 x 1%
atoms'cm’, and the messured junction depth is | gm at & substrate concentrution of 1 x
10, Cabeulate the diffusion tinse and the total dogant in the diffused loer.

T avoie] waler warp dus to & sudden roduction in iemperaiure, the iemperature v dif-
fisicn furnace & decreased linearky from 1000°C to 500°C in 20 minutes. What is the
effective diffusion time at the nitial diffusion temperature for o phosphomnus diffusion in
silicem?

For a bw-vonsentration phosphors drive-in diffusion in silicon at 1000°C, find the
percentage chusge of surfsce concentration for 1% variution in diffusion tme and
temperature.

W arsenic is diffused into o thick slce of silicon doped with 10 boron atomsiem® ot s
Inmpu:ll'l'r:nf D100 for 3 bowrs, what is the final distribution of arsenie i the surfscs
concentration s held fised at 4 x qulhmn'ﬁn'?“'hﬂmlhtdﬂltﬂmhrﬁhﬂdjm

ticm dbepeh®

FOR SECTION 132 EXTRINSIC DIFFUSION

-
s

B,

1 arsenic i diffused inbo g thick sléee of siléson dopod with 10" hopen atomsiem® st s

temperuture of B00°C for 3 hours, what is the final distribution of arsenic if the surface

concentration i beld fixed at 4 % 10" atomsfen?? What is the junction depth? Asname
.

D =Dy T :-c:'—’. Dy = 45,8 con's, E, = 4.05 V.1, = L6V

Explain the meaning of intrinsic end extrinsde dilfision

FOR SECTION 133 DIFFUSION RELATED PROCESSES

11,

Deefine the segregation coeficient.

Assume that the Cu concentration in 560, laver 5 5 % 10 atomsen® after vapor phase
ﬂnmm'llxmiﬂmnn:l iz measured] with atomic nhﬂl'pﬁmspach:m:hjtﬂcﬂumm
tiom i the 5§ layer is 3 10" stomsiem® afer HF/H,0, dissolution. Caleulate the segrega-
tiem coeflident of Cu in 510,54 lyers,

FOR SECTION L34 RANGE OF IMPLANTED 1ONS

15,

bt 1

I 2000 o wealior Boron-ion—bmplantation system, ssume the beam carrent i 10 A
For the p-channe] transistor, caloulate the implant time requined to reduce threshold salt-
e Froen =11 ¥ b = 5 Y, Assurne that the implanted soceptors form a sheet of negative
charge just below the 5§ mifacs, and the anide thickness & 10 am,

Assume that a 100 mm dinmeter CGads waler is oniformly implanted with 100 ke zine
icma for 5 minutes with a comstant jon beam current of 10 pA. What are the jon dose per
unit ares and the peak jon concentration®

A silicom pon jupction i formed by implanting boron fons at 80 keV through a window in
an cxicle. I the boron dose is 2 x 10 om® and the n-type substrate coscentration is Loid
e, find the location of the msetallargical junction,

A threshobd-volinge adjustment implantation is maede through & 25 am gate oxdde. The
substrate is o « 100>-orsented p-type silicon with a resistivity of 10 G-cm. 1 the ineremen-
tal threshold voltage due (o o 40 keV boron implantation is 1V, what is the total implanted
dase por unit prea? Estimate the looation of the peak boron corsentrution.

For the substrate in Prob. 14, what percentage of the total dose is in the silicon?
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FOR SECTION 135 [IMPLANT DAMAGE AND ANNEALING

i,

iv.

5.

1 50 ke bovom jom is implantec into the silicon substrate, caleulate the damage density.
Assume silicon stom density is 5.02 % 109 gloms'en’, the silicon it enorgy is
15 eV, the range is 2.5 nm, and the spacing betwoen silivon labtice pline s 0.25 nm.

Explain why high-temperature RTA i preferable to low-temperature RTA for dofect-free
shallow-function formution.

Estimate the bnplant dose required to reduce a pchanne] threshold voltage by 1 V if the
gate oxide is 4 nm thick. Assums that the implant voltage is sdjusted so that the peak of
the distribution occurs at the axde-silicon interface. Thus, half of the implant goes into
the silicon. Fusther, assume that 90% of the implanted fons in the silicon are ehectri
activated by the anncaling process. These sssumptions allow 45% of the implanted jons to
b used for threshold adjusting. Also assume that all of the charge in the silicon is efiee.
tively ol the siboon-oxde interface,

FOR SECTION 13.6 IMPLANTATION-RELATED PROCESSES

15

Wio would like to form 0.1 pm deep, heasily doped junetions for the source and drin
regions of o submicron MOSFET. Compare the options that are available to introduce
and activate dopant for this spplication. Which option would yoo meommend and why?

2. When an arsenic kmplant at 100 ke ks used and the photoresist thickness is 400 nm, find

1.

the effectiveness of the resist mask in preventing the transmdssion of joos (R, = 0.6 pm,
ap = 0.2 . I the resist thickness is changed to 1 pm, calculste the masking efficiency.

With refierencs to Ex. 4, what thickness of 510, Is required to mask 90999% of the
implanted lons?
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14.1 PASSIVE COMPOMENTS

142 BIPOLAR TECHNOLOGY

143 MOSFET TECHNOLOGY

144 MESFET TECHNOLOGY

145 CHALLENGES FOR MICRDELECTRONICS
SUMMARY

Microwsve, photonic, and power applications generally emnploy discrete devices. For exam-
ple, an IMPATT diode is used as a microwave generator, an injection laser as an optical
souroe, and a thyristor as a high-power switch, However, nust electronic systems are budlt
on the integrated circuit (IC), which is an ensemble of both active (e.g,, transistor) and
passive devices (e.g., resistor, capacitor, and inductor) formed on and within & single-crys-
tal semmiconchsctor substrate and interconnected by o metallization pattern. 105 have enor-
mous advantages over discrete devices connectesd by wire bondings. The advantages
includes (a) reduction of the interconnection parasitics, becanse an 1C with multilevel
métallization can substantially reduce the overall wiring length, (b) Full utilization of semi-
conductor wafer’s “real estate,” bocauss devices can be elosely packed within an 1C chip,
and (¢} drastic reduction in processing cost, becanse wire bonding is a time-consuming
anel error-prone operation.

In this chapter we combine the basic processes described in presious chapters to
fabricate active and passive components in an 1C. Because the key clement of an 1C is
the transistor, specific processing sequences are developed to optimine its performance.
We consider three major 1C technologies associated with the three transistor families:
the bipolar transistos, the MOSFET, and the MESFET.

Specifically. we cover the following topics:

* The design and Fabrication of 1C resistor, capacitor, and indsctos.
*» The processing sequence for standard bipolar transistor and advanced bipolar
devices.

* The processing sequence for MOSFET with special emphasis on CMOS and
mzmary devices.

* The processing sequenee for high-performance MESFET and monolithic
microwave 10,

*  The major challenges for future microelectronics, inchading uitrashallow junc-
tion, ultrathin exide, new Interconnection materials, low power dissipation,
and Isolation.

4584
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Figure: 1 illustrates the interrelationship between the major process steps used for
1C fabrication, Polished wafers with a specific resistivity and orentation are used as the
starting material. The film formation steps inchude thermally grown exdde films, deposited
pobysilicon, dielectric, and metal films (Chapter 11}, Film formation is often followed by
lithography (Chapter 12} or impurity doping (Chapter 13), Lithography is generally fof.
Jowed by etching, which in tum & often followed by another impurity doping or film for-
mation. The final IC is made by sequentially transferving the patterns from each mask,
bevel by level, onto the surface of the semiconductor wafer,

After processing, each walier containg hundreds of identical rectungular chips (or dice),
typically between 1 and 20 mm on each side, as shown in Fig, 2a. The chips are sepa-
rated by sawing or liser cutting; Figure 2h shows a separated chip, Schematic top views
af a single MOSFET and a single bipolar transistor are shown in Fig. 2c to give some
permspective of the relative size of a component in an 1C chip. Prior to chip sepanstion,
cach chip is electrically tested. Defective chips are usually marked with a dab of black
ink. Good chips are selected and packaged to provide an appropriate thermal, electrical,
and interconnection environment for electronic applications.*

IC chips may contain from a few components (transistors, diodes, resistors, capaci-
tors, ete.} to as many as a billion or more. Since the invention of the monolithic 1C in
1658, the number of components on a state-of-the-art 1C chip has grown exponentially
We usually refer to the complesity of an 1C as small-seale integration (SS1) for up to 100
companents per chip, medim-scale integration (MSI) for up to 1000 components per
chip, large-scale integration (LS1) for wp to 100,000 components per chip, very-lange-
mﬂ integruted (VLSI) for up to 107 components per chip, and ultra large-scale inte-
gration (ULSI) for larger numbers of components per chip, In Section 14.3, we show
twa ULST chips, a 32-bit microprocessor chip, which containg over 42 million compo-
nents, and a 1 Ghit dynamic random sccess memory (DRAM) chip, which contains over
2 hillion companents.

Fédm
fiarmatien
1
Tigprurity
Lithaogespihy L
ot
Etching -
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i i | -

Fig. 1 Schematic fow disgram of integrated-ciroait bricabion,
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Fig.2 Sime comparisan of a wafer to individnal components. (2] Semboonductor wafer. (i) Chip.
(o) MOSFET and bipalar transistor,

14.1 PASSIVE COMPONENTS
14.1.1 The Integrated-Circuit Resistor

To form an 1C resistor, we can deposite a resistive layer on a silicon substrate, then pat-
tern the layer by lithography and etching, W can also define a window o o silicon dbos-
ide kayer grown theermually on a silicon substrste and then implant (or diffuse} impurities
of the oppeosite conductivity type into the wafer. Figure 3 shows the top and cross-sec-
tional views of two resistors formed by the latter approach: oene has a meander shape and
the other has o bar shape,

Consider the har-shaped resistor first. The differential conduetance dG of a thin lyer
of the p-type material that Is of thickness dx paralle] to the surface ancd at a depth x {as
shown by the B-B cross section) s

W
= — I, 1
ds = i pix) T el (1§
whaere W is the width of the bar, L is thie length of the bar (we neglect the end contact

areas for the time being), i, is mohility of hobe, and p(x) is the doping concentration.
The total conductance of the entire implanted region of the bar is given by

T w
{::L‘Id{..:qr:lpr'u-l:!m, {E:I

where x, is the junction depth. If the value of g, , which is a function of the hole con-
centration, and the distribution of p(x) are known, the total conductance can be eval-
ated Froan Eq. 2. 'We can write

Gug>, (3)

where g Eg[ ) prptr]dr is the conductance of & square resistor pattern, that is, G =
g when L= W
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Fig. 3 Tntegrated-circuit resistors. All narrow Mnes in the lange square ars have the same wideh
W, and all contacts are the same sive.

The resistance is therefore gven by

1 L1
"zis) 1

where Lig usually is defined by the symbol R, and is called the sheet resistance. The sheet
resistance has units of ohms but is conventionally specified in units of ohns e Scjuare
().

Many resistors in an integrated cireuit are fabricated simultancously by defining dif-
I':r:nl.‘grnmnnk[mtemsin the mask guch s those shown in Fig. 3. Since the same pro-
cesging ovole is used for all these resistors, it s convenient to separate the resistance into
two parts: the sheet resistance Ry, determined by the implantation (or diffusion) pro-
cess; and the ratio LW, determined by the pattern dimensions. Once the valee of R, is
knevam, the resistance is given by the ratio LAV, or the number of squares (each square
has an area of W x W) in the resistor pattern. The end contact arcas will introduce addi-
tional resistance to the IC resistors. For the type shown in Fig. 3, each end contact cor-
responds to approximately 085 square. For the meander-shape resistor, the electric-field
lines at the bends ane not spaced uniformby across the width of the resistor but are crowded
toraard the inside corner. A square at the bend does not contribate exactly 1 square, but
rather 065 SCpuAre,
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EXAMPLE 1

Find the vailue of a rﬂq‘h:-rﬂ]].l.m]uﬂgmﬂ 10 jpm wide, such xx the hw-ﬂupud resdsbor i Fig. 1,
The sheet resistance is 1 kL3 T

SOLUTION  The resistor contuins B squares, The two end comtacts cormespond to 1.3 T The valee
af the resistor is [+ 131 = 1 MO = 1023 3. -

1412 The Integrated-Circuit Capacitor

There are basically two types of capacitors wsed in i eircarits: MOS itors
and p—n junctions. The MIETS {nﬂ;ﬂ:-mmﬂmﬂmw“m b Ef'ﬂrjmbrd
Kuﬂngahm&ﬂydupmdmgiuu{ﬂmh &s an emitter region} as one plate, the top metal
as the other plate, and the intenvening oxide layer as the dielectric. The top

and eross-sectional views of a MOS enpacitor are shown in Fig, 4a. To form s MOS capac-
itor, a thick oxide layer is thermally grown on a sificon substrate. Next, a window is litho-
E defined and then etched in the oxide. Diffesion or jon implantation is nsed

ter a p*=region in the window area, whereas the surmounding thick oxide serves s a
mask. A thin oxdde layer is then thermally grovn in the window area, followed by o met-

allization step. The capacitance per unit area is given by

Cum f;- Fiem®, (5)

where £, is the dielectric permittivity of silicon dioxide (the dielectric constant & /&, s
3.9) and d is the thin-cxide thickness, To inerease the capacitance further, insulstars with
higther dielectric constants are being stucied, such as Si;N,, and Ta Oy, with dielectric
t::n.&t.l.nun[?'imrlﬂﬁ. respectively. The MOS capacitance is essentially independent of
the applicd voltage, becanse the lower plate of the tor is made of heavi
mﬁ.ﬂmaﬁmﬁmﬂummp mmmnlnd:‘wuﬂh it. i
A p-n junction s sometimes used as a capacitor in an integrated cireuit. The top and
cross sectional views of an n*-p junction capacitor are shown in Fig, 46, The detailed

Fig.4 (a) Integrated MOS capacitor. () Integrated p-n junction capacitar
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fabrication process is considered in Section 14.2, becanse this structune forms part of o
bipolar transistor. As a capacitor, the device is wsually reverse biased. that is, the p-region
is reverse-biased with respect to the n*-region. The capacitance ks not a constant but varkss
as (Vg + V"%, where Vy is the applied reverse voltage and V), is the built-in potential,
The series resistance is considerably higher than that of o MOS capacitor becase the p-
region has higher resistivity than does the p*-region.

EXAMPLE 2

Whae is the stored charge and the number of choctrons on an MOS capacitor with an ares of 4
pun, for (a) & diclectric of 10 nm thick SH0y and (b) 0 5 nem thick Ta 0y, The applied voltage & 5
W for both ceses.

SOLUTHIN

-5"

—_—  =hax e
1% 107 em

(al O =g, %A “lrrl = 18xAESx 107 Flem»d % 107 em® x

oar
0w B0 TP = 4.3 = 1P electrons.

(b Changing the dickeetnic constant From 3.9 to 25 and the thickness from 10 nm o 5 om, we
:ﬂ'.ll.l.il:ll"..l.-EESH]H”E.M-?_--!.EEH]D‘J'LFAF = 553 % 10® clectrons. =

1413 The Integrated-Circuit Inductor

1€ inductors have been widely used in 11-V based monolithic microwave integrated cir-
cuits (MMIC)P, With the increased speed of silicon devices und advancement in mult-
level interconnection technology, 1C inductors have started to receive more and mons
attentions in silicon-based radio frequency (rf) and high-frequency applications. Many
kinds of indnetors cen be fibricated using 1C processes. The most popolar method is the
thin-film spiral inductor. Figare Sa and b shows the top-view and the eross section of »
silicon-based, two-level-metal spiral inductor. To form a spiral inductos, a thick odde is
thermally grown or deposited on a silicon substrate. The first metal is then deposited and
defined as one end of the inductor. Next, inother dielectric is deposited onto the metal
L. A via hole is defined lithographically and etched in the oxde, Metal 2 is deposited and
the via hole is filled, The spiral patterned can be defined and etched on the metal 2 as
the second emld of the inductor,

To evaluate the inductor. an important figure of merit is the quality factor, . The
€ s clefivedd as 0 = Leo /R, where L, K, and @ are the inductanee, resistance, and fre-
quency, respectively. The higher the Q valves, the lower the loss from resistance, henee
the better the performance of the circuits. Figure Se shows the equivalent circuit model.
Hi, is the inhenent resistivity of the metal, C_, amd C, mthemﬂhlgm;nﬂum between
the metal lines and the substrate, and -FC, R_;q are the resistances of the silicon
substrate associated with the metal lines. respectively. The 0 increases linearly with fre-
qu:my:mhn]l}r and then drops at higher frequencies becanse of parasitie resistances and

Thmmmmappnmﬂmtﬂimmve&e@mﬂu{z The first is to e low-dielec-
tric-constant materials (<3.9) to reduce the C. The other Is to use a thick flm metal
or bow-resistivity metals (e.g., Cu, Auto rrp!um.ﬁ.l‘.ltnmdmxthuﬁj “The third approach
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L)

Fig. 5 () Schenetic view of 5 gpiral inductor on 8 siloon substrate, () Pesspetive view along
AA”. () An equivalent cireuit moded for an integrated inductor.

uses an insulating substrate {e.g., silicon-on-sapphire, silicon-on-glass, or quartz) to
reduce B, loss.

To olbtain the exact value of a thin-film inductor, complicated smulation tool, such
a8 computer aided design, must be employed for both cireuit simulation and inductor
optimizstion. The mode] for thin-film induetor must take into acoount the resistance of
the metal, thee capacitance of the oxdde, ine-to-line tanee, the resistance of the sub-
strates, the capacitance to the substrate, and the § and muteal inductance of
the metal lines. Hence, it is more difficult to caleulate the integrated inductance com-

with the integrated capacitors or resistors. However, a simple equation to estimate

the scprare planar spiral inductor is given as®

Lom pn®r = 1.2 % 100 (&)
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where i, is the permeability in vacuum (4 107 Him), L is in henrdes, n is the nom.
ber of turns, and r is the radius of the spiral in meters. .

EXAMPLE 3

For an imegrated inductor with an indectance of 10 nH, what is the requised radius i the nom.
b of turms = 207

SOLUTION  According to the Eq. 6,

10 107*

F = ——————— = 208 % 10 * (i) = 3.5 <4
12510 = 20° e

14.2 BIPOLAR TECHNOLDGY

For IC applications, especially for VLSI and ULSI, the size of bipalar transistors must
be reduced to meet the high-density requirement. Fiure 6 illustrates the reduction in
the size of the bipolar transistor in recent years.* The main differences in a bipolar tran-
sistor in an 1C compered with a discrete transistor are that all electrode contacts are located
on the top surfoce of the IC wafer, and each transistor must be electrically imolated to
prevent interactions betwoen devices. Prior to 1970, both the lateral and vertical isals-
thoms were provided by pn junctions (Fig. 6a) and the lateral p-isolation region was abways
reverse biased with respect to the n-type collector. In 1971, thermal axide was used for
hﬁfﬂliﬁhlhmmﬂthghnmbﬂulhlmkﬂﬁuﬂlnmﬁmtﬁg.Eb:l,beume-r_bq
base and collector contacts abut the isolation region. In the mid- 19705, the emitter extended
to the walls of the oxéde, resulting in an additional reduction in area (Fig. ). At the pre-
sent time, all the lateral and vertical dimensions have been scaled down and emitter stripe
widths have dimensions in the submicron region (Fig. 6d),
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Fig.§ HReduction of the horizontal and vertical iimensions of a bipalar transistor, (a) Junction
isolaticon. (b) Chide isolation. (¢ and d) Scaled aide isolation,*
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1421 The Basic Fabrication Process

The majority of bipolar transistor used in ICs are of the np-n type becmse the higher
mobility of minority carriens (electrons) in the base region resalts in higher-speed per-
formance than can be obtained with p-n-p types. Figure 7 shows a perspective view of
an ne-p-n bipolar transistor, in which lateral isclation is provided by codde walls and ver-
tical isolation is provided by the n*-p junction, The lateral axide isolation approach reduces
I'llul.-l:lrll}' the deviioe stze but also the parasitic Etpﬂ‘:llm‘h.'ﬂ because of the smaller dielee-
tric constant of silicon disxdde (3.9, compared with 11.9 fior silicon). We consider the major
process steps that are used to fabricate the doviee shown in Fig, 7.

For an n-p-n bipolar transistor, the starting material is a ptype lightly doped
(= 10" cn~®), {111}- or {100}-oricnted, polished silicon wafer. Becanse the junctions are
formed inside the semiconductor, the choice of crvstal orientation is not as critical as for
MOS devices. The first step & to form a buried layver, The main purpose of this layer is
to minimize the series resistance of the collector. A thick oxdde (0.5-1 pm) is thermally
grown on the wafer, and a window is then opened in the odde. A precisely controlbed
ameount of kw-enengy arsenic fons (~30 kel <10 cm~*) is implanted into the window

to serve as a predeposit (Fig. Sa). Nest, a high temperature (~1100°C) drive-in
step forms the n°-buried layer, which has a typical sheet resistance of 20 (00,

The second step is to deposit an n-type epitiaxial layer. The oxide is removed and the
walfer is placed in an epitaxtal reactor for epitudal growth, The thickness and the doping
comeentration of the epitiodal layer are determined by the altimate use of the device. Analog
circuits (with their higher voltages for smplification) require thicker layer (<10 pm) and
lerwer diopings (=5 2 101 em ), whereas digital circuits (with their lower voltages for switch-
imgz} require thinmer kyers (-3 pm ) and higher dopings (-2 » 10% em=). Figure 8b shows
i cross-sectional view of the deviee after the epitaxial process, Note that there is some
outdiffusion from the buried layver into the epitaxial lover. To minimize the outdiffusion,
a low-temperature epitaxial process should be employved, and low-diffusivity impurities
should be wied in the baried lwer (0, As)

The third step is to form the lateral oxide isolation region, A thin-oxdde pad (~50 nm)
is thermally grown on the epitidal layer, follewed by a silicon-nitride deposition (=100 nm).
1¥ mitricle is deeposited directly onto the silicon without the thin-oxide pad. the nitride may
canise darsages to the silicon surface during the subsequent high-temperature steps. Neat,
thie nitriche-ouide layers and about half of the epitaxdal lyer are etched using a photoresist

n* bmriesd baver
Fig. 7 Perspective view of an oxide-isolstedd bipalar trassistor.
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Fig. B Crons-sectional views of bipolar transistor fabrication. (a) Buried-laver implantation.
() Epltadal layer, (c) Photoresist mask, (o) Chanstop implant.

as mask (Fig. 8¢ and 8. Boron fons are then implanted into the exposed silican aneas
(Fig, 8d).

The photoresist is removed and the wafer is placed in an oxidation furnace. Since
the nitride kayer has a very bow oxidation rate, thick oxides will be grown only in the areas
not protected by the nitride kyer. The isolation oxide i nsoally grown to o thickness such
that the top of the oxide becomes coplanar with the original silicon surface to minimize
the surface topography. This axide Bsolation process is called local oxidation of silicon
(LOCOS) Figure 8o shows the eross section of the Bsolation oxide after the removal of
the mitricle . Beeane of segregation effects, most of the implanted boron jons ase pushed
underueathln'mre isolation oxide to form a p-layer. This is ealled p* channel stop (or
chanstop), becanse the high concentration of p-tvpe semiconduetor will prevent surface
imversion and climinate possible high-conductivity paths (or channels) among neighbor-
b buried lavers.

The fourth step is to form the base region. A photoresist is used as a mask to pro-
tect the right half of the device; then, boron fons (- 10" em) are implanted to fonn the
base regions, as shown in Fig. 9. Another lithographic process removes all the thin-pad
oxide except & small area near the center of the base region (Fig. fe).

The fifth step is to form the emitter region. As shown in Fig, 9d, the base contact
areq s protected by a photoresist meask: then, o kev-eneny, high-arsenic - dose (=10 em™)
implantation forms the n*-emitter and the n*-collector contact regions. The photoresist
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Fig. 9 Cross-section views of bipalar transistor fabrication. () Oxide isolation, (b) Base
implant. (e} Removal of thin esdde. (d) Emitter and collector implant.

is removed; and a final metallization step forms the contacts o the base, emitter, and
collector as shown in Fig. 7.

In this basic bipolar process, there are six film formation operations, six lithographic
operations, four jon implantations, swd four etching operations. Each operation must be
precisely controlled and monitored. Failure of any one of the operations generally will
render the wafer oseles,

The doping profiles of the completed transistor along a coordinste perpendicular o
the surfuce and through the emitter, base, and collector are in Fig. 10
The emitter is abirupt becanse of the concentration-dependent diffusivity of arsenic.
The base doping profile beneath the emitter can be approximated by o Canssian distri-
bution for a limited-source diffusion. The collector doping is ghven by the epitaxial .;Iq;.
g Jeved (~2 % 10" e ™) for a representative switching transistor; lowever, at kirger depths,
the collector doping concentration increases beciise of outcliffsion from the buried Layer.

1422 Dielectric Isolation

In the isclation scheme described previously for the bipolar transistor, the device is iso-
lated from other deviees by the axide bayer around its periphery and is isolated from its
eomimon substrste by a n*—p function (buried layer), In high-voltage applications, a different
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Fig- 10 w-p-n transistor doping profiles.

approach, called dielectric lsolation, is used to form insulating tabs to jsolate 4 number
of pockets of single-crystal semiconductors. In this approach the device is isolated from
hlh-tsmmnmhﬂmhmdhmmmingrﬂ;ﬂnbfndnhmhh}m

A process sequence for the dielectrie isolation is shown in Fig. 11. An oxide lyer is
formed inside a < 100>-oriented n-type silicon substrate using high-energy oxygen fon
implantation (Fig. 11a). Next, the wafer undergoes a high-temperature annealing pro-
:'El.':suMﬂwlmlmﬂdmgenwﬂlrmwhhdemﬂrmfhgmd:h}t;mm
ane resulting from implantation is also annealed out in this process (Fig. 115). After this,
wi= ean obtain an nesilicon layer that is fally isolated on an oxide [namely. silicon-on-insu-
lator, (SOT)]. This process is called SIMOX (geparation by implanted grygen). Since the
top silicon is so thin, the solation region is easily formed by the LOCOS process (llus-
trated hrﬁg,ﬂcnrlu'uhhh'bgahmhfﬁg 11e) and refilling it with oxdde (Fig, 11d).
The other processes are almost the same as those from Fig. S through Fig. 9 to form
the p-type base, n*-emitter, and collector.

Thee: ruain of this ue is its breakdown voltage betwesn the emit-
ter and the mﬂmﬁﬁmﬂm me nihﬁn-m] hunthrﬂi#ﬁ'ﬂ:uiﬂdmiqw i
also compatible with modem CMOS integration. This CMOS-compatible process is very
aseful for mixed high-voltage and high-density 1C.

1423 Seli-Aligned Double-Polysilicon Bipolar Structure

The process shown in Fig. % needs another lithographic process to define an oxide region
to separate the base and emitter contact regons. This gives rise to a large inactive device
area within the isolated boundary, which increases not only the parasitic capacitances but
also the resistance that degrudes the trumsistor performance. The most effective way o
reduce these effects is by using the self-aligned strscture.
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Fig. 11 Process seouence for dielsctric isolation bipolar devics wring silicon-on-inslator for
high-vollage application. (g} Crvgen jon implantation. () Ansealing at high temperature to
fnrmlh:hhmﬂ:hﬂrh'-mmmlihnﬁnmdbﬂ dry-itcling process, (o) Base,
ermitter, and oollector formation.

The most widely used self-aligned structure i the double-polysilicon structure with
the advanced isolation provided by a trench refilled with polysilicon,® shown in Fig. 12
Figure 13 shows the detal sequence of the steps for the self-aligned double-palysilicon
(n-p-n) bipolar structure.® The transistor is built on an n-type epitaxial layer. A trench of
5.0 pm in depth is etched by reactive lon etching through the n*-subeollector region into
the psubstrute region, A thin loer of thermal oxide is then grown and serves as the screen
oxide for the channel stop implant of boron at the bottom of the trench. The trench is
then filled with undoped polysilicon and capped by a thick planar field oxide.

The first polysilicon layer is deposited and heavily doped with boron. The pe-polysil-
iean (called paly 1) will be used as a solid-phase diffusion source 1o form the extrinsic
base rogion and the base electrode. This kaver s covered with a chemical-vapar deposition

B E I

3 'gl: 3

Fig. 12 Cross-section of a sell-aligned, 1l:ru.|:|le-|:u.'a}r|.[i'r.|11 HI!ulu.z tramsivhor with sdvameesd
imeinch isolatbon.?
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Fig. 13 Provess sequence for fabricating double-polysilicon sell-aligned n-p-n trmsistors.*
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(CVDY) axdcle and nitride (Fig. 13a), The emitter mask is used to pattern the emitter-area
regions, and a dry-etch process is used to produee an opening in the CVD axide and poly
1 (Fig. 13b). A thermal oxide is then grown over the etched structure, and a relatively
thick oxide (approximately 0.1-0.4 wm) is grown on the vertical sidewalls of the heavily
doped poly. The thickness of this axide determines the spacing between the edges of the
base and emitter contacts. The extrinsic p* hase regions are also formed during the ther-
mial-ceide growth step as o result of the outdiffusion of boren from the poly 1 into the
substrate (Fig. 13¢). Beeause boron diffuses latorally as well as vertically, the extrinsic
base region will be able to make contact with the intrinsic hase region that is formed nex,
under the emitter contact.

Following the oxide-grown step, the intrinsic base reglon is formed wsing ion implan-
tation of boron (Fig. 13d), This serves to sell-align the intrinsic and extrinsic base regons.
After the contact is cleaned to remove any oxide laver, the second polysilicon laver is
deposited and implanted with As or P The n*~palysilicon {called poly 2) is used a5 a solid-
phase diffusion source to form the emitter region and the emitter electrode. A shallow
emitter region is then formed through dopant outdiffusion from poly 2. A rapid thermal
anmeal for the base and emitter outdiffusion steps facilitates the farmation of shallow emit-
ter-base and collector-hase junctions, Finally, Pt film is deposited and sintered to form
Pt5i over the n*-polysilicon emitter and the p*-polysilicon base contact (Fig, 13e).

This self-aligned structure allows the fabrication of emitter regions smaller than the
minimum lithographic dimension. When the sidewall-spacer oxide is grown, it fills the
contiuct hobe to some degree beeause the thermal oxdde occupies 4 larger volume than
the ariginal velume of polysilicon. Thus, an opening 0.8 pm wide will shrink to about 0.4
pum i sidewall oxide a 0.2 pm thick is grown on each side.

14.3 MOSFET TECHNOLOGY

At present, the MOSFET is the dominant device used in ULST circuits because it can
be seabedd to smaller dimensions than other tvpes of devices. The dominant technology
for MOSFET is the CMOS [complementary MOSFET) technology, in which both s-chan-
nel and p-channel MOSFETS: (called NMOS and PMOS, respectively) are provided on
the same chip. CMOS technology is particular attractive for ULSH circuits because it has
the lowest power consumption of all 1C technology.

Figure 14 shows the reduction in the size of the MOSFET in recent years. In the
carly 18705, the gate length was 7.5 pm and the corresponding device area was about
GO0 i, As the device is scaled down, there §s a drastic sedisction in the devies area
For a MOSFET with a gate length of 0.5 pm, the device area shrinks to less than 1% of
the MOSFET. We expect that device miniaturizition will continue. The gate
will be than (1,10 pm in the early twenty-first centurye. We consider the future trends
of the devices in Section 14.5.

1431 The Basic Fabrication Process

igure 15 shows a perspective view of an n-channel MOSFET prior to its final metal-
lization.” The top Layer is a phosphomus-doped silicon diogide (P-glass) that is used s an
insuilator between the polysilicon gate and the gate metallization and also as a gettering
for mabile lons. Compare Fig. 15 with Fig. 7 for the bipolar transistor and note

that a MOSFET is considerably simpler in its basic structure. Although both devices use
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Fig. 14 Reduction in the area of the MOSFET as the gate length (minimum feature length) is
redced

Fig. 15 B:ﬂpﬂhuﬂ:wﬂu n-chanmel MOSFET."

lateeral oxide isolation, there is no need for vertical isolation in the MOSFET, whereas a
buried-layer n*-p junction i required in the bipolar transistor. The doping profile in o
MOSFET is not as complicated as that in a bipolar transistor and the control of the dopant
distribution ix also less critical. We consider the major process steps that are used to fab-
ricate the device shown in Fig. 15.

To process an n-channel MOSFET (NMOS), the starting material is a p-type, lightly
doped (=10" cm®), (L00oriented, polished silicon wafer. The (100)-orientation is pre-
ferred over {111) because it has an interface-trap density that is about one-tenth that of
{111}. The first step is to form the oxide solation region using LOCOS technology. The



Chapter 14. integratod Devices 505

process sequence for this step is similar to that for the bipolar transistor. A thin-pad oxide
(~53% nm} is thermally grown, followed by a silicon nitride (~150 nm) deposition (Fig.
16a).” The active device area is defined by a photoresist mask and a boron chanstop lnyer
is then implanted through the composite nitride-oxide liyver (Fig, 165), The nitride layer
not covered by the photoresist mask is subsequently remaoved by etching, .ﬁﬂﬁnfnrﬂging
the photoresist, the wafer is placed in an axidation furmace to grow an oxide ( the
field cicle), where the nitride layer is removed, and to drive i the boron implant. The
thickness of the flald oside is typically 0.5-1 ym,

The second step is to grow the gte oxide and to adjust the threshold voltuge (sec
Section 6.2.3). The composite nitride-oxde kayer over the active device area is removed,
and a thin-gate oxide layer (less than 10 nm} is grown. For an enbancement-mode n-chan-
nel devics, boron ions are implanted in the channel megion, as shown in Fig. 16¢, to inerease
the threshold voltage to o predetermined value (eg., + 0.5V). For a depletion-mode n-
channel device, arsenic bons are implanted in the chanoel region to decrease the thresh-
old voltage (e.g,, ~0.5V).

The third step is to form the gate. A polysilicon is deposited and is heavily doped by
diffusion or implantation of phosphorus to a typical sheet resistance of 2030 {30 This
resistance b adoquate for MOSFET: with gate lengths larger than 3 pm. For smaller

Fig. 16 Cross-sectional view of NMOS fabrication sequence.” (o) Formation of 50y, $i,M,, and
photoresist layer. (b Boron implant. (e} Field oside. (d) Gate.
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devices, polyeide, 2 composite laver of metal silicide and polysilicon such as W-polycide,
can be used as the gate materials to reduce the sheet resistance to aboat 1 €070,

“The fourth step is to form the source and drain, After the gate is patterned {Fig. 16d),
it serves ns o musk for the arsenic implantation (=30 ke, =5 » 10" em™) to form the
sounrce and dradn (Fig. 17a), which arc self-aligned with respect to the gate”, At this stage,
the only overlapping of the gate is due to lateral straggling of the implanted fons (for 30
ke As, a7, is onby 5 mm), If low-temperature processes are used for subsequent steps o
T F Lmraldllﬁul.nn., the parasitic gate-drain and gate-source coupling copacitances
can be much smaller than the gate-chunnel eapacitance.

The: Last step is the metallization. A plmplmmu-dﬂped ontlede [ P-glass) is deposited
ever the entire wafer and is flowed by heating the water to give a smoath surfice topog.
raphy (Fig. 17b}. Contact windows are defined and etched in the Poglas. A metal layer,
such as alumimam, i then deposited and pattemed. A cross-section view of the completed
MOSFET is shown in Fig. 17¢, and the corresponding top view is shown in Fig, 174
The gate contact is usually made oatside the active device area to aveid possible dam-
age to the thin-gate oxde.

——
?.mml—‘l ! £ arra

Fig. 17  WMOS fabrication sequence.” (a) Ssuree snd drain, [} Poglass depasition. o) Cross
section of the MOSFET. () Top view af the MOSFET.
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EXAMPLE 4

What is the mavinum gate-to-souser valtage that a MOSFET with & 5 nm gate oxide can with-
wtand, Asmume that the oude breaks doon 208 MY em amid the substrate woltage is zerm.

SOLUTION
Vo fad=Bx[Fx5x 107 = dV -

1432 Memory Devices

Memaries are devices that can store digital information (o data) in terms of bits (binary
digits). Various memory chips have been designed and fabricated using NMOS technol-
oy. For maost large memories, the random aceess memory (RAM) organkeation is pre-
ferred. In o RAM, memory cells are organized in a matrix grocture and data can be
accessed (Le., stored, retrieved, or erased) in random order, independent of their phys-
ical bocations. A static random acoess memory (SRAM ) can retuin stored data indefinitely
as long as the power supply is on. The SRAM is basically a flip-flop circuit that can store
one bit of Information, A SRAM cell has four enhancement-mode MOSFETs and two
depletion-mode MOSFETs. The depletion-mode MOSFETs can be replaced by resis-
tors formed in undoped polysilicon to minimise power consumption !

To reduce the cell aren and power consumption, the dvnamic rndom aeeess mom-
ory (DRAM) has been developed. Figure 182 shows the cireuit disgram of the ane-tran-
sistor DRAM cell in which the transistor serves as a switch and one bit of information
can be stored in the storage capacitor. The voltage bevel on the copacitor determines the
state of the cell. For example, + 1.5V may be defined as logic 1 and 0V defined as logic
0. The: stored charge will be removed typically in a few milliscoomds mainly because of
the leakage current of the capacitors; thus, dynamic memories require porodic “refresh-
ing” of the stored charge.

Figure 15b shows the layout of a DRAM cell, und Fig. 15¢ shows the correspond-
ing cross section through AN, The storage capacitor uses the channel region as one plate,
the polysilicon gate as the other plate, and the gate oxide as the dielectric. The row line
is m metal track to minimize the delay due to parasitic resistanee (1) and parasitic capac-
itance (C), the RC delay, The column kine is formed by ne-diffusion, The internal drain
region of the MOSFET serves as a conductive link between the imeersion layers under
the storage gate and the transfer gute. The drain region can be climinated by using the
double-level polysilicon approach shown in Fig. 15, The second polysilicon electrod
Is separated from the first polysilicon capacitor plate by an oxide liver that is thermally
grown on the first-level pobysilicon before the second electrode has been defined. The
charge from the column line can therefore be transmitted directly to the area under the
storage gate by the continuity of inversion layers under the transfer and storage mates.

To meet the requirements of high-density DRAM, the DRAM strecture has been
extended to the thind dimension with stacked or trench capacitors. Figure 180 shows a
simple trench cell structure.” The advantage of the trench type is that the capacitance
of the cell could be increased by inereasing the depth of the trench without increasing
the surfsce arca of silicon occupied by the cell. The main difficalties of making trench-
type cells are the etehing of the deep trench, which needs a rounded bottom comer and
the growth of a uniform thin dielectric Alo on trench walls. Figure 199 shows a stacked
cell strueture, The storage capacitance increases as a resadt of stacking the storage capac-
itor om top of the access transistor. The dielectric is formed using the thermal oxidation



Columm line
(a}

1 Tzl I"l:.":nﬂhnll
codamn line el plate

Windiew

E.__-a. - = —————

™ Metal

E P T

- e

N al _______:I:_ Capeeilen
1 ')LI'_L. ....... j Y
A ]
LTE
Eransisiog

{ pohyailicon)
it

Trasader gato Siorage gate

Chidde

e ] T

imﬂlhnn-p:-u
(e}

Transler gate Sicmagr gubn
=
—fr 3
{dh

Fig. 18 Single-transistor dynamic random acoess memory (DRAM] cell with a

storage capaci
tor* (o) Circuit diagram. (&) Cell livout. (2) Cross soction through A-A” (d) Doudide-level
podysilicon.

-{ ;LAL

{hi

Fig. 19 (o) DEAM with i trench cell strocture® (B) DREAM with a single-laver stacked -capaci-

tor eedl,



Chapeer 14 Imagrated Devices S0

or CVID nitricle methods between the two-polyilicon plates. Hence, the stacked cell pre
cess i easier thun the trench tvpe process.

Flgure 20 shiows & 1 Gl DRAM chip, This oy r_|||l'| uses (15 pm de sigrn rubes
Trench capacitors and its peripheral cirouits wre in € 'MOS, which are considensd in Section
14.3.3. The memory chip has an area of 380 mm® (14.3 mm x 27.3 mm) that contains
over 2 hillion components and operates at 2.5 V. This 1 Gh DRAM is mounted in an 85
pin cerumic package, which can provide adequate heat dissipation

Both SRAM and DRAM are volatile memories, that is, they lese their stored data
whien o is sortbehed ofl. Nonwalatile memories, on the other hand, ean retain their
datn. Figure 21a shows a (loating-gate nonvolatile memory, which s basically & eonven-
tional MOSFET that has a modified gate electrode. The composite gate has a regular
{control gate) and a Noating gate which is surrounded by insulstors, When o large posi-
tive voltage is applied to the contrel gate, clange will be injected from the ehunnel region
through the gate oxide into the fleating gate. When the applied 'r'lil]trlﬁ_l is removed, e
injected charge can be stored in the floating gate for a long time. To remove this charge,
a large negative voltage must be applied to the control gate, so that the charge will be
injected back into the channel region.

Another version of the nonvolatile memory s the metal-nitride-ogide-sembconduc-
tor (MNOS] type shevam inm Fig. 21k When a positive gate voltage i applied, electrons
caun burine] throwsd the thin axdde E.II.'I.'I‘ [~2 nm] wnd be captured by the traps at the ooddie-
nitricde interface, und thus become stored changes there, The equivalent circuit for both
tvpes of nomvolatile memories can be represented by bwo capacitons in seres for the gate
structure, as illustrated in Fig, 21c. The charge stored in the capacitor C, causes a shifi
in the threshold voltage, and the device remalns at the higher threshold l.TIIllLEl_"-ﬂgl,lt' (bosgic
1}. For a well-designed memory device, the charge retention time can be over 100 years,

25600 Quadrant

Fig. 20 A1 Gh DRAM that coitains over 2 billion components, (Fhotography conrtesy of
IBMSiemens, 1990 IEEE Int, Sclid State Circuit Conference.)
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Fig 21  Nomvolatile memory devices. (a) Floating-gate, nomdatile memory, (h) MNOS non-
volatile memory (e} Equivalent drot of either type of nomvolatile memary,

To erase the memary (e.g., the store charge) and return the device to a lower threshold
mltngn state (logic 0}, a gate voltage or other means (sech s ultrviolet light) can be used.

The nomvolatile semiconductor memony (NVSM ) has been extensively used in portable
ehectronics systems, such as cellular phones and the digital cameras. Another interesting
qppl:imﬁnu is U 1:||.ip-|111['|'.‘|.. also called 1C card.

The top photo in Fig. 22 shows an IC card, The diagram at the bottom of Fig, 22
ilMustrates the nomvolatile memaory device that stores the data that can be read and writ-
ten through the bus to a central processing unit (CPU), In contrast (o the lmited vol-
ume (1 kbytes) inside a comentional magnetic tape cand, the size of the nomuolatile memory
can be increased to 16 kbytes, 64 kintes, or even larger depending on the applications
(e, you can store personal photos or finger prints), Through the 1C card readiwrite
machines, the data can be used in numerous applications, such & telecommunications
(card telephone. mobile radio), payment transactions (electronke purse, credit card), pay
tedevision, transport (electronie ticket, public transport), health care (patient-data eard),
and access control. The 1C card will play a central role in the global information and ser-
vice society of the future, ™

1433 CMOS Technology

Figure 23 shows a CMOS inverter. The gate of the upper PMOS device is connected
to the gate of the lower NMOS deviee. Both deviees are enhancement-mode MOSFETS



Chaptar 14, Integrated Devices - 511

Fig. 22  An integrated-cirouid (1C) card. The data stored in the NVSM can be acoessed (]
the bus of the contral processing unit (CPU), There are several mietal pads conmocting to the
readAwrite machine. (Photography coartesy of Retone Information System Co., LTDL)

with the threshold valtage Vi, o less than zero for the PMOS deviee and Vi, greater than
zero for the NMOS deviee [h'|m:'-|J|3.- the threshold voltage is about 14 Vi), When the
input voltage V,is at ground or at small positive valnes, the PMOS device is tumed on
[t gﬂl:l:-tn-g,l'nluul potential of PMOS is -V, which is more negative than V), wd
the NMOS device is of. Hence, e outpat voltage V, is very close to Vi, (logic 1). wh._-“
the input is at Vi, the PMOS (with Vi, = 0) is l*urm.:d ol e thee NMOS fis tumed on
(V= Vg > Vi, ). Therefore, the output m]tsge V, equals zero (logie 01, The CMOS imverter
has a unique feature in either bogie state, one device in the series path from Vi to groand
is nonconductive. The carrent that lows in either steady state is 2 small keakage current,
and anly when both devices ane on during switching does a signifieant current flow through
the CMOS inverter This, the sverge power dissipation is small, on the order of nancralts.
As the number of components per chip increases, the power dissipation becomes a major
limiting fctor. The low power consumption is the most attractive feature of the CMOS
elreuit,

Fignre 23b shows a layout of the CMOS inverter, and Fig, 23¢ shows the device cross
section along the A-A” line. In the provessing, & p-tub (also called a pewell) is first inplanted
ared subsequently driven into the n-substrate, The p-type dopant concentration must be
high enough to overcompensate the background doping of the n-substrate. The subse-
ruent processes for the n-channel MOSFET in the p-tub are identical to those deseribed
previously. For the pechannel MOSFET, "B or *(BF,)" ions are implanted into the n-
substrate to form the source and drain regions. A channel implant of *As* ions may be
used to adjust the threshold voltage and a n*-chanstop is formed undemneath the Aeld
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Fig. 23 Complementary MOS (CMOS) imerter, (o} Circuit diagram. () Cireuit Lot (2]
Cirois section along dotted A-A" line of (B,

axide around the p-channel device. Because of the p-tub and the asdditional steps needed
tor meakees the p-channisl MOSFET, the number of steps to make a CMOS circuit is essen-
tialhe double that to make an NMOS ciroult. Thus, we have a trade-off between the com-
lexity of processing and a reduction in power consumption.

: [}rnm_-aj ul'lhcl:fluhqlwzﬂbnd dmﬁﬁtﬁﬂl&qﬁnﬂ:ﬁhtﬂuﬂmﬂ-luh formed
in ptype substrate, as shown in Fig, 24a. In this case, the n-type dopant concentration
mist be high enoagh to overcompensate for the background doping of the p-substrate
(e, N = N, In both the p-tub and the n-tub approach, the channel mobility will be
degraded because mobility i determined by the total dopant concentration (N, « Nyl
A recent approach using two separsted tubs implanted into a lightly doped substrate is
shovm in Fig, 24b. This structure is called a fwin tub.! Beciase no overcompensation is
necded in either of the twin tubs, higher channel mobility can be obtained.

All CMOS eircuits have the potential for a troublesome problem called katchup that
s associated with parasitic bipolar transistors (to see how this problem can oocus, see
Chapter 5). An effective processing technique to eliminate latchop problem is to use the
deep-trench solation, as shewn' in Fig. 24e. In this technique, a trench with a depth
decper than the well is formed in the silicon by anisotropic reactive sputter etching, An
crcicler layer is thermally grown on the bottom and walls of the trench, which is then refilled
by deposited polysilicon or silicon dioxide. This technigue can eliminate btchup because
the n-channel and p-channel devices are plvsically isolated by the refilled trench. The
cletailed steps for trench isolation and some related CMOS processes are now considered.
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Well-Formation Technology
The well of & CMOS can be o single well, a twin well, or a retrograde well The twin-
well process exhibits some disadvantages, e.g., it needs high temperature processing (above
1050°C) amd 0 bomg diffusion time (Jonger than 8 hours) to achieve the required depth
of 2-3 pm. In this process, the doping concentration is highest at the surface and decreases
monotenically with depth. To reduce the process temperature and time, high-energy
implantation i used. i.e., implanting the fon to the desired depth instead of diffusion from
the surface. Since the depth is determined by the implantion energy, we can design the
well depth with different implantation enesgy. The profile of the well in this cose can
hive: a peak at a cortain depth in the silicon substrate. This is called a retrograde well.
Figure 25 shows a comparison of the impurity profiles in the retrograde well and the con-
ventional thermal diffused well  The energy for the n- and p-type retrogrde wells i
aroaimd TO0 ke aned 400 ke, respectively. As mentioned above, the advantage of the high-
energy implantation is that it cun form the well wnder bow-temperature and short-time
conditions, henee, it can reduce the lateral diffusion and increase the device density, The
well can offer some additional advantages over the conventional well: (1) beeuse
of high daping near the bottom, the well resistivity is lower than that of the conventional
well and the latehup problem can be minimized, (b) the chanstop can be formed st the
sama time as the retrograde well implantation, reducing processing steps and time, (c)
'Mg.hhir well doping in the bottom can reduce the chance of punchthrough from the drain
b Bl sOaErCe.
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Fig. 35 Retrogroded powell insplanted inpirity comtentration profile. Also shesn B a conven.
tionally diffused well.

Advanced Isolation T

The conventional isolation process (Section 14.3.1) has some disadvantages that make it
unsuitable for deep-submicron (0.25 pm and smaller) fabrications. The high-tempera-
bure cddation of silicon and bomg axiclation time result in the encroachment of the ol
implantation (usualky boron for n-MOSFET) to the active negion and cause V. shift. The
area of the active region i rechiced bocause of the lateral exidution, In adkdition, the fiek]-
anidde thickness in submicron-isolation spacings is significantly less than the thickness of
fiedd eide growm in wider spacings. The trench isalation technology can avoid these prol-
bems and has become the mainstream technology for isalation, Figure 26 shows the pro-
cess sequence for forming a deep (larger than 3 pm) but narrow (ess than 2 pm)
trench-isolation structure. There are four steps: patterning the area, trench etehing and
onide growth, refilling with diebectric materals such as cxide or undoped . and
planarization. This deep trench isolation can be used in both advanced CMOS and bi

lar devices and for the trench-type DRAM, Since the isolation material is depmuudp‘:;
CVD, it does not nesd a long-time or a high-temperature process, and it climinates the
lateral oxication and boron encroachment problems.

Another example is the shallow trench {depth is less than 1 pm) isolation for CMOS,
shown in Fig. 27, After ing (Fig. 27a), the trench urea is etched (Fig. 275) and
then re-filled with oxide (Fig. 27¢). Before refilling, a chanstop implantation can be per-
formed. Since the oide has over filled the trench, the oxide on the nitride should be
removerd. Chemical-mechanical polishing (CMP) s used to remove the axide on the nitride
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and o get o flat surface (Fig. 27d). Due to its high resistance to polishing, the nitrids
wcts as a stop-layer for the CMP process. After the polishing, the nitride layer and the
oele lyer can be rmemoved by H,PO, and HF, respectively. ﬁls initial planarization step
at the beginning is helplul for the subsequent polysilicon patteming and planarizitions
af the multilevel interconnection processes.

Gate-Engineering Technology
1w use n*-polysilicon for both PMOS and NMOS gates, the threshold voltage for PMOS

(Vi ® =05 to 1.0 ¥) has to be adjusted by boron implantation. This makes the chan-
nel of the PMOS a buried type, shown in Fig, 25, The baried-type PMOS suffers seri-
ons short-channel effects as the devies size shrinks t00.25 pm and less. The most noticeahle
phenomena for short-channel effects are the Vi roll-off, drin-induced barrier bowering
{DIBLY, and the large leakige current at the off state so that even with the gate voltage
at zero, leakage current llows through source and drain. To alleviate this problem, one
ean change n*-polysilicon to p*-polysilicon fior PMOS. Due to the work function differ-
ence (there is a 1.0 eV difference from n*- to p*-polysilicon), one can obtain a surface

channel device without the boron Vi adjustment implastation. Hence, as the tech-
nesdogry shirinks to 0.25 pm and less, disal-gate structures are required, Le., p*-polysilicon
gate tor FMOS, and n*-pobysilicon for NMOS (Fig. 285). A comparison of Vi for the sur-
face channel and the buried channel is shown in Fig. 29. We note that the V;, of surface
channel rolls off slowly In the deep-submicron regime compared with the burted-chan-
nel device. This makes the surface-channel deviee with the p*-polysilicon suitable for deep-
submicron deviee operation.

#-5HIS m-NS
bruried channnl smfare chasmel

in-nrll}

-SE0NS w-Nh1s
wurlsce channel snarfacw clianne]
ik}

Fig. 28  (a] A conventional bong-channel CMOS structure with a single-polysilicon gate (n*). (b)
Achvanced CMOS structures with daal-pobdlicon gates.
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Fig.28 The ¥y rolloff for a bured type channel and for a surface type channel, The Vy drops
VErY qwc'k'l'_l,rm thee chanel Iﬂﬂﬂ‘h]ml‘l‘u’lkﬂ than 0.5 pm,

To form the p-polysilicon gate, jon implantation of BF; Is commonly used. However,
boron penetrates casily from the polysilicon through the oxide into the silicon substrate
at high temperatures, resulting in a Vi shift. This penetration is enhanced in the pres-
ence of a F-atom. There are methods (o reduce this effect: use of rapid thermal anneal-
b to reduce the time st high terperatures and, consequently, the diffusion of boron
use of nitrided oxide to suppress the boron tration, since boron can easily combine
with nitrogen and becomes less mobile; and the making of a multilayer of polysilicon to
trap the boron atoms at the interface of the two layers.

Figure 30 shows a microprocessor chip (Pentinm 4) that has an area of about 200
mm® and contains 42 million components. This ULSI chip is fabricated using 0.18 pm
CMOS technology with a siv-level alumimam metallization.

1434 BIiCMOS Technology

BICMOS is a technology that combines both CMOS and bipolar device structures in a
single 1C. The reason to combine these two different technologies is to create an IC chip
theat Juas the sdvantages of both CMOS and bépolar devices. As we know that CMOS exhibits
advantages in power dissipation, noise margin, and packing density, whereas bipolar shows
advantages in switching speed. current drive capability, and anabog capability. As a resul,
for & given design rule, BICMOS can have a higher speed than CMOS, better perfor-
meance in anabog circuits than CMOS, a lower power-dissipation than hipolar, and a higher
component density than bipolar, Figure 31 shows the eomparison of a BICMOS and a
CMOS logic gates. For a CMOS inverles, the current to drive (or to charging) the next
loading, €, is the drain current Iy, Fora BICMOS inverter, the current h;#fwﬂﬂh‘:fﬂ
hy, is the current-gain of the bipolar transistor and I, is the base current of the bipolar
transistor and ks equal to the drain eurrent of M, in the CMOS, Sinee by, is much luger
than 1, the speed can be substantially enhanced.

BICMOS has been widely used in many applications. Ln the sarly days, it was used
in SRAM. At the present time, BICMOS technology has been successfully developed for
transceiver, amplifier, and oscillstor applications in wireless-communication equipment.
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Fig. 30 Mictograph of a 32-hit mécroproeessor chip, Pentium 4. { Photography countesy of Dntel
Clorporatios, |

Muost af the BICMOS processes are bassd on the CMOS process, with some maodifica-
tions, such as illll]i!l-g musks for |‘.l|pl:'l1:|.|' transistor bbmeation, The Hﬁ]l]'m'i“ﬂ examphe is
ler o high-performance BICMOS process based on the twin-well CMOS process, shown
in Fig 32,

The initial material is a p-type silicon substrate, and then an n*-buried brver is formed
to resduce the collecior’s resistinee, The burked pr-laver i Formied through ion implanta-
tion to increase the doping level to prevent panchthrough. A lightly doped n-epi layer is
grovwn on the waker wnd a twin-well process for the CMOS is performed. To achiove high
performance of the hipolar transistor, four additional masks are needed. They wre the

fia) b
Fig. 31 (o) CMOS logic gate. (b) Bipoler CMOS (BICMOS) logle gate
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Fig. 32 COhptimnbeed BECMOS devics strscture. Key features inclsle sell-aligned g and n* buried
lqunrirl]'m-td pﬂﬂung dherusity, ;-E|:-.rn1:-r|':r I:F-H'I'ﬂiﬂllﬂ'l mnd peveel] Cpwdnoaed] CM0S5]
farmed in an fal lyer with imrinsic background doping, and a pehsilicon emigter for

improved bi performance. ™

buried n-mask, the collector deep-n*-mask, the base p-mask, and the poly-emitter mask.
In other processing steps, the p*-region for base contact can be formed with the p-implant
in the seurce/drmin implantation of the PMOS, and the n*-emitter can be formed with
the souree/driin implantation of the NMOS. The additional masks and longer process-
ing time compared with a standard CMOS are the main drawhacks of BICMOS. The sddi-
tional cost should be justified by the enhanced pedormances of BICMOS,

14.4 MESFET TECHNOLOGY

Recent advances in gallinm arsenide processing techniques in conjunction with new fab-
ricathon and eircuit approaches have made possible the development of “silicon-like” gal-
liurm arsenide 1C technology. There are three inherent advantages of gallivm arsenide
compared with silicon: higher electron mobility, which results in lower seres resistunce
for a given device geometry; higher drift velocity at a given electric field, which improves
device speed; and the ability 1o be made semiinsulating, which can provide a lattice-
matched dislectric-insuluted substrote. However, gallium arsenide also has three disd-
vantages: a very short minority-carrier Iifetime; kack of a stable, passivating native oodde;
and crystal defects that are many orders of magnitude higher than in silicon. The short
minority-carrior lifetime and the lack of high-quality insolating films have prevented the
development of bipolar devices and delayed MOS technology using gallium arsenide. Thas,
the emphasis of gallium arsenide IC technology is in the MESFET area, in which our
main concerns arc the majority carmiers transport and the metal-semiconductor contaet,

Fabrication sequence™ for a high-performance MESFET is shown in Fig, 33,
A ln;,.‘ar of GaAs is epitaxially grown on a semiinsulating GaAs substrate, followed by an
n*-contact layer (Fig. 33a). A mesa etch step is performed for isolation (Fig, &'E!J,mda
metal layer is evaported for the sooree and drain shmie contacts (Fig. 33¢). A channel
recess edeh i followed by a gate recess etch and gate evaporation ( Fig, 334 and e). After
a liftoff process that removes the photoresist, shown in Fig. 33, the MESFET is com-
pleted (Fig, 33f).

The n*-contact layer reduces the source and drain ohmic contact resistances. Note
that the gate is offset toward the source to minimize the source resistance. The epitax-
il lm'l:r is thick Er!'IJIJE"I b mindnsize the eMect of sarfice tll:iﬂ-eﬂ-ﬂh an the souree and
drain resbbance. The gate electrode has maxdmal cross-sectional area with a minimal foot
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Fig. 33 Fabrication sequonce of a GaAs MESFET,

print, which provides low gate resistance and minimal gate length. In addition, the length
Loy is designed to be greater than the depletion width at gate-drain breakdown,

A representative fabrication sequence for a MESFET integrated circuit is shown 1
in Fig. 34. In this process, n*-source and drain regions are seli-aligned to the gate of cach
MESFET. A l'l!lﬂ'l:i'«"l!“!l_'r'ii.ﬂ'.lt channel |.1|||.I].|-'|.I'|I is usiesd for the enhancement - mode mi[chlrlg
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Fig. 3 Fabrication process for MESFET direct-coupled FET bogic (DOFL) with active loads
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device and a hiviee implant is used for the depletion-mode load device. A pute roosss
is wsually not wsed fior such digital 1C fabrication because the uniformity of esch

has been difficult to control, leading to an unacceptable variation of the threshold volt.
agge. This process sequence can also be used for a monolithie microwave integrated cir-
cuit (MMIC]. Note that the gallium arsenide MESFET processing technology is similar
to the silicon-based MOSFET processing technology:

Gallium arsenide ICs with complesities op to the large-scale integration kevel (- 10,000
components per chip! have been fabricated. Because of the higher drift velocity (~20%
higher than silicon), gallivm arsenide 1Cs will have a 20% higher specd than silicon 10s
that use the same design rules. However, substantial improvements in erystal ity and
processing technology aro needed before gallivm ansenide can seriously challenge the
precminent position of silicon in ULS1 applications.

145 CHALLENGES FOR MICROELECTRONICS

Sinee the beginning of the integrated-cireuit era in 1959, the minimum device dimen-
shon, also called the minimum featune length, has been reduced at an annuad rate of abont
13% (Le. a reduction of 306 every 3 years). According to the prediction by the
International Technology Roadmap for Semiconductors™, the minimam feature length
will shrink from 130 nm (0.13 wm) i the year 2002 to 35 nm (0.035 pm) around 2014,
as shown in Table 1. Also shown in Table 1 s the DEAM size. The DRAM has increased
its memony cell capacity four times every 3 years and 64 Ghit DRAM is expected to be
available in year 2011 using 50 nm design rules, The table also shows that the wafer size
will increase to 450 mm (18 in. diameter) in 2004. In acddition to the feature size reduc-
tion, chullenges come from the device level, material level, and system level, discussed
in the following subsections.

1451 Challenges for Integration

Figure 35 shows the trends of power supply voltage Vi, threshold voltage Vy, and gate
axiche thickness d versus channel length for CMOS logie technology. ™ From the figure,
ane can find that the gate oxdde thickness will soon approach the tunneling-current limit
of 2 nm. ¥y, scaling will show down becanse of nonsealable Vi (ie.. to a minisum Vi of
aboat 0.3 V due to subthreshold leakage and circuit noise immunity). Some challenges
of the 180 nm technology and beyond are shown '™ in Fig. 36. The maost stringent require-

ments are a fllows.

TABLE1T Tha Technslogy Generation™ fram 1997 to 2014

Year of the first 1867 14 SO0 2005 S 2011 2004
product shipment

Feiture siee (nm) 250 150y L3 10 Ll oy b <]

DMREAM® shee (hit) 25 [ [H — 50 — GAG -

Waker size (mm) 2 ) KL 300 300 o 450

Cate oxide (nm) 34 1.8-25 13-L7T 0f-10 «1.0 — —

Jumction dopih (nm) S0-=100F  42-T0 b L -3 1530 — —_

DRAM, dynassic pasdirm socess memory,
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Ultrashallow Junction Formation

As mentioned in Chapter 6, the short-channel effect happens as the channel length is
recheced. This problem beconses critical as the device dimenston is scaled dewn o 100
nm. To achicve an ultrashallow junction with low sheet resistance, low-energy (Jess than
1 keV) implasitation technology with high dosage must be emploved to reduce the shart-
channel effect. Table 1 shows the recquired junction depth versus the technology gener-
athon. The requirements of the junction for 100 nm ane depths around 20-33 nm with o
doping concentration of 1 x 107 fem?,

Ultrathin Oxide

As the gate length shrinks below 130 nm, the oside equivalent thickness of gate dielee-
tric tmast be reduced asound 2 wm to maintain the performance. However, if only Si0,
(with a diclectric constant of 3.9) is used, the leakage through the gate becomes very high
because of direct tunneling, For this reason, thicker high-k dielectric materials that have
bt currend are suggested to replace oxde. Candidates for the short term are
silicon nitrice (with a dielectric constant of 7). TugO, (25), and TV, (B0-100).

Silicide Formation

Silicide-related technology has become an integral part of submicron deviees for reduc-
ing the parasitic resistance to improve deviee and cirewit performance. The conventional
Ti-silicide process has been widely use in 350-250 nm technology, However, the sheet
resistunce of a Tisi, line increases with decreasing line width, which limits the use of TS,
in 100 nm CMOS applications and beyond. CoSi; or NiSi processes will replace TiSi, in
the: technology bevond 100 nm.

New Materials for Interconnection

To achieve high-speed operation, the RC time delay of the interconnection must be
rechied, In Fig. 14 of Chapter 11 we have shown the delay as a function of feature size,®
It is obvious that the gate delay decreases as the channel length decreases, meanwhile
the delay resulting from interconnect increases significantly as the size decreases, This
cunses the total delay time to increase s the dimension of the device e scales down
to 250 nm., Consequently, both high-conductivity metals, snch as Cu, and low.diebectric-
constant (kow-k) insulators, such as organic (polyimide) or inorganic (F-doped ovide) mate-
rials offer major performance gains. Cu exhibits superior performance becanse of its high
El:l'rH.il.::'Ihri'I.}" (LT pfd-cm compared with 27 pO-em of Al) and 15 10-100 times more
resistant o electromigration. The delay using the Cu and low-k material shows a signif-
ieant decrease compared with that of the conventional Al and oxide, Henoe, Cu with the
low-k material is essontial in multilevel interconnection for fature deep-submicron

technology.

Power Limitations

The pewer required merely to charge and discharge circuit nodes in an IC i p
Honal to the number of gates and the frequency at which they are switched (clock fre-
quency). The power can be expressed as P2 120V of, when C is the capacitance per
device, V is the applicd voltage, n s the aumber of devices per chip, and [ is the clock
frequency. The temperature rise caused by this power dissipation in an 1C package is
limited by the thermal conductivity of the package material, unless susiliary liquid or gas
cooling is used. The maximum allowable temperature rise is limited by the bandgap of
the semiconductor (~100°C for Si with a bandgap of 1.1 V). For such a temperature

rise, the maximum power dissipation of a typical high-performance package is about 10
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W. As o result, we must limit either the masimum elock rate or the number of gates on
a chip. As an example, in an IC containing 100 nm MOS devices with © = 5 = 10r2 {F,
running at a 20 GHz clock rate, the maxdmuom number of gates we can have is about 107
ifwe assume o 10% duty cyche, This is a design construing fieed by basic material parmeters,

501 Integration
Mentioned in Section 14.2.2 was the isolation of the SOI waler. Recently $01 teclinal-

ogy has received more attention. The advantages of the SO integration become signif-
icant as the minimum feature length approaches 100 nm. From the process point of view,
501 does not need the complex well strocture and isolation processes, In addition, shal-
bow junctions are directly obtained through the SOI film thickness. There is no rigk of
neaneniform interdiffusion of silicon and Al in the contact regions beeause of oxide iso-
lation at the bottom of the junction. Hence, the contact barrier is not necessary. From
the device point of view, the modern bualk silicon device needs high doping at the drain
and substrate to eliminate short-channel effects and punch-through. This high deping
results in high capacitance when the junction is reversed bias, On the ather hand, in SO1,
the maximum capacitance between the junction and substrate is the capacitance of the
buried insulator whose dielectric constant is three times smaller than that of silicon (3.0
versus 11.9). Based on the ring oscillator performance, the 130 nm $0T CMOS technology
cin achieve 255% faster speed or requine 50% less power compared to a similar bulk tech-
nology ™ SRAM, DRAM, CPU, and of CMOS have all been sucoessfully fabricated wsing
501 technology. Therelore SOI is a key candidate for the future system-on-a-chip tech-

nology, considersd in the following section.

EXAMPLES

For an equivabent codde thickness of 1.5 nm, what will be the physical thickness when high-k mate-
riads mitriche (848, = T), Ta,Oy (25), or TIO, (80) are used?

SOLUTION  For ndiride,

Ea || Enacde
L5 [- ST
o, =15 [ﬁ]:ﬂ.ﬁﬂ nm,

Using the same calculsiion, we obtain $.62 nm for TayOy and 14077 nm :I'urTI{_lr 4

1452 System-On-A-Chip

The inereased component density and improved Fibrication technology have helped the
realization of the system-on-a-chip (SOC), that ks, an 1C chip that contain a complete
electronie system. The designers can build all the circultry needed for a complete elec-
tronde system, such as a camera, radio, television, or personal computer (PC), on a sin-
gle chip, Figure 37 shows the SOC application in the PCs mother-board. Components
(11 chips in this case) once found on boards are becoming virtual components on the
chip at the right.®

There are two obstacles in the realization of the SOC. The first is the huge com-
phesity of the design. Since the component board is presently designed by different com-
pandes and different design tools, it is difficult to integrate them into one chip, The other
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Fig. 37 System-on-a-chip of a comventionl personal compater motherboard ©

is the difficulty of fabrication. In general, the fabricating processes of the DRAM are sig-
nificantly different from those of logic IC (e, CPU). Speed is the first priority for the
logic, whereas leakage of the stored charge is the priority for memary, Therefore, mul-
tileved interconnection using five to six lkevels of metals is essential for logic IC to improve
the speed. However, DRAM needs only two to three levels. In addition, to increass the
speed, a silicide process must be used to reduce the series resistance, and nltmthin gae
oxidde is needed (o increase the drive current. These requirements are not eritical for the
EMOTY.

To achieve the SOC goal, an embedded DRAM technology is introduced, Le., to merge
boggic and DVRAM kvt a shigle edip with compatible processes. Figure 38 shows the schematic
ross section of the embedded DRAM, incliading the IDRAM cells and the logic CMOS

devices. ™ Some processing steps are modified as 4 compromise, The trench-type capai-

Fig. 3  Schomatic cross section of the embedded DRAM including DRAM cells and logje
MOSFETE. There is mo hetght difference in the trench capacitor cell becasse of the DRAM cell
smuctizre, M1 to M5 are metal iMerconnections, and V1 to V4 ane via holes.®
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tor, instead of the stecked type, is used so that there is no height difference in the DRAM
cell strocture, In addition, multiple gate oxide thicknesses exist on the same wafer to accom-
modate multiple supply voltages and/or combine memory wnd bogic clrenits on one chip.

SUMMARY

In this chapter we considered processing technologies for passive components, active
devices, and IC. Three major IC technobogies based on the bipolar transistor, the MOS-
FET, and the MESFET were discussed in detail. Tt that the MOSFET will be
the dominant technology ot least until 2014 because of its siperior performance com-
pared with the bipolar transistor. For 100 nm CMOS technology, a good candidate is the
conbination of an SO1-substrate with interconnections Cu and low-k materials,

Becanse the rapic redection in feature length, the will soom reach its prac-
ticsl limit as the channel length is reduced to about 20 nm. What will be the deviee beyond
the CMOS is the question being ssked by research scientists, Major candicates inelude
many inngvative devices basod on quantum mechanical effects, This is because when the
lteral dimvenshon is reduced 1o below 100 nm, depending on the materdals and the tem-
perature of operation, electronkc struetures will exhibit nonclassical behaviors. The oper-
ation of such devices will be on the scale of single-ebectron l-rm This approach has
been demonstrated by the single-electron memory cell. The tion of such systems
with trillions of components will be a major challenge beyond CMOS.®
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PROBLEMS (* DENOTES DIFFICULT PROBLEMS)
FOR SECTION 14.1 PASSIVE COMPONENTS

1.

For a sheet resistance of 1 kQ/0J, find the maximum resistance that can be fabricated on a
2.5 x 2.5-mm chip using 2 im lines with a 4 um pitch (i.e., distance between the centers
of the parallel lines).

Design a mask set for a 5 pF MOS capacitor. The oxide thickness is 30 nm. Assume. that
the minimum window size is 2 x 10 pm and the maximum registration errors are 2 pm.

Draw a complete step-by-step set of masks for the spiral inductor with three turns on a
substrate.

Design a 10 nH square spiral inductor in which the total length of the interconnect is
350 um; the spacing between turns is 2 pm.

FOR SECTION 14.2 BIPOLAR TECHNOLOGY

5.
6.

Draw the circuit diagram and device cross section of a clamped transistor.

Identify the purpose of the following steps in self-aligned double-polysilicon bipolar struc-
ture: (a) undoped polysilicon in trench in Fig. 134, (b) the poly 1 in Fig. 13b, and (c) the
poly 2 in Fig. 13d.

FOR SECTION 14.3 MOSFET TECHNOLOGY

*7,

*9,

In NMOS processing, the starting material is a p-type 10 Q-cm <100>-oriented silicon
wafer. The source and drain are formed by arsenic implantation of 10% ions/cm? at 30 keV
through a gate oxide of 25 nm. (a) Estimate the threshold voltage change of the device.
(b) Draw the doping profile along a coordinate perpendicular to the surface and passing
through the channel region or the source region.

. (a) Why is <100>-orientation preferred in NMOS fabrication? (b) What are the disadvan-

tages if too thin a field oxide is used in NMOS devices? (c) What problems occur if a
polysilicon gate is used for gate lengths less than 3 pm? Can another material be substi-
tuted for polysilicon? (d) How is a self-aligned gate obtained and what are its advantages?
(e) What purpose does P-glass serve?

For a floating-gate nonvolatile memory, the lower insulator has a dielectric constant of 4
and is 10 nm thick. The insulator above the floating gate has a dielectric constant of 10
and is 100 nm thick. If the current density J in the lower insulators is given by | = 64,



10.

*11.

12,

13.
14,

15.

16.
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where ¢ = 107 S/cm, and the current in the other insulator is negligibly small, find the
threshold voltage shift of the device caused by a voltage of 10 V applied to the control
gate for (a) 0.25 us, and (b) a sufficiently long time that J in the lower insulator becomes
negligibly small.

Draw a complete step-by step set of masks for CMOS inverter shown in Fig. 23. Pay par-
ticular attention to the cross section shown in Fig. 23¢ for your scale.

A 0.5 um digital CMOS technology has 5 pm wide transistors. The minimum wire width
is 1 pm and the metallization layer consists of 1 pm thick aluminum. Assume that p, is
400 cm®V-s, d is 10-nm, Vpp is 3.3 V, and the threshold voltage is 0.6 V. Finally, assume
that the maximum voltage drop that can be tolerated is 0.1 V when a 1 pum? cross section
aluminum wire is carrying the maximum current that can be supplied by the NMOS tran-
sistor. How long a wire can be allowed? Use a simple square-law, long-channel model to
predict the MOS current drive (resistivity of aluminum is 2.7 X 10-° Q-cm).

Plot the cross-sectional views of a twin-tub CMOS structure of the following stages of
processing: (a) n-tub implant, (b) p-tub implant, (c) twin-tub drive-in, (d) nonselective p*-
source/drain implant, (e) selective n*-source/drain implant using photoresist as mask, and
(f) P-glass deposition.

Why do we use a p*-polysilicon gate for PMOS?

What is the boron penetrat1on problem in p*-polysilicon PMOS? How would you elimi-
nate it?

To obtain a good interfacial property, a buffered layer is usually deposited between the
high-k material and substrate. Calculate the effective oxide thickness if the stacked gate
dielectric structure is (a) a buffered nitride of 0.5 nm and (b) a Ta,O5 of 10 nm.

Describe the disadvantages of LOCOS technology and the advantages of shallow-trench
isolation technology.

FOR SECTION 144 MESFET TECHNOLOGY

17.
18.

What is the purpose for the polyimide used in Fig. 34f?
What is the reason that it is difficult to make bipolar transistor and MOSFET in GaAs?

FOR SECTION 14.5 CHALLENGES FOR MICROELECTRONICS

19.

20.
21.

(a) Calculate the RC time constant of a aluminum runner 0.5 pm thick formed on a ther-
mally grown SiO, 0.5 um thick. The length and width of the runner are 1 cm and 1 um,
respectively. The resistivity of the runner is 10~ Q-cm. (b) What will be the RC time con-
stant for a polysilicon runner (Rg= 30 €/0) of identical dimension?

Why do we need multiple oxide thicknesses for a system-on-a-chip (SOC)?

Normally we need a buffered layer placed between a high-k Ta,Oj and the silicon sub-
strate. Calculate the effective oxide thickness (EOT) when the stacked gate dielectric is
Ta205 (k = 25) with a thickness of 754 on a buffered nitride layer (k = 7 and a thickness of
10 A). Also calculate EOT for a buffered oxide layer (k = 3.9, and a thickness of 5 A).



Appendix A

List of Symbols

Symbol Description Unit
a Lattice constant A

B Magnetic induction Whb/m?
c Speed of light in vacuum cm/s
C Capacitance F

D Electric displacement C/em?
D Diffusion coefficient cm?/s
E Energy eV

E, Bottom of conduction band eV

E; Fermi energy level eV

Eg Energy bandgap eV

Ey Top of valence band eV

& Electric field V/em
é, Critical field V/em
é, Maximum field V/em
f Frequency Hz(cps)
F(E) Fermi-Dirac distribution function ‘

h Planck constant J-s

hv Photon energy eV

I Current A

I, Collector current A

J Current density Alem?
T Threshold current density Alem?
k Boltzmann constant J/K
kT Thermal energy eV

L Length cm or im
my Electron rest mass kg

m, Electron effective mass kg

m,, Hole effective mass kg

n Refractive index

n Density of free electrons cm™
n, Intrinsic carrier concentration cm™

o

(continued)
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Symbol Description Unit

N Doping concentration cm™

N, Acceptor-impurity density cm™

N¢ Effective density of states in conduction band cm™

Ny Donor-impurity density cm™

Ny Effective density of states in valence band cm®

p Density of free holes cm

p Pressure Pa

q Magnitude of electronic charge C

Q. Interface-trapped charge charges/cm?
R Resistance Q

t Time s

T Absolute Temperature K

v Carrier velocity cm/s

0, Saturation velocity cm/s

Oy, Thermal velocity cm/s

A% Voltage A

Vi Built-in potential A%

Vs Emitter-base voltage \%

Vg Breakdown voltage A%

w Thickness cm or Um
W Base thickness cm or {m
& Permittivity in vacuum F/cm

£ Semiconductor permittivity F/em

€y Insulator permittivity F/cm
g/g,0r €,, /8, Dielectric constant

T Lifetime or decay time s

0 Angle rad

Y Wavelength Wm or nm
v Frequency of light Hz

JIN Permeability in vacuum H/cm

. Electron mobility cm?V-s
My Hole mobility cm?/V-s

P Resistivity Q-cm

Dgn Schottkey barrier height on n-type semiconductor A%

95, Schottkey barrier height on p-type semiconductor Vv

q9, Metal work function eV

0] Angular frequency (2af or 2mw) Hz

Q Ohm Q




Appendix B

International System of
Units (S| Units)

Quantity Unit Symbol Dimensions
Length® meter m

Mass kilogram kg

Time second S

Temperature ~ kelvin K

Current ampere: A

Light intensity candela Cd

Angle radian rad

Frequency hertz Hz s

Force newton N kg-m/s?
Pressure pascal Pa N/m? v/ w
Energy$ joule ] N-m = 1&7 - /;’
Power ‘watt \i% /s

Electric charge coulomb C As
Potential volt \% J/C
Conductance siemens S ANV
Resistance ohm Q V/A
Capacitance farad F Ccv
Magnetic flux weber Wb Vs
Magnetic induction tesla T Wh/m?
Inductance henry H Wh/A
Light flux humen Lm Cd-rad

$ It is more common in the semiconductor field to use cm for length and eV for energy (1 cm = 102m, 1 eV
= 16X 1079]).
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‘Appendix C

Unit Prefixes®

Multiple Prefix Symbol
1018 exa E
1015 peta P
1012 tera T
10° giga G
108 mega M
103 kilo k
102 hecto h
10 deka da
10! deci d
102 centi c
1078 milli m
106 micro n
10°° nano n
1012 pico p
10-15 femto f
10-18 atto a

* Adopted by International Committee on Weights and Measures. (Compound prefixes should not be used,
e.g., not iy but p.)
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~Appendix D

Greek Alphabet

Letter Lowercase Uppercase

Alpha
Beta
Gamma
Delta
Epsilon
Zeta
Eta
Theta
Tota
Kappa
Lambda
Mu

Nu

Xi
Omicron
Pi

Rho
Sigma
Tau
Upsilon
Phi

Chi

Psi
Omega

EE€ERNRS A0V IO UMTRE DR ~ I v h R ™K
DHEXB LM OI0ONZEr R~ INTD> W >
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IX E

Physical Constants

Quantity Symbol Value

Angstrom  unit A 10A =1nm =103 pm = 107cm = 10°m
Avogadro constant N, 6.02214 x 10% e

Bohr radius ag 0.52917 A

Boltzmann constant k 1.38066 x 10 J/K (R/N,,)
Elementary charge q 1.60218 x 107°C
Electron rest mass mg 0.91094 x 10~kg

Electron volt eV 1 eV = 1.60218 x 101°]
= 23.053 kcal/mol

R 1.98719 cal/mol-K
o 1.25664 x 108 H/cm (41 x 1079)
Permittivity in vacuum £ 8.85418 x 10-1* F/em (1/p,c?)
Planck constant h 6.62607 x 1034 s
h
M,
e

Gas constant
Permeability in vacuum

Reduced Planck constant 1.05457 x 1073 J-s (h/2m)
Proton rest mass 1.67262 x 1027kg

Speed of light in vacuum 2.99792 x 10'° cm/s
Standard atmophere 1.01325 X 10°Pa
Thermal voltage at 300 K kT/q 0.025852 V

Wavelength of 1 eV quantum A 1.23984 pm

128045030 kg 5 K
N

4 ’K—\

~ o
e (1732 K107 VIS
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IX F

Properties of

Important Element
and Binary Compound
Semiconductors at 300 K

Lattice
constant Bandgap Mobility® (cm?%V-s)
Semiconductor (A) (eV) Band® u, U, Dielectric constant
Element Ge 5.65 0.66 I 3900 1800 16.2
Si 5.43 1.12 I 1450 505 11.9
IV-IV SiC 3.08 2.86 I 300 40 9.66
IiI-v AlSb 6.13 1.61 I 200 400 12.0
GaAs 5.65 1.42 D 9200 320 124
GaP 5.45 2.27 I 160 135 11.1
GaSb  6.09 0.75 D 3750 680 15.7
InAs 6.05 0.35 D 33000 450 15.1
InP 5.86 1.34 D 5900 150 12.6
InSh 6.47 0.17 D 77000 850 16.8
I1-vI Cds 5.83 2.42 D 340 50 5.4
CdTe 6.48 1.56 D 1050 100 10.2
ZnO 4.58 3.35 D 200 180 9.0
ZnS 5.42 3.68 D 180 10 8.9
IV-VI Pbs 5.93 0.41 I 800 1000 17.0
PbTe 6.46 0.31 I 6000 4000 30.0

3] indirect, D, direct.

"The values are for drift mobilities obtained in the purest and most perfect materials available to date.
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~Appendix G

Properties of Si
and GaAs at 300

Properties Si GaAs
Atoms/cm? 5.02 x 1022 4.42 x 102
Atomic weight 28.09 144.63
Breakdown field (V/cm) ~3 x 10° ~4x10°
Crystal structure Diamond Zincblende
Density (g/cm®) 2.329 5.317
Dielectric constant 11.9 124
Effective density of 2.86 x 101° 4.7 x 10Y7
states in conduction -
band, N (cm™3)
Effective density of 2.66 x 101° 7.0 x 1018
states in valence
band, Ny{cm™3)
Effective mass (conductivity)
Electrons (m,/m,) 0.26 0.063
Holes (mp/mo) 0.69 0.57
Electron affinity, x(V) 4.05 4.07
Energy gap (eV) 1.12 1.42
Index of refraction 3.42 3.3
Intrinsic carrier 9.65 x 10° 2.25 x 10°
concentration(cm™)
Intrinsic resistivity (Q-cm) 3.3 % 10° 2.9 x 108
Lattice constant (A) 5.43102 5.65325
Linear coefficient of 2.59 x 1078 5.75 x 10°°
thermal expansion,
AL/LXT (°C1)
Melting point (°C) 1412 1240
Minority-carrier lifetime (s) 3x 102 ~10°8
Mobility (cm #/V-s)
1, (electrons) 1450 9200
i, (holes) 505 320
Specific heat (J/g -°C) 0.7 0.35
Thermal conductivity(W/cm-K) 1.31L 0.46
Vapor pressure (Pa) 1 at 1650°C 100 at 1050°C
1078 at 900°C 1 at 900°C
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~Appendix H

‘Derivation of the
Density of States
in @ Semiconductor

To calculate the electron and hole concentrations in the conduction and valence bands,
respectively, we need to know the density of states, that is, the number of allowed energy
states per unit energy per unit volume (i.,e., in the units of number of states /eV/cm?).

When electrons move back and forth along the x-direction in a semiconductor mate-
rial, the movements can be described by standing-wave oscillations. The wavelength A
of a standing wave is related to the length of the semiconductor L by

E =Ny, 1)
where n,_ is an integer. The wavelength can be expressed by de Broglie hypothesis:
Px

where h is the Planck constant and p, is the momentum in the x-direction. Substituting
Eq. 2 into Eq. 1 gives »

Lp, =hn,. (3)
The incremental momentum dp, required for a unity increase in n, is

For a three-dimensional cube of side L, we have
Ldp.dp,dp, = h’. (5)

The volume dp, dpy dp,in the momentum space for a unit cube (L = 1) is thus equal
to h®. Each incremental change in n corresponds to a unique set of integers (n,, n, n,),
which in turn corresponds to an allowed energy state. Thus, the volume in momentum
space for an energy state is h%. The figure shows the momentum space in spherical coor-
dinates. The volume between two concentric spheres (from p to p + dp) is 4mpdp. The
number of energy states contained in the volume is then 2(47p2dp)/h®, where the fac-
tor 2 accounts for the electron spins.
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Appendix H. Derivation of the Density of States in a Semiconductor

The energy E of the electron (here we only consider the kinetic energy ) is given by

2

[4

E= 6
o (6)
or p=+2m,E, : (7

where p is the total momentum ( with components p,, p,, and p, in Cartesian Coordinates)
and m,, is the effective mass. From Eq. 7, we can substitute E for p and obtain

8mp2d om N2 _=
N(E)E = —”%3—7’ =4n(%j E2 dE (8)
. 3
om. 2 1
and N(E)=4ﬂ(721) E?, (9)

where N(E) is called the density of states.

dp

Py

Px
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Derivation of
Recombination Rate for
Indirect Recombination

A schematic diagram showing the various transitions that occur in the recombination
through recombination centers is shown in Fig. 12 of Chapter 3. If the concentration of
centers in the semiconductor is N,, the concentration of unoccupied centers is given by
N,(1I-F), where F is the Fermi distribution function for the probability that a center is
occupied by an electron. In equilibrium,
1
F = 14 ¢ & —Er /AT @

where E, is the energy level of the center and Ej, is the Fermi level.

Therefore, the capture rate of an electron by a recombination center, Fig. 12a of
Chapter 3, is given by

R, = nN,(1-F). (2)

a
We designate the proportionality constant by the product v,,0,, so that
R, = vy0,nN,(1-F). (3)

The product v,,0, may be visualized as the volume swept out per unit time by an elec-
tron with cross section @,. If the center lies within this volume, the electron will be cap-
tured by it.

The rate of emission of electrons from the center, Fig. 12b, is the inverse of the elec-
tron capture process. The rate is proportional to the concentration of centers occupied
by electrons, that is, N,F. We have

R, =e/NF. 4)

The proportionality constant e,, is called the emission probability. At thermal equilibrium
the rates of capture and emission of electrons must be equal (R, = R,). Thus, the emis-
sion probability can be expressed in terms of the quantities already defined in Eq. 3:

04,0 ,n(1—F)

e, = +—"lt—0. 5
n 7 (5)
Since the electron concentration in thermal equilibrium is given by

n = nie(EF ~E, )/kT, (6)
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Appendix | Derivation of Recombination Rate for Indirect Recombination

we obtain

(E,—E;)/kT

€, = UyO,ne t . (7)

The transitions between the recombination center and valence band are analogous
to those described above. The capture rate of a hole by an occupied recombination cen-
ter, Fig. 12¢, is given by

Ro = Utho-ppNt‘F‘ (8)
By arguments similar to those for electron emission, the rate of hole emission, Fig. 12d, is
Ry =e,N(1-F). )

The emission probability e, of a hole may be expressed in terms of v, and o, by con-
sidering the thermal equilibrium condition for which R, = R:

e, = uthopnie(E"-Et)/kT. ‘ (10)

Let us now consider the nonequilibrium case in which an n-type semiconductor is
illuminated uniformly to give a generation rate G, . Thus in addition to the process shown
in Fig. 12, electron-hole pairs are generated as a result of light. In steady state the elec-
trons entering and leaving the conduction band must be equal. This is called the prin-
ciple of detailed balance, and it yields

dn
L =G; -(R,—Ry) = 0. 11
7 r — (R, —Ry) (11)
Similarly, in steady state the detailed balance of holes in valence band leads to-
d
77’;— = G, -(R,—-R,) = 0. (12)

Under equilibrium conditions, thatis, G, = 0, R, = R, and R, = R;. However, under state-
state nonequilibrium conditions, R, # R, and R, # R;. From Egs. 11 and 12 we obtain

G,=R,-R,=R,—~R;=U. (13)
We can get the net recombination rate U from Egs. 3, 4, 8, and 9:

2
vtho-no-pNt(Pnnn -y )

U=R,-Ry,= (14)

O'P[pn + nie(E"_Et>/kT]+ c,ln, + nie(E’_EiwkT]



~~Appendix J

Calculation of the
Transmission Coefficient
for a Symmetric Resonant-
Tunneling Diode

To calculate the transmission coefficient, we consider Fig. 13a of Chapter 8 where the
five regions (I, I1, IIL, IV, V) are specified by the coordinates (x,, x,, %3, x,). The Schrodinger
equation for the electron in any region can be written as

2 2
SNV vy~ By, i=1,2345, (1)
2m; \ dx :

where 7 is the reduced Planck constant, m] the effective mass in the ith region, E the
incident energy, and V; and y; the potential energy and the wave function in the ith region,
respectively. The wavefunction y; can be expressed as

v, (x) = A exp(jk;x)+ B; exp(— jk;x), (2)
where A, and B, are constants to be determined from the boundary conditions, and

k, =“/2m:(E‘Vi> /h Since the wavefunctions and their first derivatives (i.e.,

v, /m; =y,,; /m;,,) at each potential discontinuity must be continuous, we obtain the
transmission coefficient (for identical effective mass across the five regions),
T = 1
© 1+ E2(sinh? BLg)H 2 /[AEX(E, - E)?]

3)

where

H = [ E(E, ~ E)|"cosh Ly cos kL~ (2E — Eg)sinh Ly sinkLy

and
om"(E, - E) Nom'E
h= h ke
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The resonant condition occurs when H = 0, and thus T, = 1. The resonant-tunneling energy
levels E, can be calculated by solving the transcendental equation:

o[E(E, - E)

RE-Ey) = tan kL tanh BLg. (4)

As a first-order estimate of the energy levels, one can use the results of a quantum well
with infinite barrier height:
2492
T°h
Enz[ — Jn2. (5)
2m Ly

For a double-barrier structure with finite barrier height and width, the energy level (for
a given n) will be lower; however, it will have a similar dependence on the effective mass
and well width, that is, E, increases with decreasing m” or Ly,




-Appendix K

Basic Kinetic
Theory of Gases

The ideal gas law states that
PV = RT = N, kT, 1)

where P is the pressure, V is the volume of one mole of gas, R is the gas constant (1.98
cal/mol-K, or 82 atm-cm®mol-K), T is the absolute temperature in K, N, is the Avogadro
constant (6.02 x 102 molecules/mole), and k is the Boltzmann constant (1.38 x 102 J/K,
or 1.37 x 10-2 atm-cm¥K). Since real gases behave more and more like the ideal gas as
the pressure is lowered, Eq.1 is valid for most vacuum processes. We can use Eq.1 to
calculate the molecular concentration n (the number of molecules per unit volume):

N P

—tlaew .~ 9
"N TR @
=7.95x10'° ; molecules/cm®, (2a)

where P is in Pa. The density p, of a gas is given by the product of its molecular weight
and its concentration:

P4 = molecular weight X (kLTJ (3)

The gas molecules are in constant motion and their velocities are temperature
dependent. The distribution of velocities is described by the Maxwell-Boltzmann distri-
bution law, which states that for a given speed v,

1dn 4 m )" mo®
il AP (G R 2 - 4
wdo J;[sz) ? eXP[ sz]’ @

where m is the mass of a molecule. This equation states that if there are n molecules in
the volume, there will be dn molecules having a speed between v and v + dv. The aver-
age speed is obtainable from Eq. 4:

_liddo_ 2 (4T

) (5
[Cfdo NV m )

av
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Appendix K. Basic Kinetic Theory of Gases

An important parameter for vacuum technology is the molecular impingement
rate, that is, how many molecules impinge on a unit area per unit time. To obtain this
parameter, first consider the distribution function f,, for the velocities of molecules in
the x-direction. This function can be expressed by an equation similar to Eq. 4:

1/2 5
Ling o =(_m_j o2 exp[-mvx ] ®

n do, 2nkT 2kT

The molecular impingement rate ¢ is given by
¢=Jgv.dn,. (7)
Substituting dn, from Eq. 6 and integrating gives

kT oo
p=n Py (8)
Tm
The relationship between the impingement rate and the gas pressure is obtained by using
Eq. 2:

¢ = P(2amkT) V> (9)

=2.64x 1020(—1)—], (9a)

M

where P is the pressure in Pa and M is the molecular weight.



Answers to
Selected Problems

Answers are provided for odd-numbered problems, which have numerical solutions.

CHAPTER 2

1.

13.
15.
17.

19.

(a) 2.35 A; (b) 6.78 x 10 (100), 9.6 x 10%
(110), 7.83 x 10 (111) atoms/cm?.

. 52% (simple cubic), 74% (fcc),

34% (diamond).

. (643) plane
11.

0.583 eV (77 K), 0.569 eV (300 K), 0.557 eV
(373 K).

72.7 A, 1154 A.

2.926 x 10% cm 2,

(a) 9.3 x 10¢cm™, 0.26 eV; (b) 10 ecm™3,
0.26 eV

n =10% cm™ (Np =10' em), 0.93 x 1077
(10'7), 0.27 x 1019(10%9).

CHAPTER 3

1.
. 167 cm*V's.
. 3.5 x 107 cm3, 400 cm?/V's.
. 0.226 Q-cm
. N, =50 N,
11.
13.

e 1 W

19.
23.
- 95.

3.31 x 10° Q-cm (Si), 2.92 x 108 Q-cm (GaAs).

(b) 259 V/em.

(a) An = 10" em™, n = 10% cm3,

p = 10" em™

plx) = 10%4(1 — 0.9¢%r), L,=3L6pm.
0.403,7.8 x 10°°

1.35 x 10% c/s < 9.5 x 108 cm/s (100 V/em)
1.35 x 107 cm/s = 9.5 x 10% cm/s (104 V/em).

CHAPTER 4

1.
3.

1.867 um, V,, = 052V, &, = 4.86 x 10° V/em.

At300K,V,, =0.714 V, W = 0.97 um,
&= 1.47 x 10* V/em.

. For Ny = 10% em™,

1 /C? = 1.187 x 1016 (0.834 - V).

. N, = 343 x 10% cm™>.

9. 2.5 x 10" cm™,

11.
13.
15.
17.
19.
21.

N,=22X 10 em=, Np, = 5.4 x 105 cm™.
0.79 V.

8.78 x 10~ C/cm?.

cross-sectional area is 8.6 x 10~° cm?.

(a) 587V, (b) 42.8 V.

For V= +05V,V,, = 1.1 and 3.4 x 10*V;
depletion widths = 3.82 x 10~ and 1.27 x 10°®
cm.

CHAPTER 5

13.
15.
17.
21.
23.

(
o
(

a) 0.904 pm, (b) 2.54 x 104 cm™>.

)T, =1.606 x 104, I, = 1.596 x 10734,
I = 1.041 X 107A; (b) fi, =160.

11 = 87.6 cm¥/V-s, 1= 1186, 1, = 453.
B, = 50,000.

131.6.

I = 1.715 x 10A, I, = 1.715 x 10~A.

fp = 1.27 GHz, f, = 1.275 GHz,
f5 = 255 MHz.

a) 0.995, 199, (b) 2 x 10° A.
a

547
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25. 0.29. 9. 0.0091 (°C)~.
27. 3.96 x 10~ cm, 44.4 cm?. 11. 9.

13. 138V, 90 ps.

CHAPTER 6 15. V,= 0.64V, P, = 52 mW,
5. 0.15 pm. 17. 35.6 mW (R, =0), 9 mW (R, = 5Q).
7. 059V, 1.11 x 10° V/em.
9. 2.32 x 102V, CHAPTER 10
11. 7.74 x 102V. 1. Atx=0,C,=3x10%cm>; atx = 0.9,
15. 342V, 2.55 x 10-2A. C, = 15x 107 cm™.
17. 3.45 x 10~S. 3. 075 g
19. 8x 1011 cm—z_ 5. 6.56 m.
21. 1.7x 102 cm. 9. 24 cm.
23‘ 0457 um 11. 130%, +1%.
25. 0.83V. o 15. 2.14 x 104 CI'XI_3 at 900°C.
29. 49 nm. 17. 468 X 104 cmy/s.
31. 0.134t0 0.226 V. 19. 5.27 x 101 atoms/cm?.
33. 3.1x 101t A,
CHAPTER 11
35. 4.34 V.
1. 44 min.
CHAPTER 7 5. (a) x = 0.83, Y= 0.46; (b) 2 x 104 Q-cm.
1. 0.54 eV, V,, = 0.352 V. 7. 0.0093.
3. @5,= 0.64V,V,, = 0.463V, W = 0.142 yum, 9. 757°C.
8, = 6.54 x 10*V/cm. 13. 2.1 x 10! em2.
5. V,,= 0605V, ¢, = 481 V. : 15. 71.1 nm for TiSi,.
7. 0.108 um. 17. (a) 0.93 ns; (b) 0.42 ns; (c) 0.45.
9. (b) -2.06V. 19. 72 Q, 0.18 V.
11. 0.152 pm, 0.0496 pm.
13. 5.8 nm. CHAPTER 12
15. 44 .5 nm, —0.93V. 1. (a) 2765; (b) 578, (C) 157.
3. 7 wafers/hr for positive resist, 120 for negative
CHAPTER 8 resist.
1. 11.95 nH. 9. (a) Wb =122 Um; (b) 0.93 pm; (C) 0.65 Hm.
3.18.9 nm. 6.13 x 10~ F/em? 11. Etch from the top, wafer area lost = 127 cm?

etch from the bottom, wafer area lost is small.
13. 224.7 nm/min.
17. 433.3 nm.

5. (a) 137 Q; (b) 3185 V.
7. (a) 74.8V; (b) 2.2 x 10° V/em; (c) 19 GHz.
9. (a) 10" cm™; (b) 10 ps; (c) 2.02 W.
11. 3 meV, 11 meV. CHAPTER 13
1. 0.15 um, 5.54 x 10 atoms/cm?:

CHAPTER 9
3. 25 min, 3.4 x 10 atoms/cm?.
1. 1.57 mW. .
5. 16.9%.
3. (a) 40.58 cm™; (b) 36.6%.
7. = 32.3 nm.

7. 3.83nA.



11. 6.7s.

13. 0.53 pum.
15. 99.6%.
21. 0.927 um.

CHAPTER 14
1. 781 MQ.
3. 13 turns.

Appendix L. Answers to Selected Problems

7. (a) 0.91V; (b) peak concentration =
2.2 x 102! em™3.

9. (a) 0.565V; (b) 9.98 V.
11. 740 pm.
15. 1.84 nm.
19. 1.38 ns, 207 ns.
21. 17.34,16.7 A,

% 549



Index

(100) plane, 24, 26, 376, 428,
450

(110) plane, 24, 301, 428

(111) plane, 24, 376, 428, 431,
450

{100) direction, 181, 182, 347,
479, 497, 500, 504, 528

(110) direction, 475

(111) direction, 25, 79, 334,
347,

(111) surface, 181, 182

{111)-axis, 475

3-D integration, 182

Abrupt junction, 91-93, 95, 96,
101, 103, 104, 114, 118,
119, 120-124, 128, 129

Absorption, 282287, 306,
314-316, 319, 328, 330,
331

coefficient, 286, 287, 314,
315, 330

Acceptor, 17, 37, 38, 41, 45, 46

Acceptor vacancy, 462

Accumulation, 171, 174, 177,
220

Acetic acid, 428, 430

Activation energy, 114, 384,
389, 395, 455, 479

Active mode, 131-135, 138,
139, 142, 144, 146, 151,
153, 167

Air mass 0, 319

Air mass 1.5, 319, 320

Air molecules, 360

Air traffic control beacons, 255

AlCu etch chamber, 439

AlF;, 441

AlGaAs, 246, 247, 248, 250,
951, 253, 307, 309, 310,
330

AlGaAs/GaAs heterojunction,
248, 253

AlGalnN, 292

AlInAs/GalnAs HBT, 275

AIN, 292

AlSb, 537

Aluminum (Al) 18, 20, 21, 171,
179, 370, 378, 379, 384,
388, 390, 392, 393, 395,
396, 401, 402, 428-430,
440, 442, 448450, 452
alloy, 430
alloying with copper, 395
arsenide (AlAs), 3
corrosion, 442
silicon diodes, 236
spiking, 394, 395
ALGa,_As, 152, 299, 333, 358,
361, 362
AlLGa,_As/Sb, , 298
AL Ga, N, 292
Ammonia, 384, 401
Ammonium fluoride(NH,F),
498
Amorphous Si (a-Si) solar cell,
325, 326, 328
Amorphous silicon, 210, 286,
325
Amorphous surface layer, 476,
483
Amplifier, 517
Amplifying circuit, 146
Analog circuits, 497, 517
Angular frequency, 297
Anisotropic etching, 325, 431,
440, 441, 449
profiles, 434
reactive sputter etching, 512
Annealing, 452, 466, 470, 477,
479-481, 485, 488
Anode, 156, 157, 161, 164
Antimony (Sb), 389
Antireflection coating, 314, 315,
317, 318, 320, 328
Ar, 25, 334, 376
Arc lamps, 479
Area defect, 349, 365
Argon, 25
Aromatic diamine, 294
Arsenic, 66, 333, 343, 344, 345,
346, 356, 357, 359, 360,
365, 366, 379, 453, 478,
483, 497, 498, 499, 505,
506, 511, 528

Arsine (AsH,), 356, 453, 469

As (see Arsenic )

As,Os, 453

AsCl,, 453, 469

AsHj ( see Arsine)

a-Si: H TFT, 210, 211, 212

Aspect ratio, 439, 440, 441, 448

Asymmetric thyristor, 163, 164,
166

Atmospheric “windows,” 256

Atmospheric pollution monitor-
ing, 298

Atmospheric pressure, 354, 358

CVD, 400

Atmospheric-pollution monitor-
ing, 6

Atomic number, 421, 424

Attenuation, 296

Attenuator, 483

Auger recombination, 78, 79,
81

Automobile industry, 1

Avalanche breakdown voltage,
120, 128, 467

Avalanche multiplication, 85,
117, 118, 127

Avalanche noise, 317

Avalanche photodiode, 317,
318, 328, 331

B,H,, 453

Backscattering, 422, 423, 425

Ballistic collector transistor
(BCT), 155, 156

Ballistic devices, 279

Ballistic electron, 275

Bandgap, 17, 19, 31-33, 35-37,
4946, 124, 246, 247,
288, 292, 295, 298, 311,
324, 325, 537

Bandgap narrowing effect, 44

Band-to-band recombination,
60, 80

Barium strontium titanate
(BST), 387

Barrier height, 226, 227,
230-234, 236, 242, 246,
248, 251-253
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Barrier metal layer, 392
Barrier-lowering effect, 202
Base, 156, 157, 158, 162, 163,
164, 165, 166, 167
region, 134, 137, 138, 140,
141, 144, 146, 147,
151, 153, 155, 167, 168
transport factor, 136, 137,
151, 156, 167
width modulation, 146, 148
~ width modulation effect, 148
Basic fabrication steps, 84, 85
BBr,, 453
BCl,, 440, 441, 450
Be, 346, 361
Beam-blanking plates, 429
Beryllium, 424
BF,, 469
BiCMOS, 205, 209, 223
inverter, 517
Bidirectional thyristor, 161, 162,
167
Binary compound, 19, 20, 22
Biotechnology, 444
Bipolar junction transistor
(B]T), 130, 152, 154, 168
Bipolar technology, 489, 496,
527, 528
Bipolar transistor, 3, 4, 7, 8, 11,
13, 130, 131, 132, 135,
137, 142, 146, 147,
151-157, 165-168,
489491, 494, 496499,
501, 503-505, 517, 518,
528, 529
Bits, 507
BN, 453
Body-centered cubic (BCC), 21
Bphr model, 28
Boron (B), 195, 196, 222,
335-338, 346, 353, 358,
367, 379, 380, 453, 455,
462, 464, 469, 472,
477479, 481488, 498,
499, 501, 503, 505, 514,
516, 517, 529
Boron implantation, 195
Boron trioxide (B,0,), 346
Bow, 347, 349
Bragg reflector, 424
wavelength, 308, 330
Breakdown region, 242
Breakdown voltages, 118-120,
122, 128, 155, 160,
262-264, 281, 405, 500

Bridgman technique, 7, 345,
347

Buffered HF solution (BHF),
381, 384, 428430

Buffered-oxide-etch (BOE),
428

Built-in electric field, 149, 155

Built-in potential, 91, 92, 94,
95, 99, 105, 125-128,
2927, 234, 243, 252, 494

Bulk micromachining, 443, 448

Bulk punch-through effect, 202

Buried layer, 469, 483, 485,
497-500, 504, 518, 519

Buried-type PMOS, 516

C,F,, 441

C,F,, 441

C,F,, 441

Cadmium, 346, 357

Camera, 510, 525

Cantilever-beam piezoresistive
acceleration sensor, 443

Capacitance, 493-497, 500,
506, 507, 524, 525

voltage technique , 103, 462
voltage characteristics, 101,
102, 178

Capture cross section, 64

Carbon, 333, 351, 353

Card telephone, 510

Carrier drift, 47, 48, 77, 80, 81

Carrier generation, 60, 311, 312

Carrier injection, 60, 68

Carrier lifetime, 297, 312, 313,
331

Carrier mobility, 461

Carrier transport, 311

Cathode, 156, 157, 161, 164

CdS, 537

CdTe, 537

Cell projection, 448

Cellular phones, 6, 214, 255,
510

Central processing unit, 10, 13,
510, 526

CF,, 440442

Chain scission, 421

Channel conductance, 187, 190,
192, 193, 198, 222

Channel length, 187, 199202

Channel resistance, 190, 204

Channel width, 187, 218

Characteristic impedance, 256,
257, 280

Charge density, 174, 183, 184,
204, 222, 223
Charge distribution, 228, 229
Charge neutrality, 90, 94, 100
Charge sheet, 248, 249
Charge-coupled device (CCD),
7, 170, 185, 186
Charge-sharing model, 199, 223
Chemical etching, 426428,
431, 432, 434, 443, 449
Chemical vapor deposition
(CVD), 87, 354, 358, 365,
376-381, 384, 386, 387,
391, 392, 396, 400, 401,
429 )
Chemical-amplified resist, 414
Chemical-mechanical polishing
(CMP), 11, 396-398,
442 514
Chemical-vapor deposition
(CVD) Si0,, 376, 391
CHF,, 440, 441
Chip card, 510, 527
Chromium, 111, 411
Circuit symbol, 131, 132
Clean room, 405407, 414, 438,
447, 449 '
Clear air turbulence detection,
255
Cleaved ends, 301
Clustered plasma processing,
439
Clustered tools, 439
CMOS(complementary MOS-
FET), 8, 9, 11, 14, 15,
169, 200, 205-209,
212-215, 220 223, 465,
483, 485, 489, 500, 503,
509, 512-516, 518, 519,
524, 526-529
inverter, 205-208, 215, 220,
510, 511, 517, 529
logic gates, 517
technology, 200, 205, 220,
221, 503, 510, 517,
525, 527, 529
Cobalt silicide, 398, 400
Cold wall reactor, 379
Collector, 155-158, 166
-emitter leakage current, 145
Collimating tubes, 391
Color bands, 282
Columnar structure, 389
Common-base configuration,
133, 136, 143



Common-base current gain,
145, 148, 157, 167, 168
Common-base cutoff frequency,
148
Common-emitter configuration,
143-148, 152, 155, 167,
168
Complementary error function,
457, 483
Complementary MOSFET (see
CMOS)
Compound semiconductor, 17,
19, 22
Computer aided design (CAD),
411, 495
Concentration-dependent diffu-
sivity, 452, 462, 499
Conduction band, 2946
Conduction band discontinuity,
154, 247
Conductivity, 17, 18, 32, 41, 44,
76, 81, 82, 190, 311, 312
Conductor, 17, 32-34
Confinement factor, 300, 301,
306, 330
Conformal step coverage, 381,
382, 391, 400
Constant-surface-concentration
diffusion, 457, 458, 460,
463, 467, 485
Constant-total-dopant diffusion,
456, 459, 460, 467, 471,
485
Constant-field scaling, 202
Contact holes, 391
Contact imaging sensors (CIS),
195, 210, 221
Contact plug, 391
Contact printing, 407
Contact resistance, 469, 485
Continuity equation, 47, 6668,
80, 82, 137, 168, 338
Contrast ratio, 413
Conversion efficiency; 264
Coplanar waveguide stripline,
256
Copper (Cu), 18, 111, 431, 441,
442 456, 478
halides, 442
interconnect, 8, 11
metallization, 396, 400
polyimide interconnect, 396
Correction factor, 54
CoSi,, 398, 399, 402, 524
Coulomb force, 49

Coulombic interaction, 471
Coupled impurity vacancy pair,
465
Covalent boning, 27
CRAY 1, 11
Critical angle, 292, 295, 300,
330
Critical dimension, 408, 439
Critical dimension (CD) con-
trol, 437
Critical field, 119, 120, 122,
262
Critical layer thickness, 362,
363, 365, 366
Crystal defect, 349
Crystal growth techniques, 17,
© 24,45, 332, 343, 345, 367
Crystal lattice, 452, 454, 485
Crystal plane, 17, 22
Crystal puller, 334
Crystal purification, 341
Crystal structure, 17, 19, 22, 25,
44, 45
Cubic lattice, 349
Current density, 231-234, 252
equations, 59, 60
Current gain, 131, 135-137,
141, 142, 144, 145, 148,
151, 153-155, 157-159,
165-168, 206, 209
Current transport, 231, 234,
251
Current voltage characteristics,
84, 88, 104, 106, 108,
112, 113, 127, 128, 137,
138, 143, 145, 156, 158,
160-162, 165
Cutoff frequency, 131, 148,
149, 153-155, 165, 166,
168, 237, 244, 245, 250,
251, 273, 277, 279
Cutoff mode, 142, 149
CVD (see chemical vapor depo-
sition)
for GaAs, 356
for silicon, 355
Czochralski crystal, 26, 334, 352
Czochralski technique, 7, 25,
26, 333, 334, 339, 341,
345, 346, 365, 367

Damage layer, 426
Damascene process, 442
Dangling bonds, 65, 210
Data communication, 255

Index = 553

De Broglie wavelength, 309,
539
Deep UV lithography, 414
Defect, 332, 333, 335, 349, 351,
361, 363~ 368, 431, 449
density, 210, 397, 400, 411,
449
free zone, 352
Degenerate energy levels, 28
Degenerate semiconductors,
39, 44, 299
Degree of anisotropy, 431
Degrees of freedom, 48
Density, 371-373, 375, 380,
384, 387, 390, 394, 397,
400, 401, 402
Density of states, 34-36, 39, 40,
44, 46, 231, 232, 309,
310, 538, 540
Denuded zone, 352, 353
Depletion, 172-178, 186-189,
194, 195, 199, 200, 202,
204, 213, 214, 219-221
approximation, 174, 178
capacitance, 84, 100, 101,
115,116, 127, 128,
147
case, 172
layer, 84, 92, 94-104, 110,
115, 121, 122,
127-129
layer width, 92, 94-101, 104,
110, 121, 128, 129,
233-235, 239, 240,
244 252
mode, 243, 248, 252, 253
mode device, 243, 248,
252
region, 84, 89, 91-94, 97,
99-102, 104-106,
109-111, 115, 118,
119, 127, 128
Depth of focus, 449
Developer, 412414, 416, 421,
444
Device building blocks, 2
Device leakage, 199
DH laser (see double het-
erostructure laser)
DI water, 428, 430
Diac (diode ac switch), 161,
162, 166
Diamond structure, 17, 22
Diaphragm, 443
Diborane, 356
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Dichlorosilane, 355, 380, 382,
384
Dichlorosilane nitrous oxide,
382
Dielectric constant, 384-387,
396, 401, 402, 537
Dielectric isolation, 499-501
Dielectric layers, 369, 370, 400
Dielectric permittivity, 229, 247
Dielectric relaxation time, 266
Dielectric strengths, 385
Diethylzine Zn(C,Hy),, 357
Diffraction, 447
effect, 414, 426
Diffusion, 7, 8, 15, 86-90, 93,
101, 104, 107, 108, 110,
112-115, 117, 123, 127,
129, 427, 433, 434,
452469, 471, 481,
483-486, 487
barrier, 392
capacitance, 101, 115, 129,
147
coefficient, 58, 83, 338, 373,
377, 393, 394, 455,
464
constant , 138, 140, 149, 167
current, 57-59, 69, 70, 82,
83 k
equation, 454, 455, 457,459,
463, 466, 485,
in silicon, 453, 458, 464, 487
length, 69, 82, 106-108, 114,
115, 129, 138, 139,
165, 457, 460
length of electrons, 107
process, 57, 452, 453, 455,
460, 461, 466, 469,
471, 485, 486
profiles, 457, 459, 462,
464-466
Diffusivity, 51, 58, 59, 82
Digital cameras, 6, 214, 510
Digital circuits, 497
Digital video disk, 6
Dipole layer, 268, 269
Direct exposure, 418
Direct recombination, 60, 63,
65
Direct tunneling, 524
Dislocation, 349-354, 362-367,
405
Dislocation loop, 364
Dissociation effect, 463, 485
Dissolution of silicon, 394

Distributed bragg reflector
laser, 308

Distributed feedback (DFB),
308, 328

Distributed feedback laser, 308

D-MOSFET, 218

Donor, 17, 37-39, 41, 45, 46

Donor concentration, 230, 238,
252

Donor vacancy, 463

Dopant profile, 460, 461, 483

Doping distribution, 336, 338,
339, 366

Double barrier structure, 271

Double charged acceptor
vacancy, 463

Double drift IMPATT diode,
262

Double-heterostructure (DH)
laser, 299, 300, 303-307,
309, 310, 330

"Drain, 186-194, 197-200, 202,

205, 209-213, 216-223
-induced barrier lowering
(DIBL), 200, 202, 516
DRAM (see dynamic random
access memory)
Drift current, 53, 57, 82, 187
Drift region, 219, 262264, 281
Drift velocity, 48, 49, 56, 59, 70,
75, 76, 78, 80, 81, 83,
519, 522
Dry etching, 10, 442, 447, 449
Dry oxidation, 86
Dry oxygen, 370, 373, 374, 376
Dual damascene process, 396
Dust particle, 405-408, 449
Dynamic random access mem-
ory (DRAM), 8,9, 11, 13,
14, 387, 400, 439, 490,
507-509, 522, 526, 527

Earth’s crust, 19

Early effect, 146

Early voltage, 146

E-beam evaporation, 390, 402

Edge dislocation, 349, 362, 365,
366

Effective density of states, 36,
39, 46

Effective mass, 30-32, 34, 37,
46, 73, 75, 76, 79, 232,
235, 236

Effective segregation coeffi-
cient, 338, 340

Effusion oven, 358, 360, 368
Einstein relation, 58, 59, 319
Elastic collision, 472
Elastic forces, 362
Electrically erasable pro-
grammable read-only
memory (EEPROM),
216-218
Electrochemical anodization,
370
Electrochemical methods, 396
Electroluminescence phe-
nomenon, 3
Electromagnetic spectrum, 282,
283
Electromigration, 392, 442
Electron affinity, 73, 124, 170,
195, 226, 252
Electron bombardment, 195
Electron cyclotron resonance
(ECR), 390, 436438
Electron gun, 417, 419
Electron mobility, 49, 50, 81,
82, 519
Electron resist, 411, 418, 421,
422
Electron temperature, 275, 277,
281
Electron-beam lithographic sys-
tem, 411, 418-422 496,
447 449
Electron-hole pair generation,
111
Electronic industry, 1, 3, 13,
14
Electronic purse, 510
Electronic stopping, 471-473,
475
Electronic ticket, 510
Electronic-grade silicon, 333
Electrostatic micromotor, 444
Element semiconductor, 18, 19,
22
Embedded DRAM, 526, 528
Emission lines, 308
Emission processes, 109
Emission spectra of LEDs, 293
Emission wavelengths, 289,
298, 310 )
Emitter, 146-157, 165-167
efficiency, 136, 137, 141,
142, 151, 153, 154,
166, 167
End-point control, 405
Energy barrier thickness, 270



Energy momentum diagram,
30, 31
Enhancement-mode MOSFET,
249, 507, 510
Epitaxial film, 405
Epitaxial growth, 8, 10
rate, 480
technique, 104, 332, 354,
367
Epitaxial layer, 237, 238, 243,
252, 497, 498, 501, 519
Epitaxial process, 357, 361, 365
Epitaxy, 333, 357, 366
Equilibrium segregation coeffi-
cient, 335, 336, 346
Equivalent circuit, 115, 116,
146-148, 494, 495, 509,
510
Erfc (see error function)
Error function , 457, 458, 462,
463, 467, 482, 485
Etch anisotropy, 440
Etch chemistry, 436
Etch mechanism, 433, 434, 436
Etch rate, 380, 427431, 434,
435, 438-443, 450
Etch selectivity, 434, 436, 439,
440, 448, 450
Etch solution, 427, 430
Etching, 427444, 447451
equipment, 435
operations, 499
temperature, 392
EUYV exposure tool, 424, 447
Evaporation, 394, 402
Exclusive NOR, 274, 275
Exclusive OR, 277
Exhaust system, 334
Exposure response curve, 413
Exposure tools, 404, 408, 410,
417, 420, 424, 447
Extreme-ultraviolet (EUV)
lithography, 423
Extrinsic, 285, 311, 312
base regions, 503
diffusion, 452, 462-464, 466,
487
photoconductor, 312
semiconductor, 53
stacking fault, 349, 351
transition, 285
Eye response, 288, 293

F-doped oxide, 524
Fermi distribution, 34, 35, 40

Fermi level, 17, 34-36, 3943,
46

Fick’s diffusion equation, 7, 455

Field oxide, 369, 376, 379, 395,
401

Field transistor, 197, 222

Field-effect transistor (FETs),
250, 251

Film formation, 490, 499

Film thickness, 414, 431, 435

Fixed charge, 182, 196, 223

Fixed-oxide charge, 180, 182,
183, 187, 194

Flash memory, 216, 218

Flat doping profile, 481

Flat-band condition, 171, 173,
179, 180, 182-184, 192,
194, 221, 222

Flat-band voltage, 179,
182-184, 194, 222

Flat-diode configuration, 290

Flat-panel display, 294

Flip-flop structure, 215

Floating dot, 217, 218

Floating gate, 6, 216, 509, 510,
528

Float-zone process, 332, 339-
341, 365, 367

Float-zone silicon, 342

Flow control, 334, 358

Focused electron beam, 390

Forward breakover, 157, 159,
160

Forward-blocking state, 160

Four-point probe method, 54,
351

Free-carrier flux density, 126

Frenkel defect, 349

Frequency locking circuit, 259

Frequency response, 130, 146,
149, 155, 165, 167, 168

Full width at half maximum
(FWHM), 271, 293

Full-color displays, 293

Full-color indicators, 293

Fused quartz, 17

Fused silica, 411

Fused-silica crucible, 346

Ga, 425, 431

Gay 47In, 55As, 246
Gag x5 In, P, 326
Ga,_JnAs, 363, 368

GaAs (see gallium arsenide)
GaAs,_P, 19, 20

Index = 555

Gain factor, 306, 330
GalnAs/AlInAs material, 276,
277
GalnAs-AlGaAs DH, 307
GaJn, N, 289, 292
GalnP/GaAs tandem cell, 328
Gallium arsenide (GaAs), 3, 7,
18-20, 27, 31, 32, 36-39,
4345, 54, 59, 60, 76, 78,
79, 227, 230, 232, 237,
243, 246, 247, 251-253,
265, 266, 269, 271, 272,
274, 276, 279-281,
289-292, 295, 298, 304,
332, 333, 343-345, 344,
345-347, 354, 356-363,
365-368, 370, 453455,
462, 466, 469, 473, 475,
481, 483, 485, 519, 522,
537, 556
Gallium arsenide etching,
431
Gallium chloride, 356, 357
Gallium phosphide (GaP), 289,
200, 292, 293, 537
Gallium-arsenic system, 343,
344
GaN, 283, 284
GaP, 19, 20
Gas source, 334
Gas thyratron, 130
GaSb, 260, 280, 537, 538
Gate, 156, 160-166, 168, 172,
180, 186-189, 193-197,
199, 200, 202, 205,
210-212, 215-223
capacitance, 189
length, 237, 238, 245, 250,
251
oxide, 505-509, 522524,
526-528
oxide thickness, 522, 523,
527
turn-off, 164, 166
Gaussian distribution, 460, 462,
471, 481, 485, 499
Gaussian spot beam, 420
Ga,In,_As P, , 287, 297, 208
Ga,In, As,Sb, , 298
Gey 5Siy ; on silicon, 363
Generation lifetime, 109
Generation-recombination cen-
ters, 109, 124, 151
Generation-recombination
rates, 178
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Germanium (Ge), 260, 278,
279, 314, 326, 537
Gettering, 351- 353
Ge,Si,_, 362, 363
G-line, 410
Global planarization, 370, 397,
400
Gold, 21, 111, 117, 424, 425,
446, 465
contact, 242
. doping, 209
silicon photodetector, 317
Graded base, 154, 155
Graded layer, 155
Graded profile, 155
Graded-index fiber, 295, 296
Gradient of the diffusion pro-
file, 458, 460
Gradual-channel approxima-
tion, 188
Grain boundary, 211, 349
Graphite boat, 345
Graphite crucible, 346, 354
Graphite susceptor, 334, 351,
357
Greek Alphabet, 535
GRIN-SCH structure, 310
Groove, 347, 348 ‘
Gross world product (GWP), 1
Gunn diode, 6

H,PO,, 430, 431, 516
Half life, 343
Hall coefficient, 56, 82
Hall effect, 55, 56
Hall field, 56
Hall measurement, 55, 82
Hall voltage, 56, 82
Haynes-Shockley experiment,
70, 71, 81
HDP, 433, 437, 441
He, 376
Heater, 160
Heavy holes, 309, 310
Helium, 298, 317, 318
-neon gas laser, 298
-neon laser, 317, 435
Heteroepitaxial growth, 357
Heteroepitaxy, 333, 362, 365, 366
Heterojunction, 84, 85,
124-129, 294, 296, 297,
299, 300, 304, 317
bipolar transistor, 3, 4, 130,
131, 151, 153, 155,
165, 166, 168

field-effect transistor, 361
interface, 2, 3
Heterostructure, 246
laser, 3, 4
Hexa-methylene-di-siloxane
(HMDS), 414
HF, 428, 429, 449, 461, 487,
516
HFET, 246, 253
High current implantation, 453,
481, 483-485
High dielectric-constant materi-
als, 215
High electron mobility transis-
tor (HEMT), 246
High energy implantation, 453,
481, 483, 485
High frequency power conver-
sion equipment, 164
High injection, 109, 112, 113,
127
High-aspect feature, 391
High-current densities, 113
High-density plasma (HDP),
432, 436-441, 448
etching, 432
High-fidelity transfer, 431
High-field effects, 47, 75
High-frequency equivalent cir-
cuit, 146, 148
High-k dielectric materials, 524
High-k materials, 387
High-resolution gas spec-
troscopy, 298
High-speed laser printing, 298,
328
High-voltage direct current
(HVDC) devices, 164, 166
Hi-lo structure, 261, 262
H-line, 430
HNO,, 461
Hole, 27-29, 3146
Hole injection, 232, 233
Hole ionization rates, 119
Hole mobility, 49
Homoepitaxial growth, 361
Homoepitaxy, 333, 361, 366
Homojunction laser, 303
Hot carrier injection, 181
Hot electron device, 275, 279,
280
Hydrofluoric acid, 428
Hydrogen (H,), 318, 333, 355,
357, 384, 385, 391, 392,
402, 469, 474

annealing, 181

atom, 28, 37, 39

chloride (HCI), 24, 333
Hydrogenation treatment, 211
Hydrophilic surface, 414
Hydrophobic surface, 414
Hyperabrupt junction, 103, 104

IC card, 510, 511

IC design, 411

IC processing, 417, 427, 444,
447

Ideal characteristics, 106, 127

Ideal diode current, 323

Ideal diode equation, 108-110,
114

Ideal MOS curves, 175

Ideality factor, 112

IGFET, 186, 221

III-V compound semiconduc-
tor, 237

II1-V nitride LED, 292

I-line, 410

Impact ionization, 78, 80, 81

IMPATT diode, 254, 255, 261,
262-264, 267, 278-281

Implant damage, 452, 477, 484,
485, 488

Impurity distribution, 461,
468

Impurity redistribution, 452,
467, 469, 485

Impurity scattering, 49, 50

InAs, 537

Incandescent lamps, 294

Index of refraction, 380, 381,
409

Indirect recombination, 60, 63,
65

Indium phosphide (InP), 19,
20, 244-246, 251, 265,
266, 537

Inductively coupled plasma,
436, 437

Information display, 329

Infrared LED, 295, 328

Infrared sensors, 311

Infrared system, 255

InGaAsP-InP, 296

InP (see Indium phosphide)

InP/InGaAs structure, 153

InP-based HBT, 153, 154

Input conductance, 148

InSh, 537

Insulator, 17, 18, 32, 33



Integrated circuit, 3, 4, 6, 14,
85, 169, 170, 199, 202,
205, 294, 310, 369, 370,
376, 378, 391, 392, 395,
398, 400, 401, 404, 412,
424, 443, 448, 489493,
511, 520, 522
technology, 370
capacitor, 493
era, 522
inductor, 494
manufacturing, 205
resistor, 491
interacting p-n junctions,
148
Interconnect, 87, 439, 441, 442,
447
Interconnections, 370, 385,
398, 401
Interface, 467, 469, 488
trap density, 181, 400
-trapped charges, 181, 183,
184
Interlayer dielectric (ILD), 396
International System of Units,
533
International Technology
Roadmap for
Semiconductors, 522
Interstitial diffusion, 455, 456
Interstitial site, 349, 367
Interstitials, 454
Intrinsic, 311, 312, 315
base region, 503
carrier density, 34, 36, 37,
43,44, 114
diffusion, 462, 465
diffusivity, 462, 485
Fermi level, 36, 40, 41, 46,
52, 170
photoconductor, 285, 287
semiconductor, 34-36
stacking fault, 349, 351
transitions, 285, 287
vacancy density, 463
Inversion, 172-178, 187, 189,
190, 192-194, 204, 211,
218, 220, 221
case, 172, 173
layer, 173, 174, 178, 187, 189,
192, 193, 204, 211,
mode, 142
staggered structure, 210
Ton beam, 452, 462, 470, 473,
475, 476, 483, 484, 488

Ton channeling, 475

Ton distribution, 471, 483

Ton implantation, 8, 87, 195,
416, 452, 453, 469, 471,
483-486, 499

Ton stopping, 471

Ton-beam lithography, 418, 425,
447

Tonization coefficients, 285, 287

Ionization energy, 37-39

Ionization integrand, 261

Tonization rate, 79, 80

Isoelectronic center, 290

Isopropyl alcohol, 428

ITO (indium tin oxide), 294

Junction breakdown, 84, 88,
117, 118, 121, 127, 129

Junction curvature effect, 123,
467

Junction depth, 187, 200, 460,
461, 464, 466, 485-487,
491, 522, 524

Junction spiking, 392

Kinetic energy, 48, 52, 53, 73,
78, 79, 81

Kink, 213, 465

Kirchhoffs circuit laws, 132

KOH, 428, 430, 444, 450

KrF excimer laser, 410

Lamps, 293, 294
Lanthanum hexa-boride (LaBg),
419
Lapping, 426
Large-scale integration, 490, 522
Laser crystallization of Si, 212
Laser interferometry, 435
Laser printing, 6
Lasing modes, 302
Latch-up, 212, 221, 512, 513
Lateral diffusion, 452, 467, 485,
506, 513
Lateral oxide isolation, 497, 504
Lateral straggle, 471, 473, 474
Lattice, 19, 21-23, 27, 30, 45,
537
constant, 21-23, 45, 124,
125
scattering, 49, 50, 81
-matched, 333, 361, 362,
366
-mismatched semiconduc-
tors, 365

Index = 357

Lead zirconium titanate (PZT),
387

Leakage current, 187, 188, 202,
205, 209, 214, 222, 507,
511, 516, 524

LED displays, 293

Lifetime, 47, 61-63, 71, 82, 83,
209, 478

of minority carriers, 138

Liftoff technique, 416

LIGA process, 443, 444 446,
448, 449

Light activated thyristor, 164

Light bulb, 160

Light control, 160

Light holes, 309

Light-emitting diodes (LEDs),
282, 288

Lightly doped drain (LDD),
483

Limited-source diffusion, 499

Line defect, 349, 365

Linear rate constant, 375, 376

Linear region, 187-191, 199,
200, 223, 241, 242, 249,
251

Linearly graded junction, 93,
97-99, 103, 120, 121, 128

Liquid crystal displays (LCD),
210

Liquid encapsulant, 346, 365

Liquid encapsulation method,
346

Liquidus line, 343, 344

List of Symbols, 531

Lithographic operations, 499

Lithographic step, 225

Lithography, 85-87, 127,
447449

Lithography process, 7, 9

Load devices, 216, 220

Load line, 146, 147, 149, 150

Load transistors, 215

Local oscillator, 259, 264, 279

Local oxidation of silicon
(LOCOS), 498

LOCOS process, 500

Logic circuits, 205

Long through sputtering, 390,
391

Longitudinal field, 245, 249

Longitudinal modes, 302, 307

Long-wavelength cutoff, 312,
314

Lorentz force, 55, 56
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Loss, 292, 302, 306, 308, 315
318, 319, 323
Low dielectric constant, 386,
401
Low-k polyimide, 396
Low pressure, 354
CVD (LPCVD), 378, 442
reactor, 388
Low-angle grain boundaries,
364, 366
Low-dielectric-constant (low-k)
insulators, 524
Low-dielectric-constant materi-
als, 494
Low-k materials, 386
Low-resistivity metals, 494

H

Magnetic field, 335
Magnetic tape card, 510
Magnetically enhanced RIE
(MERIE), 432
Majority carrier current, 42,
233, 234
Mask, 439, 444, 446-450
beam system, 425
blank, 423, 424, 426, 447
thickness, 482
Masking, 453, 481483, 485,
488
Maskless direct writing, 419
Mass action law, 105
Maximum output power, 322,
331
Maximum power, 322-324, 331
Maximum time to breakdown,
388
MBE (see molecular beam epi-
taxy)
Mean free path, 57, 360, 361,
367
Mean free time, 48, 49, 51, 57
Mean time to failure (MTF),
395
Medium-scale integration
(MSI), 490
Melting point, 344, 346, 354,
365
Membrane, 421, 424, 443, 449
Memory devices, 489, 507, 510
Mercury-arc lamp, 410
MERIE plasma, 441
MESFET, 237-241, 243-245,
250-253
integrated circuit, 520
technology, 489, 519, 529

Metal, 32
film, 369, 370, 384, 400
interconnect, 439, 447
semiconductor contact,
224-226, 228, 229,
231, 237, 251, 252
semiconductor device, 261
Metallization, 370, 379, 390-392,
394, 396, 400, 401, 489,
499, 503, 506, 529
Metallurgical-grade silicon, 333
Metal-nitride-oxide-semicon-
ductor (MNOS) , 509
Metalorganic chemical vapor
deposition (MOCVD), 8,
10, 357, 365
Metalorganic compound, 357,
365,
Metalorganic molecular-beam
epitaxy (MOMBE), 361
Metal-oxide-semiconductor
(MOS) structure, 3
Metal-semiconductor contact,
3,13
Metal-semiconductor interface,
2
Metal-semiconductor photodi-
ode, 313-316
Metal-SiO,~Si, 175
Metal work function, 226, 227,
252
Metric system, 405, 406
Microelectromechanical sys-
tems, 443
Microelectronics, 435, 443, 449
Microelectronic industry, 435
Micromechanic, 444
Microoptic, 444
Microprocessor, 8, 10, 11, 12,
15
Microprocessor chip, 490, 517,
518
Microprocessor-based control
system, 334,
Microstrip, 256, 257
Microwave region, 254
Microwave technology, 254,
255, 280
Midgap, 174
Miller Indices, 22-24, 44, 45
Millimeter wave band, 255,
256, 279
Millimeter wave devices, 254
Millimeter-wave power ampli-
fiers, 151

Minimum feature length, 11,
406, 504, 522, 525

Minimum linewidth, 408, 423

Minority carrier, 42, 178, 186,
209

Minority carrier current, 233,
234

Minority-carrier lifetime, 351

Minority-Carrier Storage, 114,
115, 127

MISFET, 186

Misorientation, 475, 476

Mix-and-match approach, 426,
447

Mixers, 151

Mobile ionic charge, 180, 182,
183

Mobile radio, 510

Mobﬂity, 59, 70, 75, 76, 80-83
153, 155, 187, 190,
210-212, 220, 461, 478,
485, 537

MOCVD, 357, 358, 361, 365

MODFET, 224, 225, 246-251

Modulation bandwidth, 297

Modulation frequency, 315

Modulation-doped field-effect
transistor ( MODFET), 4,
7

Mole fraction, 355

Molecular beam epitaxy
(MBE), 8, 10, 271, 354,
357-361, 363, 365, 367,
368

Molecular impingement rate,
358

Molecular weight, 358-360,
367, 368

Molecular-beam epitaxy, 354,
357, 359, 361, 365

Monolithic IC, 8

Monolithic microwave inte-
grated circuits (MMIC),
494, 522

MOS capacitors, 493

MOS devices, 440, 484, 485

MOS diode, 220, 221

MOS memory cells, 420

MOSFET, 3, 4, 6, 9, 10, 13,
220-223, 369, 395, 398,
401, 452, 484, 488

MOSFET scaling, 169, 199,
223

MOSFET technology, 489, 503,
528

>



MOSi,, 399

MOST, 186

Motor drives, 165

Multilevel metallization, 370,
379

Multiple implantation , 481,
485

Multiple-quantum-well
(MQW), 310, 311, 329

n-channel MOSFET, 186, 194,
197, 199, 204-206, 213,
215, 216

Near-infrared region, 314

Negative differential mobility,
265, 267

Negative photoresist, 411-413,
416, 422, 449

Negative resistance, 5, 260,
261, 263, 279

Neutron, 342, 343

Neutral vacancy, 462

Neutron irradiation, 209, 342,
343, 366,

NH,, 384, 392

NiSi, 524

Nitric acid, 428, 430

Nitrided oxide, 517

Nitrogen, 290, 291, 329

Nitrous oxide, 380, 382

Noise factor, 317, 318

Nonconformal step coverage,
381

Nonequilibrium situation, 60

Nondegenerate semiconductor,
39

Nonvolatile semiconductor
memory (NVSM), 6, 216,
218, 510

Notebook computer, 6

n-tub, 512, 513, 529

Nuclear collisions, 477, 478

Nuclear fusion reaction, 318

Nuclear spectroscopy, 255

Nuclear stopping, 471473,
477, 478

Nuclear stopping power,
471473

Numerical aperture, 409

n-well, 197, 206

Ohmic contact, 2, 4, 87, 224,
225, 234, 236, 237, 251,
292, 311, 324, 400

On condition, 149

Open tube, 454, 478

Optical absorption, 282, 283,
285-287, 315, 330

Optical concentration, 326, 328

Optical diffraction, 407

Optical emission spectroscopy,
434

Optical fiber, 288, 295, 296,
298, 303, 307, 308, 311,
328, 329

Optical fiber communication
systems, 6, 288, 296, 298,
303, 308, 309, 328

Optical gain, 301, 302

Optical lithographic system,
417419, 422, 424-426,
447 448, 450

Optical proximity
correction(OPC), 417

Optical reading, 298, 328

Optical resonant cavity, 285

Opto-isolator, 288, 295, 311,
328

Orangic LED, 294

Organic semiconductors, 294

Organic solvent, 412

Orientation dependent, 375

etching, 404, 428, 429, 448,
450
wet chemical etching, 443

OR-NAND, 277, 278

Oscillator, 151, 517, 525

Oxidation, 85-87, 127

Oxide layer, 225

Oxide masking, 8

Oxide thickness, 187, 197, 201,
292, 223

Oxide trapped charge, 180-184,
222

Oxygen, 335, 351-354, 359

Oxygen ion implantation, 500,
501

Oxygen molecule, 373

Ozone (0O,), 380

P+-polysilicon, 179, 180, 195,
196

Pb, 17, 20, 32
P,0s, 453
P-glass flow, 382-384, 402
Periodic table, 18, 19
Phase diagram, 343, 344

of the Al-Si system, 392, 393
Phase-shifting mask (PSM), 417
Phosphine (PH,), 356, 453
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Phosphoric acid, 430

Phosphorus (P), 290, 335, 342,
353, 366, 379, 380, 383,
384, 389, 401, 453, 454,
464, 465, 469, 472, 473,
478, 479, 483, 485, 487

doped silicon dioxide, 379,
383, 401
doped oxide (P-glass), 506

Photo-acid generator, 414

Photoconductivity method, 351

Photoconductor, 311-313, 328,
331

Photocurrent gain, 313

Photodetector, 311, 328

Photodiode, 312-315, 317, 318,
328, 329, 331

Photomask, 405, 407, 411,
414-416, 419, 424

Photon energy, 282, 283, 285,
288, 312, 314

Photonic application, 352, 363

Photonic devices, 3, 10

Photoresist, 7, 8, 14, 15, 87,
414-416, 421, 422, 429,
435, 442, 447, 449, 482,
488

Photoresist adhesion, 429

Photosensitive compound, 430

Physical constants, 536

Physical etching, 433, 434

Physical vapor deposition, 87,
390

p-i-n photodiode, 315, 316, 331

Pinch-off voltage, 241-243, 253

Pinch-off point, 187, 188

Planarization, 390

Planar process, 8, 160, 225

Planar transmission lines,
256-257

Planes, 301-303, 325

Plasma damage, 397

Plasma diagnostic, 433

Plasma etching, 431, 433,
435-436, 439, 442, 449,
451 ‘

Plasma enhanced chemical
vapor deposition
(PECVD), 378

Plasma nitride, 385

Plasma reaction, 385

Plasma reactor, 211

Plasma spray deposition, 390

Plasma-assisted etching, 404,
431, 447
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Platinum silicide (PtSi), 236

Platinum (Pt), 18, 21, 464

p-n junction, 3, 4, 9, 14, 78, 80,
81, 169, 174, 176, 259,
261, 273, 279, 288, 328,
462, 486, 487, 492

solar cell, 320-321, 331

POCL,, 453

Point defect, 349-350, 365

Point-contact transistor, 4

Poisson’s equation, 68, 90, 174,
183, 266, 268-269

Polishing, 426

Polonium, 21

Poly-butene-1 sulfone(PBS),
421

Polycide, 398-400, 440, 506

Polycrystalline GaAs, 365

Polycrystalline rod, 339

Polycrystalline silicon, 24, 199,
210, 334, 339, 365, 370

Poly-glycidyl methacrylate-co-
ethyl acrylate (COP), 421

Polyimide, 521, 524, 529

Polymer linking, 413

Polymers, 421

Poly-methyl methacrylate
(PMMA), 436

Polysilicon, 186, 210-212,
215-216, 219, 221-223,
370, 379, 380, 383,
388-391, 395, 398402,
421

Polysilicon TFT, 211, 212, 215

Population inversion, 285,
299-301

Portable electronics system, 510

Positive resist, 427, 430, 435,
440, 443, 445, 450

Power amplifier, 264

Power consumption, 202, 205,
214, 220

Power limitations, 524

Power supplies, 164-166, 522,
523

Precipitate, 351, 352, 364, 366

Predeposition, 460, 483, 484,
485

Pressure sensor, 435, 443

Primary flat, 347-349

Principal quantum number, 28

Principle of detailed balance,
542

Probability of occupying; 34

Projected range, 470, 471,
473475, 477, 478,
483-485

Projected straggle, 471, 473,
474, 485

Projection printing, 407, 409,
410

Properties of silicon dioxide,
380

Proximity effect, 423, 426, 447

Proximity printing, 424, 435,
437

p-tub, 511-513, 529

Pt film, 503

Pyrometer, 479

Pull rate, 334, 335, 339

Punch through, 153, 513, 518

diode, 122

PVD, 390-393, 396, 400

p-well, 206, 208

Pyramids, 325, 326

Quality factor, 494
Quantum effect devices, 254,
270, 275, 281
Quantum efficiency, 290, 291,
304, 312, 315, 317, 318,
331
Quantum tunneling, 254, 259,
270
Quantum well thickness, 270
Quantum-well lasers, 309
Quartz, 210-212, 217, 495
tube furnace, 453
windows, 479
Quartzite, 24, 333
Quaternary compound, 19, 20
Quaternary, 289, 295, 298, 317
QW lasers, 310

Radar system, 255, 261

Radiation-damage toleration,
213

Radiative transitions, 282, 283,
289, 330

Radio astronomy, 255

Radio frequency, 435, 437, 494,
527

Radius of curvature, 467

Random access memory, 490,
507, 508, 522

Range, 452-453, 455, 466,
470475, 477, 478, 481,
483488 :

Rapid thermal annealing (RTA),
478, 503, 517
Raster scan, 419
RC time constant, 385, 396
RC time delay, 524
Reactive ion etching (RIE),
396, 432, 436
Reactor, 370, 378, 379, 385,
388-389
Real space transfer (RST), 255
Recombination, 47, 60-61,
63-67, 69, 70, 80-82
center, 60, 63-66, 82
current, 292
rate, 60, 61, 64-66, 312, 541
542
Recrystallization, 479
Rectification, 84
Rectifying contact, 2
Rectifying metal semiconductor
barrier, 370
Redistribution diffusion, 460
Redistribution process, 468
Reflection loss, 292
Reflectivity, 301, 330
Refractive index, 292, 295, 299,
301, 308, 330, 417
Registration, 407
Reliability, 388, 401
Resin, 412, 414
Resist, 416-419, 421-424, 426,
429, 431, 432, 439,
442444 449, 450
Resistance, 224-225, 234,
236-239, 244, 492495,
497, 500, 505-507, 516,
518-520, 523-524, 526,
528
heating, 390
Resistivity, 17, 18, 33, 47, 51,
53-55, 81, 339, 343, 351,
353, 354, 365, 367, 442
of silicon nitride, 384
Resolution, 404, 407, 408, 443,
447449
enhancement techniques,
404, 410
Resonant circuit, 104, 257
Resonant frequency, 104, 258,
280
Resonant tunneling diode
(RTD), 7, 254, 279, 543
Response speed, 311, 314-315,
317
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Retrograde well, 209, 513, 523

Reverse substrate source bias,
195

Reverse-blocking state, 157,
160

Reverse-breakdown region, 157

Reverse-breakdown voltage,
160

RF heating, 379, 390

Richardson constant, 232

RIE, 432-437, 439, 441

Ring oscillator, 525

Rolling mills, 165

Rotation mechanism, 334

RST transistor (RSTT), 276

Ruby laser, 298

Sacrificial layers, 444

Salicide, 398, 399, 402

Sand, 24, 333, 365

Sapphire substrate, 292

Satellite, 318, 325

Saturation channel current, 245

Saturation current, 192,
232-233, 238, 249,
252-253

Saturation current density, 108,
114, 232, 252

Saturation mode, 142, 144, 149,
151, 160

Saturation region, 187,
190-192, 200, 242243

Saturation velocity, 75, 76, 79,
81, 262-264

Saturation voltage, 242, 249

Scaling of MOSFET, 204

Scaling rules, 202

SCALPEL system, 420, 421,
426, 448

Scanning electron microscope,
383

Scanning focused-beam system,
434, 436, 437, 439440,
443, 448, 450

Schottky barrier, 225, 231, 237,
238, 246, 248, 251-253

diodes, 227, 230-232, 462

Sealed ampules, 454

Secondary flat, 347-349

Secondary ion mass spectro-
scope (SIMS), 351, 462

Seed, 25, 45, 334, 339, 340,
346, 347, 354, 365~ 367,

CIystal, 334, 339, 347, 354,
365, 367
holder, 334, 340

Segregation coefficient, 338,
340, 346, 365, 468487

Selective transistor, 217-218

Selectivity, 435, 443-444, 447,
449

Selenium, 346, 357, 454

Self-aligned metal silicide, 398

Self-aligned gate process, 9

Self-aligned structure, 500-501,
503

Semiconductor controlled recti-
fier (SCR), 156

Semiconductor industry, 1, 7,
10,12, 14

Semiconductor lasers, 285, 298,
299, 303

Semiconductor material, 17-20,
24, 44

Semiconductor power devices,
128

Semiconductor surface,
170-175, 183, 187, 193

Semiconductor technologies, 1,
7.8, 14

Semiconductor work function,
226, 231

Semiinsulating GaAs 346, 519

Semiinsulating substrate, 238,
243

Sensor, 407

Separation by implantation of
oxygen (SIMOX), 485,
500

Series resistance, 112, 127, 237,
3923, 362, 493-494, 497,
519, 526

Shadow effect, 483

Shadow printing, 407, 408, 424

Shallow trench, 514, 515, 529

Shallow trench isolation, 439

Sheet charge, 182, 183

Sheet resistance, 461, 485, 486,
492, 494, 497, 505, 506,
524, 528

Short-channel effects, 169, 199,
202 -

Si, 332, 334, 336, 342, 343, 345,
346, 355, 356, 361, 363,
368, 537, 538

Si/SiGe, 277-278, 280

Si/SiGe HBTs, 154
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Si/SiGe material, 154
Si;N,, 482, 492
SiC, 288-289, 291292, 537
Sidewall passivation, 441
SiGe MODFET, 250-251
Silane, 355, 357, 379, 380, 382,
384, 388, 389, 391, 392,
401, 402
Silane oxygen deposition, 380,
382
Silane reduction process, 392
Silicia, 19, 24, 25
Silicide, 395, 398400
Silicide formation, 523-524
Silicide process, 524, 526
Silicide sintering, 399
Silicon (Si), 50, 54, 59, 60, 63,
75,76, 79, 81, 82, 294,
314-318, 320, 325, 326,
. 328-330, 332- 339,
342-346, 348, 349, 353,
356, 361, 363, 365 368,
441, 443, 445, 447, 449,
450, 454, 456, 458, 461~
462, 464469, 472473,
475479, 481, 483- 488,
537, 538
APD, 318
carbide, 424, 479
crystal, 24-26, 29
dioxide, 19, 33, 45, 86, 333,
346, 370-377, 379,
380, 382-383, 387,
392, 401402, 468,
469, 476, 485
etching, 428
ingots, 335-337
nitride, 370, 384, 399, 402,
430, 441, 454, 497,
505, 524
properties, 538
reduction process, 392
tetrachloride, 355-356
trench etching, 439
Silicone rubber membrane,
443, 444,449
Silicon-on-glassl 495
Silicon-on-insulator (SOI), 210,
212-214, 220, 223, 485,
488
Silicon-on-nitride, 212
Silicon-on-oxide, 212
Silicon-on-sapphire, 495
Silicon-on-spinel, 212
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Silver, 18
SIMOX, 485, 500
Simple cubic lattice, 21
Single drift IMPATT, 261-262
Single-electron memory cell
(SEMCQ), 6, 7, 218
Single-frequency lasers, 308
Si-O bonds, 182
Si0,, 450, 454, 482, 483, 485,
' 487, 488
SiO,—Si MOS Diode, 179, 221
Si-Si bond , 182
Slurry, 397, 398
Small-scale integration (SSI),
490
Smart card, 6
Smart IC, 214
Sn, 346, 352, 361
Snell’s law, 292
SnO,, 325
Sodium, 21, 182
SOI (see silicon on insulator)
SOI devices, 212, 213
SOI integration, 525
SOI technology, 525, 528
Solar cell, 3, 4, 318-331
Solar constant, 319
Solar radiation, 318-320, 328,
329
Solar spectral irradiance, 319
Solid solubility, 392
Solid-phase epitaxy process, 479
Solubility, 351352, 453
SOS, 212
Source, 186-190, 193-195, 197,
199-202, 205-206,
210-213, 216-220, 222
Space charge, 88-95, 100-102,
107, 120-121, 128
density, 229
neutrality, 94
effect, 425
region, 92, 229
Specific contact resistance, 224,
234-236
Spectrum splitting, 323, 324
Spiking, 392, 394, 395
Spinning micromotor, 443
Spiral inductor, 494, 495, 528
Spontaneous emission,
282285, 302, 305
Spontaneous radiation, 288, 328
Spray etching, 427
Sputter etching, 432, 433

Sputtering, 390-392

Stacking fault, 349, 351, 364

Stainless steel, 479

Static random access memory
(SRAM), 214, 215, 220,
507

Steel industry, 1

Step coverage, 379, 381, 382,
391, 392, 400

Step index fiber, 295-296

Step-and-repeat projection, 409

Step-and-scan projection lithog-
raphy, 409

Stimulated emission, 299, 301

Stochastic space charge, 425,
496, 447

Stoichiometry, 481

Storage capacitor, 170, 214, 223

Storage cell, 214, 218

Storage time delay, 151

Strained layer, 365, 366

epitaxy, 361-363, 366
superlattice, 363-364

Stripe geometry laser, 308, 309

Strong inversion, 173, 175, 176,
178, 221

Submillimeter wave band, 255,
279

Substitutional sites, 349-351,
367, 478

Substrate bias, 187, 194, 198,
201, 220

Substrate damage, 437

Substrate doping, 173, 187,
192, 195, 200, 201, 220

Subthreshold characteristic,
194, 202-204, 210-211

Subthreshold current, 194,
202-204, 210-211

Subthreshold swing, 193, 202,
222

Superlattice, 361, 363, 364

Surface concentration,
456458, 460, 461,
463464, 466, 467, 469,
486, 487

Surface depletion layer, 173, 175

Surface depletion region, 175,
178, 188, 189, 199, 221,
223

Surface micromachining, 443,
444, 448

Surface orientation, 347, 349,
365 '

Surface potential, 173, 174,
178, 184, 193, 200, 201
Surface recombination, 65, 69,
70, 82, 153
Surface recombination velocity,
69, 82
Surface states, 65, 227, 252
Surface wave-coupled plasma
(SWP) source, 437
Surface-emitting infrared
InGaAsP LED, 296
Switched-mode power supplies
(SMPS), 164165
Switching, 116, 117, 127, 128,
130, 131, 146, 149-151,
155-157, 161, 164-166,
168
circuit, 149, 150
time, 131, 149
transients, 149
Syrichrotron, 423, 426, 444
radiation, 423
storage ring, 424
System-on-a-chip, 525, 526, 529

TayOs, 493, 494, 525
Tandem solar cell, 324-328
Tantalum, 424
Tantalum oxide (Ta,0;), 387
TaSiy, 399
Taylor series, 243
Technology drivers, 11, 13
TED, 266-269, 279, 281
Television, 510, 525
Tellurium, 346, 454, 473
Temperature effect, 113, 306
Tensile stress, 384, 385
TEOS, 379-382, 384
deposited SiO,, 384
Ternary compound, 19, 20
Terrestrial energy source, 318,
328 )
Tetraethylorthosilicate, 379
Tetrahedron bond, 27
Thermal energy, 48, 57, 60, 83
Thermal equilibrium condition,
84, 88-91, 94-98, 105,
125-127, 129
Thermal oxidation, 369-371,
373, 400401, 453, 467,
468, 478
Thermal oxide, 369, 379, 400
Thermal velocity, 48, 57, 64, 75,
83



Thermionic current, 273
Thermionic emission, 231, 232,
234, 235, 251, 275, 279
Thermionic emission process,
47,72, 83
Thickness, 347, 349, 358,
360-363, 365, 366, 368
Thickness variation, 347, 349,
358
Thin film transistors (TFT),
209-212, 215, 220, 223
Thin oxide growth, 376
Threshold current density, 303,
305-306, 310, 328
Threshold energy, 413, 414
Threshold field, 265, 267
Threshold voltage, 169, 178,
190-200, 202, 211, 213,
214, 217, 218, 220-223,
243, 247-248, 251, 253,
469, 484, 485, 487, 488,
505, 509-511, 516, 522,
523, 528, 529
adjustment, 469, 484, 487
control, 194, 199
shift, 199, 217, 223
Throughput, 407, 414, 41.8-420,
493, 426, 439, 447449
Thyristor, 3, 4, 156-166, 168,
206, 342
THz radiation detection system,
273
Ti, 442
TiCl,, 392
Tilt angle ion implantation, 483,
484
Tin, 441-443
TiO,, 524, 525
TiSi,, 399, 524
Titanium nitride (TiN), 395
TiW etch chamber, 439
Top-gate structure, 210, 211
Total capacitance, 176, 178
Total conduction current den-
sity, 59
Total internal reflection, 292
Trace impurity, 351
Transceiver, 517
Transconductance, 148, 191,
192, 202, 222, 242245,
249, 279, 280
Transfer process, 404
Transferred electron devices,
954, 264, 267, 281

Transferred-electron diode, 6
Transformer-coupled plasma
(TCP)source, 437
Transient behavior, 84, 114,
116, 127, 129
Transient time, 116, 117
Transistor action, 4, 130, 131,
134
Transit time, 149, 153, 155,
313-315, 331
Transit time domain mode, 255,
268, 269
Transmission coefficient, 74, 75,
83, 270-272, 543
Transmutation, 342
Transverse field, 188
Transverse magnetic mode, 257
Traps, 389
Tree of disorder, 477
Trench, 500, 501, 507, 513, 526,
528
capacitor, 439
isolation, 8, 11, 209, 221,
501, 512, 514, 515,
523, 527, 529
type capacitor, 507, 526
type DRAM, 514
Triac (triode ac switch), 162
Trichlorosilane (SiHCL,), 24,
333, 355
Trimethylgallium, 361
Trimethylaluminum Al(CH,); ,
357, 358
Triode-configuration RIE etch,
436
Tris (8-hydroxy-quinoclinato)
aluminum, 294
Tuned cavity, 257
Tungsten, 21, 391, 441443
filaments, 479
thermionic-emission cath-
~ ode, 419
-silicon Schottky diode, 230,
233
Tunnel diode, 3, 4, 254, 259,
260, 273, 278-280
Tunneling current, 235
Tunneling effect, 117-120
Tunneling phenomenon, 73
Tunneling probability, 235
Tunneling process, 217, 218
Turn-off time, 116, 117
Turn-off transient, 150, 151
Turn-on transient, 151
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Twin tub, 512, 513, 529

Twin well, 206, 452

Two zone cathode contact, 267

Types of MOSFET, 187, 193,
195

ULSI, 490, 496, 503, 522, 527,

528
chips, 490
circuit, 385, 386, 387, 396,
400, 442, 503

Ultralarge scale integration
(ULSI), 351, 377, 417,
431, 437

Ultrahigh vacuum system, 365

Ultrahigh-vacuum chamber,
358, 359

Ultrapure polycrystalline, 339

Ultrashallow Junction
Formation, 524

Ultrasonic generations, 150

Ultrathin oxide, 489, 524

Ultraviolet, 282, 283, 288, 314,
319

U-MOSFET, 218

Unipolar resonant tunneling
transistor, 254, 274, 279

Unit cell, 19-22, 45

Unit prefixes, 534

UV irradiation, 217

uv light, 416, 423

Vacancy, 349, 350, 367,

454-456, 462-465
diffusion, 455, 456
mechanism, 454, 463

Vacuum level, 124, 125, 170,
171, 179-181

Vacuum system, 225

Valence-band discontinuity, 152

Valence bond, 17, 27

Valence electrons, 27-29, 33, 37

Valley current, 259, 272, 273

Vapor pressure, 344, 345, 357,
366

Vapor-phase epitaxy, 354

Vapor-phase HF, 429

Varactor, 103, 104

Variable reactor, 103

Varijable-shaped beam, 420

Vector scan, 419, 420

Velocity saturation region, 245

Vertical isolation, 504

Vertical oxidation furnace, 377
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Via plug, 396

Video recording, 298

Viscosity, 415

Visible LED structures, 290,

293, 328

VLSI, 490, 496

V-MOSFET, 218

Volatile compound, 433

Volatile memories, 503

Volume charge density, 183,
' 184, 222

Volume defects, 349, 351, 365

V-shaped groove, 218

Wafer, 490, 522

Wafer shaping, 333, 347, 365
Water molecules, 374

Water vapor, 374, 376
Wavelength , 408

Weak inversion, 173

Wet chemical etching, 404,
426428, 431, 432, 434,
443, 447, 450

Wet oxidation, 85, 86

WEFg, 391

White LED, 294, 328

Wireless-communication equip-
ment, 517

Work function, 72, 83, 124, 175,

179, 180, 183, 187, 194,
195, 199, 221, 226, 227,
231, 252

Work function difference, 170,
171,175, 179, 180, 183,
187, 199

WSi,, 399

X-ray lithography (XRL), 424
X-ray radiation, 444
X-ray resist, 424, 444

Yellow light, 414
Yield, 411, 412, 434, 439, 449
Yield strength, 351, 367

Zinc (Zn), 17, 20, 32, 38, 346
Zinc diffusion, 465
Zincblend lattice, 22, 27
Zinc sulfide, 317

ZnAs,, 454

Zn-Ga-As alloys, 454

Zn (see Zinc)

Zn0, 537

ZnS, 5337

Zn0-Si0,, 454

7ZnSe, 291

Zone-refining technique, 341



This eagerly-anticipated revision offers more than 50% new or revised material that reflects the
mullitude of importanl recent discoveries and advances in device physics and integrated circuit
processing.

The book offers a thorough introduction to physical principles of modern semiconductor devices
and their fabrication technology. Readers are presented with theoretical and practical aspects of
every step in device characterizations and fabrication, with an emphasis on integrated circuits.

The material is divided into three parts:

1 the basic properties of semiconductor materials, emphasizing silicon and gallium arsenide

2 the physics and characteristics of semiconductor devices bipolar, unipolar special microwave
and photonic devices

5 the latest processing technologies, from crystal growth to lithographic pattern transter

Each chapler is presented in a logical manner enabling readers to learn all important devices
from a single source. Plus, the book covers historical developments of devices and technology in
the last 100 years. Readers gain a sound perspeclive on the past and a loundation for projecting
future trends.
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