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488 Chapter 13. Impurity Doping

FOR SECTION 13.5 TIMPLANT DAMAGE AND ANNEALING
| . CHAPTER
16. Tf a 50 keV boron ion is implanted into the silicon substrate, caleulate the damage densiy

Assume silicon atom density is 5.(
15 eV, the range is 2.5 nm, and the spacing between silicon lattice plane is 0.25 nm

2 % 10?2 atoms/em?, the silicon displacement enerey ig
oy s

17, Explain why high-temperature RTA is preferable to low-temperature RTA for defect-{re

i shallow-junction formation. | t _t d D 0
1 18. Estimate the implant dose required to reduce a p-channel threshold voltage by 1 Vif (1,0 n e g r a e e V I C e S |

gate oxide is 4 nm thick. Assume that the implant voltage is adjusted so that the peak of

I the distribution occurs at the oxide-silicon interface, Thus, half of the implant goes into —_— = |
| the silicon. Further, assume that 90% of the implanted ions in the silicon are elect ically |
activated by the annealing process. These assumptions allow 45% of the implanted ions ¢, 141 PASSIVE COMPONENTS
| be used for threshold adjusting. Also assume that all of the charge in the silicon is effec- 14.2 BIPOLAR TECHNOLOGY
! tively at the silicon-oxide interface. 14.3 MOSFET TECHNOLOGY

FOR SECTION 13.6 IMPLANTATION-RELATED PROCESSES 145 CHALLENGES FOR MICROELECTRONICS

‘ 14.4 MESFET TECHNOLOGY
|

‘ 19, We would like to form 0.1 pm deep, heavily doped junctions for the source and drain SUMMARY

‘ (|

regions of a submicron MOSTET. Compare the options that are available to introduce
and activate dopant for this application. Which option would you recommend and why?

20. When an arsenic implant at 100 keV is used and the photoresist thickness is 400 nm, find
the effectiveness of the resist mask in preventing the transmission of ions (R, = 0.6 jum, . . o . . §
0 = 0.2 pm). I the resist thickness is changed to 1 pm, calculate the masking efficiency Microwave, photonic, and power applications generally employ discrete devices. For exam-
’ ple, an IMPATT diode is used as a microwave generator, an injection laser as an optical
source, and a thyristor as a high-power switch. However, most electronic systems are built
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 a single-c
tal semiconductor substrate and interconnected by a metallization pattern.' ICs have enor-
mous advantages over discrete devices connected by wire bondings. The advantages
includes (a) reduction of the interconnection parasitics, because an 1C with multilevel
metallization can substantially reduce the overall wiring length, (b) full utilization of semi-
| conductor wafer’s “real estate,” because devices can be closely packed within an 1C chip,
| | ‘ and (c) drastic reduction in processing cost, because wire bonding is a time-consuming
‘ and error-prone operation.

‘ 21. With reference to Ex. 4, what thickness of SiO, is required to mask 99.999% of the
I implanted ions?

| In this chapter we combine the basic processes described in previous chapters to
| fabricate active and passive components in an IC. Because the key element of an IC is
the transistor, specific processing sequences are developed to optimize its performance.
We consider three major IC technologies associated with the three transistor families:
the bipolar transistor, the MOSFET, and the MESFET. |
Specifically, we cover the following topics:
{ *  The design and fabrication of IC resistor, capacitor, and inductor.
I ‘ *  The processing sequence for standard bipolar transistor and advanced bipolar
devices,
| * The processing sequence for MOSFET with special emphasis on CMOS and
| memory devices.
‘ ¢ The processing sequence for high-performance MESFET and monolithic 1
‘ l microwave IC. |
il | - ) S . L )
| * The major challenges for future microelectronics, including ultrashallow junc-

| tion, ultrathin oxide, new interconnection materials, low power dissipation,
and isolation.
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Chapter 14. Integrated Devices

Figure 1 illustrates the interrelationship between the major process steps used for
IC fabrication. Polished wafers with a specific resistivity and orientation are used ag the
starting material. The film formation steps include thermally grown oxide films, depositeq
polysilicon, dielectric, and metal films (Chapter 11). Film formation is often followed b,
lithography (Chapter 12) or impurity doping (Chapter 13). Lithography is generally fol-
lowed by etching, which in turn is often followed by another impurity doping or il fo.
mation. The final IC is made by sequentially transferring the patterns from each magk.
level by level, onto the surface of the semiconductor wafer.

After processing, cach wafer contains hundreds of identical rectangular 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 laser cutting; Figure 25 shows a separated chip. Schematic top views
of a single MOSFET and a single bipolar transistor are shown in Fig. 2¢ to give some
perspective of the relative size of a component in an IC chip. Prior to chip separation,
each 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, etc.) to as many as a billion or more. Since the invention of the monolithic IC in
1959, the number of components on a state-of-the-art IC chip has grown exponentially.
We usually refer to the complexity of an IC as small-scale integration (SSI) for up to 100
components per chip, medium-scale integration (MSI) for up to 1000 components per
chip, large-scale integration (LSI) for up to 100,000 components per chip, very-large-
scale integrated (VLSI) for up to 107 components per chip, and ultra large-
gration (ULSI) for larger numbers of components per chip. In Section 14.3, we show
two ULSI chips, a 32-bit microprocessor chip, which contains over 42 million compo-
nents, and a 1 Gbit dynamic random access memory (DRAM) chip, which contains over

ale inte-

2 billion components.

Film
Mask set [ormation

Impurity
doping

Wafer
out

Fig. 1 Schematic {low diagram of integrated-circuit fabrication.

B |
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Gate
Sowrce, 4 Prain
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~30 to 1000 chips

10" to 10% =
components

L Bipola

K

< N 1to 20 mm Ry G2l
100 to 300 1nm P Collector
{0.5 to 0.755 mm thick) Base Emitter
(a) () ()

Fig. 2 Size comparison of a waler to individunal components. (@) Semiconductor wafer, () Chip
{¢) MOSFET and bipolar transistor.

14.1 PASSIVE COMPONENTS
14.1.1 The Integrated-Circuit Resistor

To form an IC resistor, we can deposite a resistive layer on a silicon substrate, then pat-
tern the layer by lithography and etching. We can also define a window in a silicon diox-
ide layer grown thermally on a silicon substrate and then implant (or diffuse) impurities
of the opposite conductivity type into the wafer. Figure 3 shows the top and cross-sec-
tional views of two resistors formed by the latter approach: one has a meander shape and

the other has a bar shape.

Consider the bar-shaped resistor first. The differential conductance dG of a thin layer
of the p-type material that is of thickness dx parallel to the surface and at a depth x (as
shown by the B-B cross section) is

W
dG=qu p(x)—dx, (1)
TH,pL I
where W is the width of the bar, L is the length of the bar (we neglect the end contact

areas for the time being), M, is mobility of hole, and p(x) is the doping concentration.
The total conductance of the entire implanted region of the bar is given by

oy Wy ,
(’:.[u (/(‘:(/fjn u],})[.\‘h/,\’. (2)

where x; is the junction depth, If the value of 4, , which is a function of the hole con-
centration, and the distribution of p(x) are known, the total conductance can be evalu-
ated from Eq. 2. We can write

G=g s (3)

where g =y p,p()dy is the conductance of a square resistor pattern, that is, G =

g when L= W
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492 Chapter 14. Integrated Devices Chapter 14. Integrated Devices 493

Si0, EXAMPLE 1

i
|

Contact : The sheet resistance is 1 kQ /07
|

] P SOLUTION  The resistor contains 9 squares. The two end contacts correspond to 1.3 0. The valne
of the resistor is (9 + 1.3) X 1 k&/0 = 10.3 kQ .

=
I ’/ i \[ Find the value of a resistor 90 pm long and 10 pm wide, such as the bar-shaped resistor in Fig. 3

14.1.2 The Integrated-Circuit Capacitor

There are basically two types of capacitors used in integrated circuits: MOS capacitors
and p—n junctions. The MOS (metal-oxide-semiconductor) capacitor can be fabricated
by using a heavily doped region (such as an emitter region) as one plate, the top metal
] » electrode as the other plate, and the intervening oxide layer as the dielectric. The top
and cross-sectional views of a MOS capacitor are shown in Fig. 4a. To form a MOS capac-
itor, a thick oxide layer is thermally grown on a silicon substrate. Next, a window is litho-
o graphically defined and then etched in the oxide. Diffusion or ion implantation is used
oy S0, to form a p*-region in the window area, whereas the surrounding thick oxide serves as a
L mask. A thin oxicle layer is then thermally grown in the window area, followed by a met-

0 tion < T APACHANCE.NEr T area (¢ oive
# ¢ th ) allization step. The capacitance per unit area is given by
; =7

| = Si L‘ ¢ X

B — B cross section

A = A cross seclion

S—pe—e B Tl T

Y
B t

!
T
|
|
[
1
Y
|
T
I

3w |
T
|
s
1
T
1
|
T
¥
1

C= Lo F/em?, (5)
d

sistors. All narrow lines in the large square area have the same width
ame size: where g, is the dielectric permittivity of silicon dioxide (the dielectric constant g, /g, is
3.9) and d is the thin-oxide thickness. To increase the capacitance further, insulators with
higher dielectric constants are being studied, such as S

‘ Fig.3 Integrated-circuit re
W, and all contacts are the s;

., and Ta, 05, with dielectric
constants of 7 and 25, respectively. The MOS capacitance is essentially independent of
the applied voltage, because the lower plate of the capacitor is made of heavily doped
material. This also recluces the series resistance associated with it

The resistance is therefore given by

1 L1 A p-n junction is sometimes used as a capacitor in an integrated circuit. The top and
R=—=——| (4) cross sectional views of an n*-p junction capacitor are shown in Fig. 4b. The detailed
G Wlig . g
where 1/¢ usually is defined by the symbol Ry and is called the sheet resistance. The sheet Moetal
‘ resistance has units of ohms but is conventionally specified in units of ohms per square electiode

(Q/0).

Many resistors in an integrated circuit are fabricated simultaneously by defining clif
ferent geometric patterns in the mask such as those shown in Fig. 3. Since the same pro-
cessing cycle is used for all these resistors, it is convenient to separate the resistance into

| two parts: the sheet resistance R, determined by the implantation (or diffusion) pro-

| cess; and the ratio L/W, determined by the pattem dimensions. Once the value of Ryis
| known, the resistance is given by the ratio L/, or the number of squares (each square
| has an area of W x W) in the resistor pattern. The end contact areas will introduce addi-
tianal resistunce fo the TC fesistors. For the type shown in Fig. 3, each end contact vor-

responds toapproximately 0.65 square. For the meander-shape resistor, the electric-field

lines at the bends are not spaced imiformly across the width of the resistor but are eriweled

toward the inside corner. A square at the bend does not contribute exactly 1 square, but

(b}
rather 0.65 square. Fig.4 (a) Integrated MOS capacitor. (b) Integrated p—n junction capacitor.
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494  Chapter 14. Integrated Devices
fabrication process is considered in Section 14.2, because this structure forms Pitrt of
bipolar transistor. As a capacitor, the deviee is usually reverse hinsed, that is, U"Ji""“uinl|
is reverse-biased with respect to the n*-region. The capacitance is not-aconsfant It v, R
as (Vy +V, )72 where V), is the applied reverse voltage and Vi, is the built-in potentiy]
The series resistance is considerably higher than that of 4 MOS eapacitor because u““p»
region has higher resistivity than does the p*-region.
EXAMPLE 2

What is the stored charge and the number of electrons on an MOS capacitor with an wrey of 4
um?, for (a) a dielectric of 10 nm thick SiO, and (b) a 5 nm thick Ta,O5, The applied voltage is 5
V for both cases.

SOLUTION

(@ Q =€, xAX Y 39%885%107 Fremx4x 107 em? x % =69x10"¢
d 1107 em
or
Q, =69 x 101 Cly = 4.3 x 107 electrons.
(b) Changing the dielectric constant from 3.9 to 25 and the thickness from 10 nm to 3 nm. we

obtain O, = 8.85 x 1079C, and Q, = 8.85 x 101 C/q = 5.53 x 10° electrons.

14.1.3 The Integrated-Circuit Inductor

IC inductors have been widely used in I1I-V based monolithic microwave integrated cir-
cuits (MMIC)?. With the increased speed of silicon devices and advancement in multi-
level interconnection technology, IC inductors have started to receive more and more
attentions in silicon-based radio frequency (rf) and high-frequency applications. Many
kinds of inductors can be fabricated using IC processes. The most popular method is the
thin-film spiral inductor, Figure 5a and b shows the top-view and the cross section of a
silicon-based, two-level-metal spiral inductor. To form a spiral inductor, a thick oxide is
thermally grown or deposited on a silicon substrate. The first metal is then deposited and
defined as one end of the inductor. Next, another dielectric is deposited onto the metal
1. A via hole is defined lithographically and etched in the oxide. 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 end of the inductor.

To evaluate the inductor, an important figure of merit is the quality factor, (). The
Q is defined as Q = Lo /R, where L, R, and @ are the inductance, resistance, and fre-
quency, respectively. The higher the Q values, the lower the loss from resistance, hence
the better the performance of the circuits. Figure 5¢ shows the equivalent circuit model.
R, is the inherent resistivity of the metal, €, and €,, are the coupling eapacitances hetween
the metal lines and the substrate, and R, and R, ave the resistances of the silicon
substrate associated with the metal lines, vespeclivel} TheQ increases linearly with fre=
quency initially and then drops at higher frequencies becanse of parasitic resistances ind
capacitances.

There are some approaches to improve the Q value, The first is to use low=dlielec-
tric-constant matevials (<3.9) to reduce the C . The other is to use a thick film metal
or low-resistivity metals (e.g., Cu, Au to replucé Al to reduce the Ry The third i\[‘illl'”i“'i‘

Chapter 14. Integrated Devices 495

A
A
1
(a)
Metal 2
Oxide
e e |
Metal 1= = -
Silicon
(b)
L Ry

Cp1 Cpa
l{i\lhl R\\I‘IZ

(c)

Fig.5 (a) Schematic view of a spiral inductor on a silicon substrate. (b) Perspective view along
A-A’. (c) An equivalent circuit model for an integrated inductor.

uses an insulating substrate (e.g., silicon-on-sapphire, silicon-on-glass, or quartz) to
reduce R,

"To obtain the exact value of a thin-film inductor, complicated simulation tool, such
as computer aided design, must be employed for both circuit simulation and inductor
optimization. The model for thin-film inductor must take into account the resistance of
the metal, the capacitance of the oxide, line-to-line capacitance, the resistance of the sub-
strate, the capacitance to the substrate, and the inductance and mutual inductance of
the metal lines. Hence, it is more difficult to calculate the integrated inductance com-
pared with the integrated capacitors or resistors. However, a simple equation to estimate
the square planar spiral inductor is given as®

L = uynPr = 1.2 X 1052, (6)
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496 Chapter 14. Integrated Devices

where 1, is the permeability in vacuum (47 X 107 H/m), L is in henries, n is the num.
ber of turns, and r is the radius of the spiral in meters.

EXAMPLE 3

For an integrated inductor with an inductance of 10 nH, what is the required radius if the num.
ber of turns is 20?

SOLUTION  According to the Eq. 6,

10x107°

= =2.08X 107° (m) = 20.8 pm.
1.2x107° x 20

14.2 BIPOLAR TECHNOLOGY

For IC applications, especially for VLSI and ULS], the size of bipolar transistors must
be reduced to meet the high-density requirement. Figure 6 illustrates the reduction in
the size of the bipolar transistor in recent years.* The main differences in a bipolar tran-
sistor in an IC compared with a discrete transistor are that all electrode contacts are located
on the top surface of the IC wafer, and each transistor must be electrically isolated to
prevent interactions between devices. Prior to 1970, both the lateral and vertical isola-
tions were provided by p—n junctions (Fig. 62) and the lateral p-isolation region was always
reverse biased with respect to the n-type collector. In 1971, thermal oxide was used for
lateral isolation, resulting in a substantial reduction in device size (Fig. 6b), because the
base and collector contacts abut the isolation region. In the mid-1970s, the emitter extended
to the walls of the oxide, resulting in an additional reduction in area (Fig. 6c). 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).

'R |
1
| i
! i
1 | e «‘
} oo [
‘L Emitter ‘l ! }
i s R :
1 2 ! } |
Al Collector ‘LA } == 1 Emitter
| |
l I | Collector I
{ | ==
Area = 3000 pn= 1500 pn=
Emitter Emitter Fmitter ;
/ I 1
Thermal Thermal
oxide | oxidi A
| i n__i i
e nt
(b) (c) (d)

Fig.6 Reduction of the horizontal and vertical dimensions of a bipolar transistor. (a) Junction
isolation. (b) Oxide isolation. (¢ and d) Scaled oxide isolation.*

|
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14.2.1 The Basic Fabrication Process

The majority of bipolar transistor used in ICs are of the n-p-n type because the higher
mobility of minority carriers (electrons) in the base region results in higher-speed per-
formance than can be obtained with p-n-p types. Figure 7 shows a perspective view of
an n-p-n bipolar transistor, in which lateral isolation is provided by oxide walls and ver-
tical isolation is provided by the n*-p junction. The lateral oxide isolation approach reduces
not only the device size but also the parasitic capacitance because of the smaller dielec-
tric constant of silicon dioxide (3.9, compared with 11.9 for silicon). We consider the major
process steps that are used to fabricate the device shown in Fig. 7.

For an n-p-n bipolar transistor, the starting material is a p-type lightly doped
(~10%% em2), (111)- or (100)-oriented, polished silicon wafer. Because the junctions are
formed inside the semiconductor, the choice of crystal orientation is not as critical as for
MOS devices. The first step is to form a buried layer. The main purpose of this layer is
to minimize the series resistance of the collector. A thick oxide (0.5-1 pm) is thermally
grown on the wafer, and a window is then opened in the oxide. A precisely controlled
amount of low-energy arsenic ions (~30 keV, ~10% cm) is implanted into the window
region to serve as a predeposit (Fig. 84). Next, a high temperature (~1100°C) drive-in
step forms the n*-buried layer, which has a typical sheet resistance of 20 Q/0.

The second step is to deposit an n-type epitaxial layer. The oxide is removed and the
wafer is placed in an epitaxial reactor for epitaxial growth. The thickness and the doping
concentration of the epitaxial layer are determined by the ultimate use of the device. Analog
circuits (with their higher voltages for amplification) require thicker layer (~10 wm) and
lower dopings (~5 x 10% em™), whereas digital circuits (with their lower voltages for switch-
ing) require thinner layers (~3 pm) and higher dopings (~2 x 10'¢ em). Figure 8b shows
a cross-sectional view of the device after the epitaxial process. Note that there is some
outdiffusion from the buried layer into the epitaxial layer. To minimize the outdiffusion,
a low-temperature epitaxial process should be employed, and low-diffusivity impurities
should be used in the buried layer (e.g., As).

The third step is to form the lateral oxide isolation region. A thin-oxide pad (~50 nm)
is thermally grown on the epitaxial layer, followed by a silicon-nitride deposition (~100 nm).
If nitride is deposited directly onto the silicon without the thin-oxide pad, the nitride may
cause damages to the silicon surface during the subsequent high-temperature steps. Next,
the nitride-oxide layers and about half of the epitaxial layer are etched using a photoresist

n* emitter

n* collector

n* buried layer

Fig. 7 Perspective view of an oxide-isolated bipolar transistor.

Dell Ex. 1022

Page 8




Chapter 14. Integrated Devices

Arsenic implant

Fi'i '1' ¢ L l'r—|+sjt>2

p-Si substrate

n epitaxial laver

" buried layer

(b)
— e Photoresist
“? SigNy
\SiOl
n-Epi
P
()

Boron chanstop implant

()

£ig. 6 Cross-sectional views of bipolar transistor fabrication. (a) Buried-layer implantation
(h) Epitaxial layer. (¢) Photoresist mask. (d) Chanstop implant,

as mask (Fig. 8¢ and 8d). Boron ions are then implanted into the exposed silicon areas
(Fig, 8d).

The photoresist is removed and the wafer is placed in an oxidation furnace. Since
the nitride layer has a very low oxidation rate, thick oxides will be grown only in the areas
not pmtecte(’l by the nitride layer. The isolation oxide is usually grown to a thickness such
that the top of the oxide becomes coplanar with the original silicon surface to minimize
the surface topography. This oxide isolation process is called local oxidation of Si]icon.
(LOCOS). Figure 9a <hows the cross section of the isolation oxide after the removal ol
the nitride layer. Becaue of segregation effects, mast of the implanted boron ions are pnshed
underneath the isolation oxide to form a ;J'-hlyur. This is called p* channel stnp‘lnl‘
chanstop), because the high concentration af p-type semiconductor will prevent sutlice
inversion and eliminate possible high-conduetivity paths (or channels) among neighbor-
ing buried layers.

The Fourth step is to form the buse region. A pliotoresist is used as a ums]\'. to pro-
tect the right half of the device; then, boron ions (~ 10" cm 2 are implanted to form the
bigse regions, as shown in Fig. 9. Another lithographic process removes all the thin-pad
oxide except a small arew near the center of the base region (Fig. 9¢).

The fifth step is to form the emitter region. As shown in Fig, 9., the hase r-:t)lﬂx{;:f
ateais protected by a photoresist mask; then, a low-energy, high-arsenic—dose (-~ 1( e ('nf:i
implantation forms the it-emitier and the n*-collector contact regions. The photeresis
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«— S0,

-« '
chaustop

(a)

Boron base implant

L l l“l + * + +ﬂ—]’hntmvw>t

(b)

“ i

(e)

Arsenic implant

[ I=— Photoresist

" emitter n" collector

(d)

Fig. 8 Cross-section views of bipolar transistor fabrication. («) Oxide isolation, (b) Base

impl(mt. {¢) Removal of thin oxide. (([,\» Emitter and collector imphmt.

is removed; and a final metallization step forms the contacts to 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 ion implantations, and four etching operations, Each operation must be
precisely controlled and monitorec, Failure of any one of the operations generally will
render the wafer useless.

The doping profiles of the completed transistor along a coordinate perpendicular to
the surface and passing through the emitter, base, and collector are shown in Fig. 10
The emitter profile is abrupt because of the concentration-dependent diffusivity of arsenic.
The base doping profile beneath the emitter can be approximated by a Gaussian distri-
bution for a limited-source diffusion. The collector doping is given by the epitaxial dop-
ing level (~2x 10 cm™) for a representative switching transistor; however, at larger depths,
the collector doping concentration increases because of outdiffusion from the buried layer.

1422 Dielectric Isolation

In the isolation scheme described previously for the bipolar transistor, the device is iso-
lated from other devices |

s the oxide layer around its periphery and is isolated from its
common substrate by a n*=p junction (buried layer). In high-voltage applications, a different
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Fig. 10 n-p-n transistor doping profiles.

appraach, ealled dielectrie isolation, is used to form insulating tubs to isf;l‘dt(‘ a mlu‘\bm
of pockets of singleserystal semicanductors. In this approach the de\fu.‘u‘- is isolated from
hoth its common substiate and its surrounding neighbors by a dielectric layer.

A process sequence for the dielectric isolation is shown in Fig. 11. An oxide ln_\‘v.r is
formed inside a <100>-oriented n-type silican substrate using high-energy oxygen ion
implantation (Fig, 11a). Next, the wafer undérgoes a higlj— mperature :umetllvmg_ pro-
cess so that the implanted oxygen will react with silicon to form the oxide layer. The dam-
age resulting from implantation is also annealed out in this process (Fig 11D). ,/\fl(-l"tlns,
we can obtain an n-silicon layer that is fully isolated on an oxide [namely, silicon-on-insu-
lator, (SOI)]. This process is called SIMOX (separation by hjplunted 03] 'fmﬂ. .‘iinu‘- the
top silicon is so thin, the fsalution region is easily formed by the LOCOS process illis-
trated in Fig. 8¢ or by etehing a trench (Fig. 11¢) and refilling it with oxide (Fig, l_].(ﬂ.
The other processes are almost the same s those from Fig, S through Fig. 9 to foarm
the p-type base, n*-emitter, and collector. .

The main advantage of this technique is its high breakdown voltage bietween the mm‘t»
ter and the collector, which can be in excess of several hundreds volts. This technicue is
also compatible with motlern CMOS integration. This CMOS-compatible process is very
useful for mixed high-voltage and high-density IC.

1423 Seli-Aligned Double-Polysilicon Bipolar Structure

ess todefine an oxide region
e

The process shown in Fig. 9¢ needs another ljﬂlﬂgmp.] \it-.pmc‘ s P
to separate the base and emitter contact regions, This gives rise to a large inactive d J] .
i 1 aryaet ey Db
area within the isolated boundary, which inereases not enly the parasitic capacitances .
; c S s N0 ) ety sy B
also the resistance that degrades the transistor pe rformance: The most effective W)
reduce these effects is by using the self-aligned structure.
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Oxygen ion implantation

‘ ‘ ‘ Annealing at high temperature
EERE "

"ps === si0,

(a) (h)

Photoresist

A0 preEs
" ~ S$i0,

(e) (d)
Fig. 11 Process sequence for dielectric isolation bipolar device using silicon-on-insulator for
high-voltage application. (@) Oxygen ion implantation. (b) Annealing at high temperature to
form the isolation dielectric. (¢) Trench isolation formed by a dry-etching process. (d) Base,
emitter, and collector formation.

The most widely used self-aligned structure is the double-polysilicon structure with
the advanced isolation provided by a trench refilled with polysilicon,? shown in Fig, 12.
Figure 13 shows the detail sequence of the steps for the self-aligned double-polysilicon
(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 ion etching through the n*-subcollector region into
the psubstrate region. A thin layer 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 p*-polysil-
icon (called poly 1) will be used as a solid-phase diffusion source to form the extrinsic
base region and the base electrode. This layer is covered with a chemical-vapor deposition

13 K (
" poly Metal
P poly ! E ﬁ ’(
Oxide 2 2
D Poly
N " N

Fig. 12 Cross-section of a self-aligned, double-polysilicon bipolar transistor with advanced
trench isolation.

Dell Ex. 1022
Page 10



CVD nitride
CVD oxide,
(Poly 1) p* poly

Poly-silicon

(a)
Pt ok

=
-

Ll

S
" == Poly-sflicon

)
o)

Poly-silicon

Poly-siticon

Pt poly
===

] i

n
|
n i

n*

P 7= Poly-silicon

o)

Fig. 13 Process sequence for fabricating double-polysilicon self-aligned n-p-ir trapsistors

502

14.3 MO

Chapter 14. Integrated Devices 503

(CVD) oxide and nitride (Fig. 13¢). The emitter mask is used to pattern the emitter-area
regions, and a dry-etch proce
1 (Fig. 13b). A thermal oxide is then grown over the etched structure, and a relatively

s used to produce an opening in the CVD oxide and poly

thick oxide (approximately 0.1-0.4 pm) is grown on the vertical sidewalls of the heavily
doped poly. The thickness of this oxide determines the spacing between the edges of the
base and emitter contacts. The extrinsic p* base regions are also formed during the ther-
mal-oxide growth step as a result of the outdiffusion of boron from the poly 1 into the
substrate (Fig. 13¢). Because boron diffuses laterally as well as vertically, the extrinsic
base region will be able to make contact with the intrinsic base region that is formed next,
under the emitter contact.

Following the oxide-grown step, the intrinsic base region is formed using ion implan-
tation of boron (Fig. 13d). This serves to self-align the intrinsic and extrinsic base regiovs.
After the contact is cleaned to remove any oxide layer, the second polysilicon Tayer is
) is used as a solid-
phase diffusion source to form the emitter region and the emitter electrode. A shallow

deposited and implanted with As or P. The n*—polysilicon (called poly

emitter region is then formed through dopant outdiffusion from poly 2. A rapid thermal
anneal for the base and emitter outdiffusion steps facilitates the formation of shallow emit-
ter-base and collector-base junctions. Finally, Pt film is deposited and sintered to form
PtSi over the n*-polysilicon emitter and the p*-polysilicon base contact (Fig. 13¢).

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
contact hole to some degree because the thermal oxide occupies a larger volume than
the original volume of polysilicon. Thus, an opening 0.8 pm wide will shrink to about 0.4
i if sidewall oxide a 0.2 um thick is grown on each side.

:CHNOLOGY

At present, the MOSFET is the dominant device used in ULSI circuits because it can
be scaled to smaller dimensions than other types of devices. The dominant technology
for MOSFET is the CMOS (complementary MOSFET) technology. in which both n-chan-
nel and p-channel MOSFETS (called NMOS and PMOS, respectively) are provided on
the same chip. CMOS technology is particular attractive for ULSI circuits because it has
the lowest power consumption of all IC technology.

Figure 14 shows the reduction in the size of the MOSE
early 1970s, the gate length was 7.5 pm and the corresponding device area was about
6000 i As the device is scaled down, there is a drastic reduction in the device area.
Fora MOSFET with a gate length of 0.5 um, the device area shrinks to less than 1% of
the carly MOSFET. We expect that device miniaturization will continue. The gate length
will be less than 0.10 wm in the early twenty-first century. We consider the future trends
of the devices in Section 14.5.

T in recent years. In the

14.3.1 The Basic Fabrication Process

Figure 15 shows a perspective view of an n-channel MOSFET prior to its [inal metal-
lization.” The top layer is a phosphorus-doped silicon dioxide (P-glass) that is used as an
insulator between the polysilicon gate and the gate metallization and also as a gettering
layer for mobile ions. 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

reduced.

Duilngs
P-glass

p-Si<100> Chanstop

Polysilicon
gate Field oxide

Fig. 15 Perspective view of an n-channel MOSFET.

f ion i ) ST whereas a
lateral oxide isolation, there is no need for vertical isolation in the MOSFET, whereas

" A = - T
buried-layer n*-p junetion is required in the bipolar transistor. The doping 1]1[)!1‘; in .
MOSFET is not as complicated as that ina bipalar transistor and the control of thi'it Olzdi
i i it s e ab-
distribution is also less critical. We consider the major process steps that are used to

ricate the device shown in Fig. 15.

To progess an n-channel MOSFET (N MOS), the starting material is a p-type. Tightly

doped (~10% cm™), (100)-oriented, polished silicon wafer, The (100)-orientation is pre-

. i i > at ol
ferred over (111) because it has an nterface-trap density that is about one-tenth tha

: . . S . The
(111). The first step is to form the oxide isolation region using LOCOS technology. TH
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process sequence for this step is similar to that for the bipolar transistor. A thin-pad oxide
(~35 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 layer
is then implanted through the composite nitride-oxide layer (Fig. 165). The nitride layer
not covered by the photoresist mask is subsequently removed by etching. After stripping
the photoresist, the wafer is placed in an oxidation furnace to grow an oxide (called the
field oxide), where the nitride layer is removed, and to drive in the boron implant. The
thickness of the field oxide is typically 0.5-1 pm.

The second step is to grow the gate oxide and to adjust the threshold voltage (see
Section 6.2.3). The composite nitride-oxide layer over the active device area is removed,
and a thin-gate oxide layer (less than 10 nm) is grown. For an enhancement-mode n-chan-
nel device, boron ions are implanted in the channel region, as shown in Fig. 16¢, to increase
the threshold voltage to a predetermined value (e.g., + 0.5V). For a depletion-mode n-
channel device, arsenic ions are implanted in the channel 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 20-30 €/0. This
resistance is adequate for MOSFETs with gate lengths larger than 3 pum. For smaller

Photoresist

J SN

{==si0,

p-Si (100)

()

Boron field implant

Active device area

(b)

Boron channel implant

e Field oxide

T = Self-aligned

Gate oxide chanstop

()

“Pattered polysilicon

(d)

Fig. 16 Cross-sectional view of NMOS fabrication sequence.” (a) Formation of $iO,, Si;N,, and
photoresist layer. (b) Boron implant. (¢) Field oxide. (d) Gate.
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devices, polycide, a composite layer of metal silicide and polysilicon such as \V—polygjde‘
can be used as the gate materials to reduce the sheet resistance to about 1 Q/0,

The fourth step is to form the source and drain. After the gate is 1),atln~t'|1cd (Fig. 164),
it serves i 4 sk for the arsenic implantation (~30 keV, ~5 x 101 L'n’\’_‘) to form the
sonree and drain (Fig, 17a), which are solllﬂligm:d with respect to I‘Iu- dautel. At this stage,
the only overlapping of the gite is die to lateral straggling of the -Inll‘JluI‘ill‘.d ions (for 30
keV. As, o, is.only 5 nm). Tf Jove-temperatite processes are used for sni:{iequent steps to
minimize lateral diffusion, the parasitic gate-thain and gate-source coupling capacitanceg
can be much smaller than the gate-chiannel capacitance. '

The last stepis the metallization. A plmsplun'us—d()p(-*l.l oxicle (P-glass) lﬁkllqm.\html
over the entire waler and is flowed by heating the wafer to give a sn jootlt surface tojing:
raphy (Fig. 17h), Contact windows are defined and etched inthe P-glass. A metal I;|§(,].‘
such as aluminain, is then deposited and patterned. A cross-section view of the completed
MOSFET is shown in Fig. 17¢, and the correspanding top view is shQWn in 'Fig, 17d.
The gate contact is usually made outside the active device area to avoid possible dam-
age to the thin-gate oxide.

Arsenic implant

Source

‘F— Active device
Source = area
}“’}'— Lg
)

Fig. 177 NMOS fabrication sequence.” (a) Source and drain. (b) P-glass deposition. (c) Cross
section of the MOSFET. (d) Top view of the MOSFET.
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EXAMPLE 4

What is the maximum gate-to-source voltage that a MOSFET with a 5 nm gate oxide can with-
stand. Assume that the oxide breaks down at 8 MV/ cm and the substrate voltage is zero.

SOLUTION
V=Exd=8x108x5%x107=4V.

1432 Memory Devices

Memories are devices that can store digital information (or data) in terms of bits (binary
digits). Various memory chips have been designed and fabricated using NMOS technol-
ogy. For most large memories, the random access memory (RAM) organization is pre-
ferred. In a RAM, memory cells are organized in a matrix structure and data can be
accessed (i.e., stored, retrieved, or erased) in random order, independent of their phys-
ical locations. A static random access memory (SRAM) can retain 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 minimize power consumption.®

To reduce the cell area and power consumption, the dynamic random access mem-
ory (DRAM) has been developed. Figure 18a shows the circuit diagram of the one-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 level on the capacitor determines the
state of the cell. For example, +1.5 V may be defined as logic 1 and 0 V defined as logic
0. The stored charge will be removed typically in a few milliseconds mainly because of
the leakage current of the capacitors; thus, dynamic memories require periodic “refresh-
ing” of the stored charge.

Figure 18b shows the layout of a DRAM cell, and Fig. 18¢ shows the correspond-
ing cross section through AA’. 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 a metal track to minimize the delay due to parasitic resistance (R) and parasitic capac-
itance (C), the RC delay. The column line is formed by n*-diffusion. The internal drain
region of the MOSFET serves as a conductive link between the inversion layers under
the storage gate and the transfer gate. The drain region can be eliminated by using the
double-level polysilicon approach shown in Fig. 18d. The second polysilicon electrode
is separated from the first polysilicon capacitor plate by an oxide layer that is thermally
grown on the first-level polysilicon 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 gates.

To meet the requirements of high-density DRAM, the DRAM structure has been
extended to the third dimension with stacked or trench capacitors. Figure 19a shows a
simple trench cell structure.® The advantage of the trench type is that the capacitance
of the cell could be increased by increasing the depth of the trench without increasing
the surface area of silicon occupied by the cell. The main difficulties of making trench-
type cells are the etching of the deep trench, which needs a rounded bottom corner and
the growth of a uniform thin dielectric film on trench walls. Figure 19b shows a stacked
cell structure. The storage capacitance increases as a result of stackjng the storage capac-
itor on top of the access transistor. The dielectric is formed using the thermal oxidation
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or CVD nitride methods between the two-polysilicon plates. Hence, the stacked cell pro-
cess is easier than the trench type process.

Figure 20 shows a 1 Gb DRAM chip. This memory chip uses 0.18 um design rules.
Trench capacitors and its peripheral circuits are in CMOS, which are considered in Section
14.3.3. The memory chip has an area of 390 mm? (14.3 mm x 27.3 mm) that contains
over 2 billion components and operates at 2.5 V. This 1 Gb DRAM is mounted in an 88-
pin ceramic package, which can provide adequate heat dissipation.

Both SRAM and DRAM are volatile memories, that is, they lose their stored data
when power is switched off. Nonvolatile memories, on the other hand, can retain their
data. Figure 21a shows a floating-gate nonvolatile memory, which is basically a conven-
tional MOSFET that has a modified gate electrode. The composite gate has a regular
(control gate) and a floating gate which is surrounded by insulators. When a large posi-
tive voltage is applied to the control gate, charge will be injected from the channel region
through the gate oxide into the floating gate. When the applied voltage is removed, the
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 is the metal-nitride-oxide-semiconduc-
tor (MNOS) type shown inn Fig. 21b. When a positive gate voltage is applied, electrons
can tunnel through the thin oxide layer (~2 nm) and be captured by the traps at the oxide-
nitride interface, and thus become stored charges there. The equivalent circuit for both
types of nonvolatile memories can be represented by two capacitors in series for the gate
structure, as illustrated in Fig. 21c. The charge stored in the capacitor C) causes a shift
in the threshold voltage, and the device remains at the higher threshold voltage-state (logic
1). For a well-designed memory device, the charge retention time can be over 100 years.

256Mb Quadrant

Fig.20 A 1 Gb DRAM that contains over 2 billion components. (Photography courtesy of
IBM/Siemens, 1999 IEEE Int. Solid State Circuit Conference.)
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Fig.21 Nonvolatile memory devices. (a) Floating-gate, nonvolatile memory. (b) MNOS non-
volatile memory. (c) Equivalent circuit of either type of nonvolatile memory.

To erase the memory (e.g., the store charge) and return the device to a lower threshold
voltage state (logic 0), a gate voltage or other means (such as ultraviolet light) can be used.

The nonvolatile semiconductor memory (NVSM) has been extensively used in portable
electronics systems, such as cellular phones and the digital cameras. Another interesting
application is the chip card, also called 1C card. —_—

The tap photo in Fig. 22 shows an 1C ecard, The diagram at the bottom of Fig. 22
illustrates the nenvolatile memory deviee that stores the data that can be read and writ-
ten through the bus to a central processing unit (CPU). In contrast to the limited vol-
ume (1 kbytes) inside a conventional magnetic tape card, the size of the nonvolatile meory
can be increased to 16 kbytes, 64 kbytes, or-even larger depending on the npplu-a!ml"tﬁ
(e.g., you can store personal photos or finger prints), Through the [C card !'Bll.t,lfl'\;‘r[l.f“
machines, the data can be used in numgrpus applications; such as telecommunications
(card telephone, mobile radio), payment transactians (electronic puse, credit card). |H;‘}'
television, transport (electronic ticket, publie transport), health care (Puﬁ’:‘ﬂl-(‘hlln card!,
and access control. The IC card will play a central role inthe global information snd ser-
vice society of the future.'?

14.3.3 CMOS Technology

Figure 23a shows a CMOS inverter. The gate of the upper PMOS device is conneictfrd
to the gate of the lower NMOS device. Both devices are enhancement-mode MOSFETS
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NVSM ||
_ 64 Kkbit

Peripherals

Fig. 22 An integrated-circuit (IC) card. The data stored in the NVSM can be accessed through
the bus of the central processing unit (CPU). There are several metal pads connecting to the
read/write machine. (Photography courtesy of Retone Information System Co., LTD.)

with the threshold voltage V7, less than zero for the PMOS device and Vr, greater than
zero for the NMOS device (typically the threshold voltage is about 1/4 V). When the
input voltage V; is at ground or at small positive values, the PMOS device is turned on
(the gate-to-ground potential of PMOS is —V,,;,, which is more negative than Vzp)’ and
the NMOS device is off. Hence, the output voltage V, is very close to V,;, (logic 1). When
the input is at Vp,p, the PMOS (with Vg = 0) is turned off, and the NMOS is turned on
(V; = Vpp > Vy,.). Therefore, the output voltage V, equals zero (logic 0). The CMOS inverter
has a unique feature: in either logic state, one device in the series path from Vp,j, to ground
is nonconductive. The current that flows in either steady state is a small leakage current,
and only when both devices are on during switching does a significant current flow through
the CMOS inverter. Thus, the average power dissipation is small, on the order of nanowatts.
As the number of components per chip increases, the power dissipation becomes a major
limiting factor. The low power consumption is the most attractive feature of the CMOS
circuit.

Figure 23b shows a layout of the CMOS inverter, and Fig. 23¢ shows the device cross
section along the A-A” line. In the processing, a p-tub (also called a p-well) is first implanted
and 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-
quent processes for the n-channel MOSFET in the p-tub are identical to those described
previously. For the p-channel MOSFET, 1'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 underneath the field
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Fig.23 Complementary MOS (CMOS) inverter. (a) Circuit diagram. (h) Circuit layout. (¢)
Cross section along dotted A-A’ line of ().

oxide around the p-channel device. Because of the p-tub and the additional step\s‘ needed
to make the p-channel MOSFET, the number of steps to make a CMOS circuit is essen-
tially double that to inakean NMOS cireuit. This, we have a trade-off between the com-
plex'ity of processing and a reduction in power conswmnption.

Instead of lil[‘,)»tlllj described above, an alternate approach is to use an n-tub forngsd
in p-type substrate, as shown in Fig 24¢. In this case, the n-type dop‘n.lt concentration
must be high enough to overcompensite for the background doping of the 1)—s|1tv§l|‘;lle
(i.6., Npy > Ny In both the p-tub and the a-tuly approach, the channel n‘mh‘llit:\' \vr||‘lu.~
degraded because mohility is determined by the total dopant concentration (N + A ,,_l‘
A recent ap]n'mlcl‘| using two sepnrute(l tnbs implanted into a lightly dﬂped wlnslr?zlf' is
shown in Fig. 24, This structure is called a fwin tub.! Becanse no overcompensation is
needed in either of the twin tubs, higher channel mobility can he abtained.

All CMOS circuits have the potential for a troublesome problem called latchup that
is associated with parasitic bipolar transistars (to see how this problem cai oueuT; see
Cliapter 5), An effective processing technigue to eliminaie latehup problem is to use the
deep-trench isolation, as shown'! in Fig, 24¢. In this techinique, a trench with n depth
deeper than the well is formed in the silicon by anisolropic reactive sputter wtvlJIHLT,‘, "\!{
axide layer is thermally grown on the bottom and walls of the tiendh, whith is then rvlllhtt
by deposited polysilicon or silicon dioxide. This techmigue can u]imiuntc\, latchup |M"\':'I"1-*t"
the n-channel and p-channel devices are physically isolated by the refilled trench. I.hl
detailed steps for trench isolation and some reluted CMOS processes are now consideret
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Fig. 24 Various CMOS structures. (a) n-tub. (b) Twin tub'. (¢) Refilled trench."!

Well-Formation Technology

The well of a CMOS can be a 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) and a long diffusion time (longer than 8 hours) to achieve the required depth
of 2-3 wm. In this process, the doping concentration is highest at the surface and decreases
monotonically with depth. To reduce the process temperature and time, high-energy
implantation is used. i.e., implanting the ion 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 energy. The profile of the well in this case can
have a peak at a certain 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 retrograde wells is
around 700 keV and 400 keV, respectively. As mentioned above, the advantage of the high-
energy implantation is that it can form the well under low-temperature and short-time
conditions, hence, it can reduce the lateral diffusion and increase the device density. The
retrograde well can offer some additional advantages over the conventional well: (a) because
of high doping near the bottom, the well resistivity is lower than that of the conventional
well and the latchup problem can be minimized, (b) the chanstop can be formed at the
same time as the retrograde well implantation, reducing processing steps and time, (c¢)
higher well doping in the bottom can reduce the chance of punchthrough from the drain
to the source.
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Advanced Isolation Technology

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-
ture oxidation of silicon and long oxidation time result in the encroachment of the chanstop
implantition (usually boron for n-MOSFET) to the active region and cause Vyshift. The
area of the active region is redneed hecause of the lateral oxidation. In addition, the field-
oxide thickness in submicron-isolation spacings is significantly less than the thickness of
field oxide grown in wider spacings, The trenchisolation technology can avoid these prob-
lems and has become the mainstream technology for isolation. Figure 26 shows the pro-
cess sequence for forming a deep (larger than 3 pm) but narrow (less than 2 pm)
trench-isolation structure; There are four steps: patteming the area, trench etching and
oxide growth, refilling with dielectric materials such as exide or undoped polysilicon, and
planarization. This deep trench isolation can he used in botlyadvanced CMOS and bipo-
lar devices and for the trench-type DRAM. Since the isolation material is deposited by
CVD, it does not need a long-time or a high-temperature process, and it eliminates the
lateral oxidation and boron encroachment problems.

Another example is the shallow trenchi(depthiis less than 1 pm) isolation for CMOS,
shown in Fig. 27. After patterning (Fig. 27a); the trench area is etched (Fig: 27b) and
then re-filled with oxide (Fig. 27c). Before refilling, a clianstop iriiplantation ean be per-
formed. Since the oxide has over filled the trench, the oxide on the nitride should be
removed. Chemical-mechanical polishing (CMP) is used to remove the oxide on the nitride
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Fig. 26 Process sequence for forming a deep, narrow-trench, isolation structure. (¢) Trench
mask patterning. (b) Trench etching and oxide growth. (¢) Polysilicon deposition to fill the
trench. (d) p]anarixati()n.
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Fig. 27 A shallow trench isolation for CMOS. (a) Patterning with photoresist on nitride/oxide
fi]\ps. (b) Dry etching and chanstop implantation. (¢) Chemical-vapor deposition (CVD) oxide to
refill. (d) Planar surface after chemical-mechanical polishing (CMP).
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