Chapter 4
Excess Carriers in Semiconductors

OBJECTIVES

1. Understand how photons interact with direct and indirect band gap

semiconductors

Understand generation—recombination of excess carriers, possibly

through trap sites

. Introduce quasi-Fermi levels in non-equilibrium

. Calculate diffusion currents from carrier concentrafion gradients and

diffusivity

. Use the continuity equation to study time dependence of carrier
concenfralions

b AW N

Most semiconductor devices operate by the creation of charge carriers in ex-
cess of the thermal equilibrium values. These excess carriers can be created
by aptical excitation or electron bombardment, or as we shall see in Chap-
ter 5, they can be injected across a forward-biased p-n junction. However
the excess carriers arise, they can dominate the conduction processes in the
semiconductor material. In this chapter we shall investigate the creation of
excess carriers by optical absorption and the resulting properties of photo-
luminescence and photoconductivity. We shall study more closely the mech-
anism of electron-hole pair recombination and the effects of carrier trapping.
Finally, we shall discuss the diffusion of excess carriers due to a carrier gra-
dient, which serves as a basic mechanism of current conduction along with
the mechanism of drift in an electric fisld.

4.1 Animportant technique for measuring the band gap energy of a semicon-

OPTICAL ductor is the absorption of incident photans by the material. In this exper-
ABSORPTION' iment photons of selected wavelengths are directed at the sample, and
relative transmission of the various photons is observed. Since photons with

energies greater than the band gap energy are absorbed while photons with

Yin thia contesdt the word "oplical” doss not necessarily imply that the photons abserbed are in the visible
parl of Iha specirum: Meny samicenductors ubsork phelans in 1na infrared region, bul this i includad in
the tarm “ogtical absarphon,”
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Figure 4-1
Optical absorp-
tion of a photon
with hv > E: (q)
An EHP is created
during photon ab-
sorphion; (b} the
excifed electron
gives up energy
lo the latfice by
scalering evanls;
{c] the electron re
combines with a
hole in the ve-
energies less than the band pap are transmitted. this experiment gives an  lence bond.
accurate measure of the band pap energy.

It is apparent thal a photon with energy v = £ can be absorbed in a
semiconductor (Fig. 4-1). Since the valence band contains many elections
and the conduction band has many empty states into which the lectrons may
be excited, the probabilily of photen absorption is high. As Fip. 4-1 indicates.
an electron excited to the conduction band by oplical absorption may initial-
ly have more energy than is common for conduction band electrons (almost
all electrons are near E, unless the sample is very heavily doped). Thus the ex-
cited electron loses energy to the lattice in scattering events unitil its velocnty
reaches the thermal equilibrium velocity of other conduction band electrons.
The electron and hole created by this ahsorption process are excess carriers:
since they are out of balance with their environment, they must eventually re-
combime. While the excess carriers exisl in their respective bands, however,
they are free 10 contribute to the conductivity of the matenal.

A photon with energy less than £, is unable to excite an electron from
the valence band to the conduction band. Thus in a pure semiconductor,
there is negligible absorption of photans with v < £, This explains why
some materials are iransparent in certain wavelength ranges. We are able to
“see through” certain insulators, such as a good NaCl erystal, because a large
energy pap conlaining no electron states exists in the material. IT the band pap
is about 2 eV wide, only long wavelengths (infrared) and the red part of the
visible spectrum are transmitted; on the other hand, a band gap of about
3¢V allows infrared and the entire visible speetrum 1o be transmitted.

If a beam of photons with /ir > E, falls on a semiconductor, there will
be some predictable amount of absorption, determined by the properties ol
the material. We would expect the ratio of transmitted to incident light in-
lensity to depend on the photon wavelength and the thickness of the sample.
To calculate this dependence. let us assume that a photon beam of intensity
1, (photonsfem?®s) is directed at a sample of thickness / (Fig. 4-2). The beam
eontains only photons ol wavelenath A, selected by a monechromator. As
the beam passes through the sample, its intensity al a distance x {rom the
surface can be calculated by considering the probability of absorption within
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any increment dx. Since a photon which has survived to x without absorption
has no memory of how far it has traveled, its probability of absorption in any
dx 13 constant. Thus the degradation of the intensity —dl(x)/dx 1s propor-
tional to the intensity remaining at x;

_difx)
dx

= allx) (4-1]

The solution Lo this equation is
I(x%) =L (4-2)

and the intensity of light transmitted through the sample thickness [ is

L=Le ™ (4-3)

The coefficient « is called the absorption coefficienr and has units of
em ™. This coefficient will of course vary with the photon wavelength and
with the material. In a typical plot of « vs, wavelength (Fig. 4-3), there is neg-
ligible absorption at long wavelengths (/v small) and considerable absorp-
tion of photons with energies larger than E,. According to Eq. (2-2), the
relation between photon energy and wavelength is £ = he/A.1f E is given in
glectron volts and A in micrometers, this becomes E = 1.24/\.

Figure 4-4 indicates the band gap energies of some of the common
semiconductors, relative to the visible, infrared, and ultraviolet portions of the
spectrum. We observe that GaAs. 51, Ge, and InSb lie outside the visible re-
gion, in the infrared. Other sermiconductors, such as GaP and Cd§, have band
gaps wide enough to pass photons in the visible range. Tt is important to note
here that a semiconductor absorbs photons with energies equal to the band
gap, or larger. Thus Si absorbs not only band gap light (~1 pm) but also short-
er wavelengths, including those in the visible part of the spectrum.
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Figure 4-3
Dependence of
oplical ubscrrlinn
coefficient w for o
semiconductor on
the wavelength of
incident light.

Figure 4-4

Band gaps of
some comman
semiconductors
relative to the op-
lical spectrum.

When electron-hole pairs are generated in a semiconductor, or when carri-
ers are excited into higher impurity levels from which they fall to their equi-
librium states, light can be given off by the material. Many of the
semiconductors are well suited for light emission, particularly the compound
semiconductors with direct band gaps. The general property of light emis-
sion is called luminescenice. This overall category can be subdivided according
to the excitation mechanism: If carriers are excited by photon absorption,
the radiation resulting from the recombination of the excited carriers is called
photoluminescence; if the excited carriers are created by high-enerpy electron
bombardment of the material, the mechanism is called cathodoluminescence;
if the excitation oecurs by the introduction of current into the sampie, the re-
sulling lJuminescence is called electroluminescence. Other types of excitation
are possible, but these three are the most important for device applications

*The emission processes considared here should net be confused with radiation dus 1o incandescence
which occurs in heated maleriols. The variobs [uminescent mechanisms can be considerad "cald” process-
&s as compared fo the "hot” process of incandescence, which Increases with lemperature. In fecl, mos! lv-
mingscan! processes becoms more efficient os the lemperalure is lowered.
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4.2.1 Photoluminescence

The simplest example of light emission from a semiconductor occurs for di-
rect excitation and recombination of an EHP. as depicted in Fig. 3-5a.If the
recombination occurs directly rather than via a defect level, band gap light
is given off in the process. For steady state excitation, the recombination of
EHPs occurs at the same rate as the generation, and one photon is emitted
for each photon absorbed. Direct recombination is a fast process; the mean
lifetime of the EHP is usually on the order of 10 s ot less. Thus the emis-
sion of photons stops within approximately 10~ s after the excilation is
turned off. Such fast luminescent processes are often referred to as fluores-
cence, In sume materials, however, emission continues for periods up lo sec-
onds or minutes after the excitation is removed. These slow processes are
called phosphorescence, and the materials are called phosphors. An exam-
ple of a slow process is shown in Tig, 4-5. This matcrial contains a defect
level (perhaps due to an impurity) in the band pap which has a strong ten-
dency to temporarily caplure (rrap) electrons from the conduction band.
The events depicted in the figure are as follows: (a) An incoming photon
with iz, > E, is absorbed, creating an EHP; (b) the excited electron gives
up energy 1o the lattice by scattering until il nears the bottom of the con-
duction band; (c) the clectron is trapped by the impurity level E, and re-
mains trapped until it can be thermally reexcited to the conduction band
{d}: (e) finally direct recombination occurs as the electron falls 1o an empty
state in the valence band, giving off a photon (fiv,) of approximately the
band gap energy. The delay time between excitation and recombination can
be relatively long if the probability of thermal reexcitation from the trap (d)
is small. Even longer delay times result if the electron is retrapped several
times before recombination. If the trapping probability i8 greater than the
probability of recombination, an ¢lectron may make several trips between
the trap and the conduction band before recombination finally occurs. In
such material the emission of phosphorescent light persists for a relatively
long time after the excitation is removed.

Figure 4-5 W
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The color of light emitted by & phosphor such as ZnS depends primar-
ily on the impurities present, since many radiative transitions involve impu-
rity levels within the band gap. This selection of colors is particularly useful
in the fabrication of a color television screen.

One of the most common examples of photoluminescence is the fluo-
rescent lamp, Typically such a lamp is composed of a glass tube filled with gas
(e.g..a mixture of argon and mercury). with a fluorescent coating on the in-
side of the tube. When an electrie discharge is induced between electrodes in
the tube, the excited atoms of the gas emit photons, largely in the visible and
ultraviolet regions of the spectrum. This light is absorbed by the luminescent
coating, and the visible photons are emitted. The efficiency of such a lamp is
considerahly hetter than that of an incandescent bulb, and the wavelength
mixiure in light given off can be adjusted by proper selection of the fluores-
cenl material.

A 0.46-pm-thick sample of GaAs is illuminated with monochromatic EXAMPLE 4~1
light of hy = 2 eV. The absorption coefficient ais 5 X 10* em™' . The
power incident on the sampleé is 10 mW.

(a) Find the total energy absorbed by the sample per second (I/s).

(b) Find the rate of excess thermal energy given up by the electrons
to the lattice before recombination (J/s).

(c) Find the number of photons per second given off from recombi-
nation events, assuming perfect quantum efficiency.

(a) From Eq.(4-3), SOLUTION
L, =Ye “ =10 “exp(—5 x 10* x 046 x 1079
=107%=2 =1073W

Ty el i o 1
= ey s =y | S
e 2

.

L

.

E,
AT
|
ArAnAde U= | 43 ¢V Figure 4-6
| Excitation and
l | bandto-band
S e = “‘----—-—-——1-—““.::.““. =3 v racombination
.333:3-.:-"-..3.-:::::::::: leading to phato-
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There are many ways by which elecirical energy can be used to generate
photon emission in a solid. In LEDs an electric current causes the injection
of minority carriers into regions of the crystal where they can recombine
with majority carriers, resulting in the emission of recombination radiation.
This important effect (injection electroluminescence) will be discussed in
Chapter 8 in terms of p-n junction theory.
The first electroluminescent effect to be observed was the emission of
photons by certain phosphors in an ing electric field (the Destriau ef-
fect). In this device, a phosphor powder such as ZnS is held in a binder ma-
terial (often a plastic) of a high dielectric constant. When an a-c electric field
is applied, light is given off by the phosphor. Such cells can be useful as light-
ing panels, although their efficiency has thus far been too low for most ap-
plications and their reliability is poor.

4.3 %m:mﬂechm;zﬁdhalﬁaremmdm&mﬁﬁnm there is a cor-

CARRIER LIFETIME  respond! gmhwmﬁﬁwdmamﬂemmmwma -43).
AND PHOTO- I’E!heamasmmsrsansafmmopﬁnal Hith , the resulting increase in
CONDUCTIVITY m&mhvﬂyaamﬂsdpkwmﬁuﬂfmy%mmi:npmﬁmtaﬁm with usefil
applications in the analysis of semiconductor materials and in the operation of
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several types of devices. In this section we shall examine the mechanisms by
which excess electrons and holes recombine and apply the recombination ki-
netics to the analysis of photoconductive devices. However, the importance of
recombination is not limited to cases in which the excess carriers are created op-
tically. In fact, victually every semiconductor device depends in some way on the
recombination of excess electrons and holes Therelore, the concepts developed
in this section will be used extensively in the analyses of diodes, transistors,
lasers, and other devices in later chapters.

A.3.1  Direct Recombinafion of Electrons and Holes

It was pointed out in Section 3.1.4 that electrons in the conduction band of a
semiconductor may make transitions to the valence band (i.e, recombine with
holes in the valence band) either directly or indirectly. In direct recombina-
tion, an excess population of electrons and holes decays by élecirons falling
from the conduction band to empty states (holes) 1n the valence band. Ener-
gy lost by an electron in making the transition is given up as a photon. Direct
recombination occurs sportanecusly; that is, the probability that an electron and
a hole will recombine is constant in time. As in the case of carrier scaltering,
this constant probability leads us to expect an exponential solution for the
decay of the excess carriers, In this case the tate of decay of electrons al any
time t is proportional to the number of electrons remaining at ¢ and the num-
ber of holes, with some canstant of propoertionality for recombination, e, The
net rate of change in the conduction band electron concentration is the ther-
mal generation rate a,n} from Eq. (3-7) minus the recombination rate

dt

Let us assume the excess electron-hole population is ercated at r = 0, for
example by a short flash of light, and the mitial excess electron and hole con-
centrations An and Ap are equaL3 Then as the electrons and haoles recombine in
pairs, the instantansous concentrations of excess carriers &1(f) and 8p(r) are also
equal. Thus we can write the total concentrations of Eq. (4-4) in lerms of the equi-
librium values n; and p, and the excess carrier concentrations da(() = Bp(1).
Using Eq. (3-24) we have

dﬁ-:l(r} = u—r”? = ﬂ,Effﬂ * BH[r]I[F“ & Ep(’”

= o,y — ee,n{t)p(r) (4-4)

= = a[(ng + py)dn(e) + &n*{i])] (4-5)

W will use Balf and Bp(f to mean instonlonenus excess carrier concenhatians, and An, Ap for thair val-
vesal b= 0, Loler we will uss similar symbalism Far spatinl diswibuions, such as finlx] ond Anlx = O],
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This nonlinear equation would be difficult to solve in its present form.
Fortunately. it can be simplified for the case of low-level injection. If the excess
carrier concentrations are small, we can neglect the &n® term. Furthermore, if
the malerial is extrinsic, we can usually neglect the term representing the equi-
librium minority carriers. For example, if the material is p-type (py > ny), Eq.
{4-5) becomes

dsnlr) .
——~ = —a,ponlt) (4-6)
dt
The solution to this equation is an exponential decay from the original ex-
cess carrier concentration As:

Snlt) = Ane =P = Ape™''" (4-7)

Excess electrons in a p-type semiconductor recombine with a decay con-
stant v, = (a,po) ", called the recombination lifetime. Since the calculation is
made in terms of the minority carriers, 7, is often called the minority carrier life-
time. The decay of excess holes in n-type material occurs with 7, = (ceg) . In
the case of direct recombination, the excess majority carmers decay at exactly the
same rate as the minority carriers

There is a large percentage change in the minority carrier electron con-
centration in Example 4-2 and a small percentage change in the majority
hole concentration. Basically, the approximations of extrinsic material and
low-level injection allow us to represent 2{r) in Eq. (4-4) by the excess con-
centration §n{t) and p(7) by the equilibrium value p;. Figure 4-7 indicates
that this is a good approximiation for the example. A more general expression
for the carrier lifetime is

1

= (4-8
J ‘Ir(“u + Py) )

'This expression is valid for n- or p-type material if the injection level is low,

EXAMPLE4-2 A numerical example may be helpful in visualizing the approzimations
made in the analysis of direct recombination. Let us assume a sample of
Gas is doped with 10" acceptorsicm’, The intrinsic carrier concentration
of GuAs is approximately 10° om =, thus the minority electron concentra-
tionis = nilp, =107 em™> Gertnjnlytheappmmaum of py = ny is valid
in this case. Now if 10" EHP/em? are created at ( = 0, we can calculate the
'decay of these carriers in uma'Iheapprommatmn of 8n <€ py is reasonable,
as Fig.4-7 indicates. This figure shows the decay in Ume‘bf‘the,exﬁess pop-
.tﬂatmns for a carrier recombination lifetime of 7, e 107,
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4.3.2 Indirect Recombination; Trapping

In column IV semiconductors and in certain compounds, the probability of
direct electron-hole recombination is very small {Appendix I11). There is
some band gap light given off by materials such as Si and Ge during recom-
bination, but this radiation is very weak and may be detected only by sensi-
tive equipment. The vast majority of the recombination events in indirect
materials oceur via recomhbination levels within the band gap, and the result-
ing energy loss by recombining electrons is usually given up to the lattice as
heat rather than by the emission of photons. Any impurity or laltice defect
can serve as a recombination center il it is capable of receiving a carrier of
one fype and subsequently capturing the opposite type of carrier, thereby
annihilating the pair. For example, Flg, 4-8 illusirates a recombination level
E, which is below Ej at equilibrium and therefore is substantially filled with
clectrons. When excess electrons and holes are created in this matenal, each
EHP recombines at E, in two steps: () hole capture and (b) electron capture.
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Figure 4-7

Decay of excess
elecirons and
heles by recombi-
nation, for An =
Ap=0.1py, with
np negligible, and
1= 10 ns (Exam-
ple 4-2). The ex-
ponential decay
of &nt) is linear
on this samilogo-
rithmie graph.
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Since the recombination centers in Fig. 4-8 are filled at equilibrium,
the first event in the recombination process is hole capture. It is important
to note that this event is equivalent to an electron at £, falling (o the valence
band, leaving behind an empty state in the recombination level. Thus in hole
capture, energy is given up as heat t the lattice, Similarly, energy is given up
when a conduction band electron subsequently falls to the empty state in £,
When both of these events have occurred, the recombination center is back
to its original state (filled with an electron), but an EHP is missing. Thus one
EHP recombinalion has taken place, and the center is ready to participaie in
another recombination event by capturing a hole.

The carrier lifetime resulting from indirect recombination is somewhat
more complicated than is the case for direct recombination, since it is nec-
éssary Lo account for unequal times required for capturing each type of car-
rier. In particular, recombination is often delayed by the tendency for a
captured carrier o be thermally reexcited to its original band belore cap-
ture of the oppaosite type of carrier can occur (Section 4.2.1). For example, if
electron capture (b) does not follow immediately after hole capture (a) in
Fig. 4-8, the hole may be thermally reexcited to the valence band. Energy is
required for this process, which is equivalent to a valence band sleciron being
raised to the empty state in the recombination level. This process delays the
recombination, since the hole must be captured again before recombination
can be completed.

When a carrier is trapped temporarily al a center and then 18 reexcil-
ed without recombination taking place, the process is often called remporary
trapping. Although the nomenclature varies somewhat, it is common to refer
to an impurity or defect center as a trapping center (or simply trap) if, after
captiire of one type of carrier, the most probable next event is reexcitation.
If the most probable next event is capture of the opposite type of carrier,
the center is predominately a recombination center. The recombination can
be slow or fast, depending on the average time the first carrier is held before
the second carrier is captured. In general, trapping levels located deepin the
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band gap are slower in releasing trapped carriers than are the levels located
near one of the bands. This results from the fact that more energy is required,
for example, to reexcite a trapped electron from a center near the middle of
the gap to the conduction band than is required to reexcite an electron from
a level closer to the conduction band.

As an example of impurity levels in semiconductors, Fig. 4-9* shows
the energy level positions of various impurities in Si. In this diagram a su-
perscript indicates whether the impurity is positive (donor) or negative (ac-
ceptor) when ionized. Some impurities introduce multiple levels in the band
gap: for example, Zn introduces a level (Zn ) located 031 eV above the va-
lence band and a second level (Zn ™) near the middle of the gap. Each Zn im-
purity atom is capable of accepting two electrons from the semiconductor,
one in the lower level and then one in the upper level.

The effects of recombination and trapping can be measured by a pho-
toconductive decay experiment. As Fig. 4-7 shows, a population of excess elec-
trons and holes disappears with a decay constant characteristic of the particular
recombination process. The conductivity of the sample during the decay is

al) = g[n(Op, + p(Ow,] (4-9)
p e o il -__-.-1 =—ab alcad 4 : E.
=Li* {0.033) P (0,044) -A<T (0.040) -Sb* (0.039)
01
02 <87 (018)
03
o NI™ (0.35) -§%* (037)
0.5 Mn™ (053 JAu (054
- - .Zn= (0:55) G B
08 (Cu” (049)
04
- Au* (0.35)
03 “Zn~ (0.31) .
02 SNi™ (022) AR
o (0.16)

‘Relerinces: 5, M. Szeand |, C, levin, "Resistivity, Mokillity, and Impurity Lavels In Gads, Ge and 5 al
300K Sahd State Electronics, vol. 11, pp, 599-402 {une 1968), E. Schibh and &, G. Milnes, “Deep
Impurifies in Silicon,” Matenals Science and Enginesrnng, ol 7, pp. 173-18G [19467),
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Figure 4-9
Energy levels of
impurities in Si.
The energies are
measured from
the nearest band
edga [E, or EJ,
donor levels are
designated by a
plus sign and
acceptars by o
minus sign.
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Therefore, the time dependence of the carrier concentrations can be moni-
tored by recording the sample resistance as a function of time. A typical ex-
perimental arrangement is shown schematically in Fig. 4-10. A source of
short pulses of light is required, along with an oscilloscape for displaying the
sample voltage as the resistance varies. Microsecond light pulses can be ob-
tained by periodically discharging # capacitor through a flash tube contain-
ing a gas such as xenon. For shorter pulses. special techniques such as the
use of a pulsed laser must be used.

4.3.3 Steady Stote Corrier Generoiion; Quasi-Fermi Levels

In the previous discussion we emphasized the transient decay of an excess
EHP population. However, the various recombination mechanisms are also
important in a sample at thermal equilibrium or with a steady state EHP
generation-recombination balance.® For example, a semiconductor at equi-
librium experiences thermal generation of EHPs at a rate g{ T') = g, described
by Eq. (3-7). This generation is balanced by the recombination rate so thal
the equilibrium concentrations of carriers my, and p;, are maintained:

gl T) = a.nf =a,n,p, (=111

This equilibrium rate balance can include peneration from defect centers as
well as band-to-band generation.

1f a steady light is shone on the sample, an optical generation rate g,
will be added to the thermal generation, and the carrier concentrations n
and p will increase to new steady state values. We can write the balance be-
tween generation and recombination in terms of the equilibrium carner con-
centrations and the departures from equilibrium &, and &p:

2(T) + Bop = Q1P = a(n, + 3n)(p, + 8p) (4-11)
g
ample
Figure 4-10 = / ’-I:r EPE S
Experimental L |
arrangement for -

Phﬂhcnnducﬁ\re Flash genetator Filter :
decay measure- |
ments, and o typi- g

cal oscilloscope

Irace Oserlluseome

*The term equilibiivm refers to a condilian of no exterral excilofion excep! for lsmperature, and no nat ma-
tian of charge |2.g., o somple ot o constant mmperoture, in the dark; with ne lelds applisd] Steady: siate
refers fo & nanequilibeium candifinn in which all processes are constan| and ore balonced by epposing
processas la.g., o sample with o constant current or o canstan! aplical genaralion of EHPs [ust balanced
by recambinotion).
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For steady state recombination and no trapping, 8z = 8p; thus Eq, (4-11)
becomes

g(T) -+ £op =@ MyPy + a,[(ny + py)on + &n’] (4-12)

The term w, ngp, is just equal to the thermal generation rate g(7). Thus,
neglecting the 87° term for low-level excitation, we can rewrite Eq. (4-12) as

an
Zop = (g + pofon =— (4-13)

"

The excess carrier concentration can be written as
Bn = 8p = gy (4-14)

More general expressions are given in Eq. (4-16), which allow for the
case 7, # 7,, When trapping is present.

As a numerical example, let us assume that 10" EHP/em® are created op-  EXAMPLE 4-3
tically every microsecond in a Si sample with 7, = 10" ecm ™ and 7, = 7, =
2 psec. The steady state excess electron (or hole) concentration is then 2 X
10 ¢m = from Eq. (4-14). While the percentage change in the majority elec-
tron concentration is small, the minarity carrier concentration changes from

po=nifng=1(225 X 109)/10" =225 X 100 em™=>  (equilibrium)
to
p=2X 10 em ™ (steady state)

Note that the equilibrium equation ngpy = s} cannot be used with the
subscripts removed; that is, np # n? when excess carriers are present.

It is often desirable to refer to the steady state eleciron and hole con-
centrations in terms of Fermi levels, which ¢an be included in band diagrams
for various devices. The Fermi level £y used in Eq. (3-25) is meaningful only
when no excess carriers are present. However, we can wrile expressions for
the steady state concentrations in the same form as the equilibrium expres-
sions by defining separate quasi-Fermi levels F, and F, for electrons and
holes. The resulting carrier concentration equations

| n= nie“ru - k)T

(E~F )T (4-13)

P=ng

can be considered as defining relations for the quasi-Fermi levels®

Yin some fixds the quosi-Fermi leve (s cofied IMAREF, which ls Fermi spalled biackward
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EXAMPLE 4-4  In Example 4-3, the steady state electron concentration is
n= g 4 B =12 X107 = (1.5 X 100l El0

where kT = 0.0259 eV at room temperature. Thus the electron quasi-
TFermi level position F, - £, is found from

F, — E.=0.0259 In(8 X 107) = 0,233 eV
and F, lies 0.233 eV above the intrinsic level. By a similar calculation,
the hole quasi-Fermi level lies 0,186 eV below E; (Fig. 4-11), In this ex-

ample, the equilibrium Fermi level is 0.0259 In(6.67 x 10°) = 0.228 eV
above the intrinsic level.

Bl

Figure 4-11
QuasiFermi fevels S e =Bl
f, ond F_for o Si 0233 ey
sample with e I (e o B B
3 24H

T= 2 415, and fidsae

gy = 101° Tt

The quasi-Fermi levels of Fig. 4-11 illustrate dramatically the devia-
tion from equilibrium caused by the optical excitation; the steady state F, is
only slightly above the equilibrium Ey whereas F, is greatly displaced below
Ey From (he figure it is obvious that the excitation causcs a larpe percent-
ape change in minority carrier hole concentration and a relatively small
change in the électron concentration.

In summary, the quasi-Fermi levels F, and F|, are the steady state ana-
logues of the equilibrium Fermi level B When excess carriers are present,
the deviations of F, and F, from E indicate how far the electron and hole
populations are from the equilibrium values nyand py. A given concentration
of excess EHPs causes a large shift in the munority carrier quasi-Fermi level
compared with that for the majority carriers. The separation of the quasi-
Fermi levels F, — F, is a direct measure of the deviation from equilibrium (at
equilibrium F, = F, = E). The concept of quasi-Fermi levels is very useful
in visualizing minority and majority carrier concentrations in devices where
these quantities vary with position.

4.3.4 Pholoconductive Devices

There are 8 number ol applications for devices which chanpe their resistance
when exposed to light. For example, such light detsctors can be used in the
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home to control automatic night lights which turn on at dusk and turn off at
dawn. They can also be used to measure illumination levels, as in exposure
meters for cameras. Many systems include a light beam aimed at the photo-
conduetor, which signals the presence of an object between the source and
detector. Such systems are useful in moving-object counters, burglar alarms,
and many other apphications, Detectors are used in optical signaling systems
in which information is transmitted by a light beam and is received at 4 pho-
toconductive cell.

Considerationsin choosing 4 photoconductor for a siven application in-
clude the sensitive wavelength range, time response, and optical sensitivity of
the material. In general, semiconductors are most sensitive ta photons with
energies equal to the band gap or slightly more energetic than band gap. Less
energelic phatons are not absorhed. and photons with v = E, are absorbad
al the surface and contnbute hittle to the bulk conductivity. Theretore, the table
of band paps { Appendix 111} indiciates the photun energies lo which most semi-
conductor photodetectors respond. For example, CdS (E, = 2.42 eV) is com-
monly used as 4 photoconductor in the visible range. and narrow-gap materials
such as Ge (0.67 ¢V) and InSb (0.18 eV) are useful in the infrared portion of
the spectrum, Some photoconductors respond to excitations of carriers from
impurity levels within the band gap and therefore are sensitive 1o photons of
less than band gap eneray

The optical sensitivity of a photoconductor can be evaluated by exam-
ining the sieady stale excess carrier concentrations generated by an optical
generation rate g, If the mean time each carrier spends in its respective
band hefdre capture is 7, and 7, we have

B =T7,8,, and &p =714, (-1
and the photoconductivity change is

Ao= ‘f\g:rp[: ks pp‘u) (179

For simple recombination, v, and 1, will be equal. If trapping i§ pres-
ent, however, one of the carriers may spend little time in its band before
bemg trapped. From Eq. (4-17) it is obyious that for maximum phatocon-
ductive response. we want high mobilities and long lifetimes. Some semi-
conduciors are especially good candidates for photoconductive devices
because of their high mobility: for example, 1nSb has an electron mobility of
about 107 em’/V-s and therefore is used as a sensitive infrared detector in
many applications.

The time response of a photoconductive cell is limited by the recombi-
nation times, the degree of carrier trapping, and the time required for carri-
ers to drift through the device in an electrie field. Often these propertiss can
be adjusted by proper choice of material and device geametry. but in some
cases improvements in respanse time are made al the expense of sensitivity.
For example, the drift time can be reduced by making the device short, but this
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substantially reduces the responsive area of the device. In addition, it is often
desirable that the device have a large dark resistance, and for this reason,
shortening the length may not be practical. There is usually a compromise be-
tween sensilivity. response time, dark resistance, and other requirements in
choosing a device for a particular application.

4.4 When excess carriers are created nonuniformly in a semiconductor, the elec-
DIFFUSION OF tron and hole concentrations vary with position in the sample. Any such spa-
CARRIERS  tial variation (gradiens) in n and p calls for a net motion of the carriers from
regions of high carrier concentration to regions of low carrier concentration.
This type of motion is called diffusion and represents an important charge
ransport process in semiconductors. The 1w basic processes of current con-

duction are diffusion due to a carrier gradient and drift in an electric field.

4.4.1 DiHfusion Processes

When a bottle of perfume is opened in one eorner of a closed room, the scent
is spon detected throughout the room. If there is no convection or other net
maotion of air, the scent spreads by diffusion. The diffusion is the natural re-
stlt of the random morion of the mdividual moleecules, Consider, tor exam-
ple, a volume of arbitrary shape with scented air molecules inside and
unscented molecules outside the volume. All the moleculas undergo random
thermal motion and collisions with other molecules. Thus each molecule
muoves in an arhitrary direction until 1t collides with another air molecule,
after which it moves in a new direction. If the motion is truly random, a mol-
ecule at the edge of the volume has equal probabilities of moving into or out
of the volume on its next step (assuming the curvature of the surface is neg-
ligible on the molecular scale). Therefore, alier a mean free time ¢, half the
molecules al the edge will hiave moved mto the volume and half will have
moved out of the volume. The net effect is that the volume containing scent-
ed molecules has increased. This process will continue until the molecules
are umiformly distributed in the room: Only then will 2 given volume gain as
many molecules asit loses in a given time. [n other words, net diffusion will
continue as long as gradients exist in the distribution of scented molecules,

Carriers in a semiconductor diffuse in a carrier gradient by random
thermal motion and scattering from the lattice and impurities. For example,
a pulse of excess electrons injected at x = () at time + = 0 will spread out in
time as shown in Fig. 4-12. Initially, the excess electrons are concentrated at
x = () as time passes, however, electrons diffuse to regions of low electron
concentration until finally #(x) 1s constant.

We can caleulate the rate at which the electrons diffuse in a one-
dimensional problem by considering an arbitrary distribution #(x) such
as Fig, 4-13a, Since the mean free path [ between collisions is a small
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1 (x) Figure 4-12

Spreading of o

Eu!se ol electrans.
y diffusion.

wix) Figure 4-13
An arbitrary elec

M) fran concenlratian

"y gradient in ona di-
. i mension: [a] divi-
= =% . sion of nlx) into
e segments of
il length equal to o
I i mean free path
R for the elecirons;
'_ = 5 {b} expanded
L) ' view af two of the
=T e segmen(s centered
at Xg.
(a) (B)

incremental distance, we can divide x into seements { wide, with n{x) eval-
uated at the center of each segment (Fig. 4-13b).

The electrons in segment (1) to the left of x; in Fig. 4-13b have equal
chances of moving left or right, and in a mean free time T one-half of them
will move into segment (2). The same is true of electrons within one mean free
path of x; to the right; one-half of thgse electrons will move through x; from
right to left in a mean free time. Theréfore, the net number of electrons pass-
ing x; from left to right in one mean free time is} (n,/4) — H(nylA4), where the
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area perpendicular to x is A. The rate of electron flow in the -+x-direction per
unit area (the electron flux density &) is given by

i
dlx) = 5 = ) (4-18)

Since the mean free path [ is a small differential length, the difference
in electron concentraticn {n, — n,) can be written as

n(x) — nlx + A.r)?
Ax

where x is taken at the center of segment (1) and Ax = I. In the limit of small
Ax (i.e.,small mean free path [ between scattering collisions), Eq, (4-18) can
be written in terms of the carrier gradient dn{x)/dx:

n(x} n{x + a'.‘.x) —12 dn(x'}
2 au b Ax ETT

The quantity 12/21 is called the electron diffusion coefficien? D, with
units em*s. The minus sign in Eq. (4-20) arises from the definition of the de-
rivative; it simply indicates that the net motion of electrons due to diffusion
is in the direction of decreasing electron concentration. This is the result we
expect, since nat diffusion occurs from regions of high particle concentra-
tion to regions of low particle concentration. By identical arguments,. we can
show 1hat holes in a hole concentration gradienlt move with a diffusion co-

$,(x) = (4-20)

efficient D,,. Thus
_ dn(x)
2} =—D,— = (4-21a)
b ()= D “'fj{x] (4-21h)

The ditffusion current crossing a unit area (the current density) is the
particle flux density multiplied by the charge of the carrier:

J Adiff) = —(—q)D, d’;iﬂ +qb, if% (4-224)
dp{x d
7(diff) = ~(+4)D, -%‘l - —q_np-% (4-22h)

il mofion in three dimensione ware included, the difusion would be smaller in the xdirection, Actually, the
difusion coafficiznt should be caltuloted kom the hue snergy distributions and scattering mechanisms, Dif
husian cosfficiants are usually determined exparimentally for o parficelar materiol, as daseribed in Saction
445
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1t is important to note that electrons and holes move together in a car-
rier gradient [Eqs. (4-21)], but the resulting currents are in opposite directions
[Eqgs. (4-22)] because of the opposite charpe of electrons and holes,

4.4.2 Dilfusian and Drilt of Carriers: Built-in Fields

If an electric field is present in addition to the carrier gradient, the current
densities will each have a drift component and a diffusion component

1) = quan(x)é(x) + b, dz&,ﬂ (3-23n]
drift diffusion

dp(x) (4-23h)
[

T,(x) = qu,p(x)E(x) — gD, =

and the total current density is the sum of the contributions due to elec-
trons and holes:

Hx) =4 (x) + 1 Ax) (=24

We can best visualize the relation between the particle flow and the cur-
rent of Egs. (4-23) by considering a diagram such as shown in Fig. 4-14. In this
figure an electric field is assumed to be in the x-direction, along with carrier
distributions n(x) and p(x) which decrease with increasing x. Thus the deriva-
tives in Eqs. (4-21) are negative, and diffusion takes place in the +x-direction.
The resulting electron and hole diffusion currents [/, (diff.) and J, (diff.)] are in
opposite directions, according to Eqs, (4-22). Holes drift in the direction of the
electric field [¢, (drift)], whereas eleetrons drift in the opposite direction because
of their negative charge The resulting drift current is in the +x-direction in
each case. Note that the drift and diffusion components of the current are ad-
ditive for holes when the field 15 in the direclion of decreasing hole concentra-
tion, whereas the two componenis are subtractive for electrons under similar
canditions. The total current may be due primarily to the flow of electrons or
holes, depending on the relative concentrations and the relative magnitudes
and directions of electric field and carrier gradients,

Figure 4-14

Drift and diffusion
directions for elec-
trons and hales in
a carrier gradient

———— == &, (diff ) and &, (drif) and an electric
s - ] field. Particle flow
£y — i u
B JJ., (il ) sl J".,l'_ Infii divec ey aro
—e—ee— &, (diff) indicated by

—*\ﬂ{l} dashed arrows,
———mmem g (Y

and the resulling

—-\pul 1, (ditf) currents are ndi-

cafed by solid
= drfL) arrows
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An important result of Eqs. (4-23) is that minority carmers can coninbute
significantly to the current through diffusion. Since the drifl terms are pro-
portional to carrier concentration, minority carriers seldom provide much drift
current. On the other hand, diffusion current is proportional to the gradient of
concentration. For examiple, in n-type material the minority hole concentration
p may be many orders of magnitude smaller than the electron conceéntration
i, but the pradient dp/dy may be significant. As a result, minority carrier cur-
rents through diffusion can somelimes be as large as majority carrier currents,

In discussing the motion of carriers in an electric field, we should in-
dicale the influence of the field on the energies of electrons in the band di-
agrams. Assuming an electric field %(x) in the x-direction, we can draw the
energy bands as in Fig, 4-13, to include the change in potential energy of
electrons in the field. Since electrons drift in a direction opposite to the
field, we expect the potential energy for electrons to incréase in the direc-
tion of the field. as in Tig. 4-15. The ¢lectrostatic potential 1(x) varies in
the opposite direetion, since it is defined in terms of positive charges and is
therefore related to the electron potential energy E(x) displayed in the fig-
ure by V(x} = E(x)/(—q).

From the definition of electric field,

dV(x)
dx

we can relate €(x) to the electron potential energy in the band diagram by
choosing some reference in the band for the electrostatic potential. We are
interested only in the spatial variation ¥'(x) for Eq. (4-25). Choosing £, as a
canvenient reference, we can relate the clectric field to this reference by

d"lf'[x}=_£[i]=lf§_-
dx dx[(-q)] ¢ dx .

Blx)=—

(+-215)

Ex) = —

(4-26)

Figure 4-15
Energy bond dia-
gram of a semi-

conducior in an
electric field €(x). \—‘ *
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Therefore, the variation of band energies with €(x) as drawn in Fig. 4-15
is correct. The direction of the slope in the bands relative to # is simple 1o re-
member: Since the diagram indicates electron energies, we know the slope in
the bands must be such that electrons drift “downhill” in the field. Therefore, €
paints “uphill” in the band diagram.

At equilibrium, no net current flows in a semiconductor. Thus any flne-
tuation which would begin 4 diffusion current also sets up an eleetric field
which redistributes carriers by drift. An examination of the requirements for
equilibrium indicates that the diffusion coeflicient and mobility must be re
lated. Setting Eq. (4-23b) equal to zero for equilibrium, we have

D, dp[x.]
B ) = E F=—i s i '?
tlx) = . 2l (4-27)

Using Eq. (3-25b) for p(x),

D, 1 (dE, dEg
) =— —[— - =4 4-28
) Hy k'.'"(d.t n’.t) (=25

The equilibrium Fermi level does not vary with ¥, and the derivative of
£, 15 mven by Eq. (4-26). Thus Eaq. (4-28) reduces 1o
D kT
kooq

This result is obtained for either carrier type. This important equation
is called the Einstetn relation. 1L allows us to caleulate either D or p from &
measurement of the other. Table 4-1 lists typical values of 13 and . for sev-
eral semiconductors at room lemperature, It is clear from these values that
Diw=0.026 V.

An important result of the balance of drift and diffusion at equilibri-
um is that budle-in fields accompany gradients in £, [see Eq. (4-26)]. Such
gradients i the bands at equilibrium (£, constant) can arise when the band
gap varies due to changes in alloy composition, More commonly, built-in
fields resull from doping gradients. For example, a donor distribution Ny(x)
causes a gradisnt in #y(x), which must be balanced by a built-in electric
field E€(x).

Toble 4-1  Diffusion coefficient and mability of elacirons and heles fer infrinsic
sem|conductors of 300 K. Moje: Use Fig. 3-23 for doped semicanduciors.

Dll tm}f‘} Dp [m.‘f‘l} Fa lcmz."v"} thg Er"FN"]

Ge 100 50 3900 1900
5 35 12.5 1330 480
Gahs 220 10 8500 A0D
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4.4.3 Difusion and Recombinatian; The Continuity Equation

In the discossion of diffusion of excess carriers, we have thus far neglected the
important effects of recombination, These effects must be included in a de-
seription of conduction processes, however, since recombination can cause 4
variation in the carrier distribution. For example, consider a differential length
Ay of a semiconductor sample with area A in the yz-plane (Fig. 4-16). The
hole current density leaving the volume, J,(x + Ax), can be larger or small-
er than the current density entering, J,(x), depending on the generation and
recombination of carriers taking place within the volume. The net increase in
hole concentration per unil time, dp/it, 15 the difference between the hole flux
per unit volume entering and leaving, minus the recombination rate. We can
convert hole current density to hole particle flux density by dividing J, by g.
The current densities are already expressed per unit area; thus dividing J,(x)/g
by Ax gives the number of carriers per unil volume entering Avd per unit
time, and (1/g)/ (x + Axv)fAxis the number leaving per unit volume and time:

ap L) - v A B (4-30)
ar| rortar 4 Ax Tr?
Rateaf _ incresseof hole concentra-  recombination
hele huildup Honin v A per unil time rate

As Ar approaches zero, we can write the current change in derivative form:

apled) _adp )l

(4-31a)
at at g ax 7 '

o

The expression (4-31a) is called the continuty equation for hales. For
clevirons we can write

adn_1 9, bn (4-31h)

af ¢ ox T,

since the electronie charge is negative.

Ay Figure 4-16
o) Current enléring
and leaving o

Tpix+ Axy volume AxA.
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When the current is carried strictly by diffusion (negligible drift), we can
replace the currents in Eqgs. (4-31) by the expressions for diffusion current;
for example, for electron diffusion we have

1 (diff.) = gD, % (4-32)

Substituting this into Eq. (4-31b) we obtain the diffusion eguation
for electrons,

Adn a%6n  Bn
==l S 4-33
it " ext T, ( &)
and similarly for holes,
abp 976p _bp
% o A % (4-33D)

These equations are useful in solving transient problems of diffusion
with recombination. For example, a pulse of electrons in a semiconductor
(Fig. 4-12) spreads out by diffusion and disappears by recombination. To
solve for the electron distribution in time, n{x, r), we would begin with the dif-
[usion equation, Eq. (4-33a).

4.4.4 Steady State Carrier Injection; Diffusion Length

In many problems a steady state distribution of excess carriers is maintained,
such that the time derivatives in Eqs. (4-33) are zero. In the steady state case
the diffusion equations become

dzﬁn_ b !E (4-34a)

dx* DHTII LE

d%p Bp _op (4-34b)
F

dx’ D.-"TP Ly (steady staie)

where L = VD, is called the electron diffusion length and L, is the dif-
fusion length for holes. We no longer need partial derivatives, since the time
variation is zero for steady state.

The physical significance of the diffusion length can be understood
best by an example. Let us assume thal excess holes are somehow injected
into a semi-infinite semiconductor bar at x = 0, and the steady state hole in-
jection maintains a constant excess hole concentration at the injection point
dp(x = () = Ap. The injected holes diffuse along the bar, recombining with
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P (x) it
Injection of holes
gy = Kl atx=0, lving =
P = pg + Ape stoady 5Iugte hole
disiribution plx)
ond g resulfing
diffusion current

density J.{x).

a characteristic lifetime 7, In steady state we expect the distribution of ex-
cess holes to decay to zero for large values of x, because of the recombina-
tion (Fig. 4-17). For this problem we use the steady state diffusion equation
for holes, Eq. (4-34b). The solution to this equation has the form

Bp(x) = Cie*he + Cie (4-35)

We can evaluate € and C, from the boundary conditions. Since recomi-
bination must reduce dp(x) 1o zero for large values of x, 8p = O at x = = and
therefore C; = 0, Similarly, the condition §p = Ap atx = O gives C, = Ap, and
the solution is

[ Splt) = Ape /s (4-36)

The injected excess hole concentration dies out exponentially in x due
to recombination, and the diffusion length L, represents the distance at which
the excess hole distribution is redueced to 1ie of its value at the point of in-
jection, We can show that L, is the average distance a hole diffuses before re-
combining, To culculate an average diffusion lenigth, we must obtain an
expression for the probability that an injected hole recombines in a particu-
lar interval dx. The probability thal a hole injected at x = () sirvives to x
without recombination is 8p(x)/Ap = exp(—x/L,). the ratio of the steady
state concentrationsat x and 0, On the other hand, the probability that a hole
al x will recombine in the subsequent interval dx is

8plx) — 8plx + dx) ” — (ddplx)/dx)dx _
ap(x) dp(x)
Thus the totzal probability that a hole injected at x = () will recombine
in a given d¥ is the product of the two probabilities:

I
— dv 4-37
L™ sl

(e ;-H.,.}(.l_ dx) L .I_ e % dy {4-35)
fa.u !"'FI
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Then, using the usnal averaping techniques described by Eq. (2-21),
the average distance a hole diffuses hefore recombining is

:ﬂ
(o = J L, (4-39)

The steady state distribution of excess holes causes diffusion, and there-

fore a hole current, in the direction of decreasing concentration. From
Eqs. (4-22b) and (4-36) we have

a0 _ &p

J, (x) = —qD, P —qD, P

=q%ﬁp "“rr—q—a‘ﬁp{x] (4-40)
P Ly

Since p(x) = pg + 8p(x), the space derivative involves only the excess
concentration. We notice that since §p(x) is proportional to its derivative for
an exponential distribution, the diffusion current at any x is just proportion-
al 1o the excess concentration 8p at that position.

Although this example seems rather restricted, its usefulness will be-
come apparent in Chapter 5§ in the discussion of p-n junctions. The injection
of minority carriers across a junction often leads to exponential distributions
as in Eq. (4-36), with the resulting diffusion current of Eq. (4-40).

EXAMPIE4-5  Ina very long p-type Si bar with cross-sectional area = 0.5 cm® and N, =
10" em 3, we inject holes such that the steady state excess hole concen-
tration is 5 X 10' cm™ at x = 0. What is the steady state separation be-
tween Fj, and E, at x = 1000 A? What is the hole current there? How
much is tjl:e excess stored hole charge? Assume that ju, = 500 cm®/V-s and
T, =30

SOLUTION D, =L = 00259 % 500 = 12.95 s

L,= VD, = V1395 X 10°1° =36 X 10~ cm

A L 1052
p=pg+ Ape Lr = 1017 £ 5 % 1016, 36x107

= 1,379 % 107 = ne&FhT = (1.5 % 10" cm™2)e!E=On/kE

1,379 x 10" .
e e i S =00 0250 = D415 eV
St ( 1.5 % 101“) 20 .

E . — F,=112eV + 0415V = 0965 ¢V
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Figure 4-18

Drift and diffusien
of a hole pulse in
an ntype bar: (a)
sample geomairy;
(b} position ond
shape of the pulse
for several times
during its drift
down the bar.

We can calculate the hole current from Eq. (4-40)

dp Dy, _I'f:
Ip= ~qAD, 5= = qAL—"(ﬁp)f -

12.95 e

— 16X 10 %05 X —=22 5 5 x 1016, 36x10°
: 36 %105 g

=109 X 1P A

0, = qA(Ap)L,
= 1.6 X 107 (05)(5 x 10'%)(3.6 X 107%)
=144 x1w07'C

4.4.5 The Haynes—Shockley Experiment

One of the classic semiconductor experiments is the demonstration of drift
and diffusion of minority carriers, first performed by J. R. Haynes and
W. Shockley in 1951 at the Bell Telephone Laboratories. The experiment al-
lows independent measurement of the minority carrier mobility w and dif-
fusion coefficient L. The basic principles of the Haynes-Shockley experiment
are as follows: A pulse of holes is created in an n-type bar (for example) that
contains an electric field (Fig. 4-18); as the pulse drifts in the field and spreads
out by diffusion, the excess hole concentration is monitored at some point
down the bar; the time required for the haoles to drift a given distance in the
field gives & measure of the mobility; and the spreading of the pulse during
a given time is used to calculate the diffusion coefficient.

Laght pulse

{a) \—~ ¥

o
(b) —] L
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In Fig. 4-18 a pulse of excess carriers is created by a light flash atsome
point x = 0 in an n-type semiconductor (ny > p,). We assume that the excess
carriers have a negligible effect on the electron concentration but change
the hole concentration significantly. The excess holes drift in the direction
of the electric field and eventually reach the point x = L, where they are
monitored. By measuring the drift time ¢,, we can calculate the drift veloci-
ty vy and, therefore, the hole mobility:

v‘,:é (4-41)
L
¥

,_.,F=§i (4-42)

Thus the hole mobility can be caleulated directly from a measurement of the
drift time for the pulse as it moves down the bar. Tn contrast with the Hall ef-
fect (Section 2.4.5), which can be used with resistivity to obtain the majori-
ry carrier mobility, the Haynes-Shockley experiment is used to measure the
minority carrier mobility.

As the pulse drifts in the € field it also spreads out by diffusion. By mea-
suring the spread in the pulse, we can calculate D, To predicl the distribution
of holes in the pulse as a function of time, let us first reexamine the case of dif-
fusion of a pulse withour drift, neglecting recombinarion (Fig.4-12). The equation
which the hole distribution must satisfy 1s the time-dependent diffusion equation.
Eq, (4-33b), For the case of negligible recombination (7, long compared with the
times involved in the diffusion). we can write the diffusion equation as

adplxd) _ #8p(x. 1)
a  F axd

(4-43)

The function which satisfies this equation is called a gaussian distribution,

AP ;
Eplx, t =[ ] —EU 4-44
ek Pyl (4-44)

where AP is the number of holes per unit area created over a negligibly small
distance at ¢ = 0. The factor in brackets indicates that the peak value of the
pulse (at x = 0) decreases with time, and the exponential factor predicts the
spread of the pulse in the positive and negative r-directions (Fig. 4-19). If we
designate the peak value of the pulse as 8p at any time (say r,), we can use
Eq. (4-44) to calculate D, from the value of §p at some point x. The most con-
venient choice is the point Ax/2, at which 8p is down by 1/e of its peak value
8p. At this point we can wrile

g—lﬁﬁ - aﬁe*fﬁ;ﬂ.}:r‘mnl, (4-45)
Ar 2

& (m:J (=48
d
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Figure 4-19
Caleulafion of B,
from the shape of
the 8p distribution

after fime t. No
drilt or recombi-
natian is included.

Figure 4-20

~ The Haynes-
Shockley experi-
ment: (a] circuil
schematic; (b) typ-
ical frace on the
oscilloscope
screen.

Since Ax cannot be mcasurcd directly, we use an experimental sctup
such as Fig. 4-20, which allows us to display the pulse on an oscilloscope as the
carriers pass under a detector. As we shall see in Chapter 5. a forward-biased
p-n junction serves as an excellent injector of minority carriers, and a reverse-
biased junction serves as a detector. The measured quantity in Fig. 4-20 is the
pulse width Ar displayed on the oscilloscope in time. It is related to Ax by the
drift velooity, as the pulse drifts past the detector point (2)

Ax=Aty,= .'.'|.r£ (4-47)

by

g

()

=

Ale =0368 A
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An n-type Ge sample is used in the Haynes-Shockley experimentshown ~ EXAMPLE 4-6
in Fig. 4-20. The length of the sample is 1 cm, and the probes (1) and (2)

are separated by 0.95 cm. The battery voltage £;1s 2 V. A pulse arrives at

point (2) 0.25 ms after injection at (1); the width of the pulse Aris 117 ps.

Calculate the hole mobility and diffusion coeffictent, and check the re-

sults against the Emstein relation.

95/(0.25 x 107*
m =§'§=U / 22?1 107 _ 1900 emt/(v-s) SOLUTION
h _(ax)* (AL)
0= 161, 168
(117 % 093) x 10712 v

=16y x 07 dem/s
Dy B4 _ e *T
w, 1900 q

4.4.6 Gradients in the Quosi-Fermi Levels

In Section 3.5 we saw that equilibrium implies no gradient in the Fermi level
Eg In contrast, any combination of drift and diffusion implies a gradient in
the steady state quasi-Fermi level.

We can use the results of Eqgs. (4-23), (4-26), and (4-29) to demon-
strate the power of the concept of quasi-Fermi levels in semiconductors [see
Eq. (4-15)]. If we take the general case of nonequilibrium electron concen-
tration with drift and diffusion, we must write the total electron current as

: i
1) = qun(s¥s(e) + D, LD (4-48)
where the gradient in electron concentration is
dnlx) d e _pyur  nlx) (d'F dE,
Picatol "o LA ] (O | R - M ki ¥ bt oo e 449
& dx =% Car d.r) =
Using the Finstein relation, the total electron current becomes
dF, dE
I(x) = gunlx)é(x) + pdn{.t][?—x" - -d—x"J {4-5))

But Eq. (4-26) indicates that the subtractive term in the brackets is just
gé(x), giving a direct cancellation of gu,n(x)&(x) and leaving

dF
J(x) = pnlx) _J;“ (4-51)
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Thus, the processes of electron drift and diffusion are summed up by the
spatial variation of the quasi-Fermi level, The same derivation can be made
for holes, and we can write the current due to drift and diffusion in the form
of a modified Ohm's faw

J,0x) = gpn(x) f-{z'_’x—'!ﬂ =g,(x) d—{%ﬁ (4-52a)
1,(x) = qu,p(x) d—”——{zﬂ =o,(x) ——Ld(i:q} (4-52b)

Therefore, any drift, diffusion, or combination of the two in a semi-
conductor results in currents proportional to the gradients of the two quasi-
Fermi levels. Conversely, a lack of current implies constant quasi-Fermi levels,
One can use a hydrostatic analogy for quasi-Fermi leveis and identify it as
walter pressure in a system. Just as water flows from a high-pressure region
1o a low-pressure region, until in equilibrium the water pressure is the same
everywhere, similarly electrons flow from a high- to low-electron quasi-Fermi
level region, until we get a flat Fermi level in equilibrium, Quasi-Fermi lev-
els are sometimes also known as electrochemieal potentials because, as we
just saw, the driving force for carriers is governed partly by gradients of elec-
trical potential (or electric field), which determines drift, and partly by gra-
dients of carrier concentration (which is related to a thermodynamic concept
called chemical potential), giving rise 1o diffusion.

SUMMARY 4.1 Excess carriers, above the equilibrium values contributed by doping, may be cre-
ated aprieally (or by clectrical biasing in devices). Generation—recombination
(G-R) of electron-hole pairs (EHFs) can ocoar by absorption of the photons
with gnergy greater than the band gap, balanced by direet or indirect recom-
hination.

4.2 G-R processes can be mediated by fraps, espedially deep traps near midgap,
Band-to-band or trap-assisted G-R processes lead to an average [ifefine [or the
excess carriers. Carrier lifelime multiplied by the optical generation rate es-
tablishes s steady state excess popllation of carniers The square rool of carmi-
er lifetime multiplied by the diffusion coefficient determines the diffusion
length.

A3 In egquilibrivm, we have g constmnt Fermi level, In nonequilibrium with excess
carriers, Fermi levels are generalized to separate quasi-Fermi levels for elac-
troms and holes, The quasi-Fermi level splitting is 8 measure of the departure
from equilibrium. Minority carrier quasi-Fermi levels change more than ma-
jority carrier quasi-Fermi leyels beoause the relative change of miority carri-
ers is farger. Gradients in the quasi-Fern level determine the net drft—diffusion
current.
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Excess Carriers in Semiconduciors

Diffusion flux measures the Gow of carriers from high- to low-concentration
regions and is given by the diffusivicy times the concentration gradient. The di-
rection of diffusion current is opposite to the flux for the nepative electrons, but
in the same direction for the pasitive holes. Carrier diffusivity is related to mo-
bility by the thermal voltage kT'lq (Einstein relation).

When carriers move in a semiconductor due to drift or diffusion, the time-
dependent earrier concentratons at different points is given by the carrier con-
tintuity equation, which says that if more carriers flow into a point than flow
out, the concentration will increase as & function of time and vice versa. G-R
processes also affect carrier concentrations,

149

41

4.2

4.3

44

4.6

4.7

With £y located 04 eV above the valence band wn # Si sample; what chagge
state would you expect for most Ga atoms in the sample? What would be the
predominant charge state of Zn? Au? Note; By charge state we mean neutral,
singly positive, doubly negative, ete,

A Si sample with 10"em™ donors is optically excited sych that 10%em?
electron-hole pairs are generated per second uniformly in the sample. The laser
causes the sample 1o heat up to 450 K. Find the quasi-Fermi levels and the
change m conductivity of the samplé upon shining the light. Electron and hole
lifetimes are both 10 ps. D, = 12 em?ls; Dy, = 36 em/s;n, = 10 em " at 450 K,
Whal is the change in conductivity upon shining light?

Constricl a semilogarithmie plot such as Fig. 4-7 for Si doped with 2 x 10%
donarsfom’® and having 4 % 10" EHPlem” created uniformly atg = 0, Assume
that 7, =1, =5 s

Claleulate the recombination coefflicien! o, for the low-level excitation described
11 Prob, 4.3 Assume that this value of o, applies when the (GaAs sample is uni-
formly exposed to a steady state optical generation rate g, = 10" EHPlem®s
Find the steady state excess carrier concentration An = Ap.

An mtrinsic 51 sample is doped with donors from one side such that N
= Nyexp( —ax). {a) Find an expression for the built-in electric field at equilib-
vium over the vange for which Ny 2 n,. (b)) Evaluate the field when a = 1
{(pm)~". (c) Sketch a band diagram such as in Fig. 4-135 and indicate the direc-
tion of the field.

A Sisample with 10"%em” donors is umiformly optically excited at room tem-
perature such that 10"/cm” electron-hole pairs are gencrated per second. Find
the separation of the guasi-Fermi levels and the change of conductivity upuin
shining the light. Electron and hole lifetimes are both 10 ps. D, = 12 em™/s,
An n-type Si sample with N, = 10" em * is steadily illuminated such that
Boy = 0¥ EHP/em'-s I Ty =, = s for this excitation, calculate the separation in
the quasi-Fermi levels, (F, — F,). Draw a band diagram such as Fig.4-11.
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4.8 For a 2-cm-long doped Si bar (N; = 107" cm ™) with a cross-sectional area = 003
em’, what is the current if we apply 10V across it? If we generate 10 electron-
hole pairs per second per cm’ uniformly in the bar and the lifetime 7, = 7, =
10~ %5, what is the new current? Assume the low-level ¢, doesn't change for
high-level injection. If the valtage is then increased to 100,000 V, what s the
new current? Assume p, = 500 em?*/V-s, but you must choose the appropriate
value for electrons.

4.9 Design and sketch a photoconductor using & S5-pm-thick film of CdS, assuming
that 7, =7, = 107" s and N,;= 10" cm™*. The dark resistance (with g, = 0) should
be 10 ML), and the device must fit m a square (0.5 cm on a side; therefore, some
sorl of folded or zigzag pattern is in order. With an excitation of g, = 10
EHPlem-s, what is the resistance change?

410 A 100-mW laser beam with wavelength A = 6328 A is focused onto a GaAs
sample 100 um thick. The absorption coefticient at this wavelength is 3 % 10°
cm'. Find the number of photons emitted per second by radiative recombi-
nation in the GaAs, assuming perfect quantum efficiency. What power is de-
livered to the sample as heat?

4.11 Assume that a photoconductor in the shape of a bar of length L and area A has
a constant voltage V' applied.and it is illuminated such that g, EHP/cm’-s are
generated uniformly throughout, Tf g, ® . we can assume the opfically in-
duced change i current Al is domvnated by the mobility p, and hfetime =, for
clectrons. Show that AT = gA Lg, 7,5 for this photoconductor, where 1, is the
transit time of electrons drifting down the length of the bar.

4,12 For the steady state minoerily hole distribution shown in Fig. 4-17, find the ex-
pression for the hole guasi-Fermi level position £, — F,(x) while p(x] & p;
(ie., while £, s below £;). On a band diagram, draw the variation of £, (x). Be
careful —when the minority carriers are few (e.g.. when &p is 1), F, still has a
long way to go to reach Ky

4.13 In an n-type semconductor bar, there is an increase in electron concentration
fram left to right and an electric field pointing to the left With a suitable sketch,
indicate the directions of the electron dnft and diffusion current ow and ex-
plain why. If we double the electron concentration everywhere, what happens
to the diffusion current and the drift current? If we add a constant concentra-
tian of electrons everywhere, what happens to the drift and diffusion eurvents?
Explain your answers with appropriate equations.

4,14 The current réquired to feed the hole injsction al x = 01n Fig. 4-17 is obtained
by evaluating Eq. (4-40)-atx = 0. The resultis L (x = 0) = gA D Ap/L . Show that
thiss eurren! ean be caleulated by intégrating the charge stored m the steady
stale hale distnibution &p(x) and then dividing by the average hole lifetime 7,
Explain why this approach gives [,(x =0),

4.15 The direction of the built-in electric field can be deduced wilhoul math by
sketching the result of a doping gradient on the band diagram. Starting with 4
lat Fermi level at equilibrivm, place E, near or far from Ep-as the doping is
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varied for the two cases of a gradient in donor or seceptor doping es in Probe 4.5,
Show the electric fizld direction in each case, based on Eq. (4-26). If & minor-
ity carrier is injected into the impurity gradient region. in what direction isit ac-
celerated in the two cases? This is an interesting effect that we will use lalerin
discussing bipolar transistors.

4.16 InProb.4.5, the directhion of the built-in electric field due to a gradient in dop-
ing was determined from Eqgs (4-23) and (4-26). In this problem, you are asked
to explain qualitatively why the field must arise and find its direction. (a) Sketch
a donor doping distribution as in Prob, 4.5, and explain the field reguired to
keep the mohile electrons from diffusing down the gradient. Repeal for ac-
ceptors and holes. (b) Sketeh a microscopic region of the doping distribution,
showmng ionized donars and the resulting mobile electrons. Explain the arigin
and direction of the field as the electrons attempt to diffuse toward lower con-
centrations, Repeat for aceeplors and holes.

417 We wish to use the Haynes-Shockley experiment to caleulate the hole lifetime
7, In ann-lype sample. Assume that the peak voltage of the pulse displayed on
the oscilloscope sereen is proporfionsl to the hole concentration under the col-
lector terminal at time r; and that the displayed pulse can be approximated as
a gaussian, as in Eq. (4-44), which decays due to recombination by &% The
electric fietd is varied and the following data are taken: For 1, = 200 s, the
peak is 20 mV; for 1y = 50 ps, the peak is 80 mV. What is 7,7
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Question 1 SELF QUIZ

Consider a p-ype semconductor that has a band gap of 1.0:2V and a minority electron
Tifetime of 0,1 us, and s uniformly illuminated by light having phaton energy of 2.0 V.

(7) What rate of uniform excess carrier generation is required to generate a umform
glectron copcentration of 10/ Men™?
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(b) How much optical power per cn’ must be absorbed in order (o create the ex-
vess carrier population of part (a)? (You may leave your answer in units of
eVis-em’.)

(¢) If the carriers recombine via photon emission, approximately how much opti-
cal power per o will be generated? (You may leave your answer in units of
eVis-cm')

Question 2

(a) What do we mean by “deep™ versus “shallow” traps? Which are more harmful
for semiconductor devices and why? What is an example of a deep trap in 8i7

(b) Are absorption lengths of slightly above band gap photons longer in Si or GaAs?
Why?

(e} Do absorption coefficients of pholons increase or decrease with photon energy?

Why?

Question 3

Consider the following equilibrium band diagram for a portion of a semiconduclor
sample with a built-in electrie field €:

——
e ——

{a) Sketch the Fermi level as a function of position rirough the indicated point, £,
across the width of the band disgram above,

{(b) On the band diagram, sketch the direction of the electric field. s the field con-
stant or position dependent?

{c) Onthe following graph, sketch and label botti the electron and hole concentra-
litms as a function of position across the full width of the sample. Mote that the
carrier conceniration scale is logarithmic such that exponential variations in the
carrier concentration with position appear as straight lines. Note also that the
horizontal axis corresponds to the intrinsic carrier concentration of a;,
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log{n}, log(p)

position
\

logl(r,)

Question 4

(a) Indicate the directions of the hole and electron flux densities ¢ due to diffusion
and drift under these eguilibrium conditions corresponding to the previous
(QJuestion 3.

(b) Indicate the directions of the hole and electron current densities j due to diffu-
sion and drift under these equilibrivom conditions.

Question 5
(a) What are the relevant equations that must be solved in general for a semicon-
ductor device prablem?

(b) Ingeneral how many components of conduction current can you have in o semi-
conductor device” What are they?

Question 6

(a) Consider a region in a semiconductor with an electric field directed toward the
right {—) and carrier concentrations increasing toward the left (). Indicate the
directions of particle fluxes ¢ (circle one for sach) and charge currents f due to
drift and diffusion within that region.

(b) Based on your answers to part (a), indicate the direetions of the charge currents
fdue to drift and diffusion within that region.
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Chapter 5
Junctions

OBJECTIVES

1. Determine the band diagram of @ p-n junction in equilibrium and use
the Poisson equation to calculate e[:dric fields and potentials

2, Determine current flow components in an “idecl” diode, and why
reverse leakage in an ideal diode is independent of bias; study
applications in rectifiers

3. Understand depletion capacifance due fo dopant charges, and
diffusion capacitance due fo mobile carriers

4. Study second-order effects—high-level injection, generation—

~ recombipation in depletion region, series resistance, and groded junctions

5. Study metal-semiconductor junctions (Schottky and ohmic) and hetero-
junctions, in terms of vacuum level, electron affinity, and work function

Maost semiconductor devices contain at least one junction between p-type and
n-type material. These p-n junctions are fundamental to the performance of fune-
tians such as rectification, amplification, switching, and other operations in elec-
tronic circuits. In this chapter we shall discuss the equilibrium state of the junction
and the flow of electrons and holes acrossa junction under steady state and tran-
sient conditions. This is followed by a discussion of metal-semiconductor junc-
tions and heterojunctions between semiconductors having different band gaps.
With the background provided in this chapter on junction properties, we can
then discuss specific devices in later chapiers,

5.1 Although this book deals primarily with how devices work rather than how
FABRICATION OF they are made, it is instructive to have an overview of the fabrication process
p-n JUNCTIONS in order o appreciate device physics. We have already discussed in Chapter 1
how single-crystal subsirates and epitaxial layers needed for high quality de-
vices are grown, and how the doping can be varied as a function of depth,
However, we have not discussed how doping can be varied laterally across
the surface, which is key to making integrated circuits on a waler, Hence, it
is necessary to be able to form patterned masks on the wafer corresponding
to the circuitry, and introduce the dopants selectively through windows in
the mask. We will first briefly describe the major process steps that form the
underpinnings of modern integrated circuit manufacturing, Relatively few
154
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Figure 5-1o
Silicon wafers

being loaded into
@ furnoce. For B-
inch apd lorger
wafers, this type
of horizontal load-
ing is offen re-
placed by a

verlical furnace.

Figure 5-1b
Verfical furnace
for large Si
walers, The silica
walfer holder is
loaded with B-inch
5i wafers and
maved inla the
furnace abaove for
axidation, diffu-
sion, m-depcs_i-
Hon apsraﬁans.
[Photograph cour-
tesy of Tokyo Elee-
tron Ltd.)

unit process steps can be used in different permutations and combinations to
make everything from simple diodes to the most complex microprocessors.

5.1.1 Thermal Oxidation

Many fabrication steps involve heating up the wafer in order to enhance a
chemical process. An important example of this is thermal oxidation of Si to
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form Si0, This involves placing a batch of wafers in a clean silica (quartz)
tube which can be heated to very high temperatures (~800-1000°C) using
heating coils in a furnace with ceramic brick insulating liners. An oxygen-
containing gas such as dry O, or H,0O is flowed inta the tube at atmospheric
pressure, and flowed out at the other end. Traditionally, horizontal furnaces
were used (Fig. 5-1a). More recently, it has become common 10 employ
vertical furnaces (Fig, 5-1h). A batch of Si wafers is placed in the silica wafer
holders, each facing down to minimize particulate contamination, The wafers
are then moved into the furnace. The gases flow in from the top and flow out
at the bottom, providing more uniform flow than in conventional horizonial
furnaces. The overall reactions that occur during oxidation are:
§i + O — 510, (dry oxidation)
5i + 2H,;0 — 5104+ ZH; (wet oxidation)

1a both cases, S1is consumed from the surface of the substrate, For every
micron of 810, grown, 01,44 wm of 8i is consumed, leading to a 2.2% volume ex-
pansion of the consumed layer upon oxidation. The oxidation proceeds by hav-
ing the oxidant (O, or H,O) miolecules diffuse through the already grown oxide
1o the Si-8i0), interface, where the above reactions lake place. One of the very
important reasons why Si integrated circuits exist (und by extension why mod-
€N computers exist) is that a stable thermal oxide can be grown on 5i with
excellent interface electrical properties. Other semiconductor materials do not
have such a useful native oxide. We can argue that modern electronics and
compuler techmology awe their existence to this simple oxidation process,

Plots of oxide thickness as a function of ime, at different temparaturas,
are shown for dry and wet oxidation of (100) 51 in Appendix V1.

5.1.2 Diffusion

Another thermal process that was used extensively in IC fabrication in the
past is thermal in-diffusion of dopants in furnaces such as those shown in
g 5<la. The wafers are first oxidized and windows are opened in the oxide
using the photolithography and etching $teps described in Sections 5.1.6 and
3.1.7, respectively. Dopants such as B, P, or As are introduced into these pat-
terned wafers in a high temperature (~800- 1100°C) diffusion furmace, gen-
erally using a gas or vapor source. The dopants are gradually transported
from the high concentration region near the surface mto the substrate
through diffusion. similar to that described for carriers in Section 4.4. The
maximum number of impurities that can be dissolved (the solid solubility) in
51 18 shown for various impurities as 4 function of lemperature in Appen-
dix VII. The diffusivity of dopants in solids, £, bas a strong Arrhenios de-
pendence on temperature, T. [t is given by D = Dyexp—(EJkT), where Ogis
it constant depending on the material and the dopant, and £, is the activation
energy. The average distance the dopants diffuse is related to the diffusion
length as in Section 44,4, In this case, the diffusion length is VDt where tis
the processing time. The product Di is sometmes called the thermal budyet,
The Arrhenius dependence of diffusivity on temperature explains why high
temperatures are required for diffusion: otherwise, the diffusivities are far too
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Figure 5-2
Impurity concen-
tration profile for
tabricating a pn
junction by
diffusion.

(log scale)

Niem™)

low. Since I varies exponentially with T, it is critical to have very precise con-
trol over the furnace temperatures, within several degrees, in order 1o have con-
trol over the diffusion profiles (Fig, 5-2). The dopants are effectively blocked
or masked by the oxide because their diffusivity in oxide is very low. The dif-
fusivities of various dopants in Si and Si0), are shown as a function of tem-
perature in Appendix VIII. Difficulty with profile control and the very high
temperalure requirement has led to diffusion being supplanted by fon im-
plantation as a doping technique, as discussed in Section 5.1.4.

The trend of using larger Si wafers has changed many processing steps.
For example, eight-inch and larger walers are best handled in a vertical fur-
nace (Fig. 5-1b) rather than the traditional horizontal furnace (Fig 5-1a).
Also, large wafers are often handled individually for a varicty of deposition,
etching, and implantation processes. Such single-wafer processing has led to
development of robotic systems for fast and accurate wafer handling,

The distribution of impurities in the sample at any time during the diffu-
sion can be calculated from a solution of the diffusion equation with appropri-
ate boundary conditions. If the source of dopant atoms at the surface of the
sample is limited (e.g., a given number of aloms deposited on the Si surface be-
fore dilfusion), a gaussian distabulion as described by Eq. (4-44) (for x > 0) is
ubtained. On the other hand, if the dopant atoms are supplied continuously,
such that the concentration at the surface is maintained at a constant value, the
distribution follows what is called a complementary error function. In Fg, 5-2,
there is some poimnt in the sample at which the introduced acceptor concentra-
tion just equals the background donor concentration m the originally n-type
sample. This point is the location of the p-n junction. To the left of this point in
the sample of Fig. 5-Z, acceptor atoms predominate and the matenial is p-type.
whereas to the right of the junction, the background donor atoms predominate
and the material is n-type. The depth of the junction beneath the surface of the
sample can be controlled by the time and temperature of the diffusion (Prob, 3.2).
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In the horizontal diffusion furnace shown in Fig, 5-1a, 8i wafers are
placed in the tube during diffusion, and the impurity atoms are miroduced
into the gas which flows through the silica tube, Common impurity source ma-
terials for diffusions in Si are B,0;, BBry, and BCI, for boron; phosphorus
sources nclude PH,, POy, and POCI;, Solid sources are placed in the silica
tube upsiream from the sample or in a separate heating zone of the Turnace;
gaseous sources can he metered directly into the pas flow system; and with lig-
uid sources inert carrier gas is bubbled through the liguid before bemg intro-
duced into the fitrnace tube.The Si wafers are held in a silica“boat™ (Fip. 5-1a)
which can be pushed into position in the furnace and removed by a silica rod.

Tt 1s important to remember the degree of cleanliness required in these
processing steps. Since typical doping concentralions represent one part per
million or less. cleanhness and purity of materials are critically important.
Thus the impurity source and carrier gas must be extremely pure; the silica
tube, sample holder, and pushrod muost be cleaned and etched in hydrofluo-
ricacid (HF) before use (once in use, the tube cleanliness can be maintained
if no unwanted impurities are introduced); finally, the Si wafers themselves
must undergo an elaborate cleaning procedure before diffusion, including a
final etch containing HF to remove any unwanted 8i0, from the surface.

5.1.3 Ropid Thermal Processing

Increasingly, many thermal steps formerly performed in [urnaces are being
done using whal is called rapid thermal processing (RTP). This includes
rapid thermal oxidation, annealing of ion implantation, and chemical vapor
deposition. which are discussed in the followinp paragraphs. A simple RTP
system is shown in Fig. 5-3. Instead of having a large batch of wafers in a
conventional furnace where the temperature cannot be changed rapidly.
a single wafer is held (face down to minimize particulates) on low-thermal-
mass quartz pins, surrounded by a bank of high-intensity (tens of kW)
tungsten-halogen infrared lamps, with gold-plated reflectors around them.
By turning on the lamps, the high intensity infrared radiation shines through
the quartz chamber and is absorbed by the wafer, causing 118 temperature
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Schematic diogram of a rapid thermal processor. and typical lime—temperature profils,
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to rise very rapidly (~50—100°C/s). The processing lemperature can be
reached quickly, after the gas flows have been stabilized in the chamber. At
the end of the process, the lamps are turned off, allowing the wafer lempera-
ture to drop rapidly, once agam because of the much lower thermal mass of an
RTP system compared to a furnace, In RTF, therefore, lemperature is essen-
tially used as a “switch” to start or guench the reaction. Twa critical aspects of
RTP are ensuring temperature unilormity across large wafers, and acourate
temperature measurement, for example with thermocouples or pyrometers.

A key parameter in all thermal processing steps is the thermal budgpet,
Di. Generally speaking, we try to minimize this quantity because an excessive
Dt product leads to luss of control gver compact doping profiles, which 1§ detri-
mental to ultrg-small devices. In furnace processing. thermal budgets are min-
imized by operating at as low a temperature as feasible so that D i5 small. On
the other hand, RTP operales at higher temperatures (~10007C) but does so
for unly a few sceonds (compared to minutes or hours in a furnace).

5.1.4 lon Implontation

A useful alternative to high-temperature diffusion is the direct implantation
of energetic ions into the semiconductor. In this process a beam of impurity
ions [s accelerated to kinetic energies ranging from several keV to several
MeV and is directed onlo the surface of the semiconductor. As the impuri-
ty atoms enter the crystal, they give up their energy to the lattice in colli-
sions and finally come to rest at some average penetration depth, called the
projécted range. Depending on the impurity and its implantation energy, the
range in a given semiconductor may vary from a few hundred angstroms to
about 1 wm For most implantations the jons come to rest distributed almost
evenly ahnm the projected range R, as shown in Fig. 5-4. An implanted dose
of & ions/cm? is distributed approximately by a gaussian [ormula

¢ . RF 2 ;
| = — i, | g __l.
N{x) vy e:-cpl: 3 ( 2 ) J {31z}

where AR, called the srraggle, measures the hali-width of the distribution at
e 1 of tlle peak (Fig. 5-4). Both R, and AR, increase with increasing im-
planlannn energy. These paramr:mr: are shown 25 a function of energy for
various implant species into 51 in Appendix LX.

An ion implanter is shown schematically in Fig, 5-5. A gas containing
the desirgd impurity is ionized within the source and is then extracted into the
acceleranon tube After acceleration to the desired kinetic energy, the ions are
passed through a mass separaior to ensure that only the desired ion species
enters the drift tube.' The ion beam is then focused and scanned electrostati-
cally over the surface of the wafer in the targer chamber. Repetitive scanning
in a raster pattérn provides exceptionally uniform doping of the wafer surface.
The target chamber commonly includes automatic wafer-handling facilities to
speed up the process of implanting many wafers per hour,

"In many fon implontecs the moss saparalion accurs before (he jom orm occeleraled jo high enargy.
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An obvious advantage of implantation is that it can be done at relatively
low temperatures; this means that doping layers can be implanted without dis-
turbing previously diffused regions The ions can be blocked by metal or pho-
toresist lavers; therefore, the photolithographic techniques deseribed in Section
5.1.6 can be used to define ion implanted doping patterns. Very shallow (tenths
of a micron ) and well-defined doping layers can be achieved by this method. As
we shall see in later chapters, many devices require thin doping regions and
may be improved by ion implantation techniques Furthermore, it is possible to
implant impurities which do not diffuse conveniently into semiconductors.

One of the major advantages of implantation is the precise control of
doping concentration it provides. Since the ion beam current can be mea-
sured accurately during implantation, a precise quantity of impurity can be
introduced. This control over doping level. along with the uniformity of the
implant over the wafer surface, make ion implantation particularly attrac-
tive for the fabrication of Si integrated circuits {Chapter 9).

One problem with this doping method is the lattice damage which re-
sults from collisions between the ions and the lattice atoms However, most
of this damage can be removed in §i by heating the crystal after the im-
plantation. This process is called annealing. Although Si can be heated to
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Figure 5-5
(@) Schematic diagrom of an ion implantafion system; (b} schematic of ion beam path through mass anc-
lyzer magnet. [Courtesy of Applied Materials.)

temperatures in excess of 1000°C without difficulty, GaAs and some other
compounds tend to dissociate at high temperatures. For example, As evap-
oration from the surface of GaAs during annealing damages the sample.
Therefore, it is common to encapsulate the GaAs with a thin layer of silicon
nitride during the anneal. Another approuch to annealing either Sior com-
pounds is to heat the sample only briefly (e.g., 10 s) using RTP, rather than
a conventional furnace. Annealing leads to some unintended diffusion of
the implanted species, It is desirable td minimize this diffusion by optimizing
the annealing time and temperature. The profile after annealing is given by

- b B ECE Y
woar= V2w(ARZ + 2D1)2 erp[ 2 (M&ﬁ + ZD:)] (5-15)
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5.1.5 Chemical Vapor Deposition (CYD)

At various stages of device fabrication, thin films of dielectrics, semiconduoe-
tors and metals have to be formed on the wafer and then patierned and
etched. We have already discussed one important example of this involving
thermal oxidation of $i, 510 films can also be formed by low pressicre (~100
mTorr)? chemical vapor deposition (LPCVD) (Fig. 5-6) or plasma-enhanced
CVD (PECVD). The key differences are that thermal oxidation consumes Si
from the substrate, and very high temperatures are required, whereas CVD
of 8i0; does not consume Si from the substrate and can be done at much
lower temperatures. The CVD process reacts a Si-containing gas such as SiH,
with 4n oxygen-containing precursor, causing 4 chemical reaction, leading
Lo the deposition of S0, on the substrate. Being able to deposit SiO; is very
important in certain applications. As a complicated device structure is built
up, the Si substrate may not be available for reaction, or there may be met-
allization on the wafer that cannot withstand very high temperatures. In such
cases, CVD is a necessary alternative,

Although we have used deposition of 510, as an important example,
LPCVD is also widely used to deposit other dielectrics such as silicon nitride
(SisN,), and polyerystalline or amorphous Si. It should also be clear that the
VPE of Si or MOCVD of compound semiconductors discussed in Chapter
1 s really a special, more challenging example of C'VD where not only must
a film be deposited, but single-¢rystal growth must also be maintained.

5.1.6 Photolithography

Patterns corresponding to complex circuitry are formed on & wafer using pho-
talithography. This involves first generating a reticle which is a transparent
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silica (guartz) plate containing the pattern (Fig, 5-7a), Opaque regions on the
mask are made up of an ultraviolet light-absorbing layer, such as iron oxide,
The reticle typically contains the patterns corresponding to a single chip or
die, rather than the entire wafer (in which case it would be called a mask). Tt
is usually created by a computer controlled electron beam driven by the cir-
cuit layout data, using pattern generation software. A thin layer of electron
beam sensilive material called electron beam resist is placed on the ron-
oxide-covered quartz plate, and the resist is exposed by the electron beam,
A resist is a thin organic polymer layer that undergoes chemical changes if
it is exposed to energetic particles such as electrons or photons. The resist is
exposed selectively, corresponding to the patterns that are required. Alter
exposure, the resist is devefoped in a chemical solution, There are two types
of resist. The developer is either used to remove the exposed (positive re-
sist) or unexposed (negarive resist) material. The iron oxide layer is then se-
lectively etched off in o plasma to genérale the appropriate patterns. The
reticle can be used repeatedly to pattern Si wafers, To muke a typical inte-
grated circuit, a dozen or more reticles are required, corresponding to dif-
ferent process steps.

The Si wafers are first covered with an ultraviolet light-sensiuve or-
ganic material or photoemulsion called photoresise by dispensing the liquid
resist onlo the waler and spinning it rapidly (<2000 rpm) to form a uniform
coating (-U.5 pm). As mentioned above. there are two Lypes of resist—
negative. which forms the opposite polarity image on the water compared to
that on the reticle, and positive (same polarity). Currently, positive resist
has supplanted negative because i1 can achieve far better resolution, down
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to ~(.25 wm using ultraviolet light, The light shines on the resist-covered
wafer through the reticle, causing the exposed regions Lo hecome acidified.
Subsequently, the exposed wafers are developed in a basic solution of
NaOH, which causes the exposed resist to etch away. Thereby, the pattern
on the reticle is transferred to the die on the wafer. After the remaining
resist is cured by baking at ~125°C in order to harden it, the appropriate
process step can be performed, such as implanting dopants through win-
dows in the resist paltern or plasma etching of the underlying layers.

The exposure of the wafers is achieved die-by-die in a step-and-repeat
system called a stepper (Fig. 5-7h). As the name implies, the vltraviolet light
shines selectively through the reticle onto a single die location. After the
photoexposure is done, the wafer mechanically translates on a precisely con-
trolled x-y translation stage to the next die location and is exposed again. It
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is very important to be able to precisely align the patterns on the reticle with
respect to pre-existing patterns on the wafer, which is why these tools are
also sometimes known as mask aligners. An advantage of such a “stepper”
projection $ystem is that refocusing and realignment can be done at each die
to accommodate slight variations in surface llatness across the wafer. This is
especially important in printing ultra-small linewidths over a very large wafer.
The success of modern 1C manufacture has depended on numerous advances
in deep ultraviolet light sources, precision optical projection systems, tech-
nigues for registration between masking layers, and stepper design,

What makes photolithography (along with etching) so eritical is that it
obviously determines how small and closely packed the individual devices
(e.g. tramsistors) can be made. We shall see that smaller devices aperate bet-
ter in terms of higher speed and lower power dissipation. What makes mod-
ern lithography so challenging is the fact that patlern dimensions are
comparable to the wavelength of light that is used. Under these circum-
stances we cannot treat light propagation using simple geometrical ray optics;
rather, the wave nature of light is manifested in terms of ditfraction, which
makes it harder to control the patterns. The diffracrion-limited minimum
geometry is given by

Liin = 0:8 MNA (5-24)

where A is the wavelength of the light and NA (~0.5) is the numerical aper-
ture or “size” of the lens used in the aligner, This expression implies that for
finer patterns, we should work with larger (and. therefore, more expensive)
lenses and shorler wavelengths. As a resull, smaller geometries require short-
er wavelengths. This has led the push to replace UV mercury lamp sources
(10.365 jum), shown In Fig. 5-Tb, with argon Nuoride (ArF) excimer lasers
(h = 0.193 wm). Novel exposure technigues employing phase-shift masks,
optical proximity correction, and off-axis illumination sll exploil Fourier op-
ties to allow resolution near or below the dimension of the wavelength being
used. There is also interest in extreme ultraviolet (EUV) sources (13 nm),
which use a plasma to generate such short wavelengths, for next-generation
lithography. X-ray lithography involving even shorler wavelengths has been
the source of much research for many years, but does not seem practical in
a manufacturing environment. A promising advancement involves imprint-
ing patlerns in a photoresist using a physical pattern, or mold, thereby over-
coming the diffraction limits of optical lithography.

The other key parameter in lithography is the so-called depth-of-focuy
(DOF). which is given by

A

DOF = ——
2(NA)

(5-2b)

The DOF tells us the range of distances around the focal plane where the
image quality is sharp. Unfortunately, this expression implies that exposure
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with very short wavelengths leads 10 poor DOF. This 1s & big challenge be-
cause the topography or the “hills and valleys” on a chip during processing
can be larger than the DOF allowed by the optics.

We must therefore add steps in the fabrication process to planarize the
surface using chemical mechanival polishing (CMP). As the name implies,
the planarizing process is partly chemical in nature (using a basic solution),
and partly mechanical grinding of the layers using an abrasive slurry. As de-
scribed in Section 1.3.3, CMP can be achieved using a shurry of fine SiO, par-
ticles in an NaOH solution.

The expression for diffraction-limited geometry [Eq. (5-2a)] explains why
there is interest in election beam lithography, The de Broglie relalion stales that
the wavelength of a particle varies inversely with its momentum:

A== (3-2c)

Thus, more massive or energetic particles have shorter wavelenpths Electron
beams are easily generated, focused, and deflected. Since a 10-keV electron has
awavelength of about (.1 A, the linewidth limits become the size of the focused
beam and its interaction with the photoresist layer. It 1§ possible 10 achieve
linewidths of (1.1 pm by direct electron-beam writing on the waler photoresist.
Furthermore, the computer-controlled efectron-beam exposure requires no
masks. This capability allows extremely dense packing of circuit elements on
the chip, but direet writing of complex patterns is slow. Because of the time re-
guired for electron-beam wafer exposure, it is usually advantageous to use
electron-beam writing to make the reticle (Fig. 5-7a) and then to expose the
wafer photoresist by using photons. Another approach being considered iselec-
tron projection lithography (EPL), using a mask, instead of steering a focused
electron beam, in order Lo solve the throughpul problen.

5.1.7 Eching

After the photoresist pattern is formed. it can be used as a mask to etch the ma-
terial underneath. In the early days of Si technology, etching was dong using
wet chemicals. For example, dilute HF can be used to etch 810, layers grown on
a Sisubstrate with excellent selecrevity. The term selectivity here refers to the fact
that HF attacks Si0;, but does not affect the Si substrate underneath or the pho-
toresist mask, Although many wet etches are selective, they are unfortunately
ivarropic, which means that they erch as fast laterally as they etch vertically. This
is unacceptable for ultra-small features. Hence, wet etching has been largely
supplanted by dry, plasma-based etching which can be made both selective and
anisotraplc (etches vertically but not Jaterally along the surface). In modern 1C
processing the main use of wet chemical processing is in cleaning the walers,
Plasmas are ubiquitous in IC processing, The most popular type of plasma-
based etching is known as reactive jon etching (R1E) (Fig, 5-8). Tn a typical
process, appropriate ctch gases such as chlorofluorocarbons (CFCs) flow
into the chamber at reduced pressure (-1 —100 mTorr), and a plasma is struck
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by applying an rf voltage across a cathode and an anode. The rf voltage ac-
celerates the light electrons in the system to much higher Kinetic energies
(~10 eV) than the heavier fons. The high energy electrons collide with neu-
tral atoms and molecules (o create jons and malecular fragments called rad-
icals. The wafers are held on the rf powered cathode, while the grounded
chamber walls acl as the anode, From a study of plasma physics, we can show
that although the bulk of the plasma is a highly conducting, equi-potential re-
aion, less conducting sheath regions form next to the wo electrodes. It can
also be shown that the sheath voltage next to the cathode can be increased
by making the (powered) cathode smaller in area than the (grounded) anode.
A high d-c voltage (~100-1000 V) develops across the sheath next to the rf
powered cathode, such that positive ions gain kinetic energy by being aceel-
erated in this region, and bombard the wafer normal to the surface. This bom-
bardment at normal incidence contributes a physical component to the etch
that makes il anisotropic. Physical etching, however, is rather unselective. Si-
multangously, the highly reactive radicals in the system give rise to & chem-
ical etch component that is very selective, but not anisotropic. The result is
that RIE achieves a good compromise between anisotropy and selectivity, and
has become the mainstay of modern [C etch technology.

5.1.8 Metallization

After the semiconductor devices are made by the processing methods de-
scribed previously, they have 1o be connected to each other, and nltimately
to the 1C package, by metallization. Metal films are generally deposited by
a physical vapor deposition technique such as evaporation (e.g., Au on GaAg)
or sputtering (e.g,, Al on Si). Sputtering of Alis achieved by immersing an Al
target (typically alloyed with ~1% Si and ~4% Cu lo improve the electrical
and metallurgical properties of the Al as described in Section 9.3.1) in an
Ar plasma. Argon ions bombard the Al and physically dislodge Al atoms by
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momentum transfer (Fig. 3-9). Many of the Al atoms ejected from the tar-
get deposit on the 81 wafers held in close proximity to the target. The Al 18
then patterned using the metallization reticle and subsequently etched by
RIE. Finally, it is sintered at ~450°C for ~30 minuies to form a good eleckri-
cal, ohmic contact to the Si.

After the interconnection metallization is complete, a protective over-
coal of silican nitride is deposited using plasma-enhanced CVD. Then the
individual integrated circuits can be separated by sawing or by seribing and
breaking the wafer. The final st¢ps of the process are mounting individual de-
viges in appropriate packages and connecting leads to the Al contact repions.
Very precise lead bonders are available for bonding Au or Al wire (about
one thousandth of an inch in diameter) to the device and then to the pack-
age leads. This phase of device fabrication is called back-end processing, and
is discussed in more detail in Chapter 9.

The main steps in making p-n junctions using some of these unit
processes are iustrated in Fig. 5-10. Similarly, we will discuss how the key
semiconductor devices are made using these same unit processes in subse-
guent chapters.

5.2
EQUILIBRIUM
~ONDITIONS

In this chapter we wish to develop both a useful mathematical description of
the p-n junction and a strong qualitative understanding of its properties.
There must be some compromise in these two goals, since a complete math-
ematical treatment would obscure the essentially simple physical features of
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Simplified description of steps in the fabrication of p-n junctions. For simplicity, only four diodes per
waler are shown, and the relative thicknesses of the oxids, PR, and the Al layers are exuggerated.

junction operation, while a completely qualitative description would not be
useful in making calculations. The approach. therefore, will be to describe
the junction mathematically while neglecting small effects which add little to
the basic solution. In Section 5.6 we shall include several deviations from the
simple theory.

The mathematics of p-o junctions is greatly simplified for the case of the
step junction, which has uniform p doping on one side of a sharp junction
and uniform n doping on the other side. This model represents epitaxial junc-
tions quite well: diffused or implanted junctions, however, are actually grad-
ed (N4 — N, varies over a significant distance on either side of the junction).
After the basic ideas of junction theory are explored for the step junction, we
can make the appropriate corrections to extend the theory to the graded
junction. In these discussions we shall assume one-dimensional current flow
in samples of uniform cross-sectional area.
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In this section we investigate the properties of the step junction at equi-
librium (i.e., with ne external excitation and no net currents flowing in the de-
vice), We shall find that the difference in doping on each side of the junction
canses a potential difference between the two types of material. This 15 a rea-
sonable result, since we would expect some charge transfer because of dif-
fusion between the p material (many holes) and the n material (many
electrons). In addition, we shall find that there are four components of cur-
rent which flow across the junction due to the drift and diffusion of elecirons
and holes These four components combine to give zero net current for the
equilibrium case. However, the application of bias to the junction increases
some af these cutrent components with réspect Lo others, giving net curcent
flow. If we understand the nature of these four current components, a sound
view of p-n junction operation, with or without bias, will follow.

5.2.1 The Contact Potenhial

Let us consider separate regions of p- and n-type semiconductor material,
brought together to form a junction (Fig. 5-11). This is not a practical way of
forming a device, but this “thought experiment” does allow us to discover
the requirements of equilibrium at a junction. Before they are joined, the n
material has a large concentration of electrons and few holes, whereas the
converse is true for the p material, Upon joimng the two regions (Fig 5-11),
we expect diffusion of carriers fo take place because of the large carrier con-
centration gradients at the junction, Thus holes diffuse from the p side into
the n side, and electrons diffuse from n to p. The resulting diffusion current
cannot build up indefinitely, however, because an opposing electric field is
created at the junction (Fig, 5-11b). If the two regions were boxes of red air
molecules and green molecules (perhaps due to appropriate types of pollu-
tion), eventually there would be a homogeneous mixture of the two after the
boxes were joined. This cannot oceur in the case of the charged particles in
a p-n junction because of the development of space charge and the electric
field E. If we consider that electrons diffusing from n to p leave behind un-
compensated” donor ions (V])in the n muterial, and holes leaving the p re-
gion leave behind uncompensated acceptors (N ). 1t is easy to visualize the
development of a region of positive space charge near the n side of the junc-
tion and negative charge near the p side. The resulting electric field is di-
rected from the positive charge toward the negative charge, Thus & is in the
direction apposite to that of diffusion current for each type of carrier (recall
electron current is opposite to the dirgction of electron (low). Therefore, the

Yo racall thel neutrality is maintoined in the bulk momenals of Fig. 51 1a by the presence of one electron
lor soch ianized donor (n = N4 in the a materiol and one hale for each ionized acceptor (g = N,) in
the p material (neglecting minadty carriars). Thus, i electrans lsave o, soma of tha positive danar ians naae
the: junciion ara lsfi uncompensated, as in Fig. 5-1 k. The doners and acceplois are fked in tha latice, (n
contrast to the mobile alegions and hales
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field creates a dnft component of current from n to p, opposing the diffu-
sion current (Fig 5-11c).

Since we know that no ner current can flow across the junction at equi-
librium, the current due to the drift of carriers in the % field must exactly
cancel the diffusion current. Furthermore, since there can be no net buildup
of electrons or holes on either side as a function of time, the drift and diffu-
sion currents must cancel for ¢ach tvpe of carrier:

J(drilt) + J,(diff) = 0 (5 3a)
J,(drift) + J,(diff) = 0 (5-3h)

Therefore, the electric field € builds up to the point where the net current is
zero al equilibrium. The electric field appears in some region W about the

Petitioner Runergy USA Inc., Ex. 1030, p. 171



172 Chapler 5

junction, and there is an equilibrium potential difference V|, across W. In the
electrostatic potential diagram of Fig, 5-11b, there is a gradient in potential
in the direction opposite to €, in accordance with the fundamental relation®
€lx) = —dV (x)/dx. We assume the electric field 1s zero in the neutral regions
outside W, Thus there is a constant potential V', in the neutral n material, a con-
stant V', in the neutral p material, and a potential difference V=¥, — ¥, be-
tween the two, The region Wis called the mansition region,” and the potential
difference V, is called the contact potential, The contact potential appearing
across W is a builr-in potential barrier, in that it is necessary to the maintenance
of equilibrium at the junction; il does not imply any external potential. [n-
deed, the contact potential cannot be measured by placing a voltmeter across
the devices, because new comact potentials are formed at each probe, just
canceling Vi, By definition V), is an equilibrium quantity, and no net current
can result from it.

The vontact poiential separutes lhe bandy as in Fig, 5-11b; the valence
and conduction energy bands are higher on the p side of the junction than
on the n side® by the amount ¢V, The separation of the bands at equilibri-
urn is just that required 1o make the Fermi level constant throughout the de-
vice. We discussed the lack of sparial variation of the Fermi level at
equilibrium in Section 2.5. Thus if we know the band diagram, including £,
for each separate material (Fig. 5-11a), we can find the band separation for
the junction at equilibrium simply by drawing a diagram such as Fig. 5-11b
with the Fermi levels aligned.

To obtain a quantitative relationship between V), and the doping con-
centrations on each side of the junction, we must use the requirements for
equilibrium in the drift and diffusion current equations. For example, the
drift and diffusion components of the hole current just cancel at equilibrium:

dp(x
Jﬂ{x} =g pppl..l"]'lgf.l'_] = DF' ‘:fr) =} (5-4a)
This equation can be rearrunged to obtain
Hp 1 dp(x)
=) = S-4b
b, () plx)  dx ( )

hai wie write % (x), we refer to the value of % w1 computed Tn the sclirction. This value will of course
be negolive, since il i1 direcled opposite to the fruee ditechion of 6 as shown in Fig, 5-11b.

S0ther nomes lor this region ara the spote ehurge tegion, since spoce chorge exiss wiflin W whils neu-
irelity 1t malnigined cutside this region, ond the deplefion region, since W is almast deplefed of carriers
compored wilh the szt of the crpsiol. The conlad putentiol V, s olse called the diffusion potential, sinca it
smpresents o potenilal bomier which diffusieg corriers must surmaunt ingoing fram one side of the junction
tes the orher.

The alecton snaray dicgram of Fig. 5-11k i relaled Jo the slecrasidtic polential diagram by —q, the
negafive eharge en the elociron. Sines 7, s o higher patential thean V, by the ameouni W, the elaciron en-
ergias an the n side are fowar than those on the p side by gV,
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where the x-direction is arbitrarily taken from p to n. The electric field can
be written in terms of the gradient in the potential, ¥ (x) = -dV (x)/dx, so that
Eq. (5-4b) becomes

—l e e SRS (5-5)

with the use of the Einstein relation for /D, This equation can be solved
by integration over the appropriate limits. In this case we are interested in the
petential on either side of the junction,V, and V. and the hole concentra-
tion just at the edge of the transition region on either side, p, and p,,. For a
step junction it is reasonable to take the electron and hole concentration in
the neutral regions outside the transition region as their equilibrium values.
Since we have assumed a one-dimensional geometry, p and % can be taken
reasonably as functions of x only. Integration of Eq. (5-5) gives

W P
g 1
2 f = | —dp
kfl 1'"" i P

—ﬁﬁfﬂ ~¥,)=Inp, — Inp, = b (5-6)

The potential difference V,, — ¥V, is the contact potential V;, (Fig. 5-11b).
Thus we can write V, in terms of the equilibrium hole concentrations on ei-
ther side of the junction:

_ kT] Ppl (5-7)
q P

Vo=

1f we consider the step junction to be made up of material with N,
acceptors/om’ on the p side and a concentration of N, donors on the n side,
we can write Eq. (5-7) as

q NN,
Vy = A__Tm _i\",,_ kT 2y e (5-8)
nH N, 4q s

by considering the majority carrier concentration to be the doping concen-
tration on each side,
Another useful form of Eq. (5-7) is

1 - 2
;_F = piValkT (5-9)
;]
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By usmg the equilibrium condition pn, = nf = puh,, we can extend Eq, (5-9)
to mclude the electron concentrations on either side of the junction:

p ﬂl - Fi -
;r' - 28 - Fwﬂ (5-109
n i

This relation will be very valuable in calculation of the 7~V characteristics of
the junction.

EXAMPLE 5-1  Anabrupt Sip-n junction has N, = 10'® cm~ on one side and Ny = 5 x 1015
cm™ on the other.
(a) Calculate the Fermi level positions at 300 K in the p and n regions.
(b) Draw an equilibrivm band diagram for the junction and deter-
mine the contact potential V,, from the diagram.
(c) Compare the results of part (b) with V,; as calculated from Eq. (5-8).

PORUTION (8) E,— Er= KT In2Z = 0,02591n 0% _ od67ev
a ~“ip = K1 D 1, T (1_5 e 1010} TR b
n, 5 % 10©
Ep— E, = kT ln— = 00259 In—————— = 0.329 ¢V
F tn n; (15 = 1{]“1{:) e
(b) gVy = 0.467 + 0.329 = 0.796 eV
NN, 5 % 10%
Vo = kT 1 = 0.02591In ————— = 0.796 eV
©) a% N - MR =
'E"..F
(0796 OV
(467 ;-\-'T L=
E _L_.Fﬁ'--j___-l-.}'..?:'ﬁ‘u‘_?—._‘_ Ei
s 4 F,
El'w

5.2.2 Equilibrium Fermi Levels

We have obstrved that the Fermi level must be constant throughout the de-
vice at equilibrium. This observation can be easily related to the results of the
previous section. Since we have assumed that p, and p; arc given by their
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equilibrivm values outside the transition region. we can write Eq, (5-9) in
terms of the basic definitions of these quantities using Eq. (3-19):

~[ErE kT
Po_ vkt o ot B ERT (5-11a)
Pa NyetEr BT '
pIVlkF — W Ep~Ep KT | BB ) T (3-11h}
@V = Byy— By (5-12)

The Fermi level and valence band energies are written with subseripts to in-
dicate the p side and the n side of the junction.

From Fig. 5-11b the energy bands on either side of the junction are
separated by the contact potential Vi, times the electronic charge ¢; thus the
energy difference E,, — E; is just gV, Equation (5-12) results from the fact
that the Fermi levels on eithef side of the junction are equal at equilibrium
(Eps — Eg,. = 1), When bias 1s applied to the junction, the potential barrieris
raised or lowered from the value of the contact potential, and the Fermi lev-
¢ls on either side of the junction are shifted with respect to each other by an
energy in electron volts numerically equal to the applied voltage in volts.

5.2.3 Space Chorge af o Junction

Within the transition region, elecirons and holes are in transit from one side
of the junction to the other. Some electrons diffuse from n Lo p, and some are
swepl by the electric field frem p to n (and conversely for holes); there are.
however, very few carriers within the transilion region al any given time,
since the electric field serves to sweep oul carriers which have wandered
into W.To a good approximation, we can consider the space charge within
the transition region as due only to the uncompensated donor and acceptor
ions. The charge density within W is plotted in Fig. 5-12b. Neglecting carri-
ers within the space charge region, the charge density on the n side is just g
times the concentration of donor ions ¥, and the negative charge density on
the p side is -g times the concentration of acceptors N,. The assumption of
carrier depletion within W and neutrality outside W is known as the deple-
tion approximation.

Since the dipole about the junction must have an equal number of
charges on either side.” (Q, = |Q_|), the transition region may extend into the
p and n regions unegqually, depending on the relative doping of the two sides.
For example, if the p side is more lightly doped than the nside (N, < N,), the
space charge region must extend farther into the p material than into the n,

7h simple woy of remembsring this equal charge requirement |s o nofe that lectric flux lines must begin
and end an charges of appasite sign. Thereles, i, ond G, wers not of equal magnituda, the slechic
fiedd weuld not be contained within W bur would sxlend farther into the p or n reglans uniil the enclosed
charges become aqual.
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Figure 5-12
Space charge
ond electric field
disiribution within
the transition re-
gion of a p-n junc-
fian with N, > N
(o) the fransition
regian, with x = 0
defined ot the
metallurgical june:
tien; [b] charge
density within the
transition region,
neglecting the
free carriers;

(c) the electric
field distribution,
where the refer
ence direction for
B ls urhitrmﬂy
token as the
+xdirection.

Chapler 3

Charge density
Gy
= N
(+) Q. = gqAi, Ny
.’/
(b}
“Apo =) Fun &
7 =N ]
Q.= _tf‘q"l'rlll‘l\'lrl/
& (x)

-

g - >\/<‘ [ I
J¢ 1 S
;'v‘.': = =gl o =‘l‘ (N

iy
iy

to *uncover” an equivalent amount of charge. For a sample of cross-sectional
area A, the total uncormpensated charge on either side of the junction is

qAxpnN,, = qﬂmed (5- l?':l

where x,; is the penetration of the space charge region into the p material,
and x,, is the penetration into n. The total width of the transition region (W)
is the sum of x,; and x,,,.

To calculate the electric field distribution within the transition region,
we begin with Poisson’s equation, which relates the gradient of the electric
field to the local space charge at any point x:

dé{x) _q,
dx _E('p

n+ Nz— Nz} (5-14)

This equation is greatly simplified within the transition region if we ne-
glect the contribution of the carriers (p — n) to the space charge. With
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this approximation we have iwo regions of constant space charpe:

o
EE = E-Nd. D<x <y (5-154)
% =N, —xq<x<D (5-15h)

assuming complete ionization of the impurities (Ny = Ny)and (N, = N,).
We can see from thess two equations that a plot of €{x) vs. x within the tran-
sition region has 1wo slopes, positive (¥ increasing with x) on the nside and
negative (‘& becoming more negative as x increases) on the p side. There is
some maximum value of the field %, at x = 0 (the metallurgical junction be-
tween the p and n materials). and €(x) 15 everywhere negative within the
transition region (Fig. 5-12¢). These conclusions come from Gauss's law, but
we could predict the gualitative features of Fig. 5-12 without equations. We
expect the electric field €(x) 10 be negative throughout W, since we know that
the % field actually points in the —x-direction. from n to p (1.e.. from the pos-
itive charges of the transition region dipole toward the negative charges).
The electric field 1s assumed to go to zero at the edges of the transition re-
gion, since we are neglecting any small % lield in the neutral n or p regions.
Finally, there must be a maximum #; at the junction, since this point is be-
tween the charges Q. and Q_on eithey side of the transition region. All the
electric flux lines pass through the x = U plane, so this is the obvious point of
maximum electric field.

The value of &, can be found by integrating ¢ither part of Eq. (5-13)
with appropriate limits (see Fig. 5-12¢ in choosing the limits of integration).

o Xz
a8 = ENd/ dx, b<x< {(5-16a)
A € 4
i q 0
f dd = —-—-M[ dx, —X;p<x<0 f5-16h)
1] € A

Therefore, the maximum value of the electrie field is
; 4 q o
g = = Nexao = — No¥po (5-17)

It is simple 1o relate the electric field to the contact potential Vy, since
the % field at any x is the negative of the potential gradient at that point:

Ly

) = - II or -Vu=[m%{x}d.r {

e

-18)
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Thus the negative of the contact potential is simply the area under the €(x)
vs. x Lriangle. This relates the contlact potential to the width of the deple-
tion region:

1
Vﬂ g —"'dﬂuw ==

- f:f\ﬂr-tnn w (5-19)

| =

Since the balance of charge requirement is X,0N; = X0/, and Wis simply x,,;, +
Xy, W can write x5 = WN (N, + N;) in Eq. (5-19):

,g _@_N".I_ WI

N+ N {5-20)

1
Vg-=' ‘2‘

By solving for W, we have an expression for the width of the transition
region in terms of the contact potential, the doping concentrations, and
known constants g and €

_ E’Q(M)]"Z[ﬁ(L i)]”z 4
W [q NN d \N'N Sis

There are several useful variations of Eq. (5-21); for example, V), can
be written in terms of the doping concentrations with the aid of Eq. (5-8):

2T (. NN 1 0 1\ <
v G e

We can also caleulate the penetration of the transition region into the n and
p materials:

- WNy w _ [2eVy] Ny }‘fl N

N+ No 1E NN e T )

. - {ZEV"_ No 1}1;2 (5-23h)

= N, + Nd L% Nd.’an q -Nd(Nu + NJ)J 7

As expected, Eqs. (5-23) predict that the transition regjion extends far-
ther into the side with the lighter doping, For example, if N, < N, x5 is large
compared with x,¢. This agrees with our qualitative argument that a deep pen-
etration is necessary in lightly doped material to “uncover” the same amount
of space charge as for a short penetration into heavily doped material.

Another important result of Eq. (5-21) is that the transition width W
varies as Lhe square root of the potential across the region. In the derivation
to this point, we have considered only the equilibrium contact potential V. In

Petitioner Runergy USA Inc., Ex. 1030, p. 178



Junelions 179

Section 3.3 we shall see that an applied voltage can increase or decrease the
potential across the transition region by aiding or opposing the equilibrium
electrie field. Therefore, Eq. (5-21) predicts that an applied voltage will m-
crease or decrease the width of the transition region as well.

The junction described in Example 5-1 has a circular cross section witha ~ EXAMPLE 5-2
diameter of 10 pm. Calculate xy, X, @, and %, for this junction at equi-
librium (300 K). Sketch #(x) and charse density to scale, as in Fig. 5-12.

A= (5 % 1072 = 7.85 X 10" Tem? SOLUTION

Y » [EEVQ _1”'- }_)].;fz
g \Ne Ny
- [2L8E5 X 10 DO 1135 1 5151079 = ot
H +$JN.; e T
Xpy = luf?oo =227 e

"

Q- = gAx, Ny = gAx, N, = (16 X 1079(7.85 X 107)(2:27 % 10"}

= 2.85 x 10~M¢

- 1.6 X 107"
By = _%'t’fu Ny = —‘E'IPH N,

= 227 x 101
{11.8)(8.85 x 107 ‘)__{ )

= —3.48 X 10 V/em

elx) 5«;:}

5% 10"y

]
|

=3
=

=
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5.3 One vseful feature of a p-n junction is that current flows quite freely in the
FORWARD- AND  pto n direction when the p region has a positive external voltage bias rela-
REVERSE-BIASED tive to n (forward has and forward current), whereas virtually no current
JUNCTIONS; [lows when p is made negative relative to n (reverse bias and reverse current),
STEADY STATE  This asymmetry of the current flow makes the p-n junction diode very use-
CONDITIONS  ful as a reciifier. While rectification is an important application, it is only the
beginning of a host of uses for the biased junciion. Biased p-n junctions can
be used as voltage-variable capacitors, photocells, light emitters, and many
more devices which are basic lo modern electronics. Two or more junctions

can be used to form transistors and controlled switches,

In this section we begin with a qualitative description of current flow
in a biased junction, With the background of the previous section, the basic
features of current flow are relatively simple to understand, and these qual-
itative concepts form the basis for the analytical description of forward and
reverse currents in a junction.

5.3.1 Qualitative Descriplion of Current Flow at a Junction

We assume that an applied voltage bias V appears across the transition re-
gion of the junction rather than in the neutral n and p regions. Of course,
there will be some voltage drop in the neutral material, if a current flows
through it, But in most p-n junction devices, the length of each region is small
compared with 1t area, and the doping is usually moderate {o heavy; thus the
resistance is small in each neutral region, and only a small voltage drop can
be maintained outside the space charpe (transition) region. For almost all
calculations it s valid to assume that an applied voltage appears entirely
across the transition region. We shall take V to be positive when the exter-
nal bias is positive on the p side relative to the n side.

Since an applied voltage changes the clectrostatic potential barrier and
thus the electric field within the transition region, we would expect changes
in the various components of current at the junction (Fig, 5-13). In addition,
the separation of the energy bands is affected by the applied bias, along with
the width of the depletion region. Let us begin by examining qualitatively the
effects of bias on the important features of the junction,

The electrostatic potential barrier at the junction is lowered by a for-
ward bias V; from the equilibrium contact potential V; to the smaller value
Vy — V; This lowering of the potential barrier occurs because a forward bias
(p positive with respect to n) raises the electrostatic potential on the p side
relative to the n side. For a reverse bias (V = - V) the opposite oecurs; the
electrostatic potential of the p side is depressed relative to the n side, and
the potential barrier at the junction becomes larger (V; + V).

The electric field within the transition region can be deduced from the
potential barrier. We notice that the field decreases with [orward bias, since
the applied electric field opposes the built-in field. With reverse bias the field
al the junction is increased by the applied field, which is in the same direc-
tion as the equilibrium field.
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The change in electric field at the junction calls for a change in the ran-
sition region width W, since it is still necessary that a proper number of pos-
itive and negative charges (in the form of uncompensated donor and acceptor
ions) be exposed for a piven value of the € field. Thus we would expect the
width W to decrease under forward bias (smaller €, fewer uncompensated
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charges) and to increase under reverse hias. Equations (5-21) and (5-23) can
be used to caleulate W, x,g, and x,qif V; is replaced hy the new barrier heighi®
Vy—=V.

The separation of the energy bands is a direct function of the electro-
static potential barrier at the junction. The height of the electron energy bar-
rier is simply the electronic charge g times the height of the electrostatic
potential barrier. Thus the bands are separated less [g(V;, — V)] under {or-
ward bias than at equilibrium, and more [g(V, + V,)] under reverse bias. We
assume the Fermi level deep inside each neutral region is essentially the equi-
librium vatue (we shall return to this assumption later); therefore, the shift-
ing of the energy bands under bias implies a separation of the Fermi levels
on gither side of the junction, as mentioned in Section 5.2.2, Under forward
bias, the Fermi level on the nside By, is above Eg, by the energy ¢V, for re-
verse bias, Fy, is gV, joules higher than £y, In energy units of eleciron vell,
the Fermi levels in the two neurral regions are separated by an energy (V) nu-
merically equal to the applied voltage (V).

The diffusion current is composed of majority carrier electrons on the
n side surmounting the patential energy barrier to diffuse (o the p side, and
holes surmounting their barrier from p to n.? There is a distribution of ener-
gies for electrons in the n-side conduction hand (Fig. 3-16), and some elec-
trons in the high-energy “tail” of the distribution have enough energy to
diffuse from n ta p at equilibrium in spite of the barrier. With forward bias,
however, the barrier is lowered (to Vi, — V), and many more electrons in
the n-side conduction band have suificient energy to diffuse from n to p over
the smaller barrier. Therefore, the electron diffusion current can be guite
large with forward bias. Similarly, more holes can diffuse from p to n under
forward bias because of the lowered barrier. For reverse bias the barrier be-
comes so large (Vy+ V,) that virtually no electrons in the n-side conduction
band or holes in the p-side valence band have enough energy to surmount
it. Therefore, the diffusion current is usually negligible for reverse bias.

The drift current is relatively insensitive 1o the height of the potential
barrier. This sounds strange at first, since we normally think n terms of ma-
lerial with ample carriers, and therefore we expect drift current to be simply
proportional Lo the applied field. The reason for this apparent anomaly is the
fact that the driff current is limited not by hiow fast carriers are swept down the
barrier, hut rather how aften. For example, minority carrier electrons on the P
side which wander into the transition region will be swept down the barrier by

"Wih bias aophied ' the junchion, the 0 i the subserprs of x, and 2.6 does nat imply equillbium. In
sizad, i aignifen the argin df o new sel of coondinates, 5. = O and %, = 0, oy defined later 0 Fig. 5-15,
YRamamber thal (he potential energy berrions for electrans ond wles ara directed opposiely, The barier for
gloctrone 1s apparent from the enargy band diagram, which is olways deawn for elosiion ensrgies. For holes,
ths petential energy barrler at the (unciian has the same shops o3 the elaclrasiatic pateniial barler (tha con-
veskinn fctor betwaen alacirasiolie potential and haole energy s +o]. A slmpla check of these two Barrisr di-
rections zan be mode by teking the direriions in which corriers are swept by the 3 Beld within the fransiten
region—a hale s swepl In the direction ef &, from nio p (ywapl dawn the pateniial hil" far heled), an sles
ks [ swepf oppesiie fo W, fram p e o [wwent dews the poential snegy "hill" fsr elecians),
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the & field. giving rise to the electron component of drift current. However, this
current is small not because of the size of the barrier, but because there are very
few minority electrons in the p side to participate. Every electron on the p
side which diffuses to the transition region will be swept down the potential
energy hill, whether the hill is large or small. The electron drift current does
not depend on how fast an individual electron is swept from p 1o n, but rather
on how many glectrons are swepl down the barrier per second, Similar com-
ments apply regarding the drift of minority holzs from the n side to the p side
of the junction. To a good approximation, therefore, the electron and hole drft
gurrents at the junction are independent of the applied voltage.

The supply of minority carriers on each side of the junction required to
participate in the drift component of current is generated by thermal exci-
tation of electron-hole pairs. For example, an EHP created near the junc-
tion on the p side provides a minority electron in the p material. If the EHP
is generated within a diffusion length L, of the transition region, this electron
can diffuse to the junction and be swept down the barrier to the n side. The
resulting current due to drift of generated carriers across the junction is com-
monly called the generation current sinte its magnitude depends entirely on
the rate of generation of EHPs. As we shall discuss later, this generation cur-
rent can be increased greatly by optical excitation of EHPs near the junction
(the p-n junction photodiode),

The roral current crossing the junction is composed of the sum of the dif-
fusion and drift components. As Fig. 5-13 indicates, the electron and hole diffu-
sion currents are both directed from p to n (although the particle flow directions
are opposile 10 each other), and the drift currents are from n to p. The nef cur-
rent crossing the junction is zero at equilibrium, since the drift and diffusion
components cancel for each type of carrier (the equilibrium electron and hole
components need not be equal, as in Fig. 5-13, as long as the net hole current
and the net electron current are each zero). Under reverse bias, both diffusion
components are negligible because of the large barrier at the junction, and the
only current is the relatively small (and essentially voltage-independent) gen-
eération current from n to p. This generation current is shown in Fig. 5-14,in a
sketch of a typical I-V plot for a p-n junction. In this figure the positive direc-
tion for the current T'is taken from p ton, and the applied voltage V is positive
when the positive battery terminal is connected to p and the negative 1erminal
to n. The only current flowing in this p-n junction diode for negative V is the small
current I(pen.) due to carriers penerated in the transition region or minority
carriers which diffuse to the junction and are collected. The current at V' =0
(equilibrium) is zera since the generation and diffusion currents cancel;'?

I'=I(diff) — |I(gen.)| =0 for V=0 (5-24)

19The total cutrant 115 the sum of 1he ganeration ond diffusion components, However, fhese companents
tire oppostiely directed, with ([diff.) baing positive and ligen ) baing negafive lor the chosen refarsnce di-
rechion. To avoid confusion of signs, wa use hers the maghivds of the drift current |/{gen |l and includa i
negafive sign in Eq. [5-24] Thus, when we write tha term =|/ [gen }|, thera is no doubst thal the ganamiion
cutrent is i the negative curten direction, This approach smphasizes the fact that the twi companents of
rurrent oeld with opposite signs o give the fotal corran
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Figure 5-14
I-V characiaristic
of a p-n junction.
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As we shall see in the next section, an applied forward bias V' = V,in-
creases the probability that a carrier can diffuse across the junction, by the
factor exp(qV,/kT). Thus the diffusion current under forward bias is given by
its equilibrium vatue multiplied by exp(gV/ikT); similarly, for reverse bias the
diffusion current is the equilibrium value reduced by the same factor, with
V= —V,_ Since the squilibrium diffusion current is equal in magnitude to
|{{gen, )|, the diffusion current with applied bias is simply [/(gen.)| exp(gV/kT).
The total current [ is then the diffusion current minus the absolute value of
the generation current, which we will now refer 1o as Iy

I= 18V - 1) (5-25)

In Eq. (5-25) the applied voltage V can be positive or negative, V = V;
or V= —V,.When V is positive and greater than a few kT/q (kT/g =0.0259
V at room temperature), the exponential term is much greater than unity.
The current thus increases exponentially with forward bias. When Vis nega-
tive (reverse bias), the exponential term approaches zero and the current is
— Iy, which is in the n to p (negative) direction. This negative generation cur-
rent is also called the reverse saturation ctrrent. The striking feature of Fig. 5-14
is the nonlinearity ol the [~V characteristic. Current flows relatively freely
in the forward direction of the diode, but almost no current flows in the re-
verse direction.

5.3.2 Carrier Injection

From the discussion in the previous section. we expect the minority carrier
concentration on each side of a p-n junction to vary with the applied bias
because of variations in the diffusion of carriers across the junction. The equi-
librium ratio of hole concentrations on each side

% = Vo7 (5-26)
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becomes with bias (Fig. 5-13)

P~ %) .
i e (327

This equation uses the altered barrier Vj; — V to relate the steady state
hole concentrations on the two sides of the transition region with either for-
ward or reverse bias (V positive or negative). For low-level injection we can
neglect changes in the majority carrier concentrations. Although the absolute
increase of the majority carrier concentration is equal to the increase of the
minority carrier concentration in order to maintain space charge neulrality,
the relative change in majority carrier concentration can be assumed to vary
only slightly with bias compared with equilibrium values. With this simplifi-
cation we can write the ratio of Eq. (5-26) to (5-27) as

”{—;"ﬂ =T taking p(—x0) = p, (5-28)
n
With forward bias, Eq. (5-28) suggests a greatly increased minonity carrier hole
concentration at the edge of the (ransition region on the n side p(x,g) than was
the case at equilibrium. Conversely, the hole cancentration p(x,q) under reverse
bias (V negative) is reduced below the equilibrium value p,,. The exponential in-
crease of the hole concentration at x,,, with forward bias is an example of minonty
carrier injection. As Fig. 5-15 sugpests, a forward bias V results in a steady state
njection of excess holes into the n region and electrons into the p region. We can
easily calculate the excess hole concentration Ap,, at the edge of the transition
region x,, by subtracting the equilibrium hole concentration from Eq. (5-28),

| Aps = p(x40) — pa= pale” ™ — 1) | (5-29)

and similarly for excess electrons on the p side,

| Anp = n(=xp) — 1, = ny(e* 1) | (5-30)

From our study of diffusion of excess carriersin Section 4.4.4, we expect
that injection leading to a steady concentration of Ap,, excess holes at x, will
produce a disiribution of excess holes in the n material. As the holes diffuse
deeper into the n region, they recombine with electrons in the n material,
and the resulting excess hole distribution is obtained as a solution of the dif-
fusion equation, Eq, (4-34b). If the n region is long compared with the hole
diffusion length L, the solution is exponential, as in Eq, (4-36). Similarly,
the injected electrons in the p material diffuse and recombineg; giving an
exponential distribution of excess electrons. For convenience, let us define
two new coordinates (Fig. 5-15): Distances measured in the y-direction in
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ol IE}I'. * jr':‘ll

Bylc,) = Ap, e ks

‘n] p-lu ———————— %
. |
o E
\ T e LA
1 Ly
F,
- ISR S e B — L.‘l
e A T ) "i'1""r e
S . AN
By Ly
Figure 5-15

Forword-biosed junction: (a) minority corriar distributions on the two sides of the Iransifion region and
definilions of distances x, and x, measured from the transition region edges; [b) variation of the quasi-
Fermi levels with position.

the n material from x,, will be designated x,; distances in the p material mea-
sured in the -x-direction with —x,, as the origin will be called x,. This con-
vention will simphify the mathematics considerably. We can write the diffusion
equation as in Eq, (4-34) for each side of the junction and solve for the dis-
tributions of excess carriers (8n and 8p) assuming long p and n regions:

| Br(x,) = Anye Wl = pn (AVHT — 1)l | (5-31a)

[ 8p(xa) = Apue ™t = pu("H — Debe]|  (5-310)

The hole diffusion current at any point x,, in the n material can be cal-
culated from Eq. (4-40):

dsp(x, D D
L(%a) = —Mf’p%ﬂ = qAT- Apelr = gA T bp(x,) (3-32)
n Il P

where A is the cross-sectional area of the junction. Thus the hole diffusion
current at each position x, is proportional to the excess hole concentration
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at that point."" The total hole current injected into the n material at the junc-
tion can be obtained simply by evaluating Eq. (5-32) at x4

gAD,

GgAD
Ilen = 0) ==, —0pa =]
e

Ly

Pl = 1) (5-33)

By a similar analysis, the injection of electrons into the p material leads
to an electron current at the junction of
qAD, qAD,

Io(x, =0) =

The minus sign in Eq. (5-34) means that the electron current is opposite to
the x,-direction; that is, the true direction of /, 18 in the +x-direction, adding
to I, in the total current (Fig. 5-16). If we neglect recombination in the transi-
tion region, which is known as the Shockley ideal diode approximation, we
cun consider that each injected electron reaching —x,, must pass through x.
Thus the total diode current I at x,y can be calculated as the sum of I (x, = 0)
and —7,(x, = 0). If we take the +x-direction as the reference direction for the
total current /, we must use a minus sign with /,(x,) to account for the fact that
x,, 18 defined in the -x-direction:

‘?An n QAD.-:

L, Apy, + ——4n, (5-35)

I=I,(x,=0)— I{x,=0) = »

D D . ,
l I'= qA.(I—Pp,, - T"np){e”"?” - 1) = Li(e?™*" — 1) | (5-36)
s i

Eguation (5-36) is the diode equarion, having the same form as the
qualitative relation Eq. (3-25). Nothing in the derivation excludes the pos-
sibility that the bias voltage V can be negative; thus the diode equation de-
seribes the total current through the diode for either forward or reverse bias.
We can calculate the current for reverse bias by letting V = — V.

D D
= qA(—‘Ep,, + —"np)(e-‘?"*f“" =1) (3-3Tx)

L, Ly
If V, is larger than a few kT/q. the total current is just the reverse satura-

tion current
I= qA(DPp + Dﬂn ) = —] {(3-37h)
= — =& == = —ly 3.
0 Ay 7

Vil carrier injaclion due to bias, |1 is clear thol the squillbeym Farmi levels cannot be weed 1o describe
carriar concenirations in the devica |f iz necessary lo uss the concept ol quosi-Farmi levels, foking inle oo
count the spotiol variattons of the corrier coneanirafians.
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One implication of Eq. (5-36) is that the lotal current at the junction
is dominated by injection of carriers from the more heavily deped side into
the side with lesser doping. For example, if the p material is very heavily
doped and the n region is lightly doped, the minority carrier concentration
on the p side (n,) is negligible compared with the minority carrier concen-
tration on the n side (p,). Thus the diode equation can be approximated by
injection of holes only, as in Eq. (5-33). This means that the charge stored in
the minority carrier distributions is due mastly to holes on the n side. For
example, to double the hole current in this p™-n junction one should not
double the p* doping. but rather reduce the n-type doping by a factor of two.
This structure is called a p*-n junction, where the + superseript simply
means heavy doping, Another characteristic of the p™-n or n*-p structure is
that the transition region extends primarily into the liphtly doped region,
as we found in the discussion of Eq, (5-23). Having one side heavily doped
is a useful arrangement for many practical devices, as we shall see in our dis-
cussions of switching diodes and transistors. This type of junction 15 com-
mon in devices which are fabricated by counterdoping. For example, an n-type
Sisample with Ny = 10" cm ™ can be used as the subsirate for an implanted
or diffused junction. If the doping of the p region is greater than 10" em™*
(typical of diffused junclions), the structure is definitely p™-n, with n, more
than five orders of magnitude smaller than p,. Since this configuration is
common in deyice technology, we shall return ta'it in much of the [ollow-
ing discussion.

Figure 5-15b shows the quasi-Fermi levels as a function of position for
a p-n junction in forward bias. The equilibrium £ is split into the quasi-Fermi
levels F, and F, which are separated within W by an energy ¢V caused by the
apphed bias, V This energy tepresents the deviation from equilibrium (see
Section 4,3.3). In forward bias in the depletion region we thus get

pri = pre\f B = plolaV/RT) (5-38)

On either side of the junetion, it 1s the minority carrler quasi-Fermi level that
varies the most. The majority carnier concentration is not affected much, so the
majority carrier quasi-Fermi level i8 close to the original E;. Although there
is some vanation in E; and F, within W, it doesn’t show up on the scale used
in Fig. 5-15. Outside of the depletion regions, the guasi-Fermi levels for the
minority cartiers vary hinearly and eventually merge with the Fermi levels. In
contrast, the minority carrier concentrations decay exponentially with dis-
tance. In fact it takes many diffusion lengths for the quasi-Fermi level 1o cross
E;, where the minority carrier concentration is equal to the intrinsic carrier
concentration, let alone approach Eg where for example 8p(x,) = p,.
Another simple and instructive way of calculating the total current is
to consider the injected current as supplying the carriers for the excess dis-
tributions (Fig. 5-16b). For example, /,(x, = 0) must supply enough holes
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per second 1o maintain the steady state exponential distribution 3p(x,) as
the holes recombine. The total positive charge stored in the excess carrier
distribution at any instant of time is

o0

o
0, = g4 f bp(xy)dx, = qAAp, f e hdx, = gALAp, (5-39)
(1] ]

The average lifetime of a hole in the n-type material is 7, Thus, on
the average, this entire charge distribution recombines and musi be re-
plenished every 7, seconds. The injected hole current at x, = 0 needed 1o
maintam the distribution is simply the total charge divided by the average
time of replacement:

1

- D
Dy =zt
Tpdpu = rfALp&pn (5-40)

[
lp(%y=0) = ?:T— =gA

using D /L, = L7, _

This is the same result as Eq. (5-33), which was caleulated from the dif-
fusion currents. Similarly, we can caleulate the negative charge stored in the
distribution n(x,) and divide by 7, to obtain the injected electron current in
the p material. This method, called the charge control approximation, illus-
trates the important fact that the minority carriers injected into either side of
a p-n junction diffuse into the neutral material and recombine with the ma-
jority earriers. The minority carrier current [for example. J,(x,)] decreases ex-
ponentially with distance into the neutral region. Thus several diffusion lengths
away from the junction, most of the total current is carried by the majority car-
riers. We shall discuss this point in more detail later in this section.

In summeary, we can calculate the current at a p-n junction in 1wo ways
(Fig. 5-16): (a) from the slopes of the extess minorily carrier distributions at
the two edges of the transition regions and (b) from the steady state charge
stored in each distribution. We add the hole eurrant injected into the n mate-
rial 1,(x, = 0) 10 the electron current injected into the p material /,(x, = 0). after
including a minus sign with /,(x, ) to conform with the conventional definition
of positive current in the +x-direction. We are able to add these two currents
because af the assumption that no recombination takes place within the tran-
sition region. Thus we cffectively have the total electron and hole current at
one point in the device (x,4). Since the total current must be constant through-
oul the device (despite varigtions in the curreni components), / as described
by Eq. (5-36) is the total current at every pasition.x in the diode.

The drift af minority carriers can be neglected in the neutral repions aug-
side W, because the minority carrier concentration is small compared with that
of the majority carrers. I the minority carmers conlrbute to the total current
at all, their contribution must be through diffusion (dependent on the gradient
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of the carrier concentration). Even a very small concentration of minority car-
riers can have an appreciable effect on the current if the spatial variation is jarge,

Calenlation of the majority carrier currents in the two neutral regions
is simple, once we have found the minority carrier current. Since the total
current [ must be constant throughout the device, the majority carrier com-
ponent of current at any point is just the difference between [ and the mi-
nority component (Fig. 5-17). For example, since /.(x,) is proportional to the
excess hole coneentration at each position in the n material [Eq, (5-32)], it
decreases exponentially in x, with the decreasing &p(x,). Thus the clectron
component of current must increase appropriately with &, to maintain the
total current . Far from the junetion, the current in the n material is carried
almost entirzly by electrans, The physical explanation of this is that electrons
must flow in from the n material (and ultimately from the negative terminal
of the battery), to resupply electrons lost by recombination in the excess hole
distribution near the junction. The electron current /,(x,) includes sufficient

"ur':-‘n)

AD -
Ihfx.) = i Ap,e *p
|f;}
Ll =1— L(x)
| N
| \‘E{r}""'rr}
L S
% ~
) 0 4]

= Xy

Figure 5-17

Electron and hole components of current in a forward-biased p-n junction. In this exampla, we have a
higher injected minority hole current on the nside than eleciron current on the p side bacause we have o
lower n doping than p doping.
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electron flow to supply not only recombination near x,,, butalso injection of
electrons into the p region. Of course, the flow of electrons in the n materi-
al toward the junction constitutes a current in the +x-direction, contributing
to the total current 1.

One question that still remains to be answered is whether the majori-
ty carrier current is due to drift or diffusion or both, at different points in
the diode. Near the junction (just outside of the depletion regions) the ma-
jority carrier concenlration changes by exactly the same amount as minori-
ty carriers in order to maintain space charge neutrality, The majority carrier
concentration can change rather fast, in a very short time scale known as the
dielectric relaxation time, 7 (=pe), where p is the resistivity and e is the di-
electric constant, The relaxation time 7 15 the analog of the RC time constant
in a circuit, Very far away from the junction (more than 3 to § diffusion
lengths), the minority carrier concentration decays to a low, constant back-
ground value. Hence, the majority carrier concentration also becomes inde-
pendent of position. Here, clearly the only possible current component is
majority carrier drift current. When-approaching the junction there is a spa-
tally varying majority (and minority) carrier concentration and the majori-
ty carrier current changes from pure drift to drift and diffusion. although
drift always dominates for majority carriers except in cases ot very high lev-
els of injection. Throughout the diode, the total current due to majority and
minorily carriers 41 any crosg section is kept conslant.

We thus note that the electric field in the neutral regions cannot be
zero as we previously assumed; otherwise, there would be no drift cur-
rents. Thus our assumption that all of the applied voltage appeuars across
the transition region is not completely accurate. On the other hand, the ma-
jority carrier concentrations are usually large in the neutral regions, so
ihat only a small field is needed 1o drive the drift currents. Thus the as-
sumplion that junction voltage equals applied voltage is acceptahle for
most calculations.

EXAMPLE 5-3  Find an expression for the electron current in the n-type material of a forward-
biased p-n junction.

SOLUTION The 1o1al curvent is

D D,
I = QA(—EEPH + -E;np] (e?VAT — 1)

The hole current on the n side is

D IR
I(x,) = g Aifpnd-an_._(ﬂw,fkr =1
I
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Thus the electron current in the n material is

D - _
T(2g) = T — L(x,) = qa[L—”(i — ela)p, + p—”n,,]{fﬂ“fﬁf - 1)
5 AL

This expression includes the supplying of electrons for recombination
with the injected holes, and the injection of clectrons across the junction
into the p side.

5.3.3 Reverse Bias

In our discussion of carrier injection and minority carrier distributions, we
have primharily assumed forward bias. The distributions for reverse bias can
be obtained from the same equations (Fig. 5-18), if a negative value of V is
introduced, For example, if V = —V, (p negatively biased with respect to n),
we can approximate Eq. (5-29) as

Apy = p(etVIRT — 1y = —p. forV, 3> kTJg  (5-41)

and similarly An, == —n,.

Thus for a reverse bias of more than a few tenths of a volt, the minori-
ty carrier concentration at each edge of the transition region becomes es-
sentially zero as the excess concentration approaches the negative of the
equilibrium concentration. The excess minority carrier concentrations in the
neutral regions are still given by Eq. (5-31), so that depletion of carriers below
the equilibrium values extends approximately a diffusion length beyond each
side of the transition region. This reverse-bias depletion of minority carriers
can be thought of as minority carrier extraction, analogous to the injection of
forward bias. Physically, extraction occurs because minority carriers at the
edpes of the depletion region are swept down the barrier at the junction to
the other side and are not replaced by an opposing diffusion of carriers. For
example, when holes at x,, are swept across the junction to the p side by the
% field, a gradient in the hole distribution in the n material exists, and holes
in the n region diffuse toward the junction. The steady state hole distribution
in the n region has the invérted exponential shape of Fig. 5-18a. It is impor-
tant to remember that although the reverse saturation current occurs at the
junction by drift of carriers down the barrier, this current is fed from each
side hy diffusion toward the junction of minarity carriers in the neutral re-
gions. The rate of carrier drift across the junction (reverse saturation current)
depends on the rate at which holes arrive at xy, (and electrons at x ) by diffu-
sion from the neutral material. These minority carriers are supplied by thermal
generation, and we can show that the expression for the reverse saturation cur-
rent, Eq. (5-38), represents the rate at which carriers are generated thermally
within a diffusion length of each side of the transition region.
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Figure 5-18

Reverse-biased p-n junction: (a) minority carrier distributions near the reverse-biosed junction; (b} varia-
fion of the quosi-Fermi levels.
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In reverse bias, the quasi-Fermi levels split in the opposite sense than
in forward bias (Fig. 5-18b). The F, moves farther away from E, (close to £,)
and F, moves farther away from E,, reflecting the fact that in reverse bias
we have fewer carriers than in equilibrivm, unlike the forward bias case where
we have an excess of carriers. In reverse bias, in the depletion region, we have

pn = nfe FFRT = (5-42)

It is interesting to note that the guasi-Fermi levels in reverse bias can go in-
side the bands, For example, F, goes inside the conduction band on the n-side
of the depletion region. However, we must remember that F, is a measure of
the hole concentration, and should be correlated with the valence band edge,
E,,and not with £_. Hence, the band diagram simply reflects the fact that we
have very few holes in this region, even fewer than the already small equi-
librium minority carrier hole concentration (Fig. 5-18a). Similar observa-
tions can be made about the elacirons.

An abrupt Si p-n junction (A = 10~ cm?) has the following properties at  EXAMPLE 5-4
300 Kz

pside n side
Ny= 10" cm™ Ny = 101
r,; = (.1 ps 7, = 10 ps
Hp = 200 em*V-s  p, = 1300
Hy = 700 pp = 450

The junction is forward biased by 0.5 V. What is the forward current?
What is the current at-a reverse bias of —0.5V?

£ Dy e\t ey A SOLUTION
= qﬁ(ﬁ P+ L_RHP){EQH.ET —1) = ID(EQVH;F = ]]
Uy 10y2-
Pn Ty T 105 = 225 ¥ 10 cm
At (15 % 10" ,
=== S—— =225 X 10> em >
Mp 2, T cm

For minority carriers,
D, = o Wy = 0.0259 % 450 = 11.66 cm’/s on the n side
7 _
kT

= ?p,, = (0259 X 700 = 18.13 cm®s on the p side
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L,= VD, = V11,66 % 10 X 10 = 1,08 X 102 em

Ly= VDyry= V1813 x 0.1 X 10® = 1.35 X 10 cm

. DP ﬂn
Iy= qﬂ(}; Betios ﬁp)
1.6 x 100" x U‘mm(n_“.mos 225 % 10° + 0T 2.25 % 10

= 4370 x 107" A
I = L(e02% — 1) ~ 1,058 X 107 A in forward bias.
I = —Iy= —437 x 107" A in reverse bias.

54 We have found that a p-n junction biased in the reverse direction exhibits a
REVERSE-BIAS  small, essentially vollage-independent saturation current, This is true until a crit-
BREAKDOWN  ical reverse bias is reached, for which reverse breakdown occurs (Fig. 5-19).

At this critical voltage (V) the reverse current through the diode increases
sharply. and relatively large currents can flow with little [urther increase in
voltage. The existence of a critical breakdown voltage introduces almost a
right-angle appearance lo the reverse characteristic of most diodes.

Figure 5-19 £ R
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There is nothing inherently destruetive about reverse breakdown. If the
current 1s limited to a reasonable value by the external circuit, the p-n junction
can be operated in reverse breakdown as safely as in the forward-bias condi-
tion. For example, the maximum reverse current which can flow in the device
of Fig. 5-19is (E — Vi, )/R, the series resistance R can be chosen to limit the
current to a safe level for the particular diode used. If the current is not limit-
ed externally, the junction can be damaged by excessive reverse current, which
overheats the device as the maximum power rating is exceeded. Itis important
1o remember, however, that such destruction of the device is not necessarily due
to mechanisms unique to reverse breakdown: similar results oceur if the de-
vice passes excessive current in the forward direction.'? As we shall see in
Section 5.4.4, useful devices called breakdown diodes are designed to operate
in the reverse breakdown regime of their characteristics.

Reverse breakdown can occur by two mechanisms, each of which re-
quires a criical electric field in the junction transition region. The first mech-
anism, called the Zener effect, is operative at low voltages (up to a few volts
reverse bias). If the breakdown occurs at higher voltages (from a few volts
1o thousands of volts), the mechanism 1s avalanche breakdown. We shall dis-
cuss these two mechanisms in this section.

5.4.1 Zener Breakdown

When a heavily doped junction is reverse biased, the energy bands become
crossed at relatively low voltages (1.e., the n-side conduction band appears op-
posite the p-side valence band). As Fig. 5-20 indicates, the crossing of the bands
aligns the large number of empty states in the n-side conduction band opposite
the many filled states of the p-side valence band. If the barrier separating these
two bands is narrow, tunneling of electrans can ocour, as discussed 1n Section
24.4. Tunneling of electrons from the p-side valence band to the n-side con-
ducfion band constitutes a reverse current from n to p; this is the Zener effect

I

' S e~ Py I ¢ tunnelng Figure 5-20
Eyp 2 BT e v The ZEI'iI::!T effect:
P \ g Wl —— {a) heavily doped

Een \ junction at equilib-
| rium; (b} reverse
bias with electron
B unneling from p
ton; [c] -V
(a) (b i) characteristic.

YiThe cissipated power (IV] I ike junction is, of courss; grester [or o given curranl in The breokdown
regime fhih il would be bor [he lorward bios, smply becouse ¥ s greatern
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The basic requirements for tunneling current are a large number of
electrons separated from alarge number of empty states by a narrow bar-
rier of finite height. Since the tunneling probability depends upon the
width of the barrier (d in Fig. 5-20), it is important that the metallurgical
junction he sharp and the doping high, so that the transition region W ex-
tends only a very short distance from each side of the junction. If the june-
tion 18 not abrupt, or if either side of the junction is lightly doped, the
transition region W will be too wide for tunneling.

As the bands are crossed (at a few tenths of a voll for a heavily doped
junction), the tunneling distance d may be too large for appreciable tun-
neling. However, d hecomes smaller as the reverse bias is increased, be-
cause the higher electric fields result in steeper slopes for the band edges.
This assumes that the transition region width W does not increase appre-
ciably with reverse bias. For low voltages and heavy doping on each side of
the junction. this is a good assumption. However, if Zener breakdown docs
not occur with reverse bias of a few vollg, avalanche breakdown will be-
come dominant.

In the simple covalent bonding model (Fig. 3-1). the Zener effect can be
thought of as field ionization of the host atoms at the junction, That is. the re-
verse bias of a heavily doped junction causes a large electric field within W,
at a critical field strength, electrons participating in covalent bonds may be lormn
from the bonds by the field and accelerated to the n side of the junction. The
electric field required for this type of ionization is on the order of 10" Viem.

5.4.2 Avalanche Breakduwn

For lightly doped junctions electron tunneling is negligible, and instead, the
breakdown mechanism involves the impact ionization of host atoms by en-
ergetic carriers Normal lattice-scattering events can result in the creation of
EHPs if the carrier being scattered has suffictent energy. For example, if the
electric lield % in the transifion region is large, 4o cleclron enterme from the
p side muy be aceelerated 1o lugh enough kinetic energy to cause an ioniz-
ing callision with the lattice (Fig. 5-21a). A single such interaction results in
carrier multiplication: the original electron and the penerated electron are
both swept to the n side of the junction, and the generated hole is swepl to
the p side (Fig. 5-21h).The degree of multiplication can become very high if
carriers generated within the transition region also have iomzing collisions
with the lattice. For example, an incoming electron may have a collision with
the lattice and create an EHP; each of these carriers has a chance of ere-
ating a new EHP, and each of those can also create an EHP and so forth
(Fig. 5-21c). This is an avalanche process, since each incoming carrier can
imitigte the ereation of 4 large number of new carriers.

We tan make an approximate analysis of avalanche multiplication by
assuming that a carrier of either type has a probability P of having an ioniz-
ing collision with the lattice while being accelerated a distunce W through the
transition region, Thus for #,, electrons entering from the p side, there will be
Piy, iomzimg collisions and an EHP (secondary carriers) for each collision.
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Alter the Py, collisions by the primary electrons, we have the primary plus
the secondary electrons, 1, (1 + P). After a collision, each EHP moves effec-

tively a distance of W within the transition region. For example, if an EHP is

created at the center of the region, the electron drifts a distance W/2 ton
and the hole W/2 to p. Thus the probability that an ionizing collision will
oceur due to the motion of the secondary carriers is still P in this simplified
madel. For n, P secondary pairs there will be (r;, P) P ionizing collisions and
P terliary pairs. Summing up the total number of electrons out of the re-
gion at n after many collisions, we have

Ao =Nl + P+ P24 P24 «u4) (5-43)
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Figure 5-21
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incoming electron
in the deplefion
region of the junc-
tion; [c] primary,
secondary, and
tertiary collisions.
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assuming no recombination. In a more comprehensive theory we would
ineclude reconibination as well as different probabilities for ionizing colli-
sions by electrons and holes. In our simple theory, the slectron multiphi-
cationt M, is

T S Y I ST IS S S V1R
It 1 =P
as can be verified by direct division. As the probability of ionization P ap-
proaches unity, the carmier multiplication (and therefore the reverse current
through the junction) increases without limit. Actually, the limit on the cur-
rent will be dictated by the external circuit.

The relation between multiplication and P was easy towniden Eq.(5-44a);
however, the relation of P o parameters of the junction is much more com-
plicated. Physically. we expect the ionization probability to increase with in-
creasing eleciric field, and therclore (o d-::peml on the reverse bias.
Measuremenits of carrier multiphcation M in junctions near breakdown lead
to an empirical relation

1
L= (VW)
where the exponent n varies from about 3 to 6, depending on the type of ma-
terial used for the junction.

In general, the critical reverse voltage for breakdown increases with
the band gap of the material, since more energy is requirad for an ionizmg
collision. Also, the peak electric field within W increases with increased dop-
ing on the more lightly doped side of the junction, Therefore. Vy, decreases
as the doping increases, as Fig. 5-22 indicates.

M = (5-44b)

5.4.3 Rectifiers

The most obvious property of a p-n junction is its unilateral nature; that is;
to & good approximation it conducts current in only one direction, We can
think of anideal diode as a short circuit when forward biased and as an open
circuit when reverse biased (Fig. 5-23a). The p-n junction diode does not
quite fit this description, bul the I-V characteristics of many junctions can be
approximated by the ideal diode in series with other circuit elements to form
an equivalent circuit. For example, most forward-biased diodes exhibit an
offser voltage E, (see Fig. 5-33), which can be approximaled in a circuil mode)
by a battery in series with the ideal diode (Fig. 5-23b). The series battery in
the model keeps the ideal diode wirned off for applied voltages less than £,
From Section 5.6.1 we expect E, to be approximately the conlact poiential
of the junction. In same cases the approximation to the actual diode char-
acteristic is improved by adding a series resistor & to the circuit equivalent
{Fig. 5~-23¢). The equivalent circuit approximations illustrated in Fig. 5-23
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are called piecewise-linear equivalents, since the approximate characteristics
are linear over specific ranges of vollage and current,

An ideal diode can be placed in series with an a-¢ voltage source to
provide rectification of the signal. Since current can flow only in the forward
direction through the diode, only the positive half-cycles of the inpul sine
wave are passed. The outpul voltage is a half-rectified sine wave, Whereas
the input sinusoid has zero average value, the rectified signal has a positive
average value and therefore contains a d-c component. By appropriate fil-
tering, this d-c level can be extracted from the rectified signal.

Petitioner Runergy USA Inc., Ex. 1030, p. 201

200

Figure 5-22
Variation of
avalanche break-
down voltage in
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Sze and G. Gib-
bans, Applied
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vol. 8, p. 111
(1966).]

Figure 5-23
Piecewise-linaar
approximations of
junction diode
characteristics:

o) the ideal
diode; (b) ideal
diode with an off-
set volloge; (¢]
ideal diade with
an offset valtoge
and a resislonce
to account for slope
in the forward
characterisfic.



Chopter 5

The unilateral nature of diodes is useful for many other circuit appli-
cations that require waveshaping. This involves alteration ol a-c signals by
passing only certain portions of the signal while blocking other portions,

Jnnetion diodes designed for vse as rectifiers should have I-V charac-
teristics as close as possible to that of the ideal diode. The reverse carrent
should be negligible, and the forward current should exhibit little vollage
dependence (neghgible forward resistance R). The reverse breakdown volt-
age should be large, and the offsel voltage £, in the forward direction should
be small. Unfortunately. not all of these requirements can be met by a single
device; compromises must be made in the design of the junction to provide
the hest diode for the intended application.

From the theory denved in Seetion 5.3 we can easily st the various
requirements for good rectifier junctions. Band gap is obviously an important
consideration in choosing a material for rectifier diodes, Since n, is small for
large band gap matcrials. the reverse saturation current (which depends on
thermally generated carriers) decreases with increasing £ A reclifier made
with 2 wide band gap material can be operated at higher temperatures, be-
eguse thermal excitation of EHPs is reduced by the increased band gap. Such
temperature effects are critically important in rectifiers, which must carry
large currents in the forward direclion and are thereby subjected to appre-
ciable heating. On the other hand, the contact potential and offset voltage E)
generally increase with £, This drawback is usually outweighed by the ad-
vantages of low »;; for example, Si is penerally preferred over Ge for power
rectifiers because of its wider band gap, lower leakage eurrent, and higher
breakdown voltage, as well as its more convenient fabrication properties.

The doping concentraiion on each side of the junction influences (he
avalanche breakdown voltage, the contact potential, and the series resistance
of the diode. If the junction has one highly doped side and one lightly doped
side (such as a p*-n junction), the lizhtly doped region determines many of
the properties of the junction. From Fig. 5-22 we see (hat a high-resistivity
region should be used for at least one side of the junction to increase the
breakdown voltage V.. However, this approach tends to increase the for-
ward resistance R of Fig. 5-23¢, and therefore contributes to the problems of
thermal effects due to 7R heating. To reduce the resistance of the lightly
doped region, il is necessary 10 'make its area large and reduce its length.
Therefore, the physical geometry of the diode is another important design
variable, Limitations on the praclical area for a diode include problems of ob-
taining uniform starting material and junction processing over large areas. Lo-
calized flaws in junction uniformity can cause premature reverse breakdown
in a small region of the device, Similarly, the lightly doped region of the junc-
tion cannot be made arbitranly short. One of the primary problems with a
short, lightly doped region is an effect called punch-thraugh. Since the tran-
sition region width W increases with reverse bias and extends primarily into
the lightly doped region, it 1s possible for W to increase until it fills the entire
length of this region (Prob. 5.25). The result of punch-through is a breakdown
below the value of Vy, expected from Fig. 5-22.
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In devices designed for use at high reverse bjas, care must be taken 1o
avoid premature breakdown across the edge of the sample. This effectcan be
reduced by beveling the edge or by diffusing a guard ring to isolate the junc-
tion from the edge of the sample (Fig. 5-24). The electric field is lower at the
beveled edge of the sample in Fig. 5-24b than it is in the main body of the de-
vice, Similarly, the junction at the lightly doped p guard ring of Fig. 5-24c¢
breaks down at higher voltage than the p'-n junction. Since the deplétion
region is wider in the p ring than in the p* region, the average electric field
is smaller at the ring for a given diode reverse voltage.

In fabricating a p™~n or a p-n” junction, it i$ common to terminate the
lightly doped region with a heavily doped layer of the same type (Fig. 5-25a),
to ease the problem of making ohmic contact to the device. The resultis a
p-n-nt structure with the p*-n layer serving as the active junction, or a p*-p-n”
device with an active p-n* junction. The lightly doped center region deter-
mines the avalanche breakdown voltage. 1T this region is short compared
with the minority carrier diffusion length, the excess carrier injection for
large forward currents can increase the conductivity of the region significantly.
This type of conducitvity modulanon, which reduces the forward resistance R,

4]

(o) (b} (€}

P |

(a) (b (c)

Petitioner Runergy USA Inc., Ex. 1030, p. 203

203

Figure 5-24
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can be very useful for high-eurrent devices. On the other hand, a short, light-
ly doped center region can also lead Lo punch-through under reverse bias, as
in Fig 5-25¢c.

The mounting of a rectifier junction is critical to its ability to handle
power. For diodes used in low-power circuits, glass or plastic encapsulation
or a simple header mounting is adequate. However, hiph-current devices that
must dissipate large amounts of heal require special mountings to transfer
thermal energy away from the junction. A typical Si power rectifier is mount-
ed on a molybdenum or tungsten disk to match the thermal expansion prop-
erties of the Si. This disk is fastened to a large stud of copper or other
thermally conductive material that can be bolted to a heat sink with appro-
priate cooling.

5.4.4 The Breakdown Diode

As we discussed earlier in this section, the reverse-bias breakdown voltage
of a junction can be varied by choice of junction doping concentrations. The
breakdown mechanism is the Zener effect (tunneling) for abrupt junctions
with extremely henvy doping: however, the more common breakdown is
avalanche (impact ionization), typical of more lightly doped or graded junc-
tions, By varying the doping we can fabricate diodes with specific breakdown
voltages ranging from less than one volt to several hundred volts. I the junc-
tion is well designed, the breakdown will be sharp and the current after break-
down will be essentially independent of voltage (Fig. 5-26&). When a diode
is designed for a specific hreakdown voltage, it is called a breakdown diode.
Such diodes are also called Zener diodes, despite the fact that the actual
breakdown mechanism g usuzlly the avalanche effect. This error in termi-
nology is due 1o an early mistake in identifying the first observations of break-
down in p-njunctions.

Figure 5-26 v ¥
A breakdown i
diodﬂ: [Q] ;—V |7y ;:".__‘ ;'T_- 15y F
characteristic; =% T -
{b) application os i L f
a yollage I
regulator, | ——1——a
r + +
=i Vs n o
v =
[ NE—
(a) (k)
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Breakdown diodes can be used as voltage regrlators in circuits with
varying inputs. The 15-V breakdown diode of Fig. 5-26 holds the eirewit out-
put voltape v, constant at 15V, while the input varies at voltages greater than
15 V. For example, if v, is a rectified and filtered signal composed of a 17-V
d-c component and a 1-V ripple variation above and bélow 17 V, the output
vy will remain constant at 15 V. More complicated voltage regulator circuits
can be designed using breakdown diodes depending on the type of signal
being regulated and the nature of the output load. In a similar application,
sueh a devige can be used as a reference diode, since the breakdown voltage
of a particular diode 15 known, the voltage across it during breakdown can be
used as a reference in circuits that require a known value of voltage.

We have considered the properties of p-n junctions under equilibrium con- 5.5
ditions and with steady state current flow, Most of the basic concepts of junc-  TRANSIENT AND
tion devices can be obtained from these properties, except for the important  A-C CONDITIONS
behavior of junctions under transient or a-c conditions. Since most solid state
devices are used for switching or for processing a-c signals, we cannot claim
1o understand p-n junctions without knowing at least the basics of 1ime-
dependent processes, Unfortunately, a complete analysis of these ¢ffects involves
more mathematical manipulation than is appropriate for an introductory dis-
cussion, Basically, the problem involves solving the various current flow equations
in two simultaneous variables, space and time. We can, however, obtain the basic
results for several special cases which represent typical time-dependent appli-
cations of junction devices.
In this section we mvestigate the important influence of excess carriers
in transient and a-c prohlems. The switching of a diode from its forward state
Lo its reverse state is analyzed to illustrate a typical transient problem. Fi-
nally, these coneepts are applied to the case of small a-c signals to determine
the equivalent capacitance of a p-n junction.

5.5.1 Time Variation of Stored Charge

Another look at the excess carrier distributions of a p-n junction under bias
(e.g., Fig. 5-15) tells us that any change in current must lead to a change of
charge stored in the carrier distributions. Since time 1s required in building
up or depleting a charpe distribution, hawever, the stored charge must in-
evitably lag behind the current in a time-dependent problem, This is inher-
ently a capacitive effect, as we shall see in Section 5.5.4.

For a proper solution of a transient problem, we must use the time-
dependent continuity squations, Egs. (4-31). We can obtain each component
of the current at position x and Ume ¢ from these equations; for example,
from Eq. (4-31a) we can wrile

aly(x.t)  Bplx.t)  aplx,1)

T q q

5-45
tx Ty il ( )
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To obtain the instantaneous current density, we can integrate both sides
al time f 1o obtain

L |

'x[—wﬁp('t'r) ¥ a—PiﬂJdr (5-46)
Te it i j

10 = 5 = q

{h

For injection into a long n region from a p* region, we can take the cur-
rent at x, = 0 to be all hole current, and J, at x, = e to be zero. Then the total
injected current, including time variations, is

s [N

A g
i) = iy(x, = 0,1 =22 / Sl 1A, + q.t‘l% / Bl i
:1 .n

Tp

i(t) = RBelt) . Heal)

Ty di

(5-47)

This result indicates that the hole current injected across the p'-n junc-
tion (and therefore approximately the total diode current) is determmned by
two charge storage effects: (1) the usual recombination term /7, in which
the excess carrier distribution 1s replaced every 7, seconds, and (2) a charge
buildup (or depletion) term d0Q,/dt, which allows for the [act that the distri-
bution of excess carriers can be increasing or decreasing in a time-dependent
problem, For steady state the dQ),/dr term is zero, and Eq, (5-47) reduces to
Eq. (5-40), as expected. In fact, we could have written Eq. (5-47) intuitively
rather than having obtained it from the continuity equation, since it is rea-
sonable that the hole current injected at any given time must supply minor-
ity carriers for recombination and for whatever variations otcur in the total
stored charge.

‘We can solve for the stored charge as a function of time for a given cur-
rent transient. For example, the step turn-off transient (Fig: 5-27a), in which a cur-
rent ! is suddenly removed at £ = (. leaves the diode with stored charge. Since the

L
Figure 5-27
Effects af o step
turnoff transienl in Q,(n Bp
o p*n diode:
la} current through i I Aty
the dI'O‘?B;
(b) decay of stered /
charge in the
r-region;
[¢) excess hole dis
fribufion in the nve-

Ingreasing
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of time during! the () (b) )
ransient.
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excess holes in the nregion must die out by recombination with the matching ex-

cess electron population, some time is required for (,(r) to reach zero. Solving
Eq. (5-47) with Laplace transforms, with i(r > 0) =0 and (,(0)) = /1, we obtain

1
0= —Qy(s) + Q,(5) ~ Ir,
#

_ I7,
Q) =rum,
Op(t) = Ir e (5-48)

Asg expected, the stored charge dies out exponentially from its initial value
I7, with a time constant equal to the hole lifetime in the n material,

An important implication of Fig. 5-27 is that even though the current is sud-
denly terminaled, the voltage across the junction persists until O, disappears.
Since the excess hole concentration can berelated to junchon voltage by formulas
derived in Section 5.3.2, we can presumably solve for v(r). We already know that
at any time during the transient, the excess hole concentration at x, =0is

Ap(£) = py(e™IBT — 1) (5-49)

so that finding Ap,(r) will easily give us the transient voltage. Unfortunately,
it is not simple to obtam Ap,(r) exactly from our expression for Q,(1). The
problem is that the hole distribution does not remain in the convenient expo-
nentigl form it has in sieady state. As Fig. 5-27¢ suggests, the quantity 8plx,,. )
becomes markedly nonexponential as the transient proceeds. For example,
sinee the injected hole current is proportional to the gradient of the hole dis-
tribution at x, = 0 (Fig. 5-16a). zero current implies zero gradient. Thus the
slope of the distribution must be exactly zero at x,, = 0 throughout the tran-
sient."® This zero slope at the point of injection distorts the exponential dis-
tribution, particularly in the region near the junction. As time progresses in
Fig. 5-27¢, Bp (and therefore 8n) decreases as the excess electrons and holes
recombine. To find the exact expression for 8p(x,,. ) during the transient would
require a rather difficult solution of the time-dependent continuity equation.

An approximate solution for v{r) can be obtained by assuming an ex-
ponential distribution for 8p at every instant during the decay. This type of
quasi-steady state approximation neglects distortion due to the slope re-
quirement al x, = 0 and the effects of diffusion during the transient. Thus we
would expect (he calculation to give rather crude results. On the other hand,
such a solution can give us a feeling for the variation of junction voltage dur-
ing the transient. If we take

Bp( X t) = Ap,(r)e ks (5-50)

Me nofics that, whils e magriude of p connat ehange imtantonecusly, the slops must go ts zets immadi-
ately: This con ceeur in o small region nedr the junction with negligible rediskibution of chorgs.al 1= 0,
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we have for the stored charge at any instant
e
Qu(t) = q.Al Ap,(t)e *brdx, = gALAp, (1) (5-51)

Relating Ap, (1) to v(¢) by Eq. (5-49) we have
@plt)
gAL,

Thus in the quasi-steady state approximation, the junction voltage
varies according to

Aput) = pafe™WHT — 1) = (5-52)

- kT —EITP ity 4 ) 5-53
vir) 5 In (‘IAL;-P» 1 (5-53)
during the turn-off transient of Fig, 5-27. This analysis, while not accurate in
its details, does indicate clearly that the voltage across a p-n junction cannot
be changed instantaneously, and that stored charge can present a problem in
a diode intended for switching applications.

Many of the problems of stored charge can be reduced by designing a
p'n diode (for example) with a very narrow n region. If the n region is short-
er than a hole diffusion length, very little charge is stored. Thus, little time is
required to switch the diode on and off, This type of structure, called the nar-
row base diode. is considered in Prob. 5.35. The switching process can be
made still faster by purposely adding recombination centers, such as Au atoms
in S8i, 1o increase the recombination rate.

5.5.2 Reverse Recovery Transient

In most switching applications a diode is switched from forward conduetion
to a reverse-biased state, and vice versa. The resulting stored charge tran-
sient 1s somewhat more complicated than for a simple turn-off transient, and
therefore it requires slightly more analysis. An important result of this ex-
ample is that a reverse currenl much larger than the normal reverse satura-
tion current ean flow in a junction during the time required for readjustment
of the stored charge.

Let us assume a p'-n junction is driven by a square wave generator that
periodically switches from < E to — E volis (Fig, 5-28a). While £ is positive
the diode is forward biased, and in sleady stale the current I, flows through
the junction. If E is much larger than the small forward voltage of the junc-
tion, the source voltage appears almost entirely across the resistor, and the
current is approximately [ = I, = FIR. After the generator voltage is reversed
(r > 0), the current must initially reverse to i = 7, = —£/R. The reason for this
anusually large reverse current through the diode is that the stored charge
(and hence the junction voltage) cannot be changed instantancously. There-
fore, just as the current is reversed, the junction voltage remains at the small
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forward-tnas value it had before ¢ = (LA voltage loop equation then tells us
that the large reverse current — E/R must [low temporarily. While the current
is negative through the junctior, the slope of the 8p(x,) distribution must be
positive at x, =0,

As the stored charge is depleted from the neighborhood of the junc-
tion (Fig. 5-28b), we can find the junction voltage again from Eq. (5-49).
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As long as Ap,, 18 positive, the junction voltage v(t) is positive and small;
thus i = — E/R until Ap,, goes (o zero. When the stored charge is depleted and
Ap, becomes negative, the junction exhibits a negative voltage. Since the re-
verse-hias voltage of a junction can be large, the source voltage begins to di-
vide between R and the junction. As time proceeds, the magnitude of the
reverse current becomes smaller as more of — E appears across the reverse-
based junction, until finally the only current is the small reverse saturation
current which is characteristic of the diode, The time f,4 required for the
stored charge (and therefore the junction voltage) to become zero is called
the storage defay fipre. This delay time is an importanl figure of meritin eval-
uating diodes for switching applications. Tt is usually desirable that f,; be
small compared with the switching times required (Fig, 5-29). The critical pa-
rameter determining £, is the carrier lifetime (7, for the example of the p*-n
junction). Since the recombination rate determines the speed with which ex-
cess holes can disappear from the n region, we would expect 4 10 be pro-
portional to r,. In fact, an exact analysis of the problem of Fig, 5-28 leads 1o

the result
b = my et —2 [ 5-54)
sd = Tp ."f + I 8 i

where the error function (erl) is a tabulated function. Although the exact so-
lution leading to Eqg. (5-54) is too lengthy for us to consider here, an ap-
proximate result can be obtained from the quasi-steady stale assumption.

Figure 5-29 ¥
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Assume a p*-n diode is biased in the forward direction, with a current /, ~ EXAMPLE 5-5
At time 1 = 0 the current is switched to —I,. Use the appropriate bound-

ary conditions to solve Eq. (5-47) for Qp(r) Apply the quasi-steady state

approximation to find the storage delay time ..

From Eq. (5-47), SOLUTION

Qplt)  dQ,(t)
:F = l.'-';:‘ Jort <0,0,= Iy

i(t) =

Using Laplace transforms,

L Ous)

+ EQF(S:I =Lt

Irry _4 I,
s+ 1z, s(s + 17y
Qp(t) = Iprpe™™ + ap(eT'n = 1) = ap[ =1, + (Ip.+ L)e™%]

Qp(:" =

Assuming that Q,(1) = gAL,8p, (1) a5 in Eq. (5-52),
S i K
ﬂ.‘p"[f} .M{ I, + {:If + I )e ’]

This is set to squal zero when ¢ = 1,3, and we oblain:
1 % i )
Ly Tp_]-ﬂ[!f " Ir] =Tp ]ﬂ(] + I,

Animportant result of Eq. (5-54) is that 7, can be calculated in a straight-
forward way from a measurement of storage delay time, In fact, measurement
of t,y from an experimental arrangement such as Fig. 5-28a is a common
method of measuring lifetimes, In some cases this is a more convenient tech-
nigue than the photoconductive decay measurement discussed in Section 4.3.2.

As in the case of the turn-off transient of the previous section, the stor-
age delay time can be reduced by introducing recombination centers into
the diode material, thus reducing the carrier lifetimes, or by utilizing the nar-
row base diode configuration.

5.5.3 Switching Diodes

In discussing rectifiers we emphasized the importance of minimizing the
reverse-bias current and the power lasses under forward bias. In many ap-
plications, time response can be important as well. If a junction diode is to be
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used 1o switch rapidly from the conducting to the nonconducting state and
back again, special consideration must be given to its charge control prop-
erties. We have discussed the equations governing the turn-on time and the
reverse recovery time of a junction. From Eqgs. (5-47) and (5-54) it is clear
that a diode with fast switching properties must either store very little charge
in the neutral regions for steady forward currents, or have a very short car-
rier lifetime, or both,

As mentioned above, we can improve the switching speed of & diode by
adding efficient recombination centers to the bulk material. For Si diodes, Au
doping is useful for this purpose. To a eood approximation the carrier lifetime
varies with the reciprocal of the recombination center concentration, Thus,
for example, a p™-n Si diode may have 7, = 1 ps and a reverse recovery time
af 0.1 ps before Au doping, If the addition of 10™ Au atoms/cm” reduces the
lifetime to (1.1 ps and 4410 0.01 ps, 10" ¢m~* Au atoms could reduce 7, 10 0.01
s and £,y 1o 1 ns (107 5). This process cannot be continued indcﬁnitciy, how-
evier. The reéverse current due to generation of carriers from the Au centers
in the depletion region becomes appreciable with large Au concentration
(Section 5.6.2). In addition, as the Au concentration approaches the lightest
doping of the junction, the equilibrium carrier concentration of that region
can be affected.

A second approach to improving the diode switching time s to make
the lightly doped neutral region shorter than a minority carrier diffusion
length. This is the narrow base diode (Prob. 5.35), In this case the stored charge
for torward conduction is very small, since most of the injected carriers dif-
[use through the lightly doped region 1o the end contact. When such a diode
is switched to reverse conduction, very little time is required to eliminate the
stored charge in the narrow neutral region. The mathematics involved n
Praob. 5.35 is particularly interesting, hecause it closely resembles the caleula-
tions we shall make in analyzing the bipolar junction transistor in Chapier 7.

5.5.4 Capacitance of p-n Junctions

There are basically two types of capacitance associated with a junction:
(1) the juncrion capacitance due to Lhe dipole in the transition region and
(2) the churge storage capacitance arising from the lagging behind of voltage
as current changes, due to charge storage effects.'? Both of these capaci-
tances are important, and they must be considered in designing p-n junction
devices fur uge with time-varying signals, The junction capacitance (1) is
dominant under reverse-bias conditions, and the charge storage capacitance
(2} 1s dominant when the junclion is forward biased. In many applications of
p-n junctions. the capacitanee is a limiting factor in the usefulness of the de-
vice; on the other band, there are important applications in which the ca-
pacitanee discussed here can be useful in areuit applications and in providing
important information ahaut the structure of the p-n junction.

“ihe copecilonca (1] obove is alsa refared lo as the ransifisn region copacitence or deplelion loyer co.
pacilance; (2] ks afen colled the diffusion copocitancs,
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The junction capacitance of a diode 1s easy 1o visualize from the charge
distribution in the transition region (Fig. 5-12). The uncompensated accep-
tor ions on the p side provide a negative charge, and an equal positive charge
results from the ionized donors on the n side of the transition region. The
capatilance of the resulting dipole is slightly more difficulr to calculate than
is the usual parallel plate capacitance, but we can obtain it in a few steps,

Instead of the common expression C = |(/V/|, which applies to capaci-
tors in which charge is a linear function of voltage, we must use the more
general definition

dQ

av {5-55)

¢=|

since the charge O on each side of the transition region varies nonlinearly
with the applied voltage (Fig, 5-30a). We can demonstrate this nonlinear
dependence by reviewing the equations for the width of the transition re-
gion (W) and the resulting charge. The equilibrium value of Wwas found in
Eq. (5-21) to be

W = EEP}"(‘MH + Ny

112
S {equilibriin) 5-56)
) 'h"r:-wil ) ] % [

Since we are dealing with the noneguilibrium case with voltage V applied,
we must use the altered value of the electrostatic potential barrier (Vg — V), as
discussed in relation o Fig, 5-13. The proper expression for the width of the
transilion region is then

172

e(Vh — V )
W = [zﬂﬂi)(ﬁ”—:%) (with bias) (5-57)

4 N(No'l

In this expression the apphed voltage V can be either positive or negative 10
account for lorward or reverse bias. As expected, the width of the transilion
region is increased for reverse bias and is decreased under forward bias. Since
the uncompensated charge O on each side of the junction varies with the
transition region width, variations in the applied voltage result in corre-
sponding variations in the charge, as required for a capacitor. The value of Q)
can be written in terms of the doping concentration and transition region
width on each side of the junction (Fig. 5-12):

|Q] = qA‘TiIu‘Mf = (,-'.'q.l’_.uth ti_ﬁﬂ}

Relating the total width of the transition region W to the individual
widths x,, and x, from Egs. (5-23) we have

N, N,
Xun) = Nﬂr + NdWl 'tpL'I — Nﬂ e Ndw (5-54)
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Deplation capacitance of o junction: (g} p*n junction showing variation of depletion edge on n side with
reverse bias. Electrically, the structure looks like o porallel plate copocitor whose dieleciric is the deple-
tion ragion, and the plotes ore the spoce charge neutral regions; (b) voriotion of depletion copocitonce
with reverse bias [Eq. [5-63)]. We neglect x., In the heavily-doped p™ material.

and therefore the charge on each side of the dipole is

NN, NN T2 -
0] = fl-‘lﬁw = A{qu(vﬁ - V)ﬁ (5-60)
" = [

Thus the charge is indeed a nonlinear function of applied valtage.
From this expression and the definition of capacitance m Eq. (5-55), we
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can calculate the junction capacitance C. Since the voltage that varies the
charge in the transilion region is the barrier height (V; — V), we must take
the derivative with respect to this porential difference:

[5-61)

— !iQ A foi J\‘rdNa W2
CF = == (

diVo = V)|  2|(W,— V) N,+ N,

The quantity C; is a volrage-variable capacitunce, since C, is propor-
tional to (V,; — V)", There are several important applications for variable
capacitors, including use in tuned circuits, The p-1i junction device which
makes use of the voltage-variable properties of C is called a varactor. We
shall discuss this device further in Section 5.5.5.

Although the dipole charge is distributed in the transition region of
the junction, the form of the parallel plate capacitor formula is obtained from
the expressions for € and W (Fig. 5-30a):

c - 4' g NN, R _e4
2e(Va— VI N, +N,] W

(3-62)

In analogy with the parallel plate capacitor, the transition region width W
carresponds with the plate separation of the conventional capacitor.

[n the case of an asymmetrically doped junction, the transition region
extends primarily into the less heavily doped side, and the capacitance is de-
termined by only one of the doping concentrations (Fig. 5-30a). For a p™-n
junction, N, = N, and x, = W, while x, is negligible. The capacitance is then

(Fig. 5-30Db)
Al 2qe LE .
pos — N (=
G ?['v‘u—'r’ d} for p™-n

Tt is therefore possible to obtain the dopme concentration of the lightly doped
n region from a measurement of capacitance. For example, in a reéverse-
biased junction the applied voltage V' = -V, can be made much larger than
the contact potential Vi, so that the latter becomes negligible. 1f the area of
the junction can be measured. a reliable value of N, results from a mea-
surement of C;. However, these equations were obtained by assuming a sharp
step junction. Certain modifications must be made in the case of a graded
junction (Section 5.6.4 and Prob. 5.37),

The junction capacitance dominates the reactance of a p-n junction
under reverse bias; for forward bias, however, the charge storage, or diffusion

(5-63)

Plaux, 5., and K. Hass, "Revisiting the Analyiic Théory of N Junchion Impedanta. Impravaments
Guided by Camputer Simulafion Leading 1o o Mew Equivalen) Cicwl " (EEE Trons, Hac. Dev. 44(2)
[1999], 3%6-
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Figure 5-31
Diffusion copacitance s a function of forward bios in long and short diodes.

capacitance, €, becomes dominant. It has heen recently shown' that the var-
ious time-dependent current components, as well as the boundary condi-
tions, affect the diffusion capacitance in forward bias, We need to specily at
which terminals the stored charges are extracted or “reclaimed”™ and where
the relevant veltage drops occur. For long diodes whose dimensions are larg-
er than the diffusion lengths; there is no diffusion capacitance. For a short
diode, the reclaimable charge is two-thirds of the total stored charge. The
diffusion capacitance due to stored holes on the n side of length ¢ is;

de 1 qi 7
Bl s——8ai = = gt QV‘J’kT ﬁ
s Qv 3 kT Acp,e (5-64)

There is a similar contribution from the stored electrons on the p side
(Fig. 5-31). In practice, most Si p-n junctions behave like short diodes, while
laser diodes made in direct band gap (short lifetime) semiconductors often
correspond to the long-diode case,

Similarly, we can determine the a-¢ conductance by allowing small
changes in the current. For example. for a long diode, we get

_dl_9ALp. &

G=av ™ T dV

gVikTy — _q_ e
(e ) kTI {5-65)
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For the diode of Example 54, what is the total depletion capacitance  EXAMPLE 5-6
at-4v?

Py q NN, 17 . SOLUTION
&= VEA[E(VG —V) Ny + N.]

~19. 7 1nls 17 12
= V(885 % 107" x 11.8)(107Y [-1-6 X 1077 /10" x 10 )]

2(0.695 + )\ 10" + 1017
= 4,198 X 10 *F

5.5.5 The Varactor Diode

The term varactor is a shortened form of variable reacior, referting to the
voltage-variable capacitance of a reverse-biased p-n junction. The equations
derived 1n Section 5.5.4 indicate that junction capacitance depends on the ap-
plied voltage and the design of the junction. In some cases a junction with
fixed reverse bias may be used as a capacitance of a set value. More com-
montly the varactor diode is designed to exploit the voltage-variable prop-
erties of the junction capacitance. For example, a varactor (or a set of
varactors) may be used in the tuning stage of a radio receiver to replace the
bulky variable plate capacitor, The size of the resulting circuit can be great-
Iy reduced, and its dependability is improved. Other applications of varac-
tors include use in harmonice generation, microwave frequency multiplication,
and active filters.

[f the p-n junction is abrupt, the capacitance varies as the square rool
of the reverse bias V, [Eq. (5-61)]. In a graded junction, however, the ca-
pacitance can usually be written in the form

Cx ¥" forV, =\ (5-66)

For example, in a linearly graded junction the exponent n is one-third
(Prob. 5.37). Thus the voltage sensitivity of C| is greater for an abrupt junc-
tion than for a linearly graded junction. For this reason, varactor diodes are
often made by epitaxial growth techniques, or by ion implantation. The epi-
taxial layer and the substrate doping profile can be designed to obtain junc-
tions for which the exponent n in Eq. (5-66) is greater than one-half. Such
junctions are called hyperabrupt junctions,

In the set of doping profiles shown in Fig. 53-32, the junction is assumed
p'-n so that the depletion layer width W extends primarily into the n side.
Three types of doping profiles on the n side are illustrated, with the donor
distribution N,(x) given by Gx™, where G is a constant and the exponent m
s 1,00 —‘;. We can show (Prob. 5.37) that the exponent n in Eq. (5-66) is
1/{(m + 2) for the p™-n junction. Thus for the profiles of Fig. 5-32, n is;_l for
the abrupt junction and % for the linearly graded junction, The hyperabrupt
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Figure 5-32 Nix) Doping profiles
Graded junction p'side: N =N,
profiles: linearly A | nside: N = Gx™
graded, abrupt,

hyperabrupt.

Linearly graded. m = 1
Abrupt, m = 0

/k Hyperabrupt,m = —312
[} I

junction'® with m = —3 is particularly interesting for certain varactor appli-

cations, since for this case n = 2 and the capacitance is proportional to V.
When such a capacitor is used with an inductor L in & resonant circuit, the
resonant [requency varies linearly with the voltage applied to the varactor.

1
W, = m —
"N Vv
Because of the wide variety of €, vs. V, dependencies available by
choosing doping profiles, varactor diodes can be designed for specific appli-
cations. For some high-frequency applications, varactors can be designed to
exploit the forward-bias charge storage capacitance in short diodes,

xV, form=2 [5-67)

5.6 The approach we have taken in studving p-n junctions has focused on the
DEVIATIONS  basic principles of operation, neglecting secondary effects. This allows for a
FROM THE SIMPLE  relatively uncluttered view of carrier injection and other junction proper-
THEORY  ties and illuminates the essential features of diode operation. To compléte the
description, however, we must now fill in a few details which can affect the

operalion of junction devices under special circumstances.

Most of the deviations from the simple theory can be treated by fairly
stralghtforward modifications of the basic equations. In this section we shall
investigale the most imiportant deviations and alter the theory wherever pos-
sible, I a few cases, we shall simply indicate the approach to be taken and
the result. The most important alierations (o the simple diode theory are Lhe
effects of contact potential and changes in majority carrier concentration un
earrier injection, recombination and generation within the transition region,
ohmic eftects, and the effects of graded junctions.

lf is clacy thul Nylx] cannet beceme arbitruily large al £ =0. However, the m = — prifils can be'ap
proximoted o short distahce awty ram the junchion
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5.6.1 Effects of Contact Potential on Carrier Injection

If the forward-bias /~V characteristics of various semiconductor diodes are
compared, it becomes clear that the band gap has an important influence on
carrier injection. For example, Fig. 5-33 compares the low-temperature char-
actaristics of heavily doped diodes having various band gaps. One obvious
feature of this figure is that the /-V characteristics appear “square’: that is,
the current is very small until a critical forward bias is reached, and then the
current increases rapidly. This 1s typical of exponentials plotted on such a
scale. However, it 1s significant that the limiting voltage is slightly less than
the value of the band gap in electron volts.

The reason for the small carrent at low voltages for these devices can be
understood from asimple rearrangement of the diode equation. If we rewrite
Eq. (5-36) for a forward-biased p'-n diode (with V = kT/g) and include the ex-
ponential form for the minority carrier concentration p,,, we obtain

T q’jﬂﬁ' 1, AT E’f‘&%glqb—cﬁm—ffﬂ:uw (5-68)
‘P r

Hole injection into the n material is small if the forward bias V' is much
less than (Eg, — E,,)/g. For a p*-n diede, this quantily is essentially the con-
tact potential, since the Fermi level is near the valence band on the p side. If
the n region is also heavily doped, the contact potential is almost equal to the
band gap (Fig. 5-34). This accounts for the dramatic increase in diode current
near the band gap voltage in Fig. 5-33. Contributing to the small current at
lower voltages is the fact that the minority carrier concentration p, = n/N,
is very small at low temperature (n; small) and with heavy doping (N, large).

Figure 5-33

=V charactaristics
of heovily doped
pr junchion
diodes at 77 K,
illustrating the ef
fects of contact
patential an the
forward current:
o} Ge, £, =07 &V,
b S, E, = 118V
(8 G, =

1.4 oV, [d) GaAs?
E,=19eV.

[ {mA)
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Figure 5-34
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The limiting forward bias dcross a p-n junction is equal to the contact
potential, as in Fig. 5-34b, This effect is not predicted by the simple diode
eguation, for which the ourrent increases exponentially with applied volt-
ape. The reason this important result is excluded in the simple theory is that
in Eq. (5-28) we neglect changes in the majority carrier concentrations on ei-
ther side of the junction. This assumption 1s vahid only for low imjection lev-
els: for large injected carricr concentrations, the excess majority carriers
become important compared with the majority doping. For example, at low
mjection &n, = Ap, is important compared with the equilibrium minerity
electron concentration #1,. but is negligible compared with the majority hole
concentration p; this was the basis for neglecting &p,, in Eq. (5-28), For high
injection levels. however, Ap, can be comparable to p; and we must write
Ey. (5-27) in the form

Pl—%m) _ B + Ap, _ VeV — M + An,
F{_‘TI’IH)- Pu T Ap, L ‘J-"”p
From Eq. (5-38), we get at gither edge of the depletion region,

{3-1v)

Bt .
pr = p(—x)n(=xm) = plamp)n{x,0) = nle BT = gledVT (3 9

For example at —x,, we then get

(po+ Ap,)(n, + An,) = niet’/MT (5-71)

Keeping inmind that Ap, = An,, 1, <€ A, and in high level injection p, < Ap,..
we approximately pet

An, = pipdV AT [5-72)
The rest of the derivation is very similar to that in Section 5.3.2, Hence, the
diode current in high-level injection scales as

7 ooty (5-73)
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5.6.2 Recombination and Generation in the Transifion Region

[n analyzing the p-n junclion, we have assumed thal recombination and ther-
mal generation of carriers occur primarily in the neutral p and nregions, out-
side the transition repion. In this model, forward current in the diode is
carried by recombination of excess minority carriers injected into each neu-
tral region by the junction. Similarly, the reverse saturation current is due to
the thermal generation of EHPs in the neutral regions and the subsequent
diffusion of the generated minority carriers to the transition region, where
they are swept to the other side by the field. In many devices this model 1s
adequate: however, a more complete description of junction operation should
include recombination and generalion within the transition region itsell

When a junction is forward biased, the transition region contains excess
carriers of both types, which are in transit from one side of the junction to the
other. Unless the width of the transition region W is very small compared
with the carrier diffusion lengths L, and L, significant recombination can
take place within W. An accurate caleulation of this recombination current
is complicated by the fact that the recombination rate, which depends on the
carrier concentrations [Eq. (4-5)], varies with position within the transition
region. Analysis of the recombination kinetics shows that the current due to
recombination within W is proportional to n, and increases with forward bias
aceording to approximately exp(q ViZKT). On the other hand, current{ due 1o
recombination in the neutral regions is proportional to p, and n, [Eq. (5-36)]
and therefore to n?/Ny and n?/N,. and increases according to exp(gV/k T).
The diode equation can be modified to include this effect by including the pa-
rameler n:

1 T = fn-(HqWIIH' = [) ‘ (5-74)

where n varies between | and 2, depending on the material and tempera:
ture. Since n determines the departure from the ideal diode characteristic, it
15 often called the ideality favtor.

“The ratio of the two currents

I(recombination in neutral regions) nZeTVIkT
o
I{recombination in transition region) V=T

x nptVBT (5 75)

becomes small for wide band gap materials, low temperatures (small n,), and
for low voltage. Thus the forward current for low injection in a Si diode is
likely to be dominated by recombination in the transition region, while a
Ge diode may follow the usual diode equation, In either case, injection
through Winto the neutral regions becomes more important with inereased
voltage. Therefore, nin Eq. (5-74) may vary from -2 at low voltage to ~1 at
higher vollage.

Just as recombination within W can affect the forward characteristics, the
reverse current through a junetion can be influenced by carrier generation in
the transition region. We found in Section 5.3.3 that the reverse saturation
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current can be accounted for by the thermal generation of EHPs within a
diffusion length of either side of the transition region. The generated mi-
nority carriers diffuse to the transition region, where they are swept (o the
other side of the junction by the electric field (Fig. 5-35). However, carrier
generation can take place within the transition region itself. If W is small
compared with L, or L,, band-to-band generation of EHPs within the tran-
sition region is not important compared with generation in the neutral re-
gions. However, the lack of free carriers within the space charge of the
transition region can creale a current due to the net generation of carriers by
emiassion from recombination centers. Of the four generation-recombination
processes depicted in Fig. 53-36, the two capture rates R, and R, are negligible
within W because of the very small carrier concentrations in the reverse-bias
space charge region. Therefore, a recombination level E, near the center of
the band gap can provide carriers through the thermal generation rates G,
and G, Each recombination center alternately emits an electron and a hole;
physically. this means that an electron at £, is thermally excited to the con-
duction band ((,) and a valence band electron is subsequently excited ther-
mally to the empty state on the recombination level, leaving a hole behind
in the valence band (). The process can then be repeated over and over,
providing electrons for the conduction band and holes for the valence band.
Normally, these emission processes are exactly balanced by the correspond-
ing capture processes K, and K. However, in the reverse-bias transition re-
giom, generated carriers Are swept out before recombination can occur, and
net peneration resulfs.

Reverse cutront

= ; N G
/ \
h

Figure 5-35
Current in o
reverse-biased pn
junclion due i
thermal genera-
tion of corriers by
(o) band-to-band
EHP generation,
and (b genera-
tion from a recom-

bination level.
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Of course, the importance of thermal generation within W depends on
the temperature and the nature of the recombination centers. A level near
the middle of the band gap is most effective, since for such cenlers neither G,
nor G, requires thermal excitation of an electron over more than about half
the band gap. If no recombination level is available, this type of generation
is negligible. However. in most materials recombination cenlers exist near
the middle of the gan due to trace impurilies or lattice defacts. Generation
from centers within W is most important in materials with large band gaps,
for which band-to-band generation in the neutral regions is small. Thus far
Si, generation within W is generally more important than for a narrower
band gap material such as Ge.

The saturation current due to generation in the neutral regions was
found to be essentially independent of reverse bias, However, generation
within W naturally increases as Wincreases with reverse bias. As a result.
the reverse current can increase almost linearly with W, or with the square
root of reverse-bias voltage.

5.6.3 Ohmic Losses

In deriving the dinde equation we assumed that the voltage appliad to the de-
vice appears entirely across the junction. Thus we neglected any voltage drop
in the neutral regions or at the external contacts. For most devices this is a
valid assumption; the doping is usually fairly high. so that the resistivity of
each neutral region is low, and the area of a typical diode is large compared
with its length. However, some devices do exhibit ohmic effects, which cause
significant deviation from the expected /-V characteristic.

We can seldom represent ohmic losses in a diode accurately by including
a simple resistance in series with the junction. The effects of voltage drops out-
side the transition region are complicated by the fact that the voltage drop de-
pends on the current, which in turn is dictated by the voltage across the junction.
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For example, if we represent the series resistance of the p and n regions by &,
and R,. respectively, we can write the junction voltage |V as

V=V, = IR + RA1)] 18=Tty)

where V, is the external voltage applied {0 the device. As the current in-
creases. there is an increasing voltage drop in &, and R, and the junction
voltage V' decreases. This reduction in V lowers the level of injection so that
the current increases more slowly with increased bias. A further complication
in calculating the ohmic loss is that the conductivity of each neutral region
increases with increasing carrier injection. Since the effects of Eq. (5-76) are
most pronaounced at high injection levels, this conduciivity modylation by the
injected excess carriers can reduce R, and B, significantly.

Ohmic losses are purposely avoided in properly designed devices by
appropriate choices of doping und geometry, Therefore, deviations of the
current generally appear anly farvery high currents, outside the dormal op-
erating range of the device

Figure 5-37 shows the forward and reverse current-volfage character
istics of a p-n1 junction pn a semilog seale, both for an ideal Shockley diode
as well as for non-ideal devices. For an ideal forward-biased diode; we gera
straight line on a semilog plot reflecting the exponential dependence of cur-
vent on voltage, On the other hand, taking mio account all the second order
effects discussed in Section 5.6, we see various regions of aperation. At low
current levels, we see the ephanced generation—reecombination current, lead-
ng {a a higher diode ideality factor (m= 2). For moderate currents, we get
ideal Jow-level injecton and diffusion-limited current {n = 1. At higher cur-
rents, we get high-level injection and n = 2, while at éven higher currents, the
ohmic drops in the space charge neutral regions become important.

Similarly, in reverse bias, in an jdeal diode, we have a consiant, valt-
age-independent reverse saturation current. However. in actuality, we get
an enhanced. voltage-dependent generdtion-recombination leakage cur-
rent. At very high reverse biases. the diode breaks down reversibly due to
avalanche or Zener elfects

5.6.4 Groded Junclions

While the sbrupt junction approximation accurately describes the properties
of many epitaxially grown junctions, it is often inadequate in analyzing dif-
Tused ar implanted junction devices. For shallow diffusions, in which the dif-
fused impurity profile is very steep (Fig. 5-38a). the abrupt approximation is
usually acceptable. U the impurity profile is spread outinto the sample, how-
ever, a graded junetion can result (Fig, 5-38b). Several of the expressions we
have derived for the abrupt junction must be modified for this case (see Sec-
tion 5.5.3).

The graded junction problem can be solved analytically if, for example,
we make a lmear approximation of the net impurity distribution near the
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Forward ond reverse current-volioge choracieristics plotted on semilog scales, with current normalized
with respect to saluration current, l; (a) the ideal forward characteristic is an exponential with an ideali-
ty factor n = 1 [dashed straight line on logdinear plot). The actual forward characteristics of a typical
diode (solid line) have four regimes of operation; |b] ideal reverse characteristic [dashed line) is a volr
agedndependent currant = — . Actual leakage characteristics {solid lins) ara higher due to generation
in the depletion region, and also show breakdown at high voltages,

junction (Fig. 5-38¢), We assume thal the graded region can be described ap-
proximately by

Nﬁ_ NH:—G.I {S_??}

where G is a grade constant giving the slope of the net impurity distribution.
In Poisson’s equation |Eq. (5-14)], the linear approximation becomes

dé

q - q
= — - + N - N = 2 5_78
dr EU’ L 4 u) £ t (5-78)
within the transition region. In this approximation we assume complete ion-
1ization of the impurities and neglect the carrier concentrations in the tran-

sition region, as before. The net space charge varies linexrly over W, and the
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electric field distribution is therefore parabolic. The expressions for contact
potential and junction capacilance are different from the abrupt junction
case (Fig. 5-39 and Prob. 5.37), since the electric field is no longer linear on
each side of the junction.

In a graded junction the usual depletion approximation is often inac-
curate. [f the grade constant G 15 small, the carmier concentrations {p — n) can
be important in Eq. (5-78). Similarly, the usual assumption of negligible space
charge outside the transition region is guestionable for small G. It would be
more accurate to refer to the regions just outside the transition region as
quasi-neutral rather than neutral. Thus the edges of the transition region are
not sharp as Fig. 5-39 implies but are spread out in x. These effscts complicate
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calculations of junction properties, and a computer must be used in solving the
problem accurafely.

Maost of the conclusions we have made regarding carrier injection, re-
combination and generation currents, and other properties are qualitatively
applicable to graded junctions, with some alterations m the functional form
of the resulting egunations. Therefore, we can apply most of our basic con-
cepts of junction theory to reasonably graded junctions as long as we re-
member thal certain modifications should be made in accurate computations.

Many of the useful properties of a p-n junction can be achieved by simply 5.7

forming an appropriate metal-semiconductor contact. This approach is ob-  METAL-

viously attractive because of its simplicity of fabrication: also, as we shall see  SEMICONDUCTOR
in this section, metal-semiconductor junctions are particularly useful when  JUNCTIONS
high-speed rectification is required, On the other hand, we also must be able

1o form nonrectifving (ohmic) contacts to semiconductors. Therefore, this

section deals with both rectifying and ohmit contacts,

57.1 Schottky Barriers

In Section 2.2.1 we discussed the work function ¢@,, of a metal in a vacuum,
An energy of ¢®,, is required to remove an electron at the Fermi level to
the vacuum outside the metal. Typical values of &, for very clean surfaces are
4.3 V for Al and 4.8 V for Au. When negative charges are brought near the
metal surface. positive (image) charges are induced in the metal, When this
image force is combined with an applied electric field. the effective work
function is somewhat reduced. Such barrier lowering is called the Schoitky
effect, and this terminology is carried over to the discussion of potential bar-
riers arising in metal-semiconducior contacts. Although the Schottky effect
18 only a part of the explanation of metal-semiconductor contacts, rectifving
contacts are generally referred to as Schottky barrier diodes. In this section
we shall see how such barriers arise in metal-semiconductor contacts. First
we consider barriers in ideal melal-semiconductor junctions, and then in Sec-
tion 5.7.4 we will include effects which alter the barrier height.

When a metal with work function ¢®,, is brought in contact with a semi-
conductor having a work function g®,, charge transfer occurs until the Fermi
levels align at equilibrium (Fig. 5-40). For example, when @, > @, the semi-
conductor Fermi level is initially higher than that of the metal before contact is
made. To align the two Fermi levels, the electrostatic potential of the semicon-
ductor must be raised (i.e., the electron energies must be lowered) relative to
that of the metal. In the n-type semiconductor of Fig. 5-40 a depletion region
Wis formed near the junction. The positive charge due to uncompensated donor
ions within Wmatches (he negative charge on the metal. The electric field and
the bending of the bands within W are similar to effects already discussed for
p-n junctions. For example, the depletion width Win the semiconductor can be
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Figure 5-40

A Schottky barrier formed by conlacting an n-type semiconductor with a metal having @ larger work
function: (o) band diagrams for the metol and the semiconductor before joining; (b} equilibrium band di-
agram for the junction,

calculated from Eq. (5-21) by using the p™-n approximation (i.e., by assuming the
negative charge in the dipole is a thin sheet of charge to the left of the junction),
Similarly, the junction capacitance is Ae/W, as in the p*-n junction.'?

The equilibrivm contact potential Vi, which prevents further net elec-
ron diffusion from the semiconductor conduction band mto the metal, is the
difference in work function potentials &, — @,. The potential barrier height
dp for electron injection from the metal into the semiconductor conduction
band is &, — x. where gy (called the electron affinity) is measured from the
vacuum level to the semiconductor conduction band edge. The equilibrium
potential difference V,; can be decreased or imergased by the application of
either forward- or reverse-bias voltage, as in the p-n junction.

Figure 5-41 illustrates a Schottky barrier on a p-type semiconductor,
with @,, < @& In this case aligniog the Fermi levels at equilibrium requires
a positive charge on the metal side and a negative charge on the semicon-
ductor side of the junction. The negative charge is accommodated by a deple-
tion region W in which ionized acceptors (N, ) are lefl uncompensated by
holes. The potential barrier V), retarding hole diffusion from the semiconduc-
tor 1o the metal is ®, — @, and as before this barrier can be raised or lowered

"wihile the properlies of e Schottky barrier depletion regien ara similar to thase of the p*n region, 1l s
clan thiot tha cnolegy dess fict include forward-bing hols injacfion, vihich is domirant for the g™ egion,
but ol far he contast of Fig, 5-40.
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by the application of voltage across the junction, In visualizing the barrier
for holes, we recall from Fig. 5-11 that the electrostatic potential barrier for
positive charge is opposite to the barrier on the electron energy diagram.

The two other cases of idea! metal-semiconductor contacts (b, < b,
for n-type semiconductors, and @, = @, for p-type) result in nonrectifying
contacts. We will save treatment of these cases for Section 5.7.3, where ohmic
contacts are discussed.

5.7.2 Rectilying Contacts

‘When a forward-bias voltage V is applied 1o the Schottky barrier of Fig, 5-40b,
the contact potential is reduced from Vj to V, — V (Fig. 5-42a). As a result, elec-
trans in the semiconductor conduction band can diffuse across the depletion
region to the metal, This gives rise to a forward current (metal to semicon-
ductor) through the junction. Conversely, a reverse bias increases the barri-
er to V, + V,, and electron flow from semiconductor to metal becomes
negligible. In either case flow of electrons from the metal to the semicon-
ductor is retarded by the barrier ®,, — x. The resulting diode equation is sim-
ilar in form to that of the p-n junction

I= I = 1) (5-79)
as Fig, 5-42c supggests, In this case the reverse saturation current /, s not
simply derived as it was for the p-n junction. One important feature we can
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() typical current-voliage characteristic,

predict intuitively, however, is that the saturation current should depend upon
the size of the barrier @y for electron injection from the metal into the semi-
conductor. This barrier (which is @, — x for the ideal case shown in Fig. 5-42)
is unaffected by the bias voltage. We expect the probability of an electron in
the metal surmounting this barrier to be given by a Boltzmann factor, Thus

Iy o< e 7 ekt (5-80)

The diode eguation (5-79) applies also te the metal-p-type semicon-
ductor junction of Fip. 5-41. In this case forward voltage is defined with
the semiconductor hiased positively with respect to the metal. Forward cu-
rent increases as this voltage lowers the potential barrier to Vi, — V and holes
flow from the semiconductor to the metal. Of course, a reverse voltage in-
creases the barrier for hole flow and the current becomes negligible,

In both of these cases the Schottky barrier diode is rectifving, with easy
ctirrent flow in the forward direction and little current in the reverse direction.
We also note that the forward current in each case is due to the injection of

Petitioner Runergy USA Inc., Ex. 1030, p. 230



Junclicns 231

majority carriers from the semiconductor mto the metal. The absence of mi-
nority carrier injection and the associated storage delay time is an impor-
tant feature of Schottky barrier diodes. Although some minority carrier
imjection occurs at high current levels, these are essentially majority carrier
devices. Their igh-frequency properties and switching speed are therefore
generally better than typical p-n junctions.

In the early days of semiconductor technology, rectifying contacts were
made simply hy pressing a wire against the surface of the semiconductor. In
modern devices, however, the metal-semiconductor contact is made by de-
positing an appropriate metal film on a clean semiconductor surface and
defiming the contact pattern photolithographically. Schottky barrier devices
are particularly well suited for use in densely packed integrated cireuits, be-
cause fewer photolithographic masking steps are required compared 1o p-n
Junction devices.

5.7.3 Ohmic Contacls

In many cases we wish to have an ohmic metal-semiconductor contact, hav-
ing a linear /-V characteristic in both biasing directions. For example, the
surface of a typical integrated circuit is a maze of p and n regions, which must
be contacted and interconnected. It is important that such contaets be chmic,
with mminimal resisiance and no tendency to rectify signals.

fdeal metal-semiconductor contacts are ohmic when the charge in-
duced in the semiconductor in aligning the Fermi levels 15 provided by
majority carriers (Fig. 5-43). For example, in the ®,, << &, (n-1ype) case of
Fig. 5-43a, the Fermi levels are aligned at equilibrium by transferring elee-
trons from the metal to the semiconductor. This raises the semiconductor
electron energies (Jowers the electrostatic potential) relative to the metal
at equilibrivm (Fig. 5-43b). In this case the barrier to electron flow be-
tween the metal and the semiconductor 1s small and easily overcome by
a small voltage. Similarly, the case &, > @, (p-lype) results in easy hole
flow across the junction (Fig. 5-43d). Unlike the rectifying contacts dis-
cussed previously, no depletion region occurs in the semiconductor in
these cases since the electrostatic potential difference required to align the
Fermi levels at equilibrium calls for accumulation of majority carriers in
the semiconductor.

A practical method for forming ehmi¢ contacts is by doping the semi-
conductor heavily in the contact region, Thus if a barrier exists at the interface,
the depletion width is small enough to allow carriers to tunnel through the bar-
rier. For example, Au containing a small percentage of Sb can be alloyed 1o
n-type Si, forming an n* layer at the semiconductor surface and an excellent
ohmic contact. Similarly, p-type material requires a p* surface layer in conmact
with the melal, In the case of Al on p-type Si, the metal contact also provides
the acceptor dopant. Thus the required p* surface layer is formed during a brief
heat treatment of the contact after the Al is deposited.
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5.7.4 Typical Schottky Borriers

The discussion of 1deal metal-semiconductor contacts does not include cer-
tain effects of the junction between the two dissimilar materials. Unlike a
p-n junction, which occurs within a single crystal, a Schottky barrier junction
includes a termination of the semiconductor erystal. The semiconductor sur-
face contains surface states due to incomplete covalent bonds and other effects,
which can lead to charges at the metal-semiconductor interface. Furthermore,
the eontact is seldom an atomically sharp discontinuity between the semi-
conductor crystal and the metal. There is typically a thin interfacial layer,
which is neither semiconductor nor metal. For example, silicon crystals are
cavered by a thin (10-20 A) oxide layer even after etching or cleaving in at-
mospheric conditions, Therefore, deposition of a metal on such a Si surface
leaves a plassy interfacial layer at the junction. Although eleclrons can tunnel
through this thin layer, it does affect the barrier to current transport through
the junction.

Because of surface states, the interfacial laver, microscopic clusters of
metal-semiconductor phases, and other effects, it is difficult to fabricate junc-
tions with barriers near the ideal values predicted from the work functions
of the twa isolated materials, Therefore, measured barrier heights are used
in device design. In compound semiconductors the interfacial layer intro-
duces states in the semiconductor band gap that pin the Fermi level at a fixed
position, regardless of the metal used (Fig. 5-44). For example, a collection
of interface states lacated (0.7 ~ (L9 eV below the conduction band pins £
at the surface of n-type GaAs, and the Schottky barrier height is determined
from this pinning effect rather than by the work function of the metal. An in-
teresting case is n-type InAs (Fig. 5-44b), in which Eg at the interface is
pinned above the conduction band edge. As a resull, ohmic contact to n-type

T~ Interface
states

\
Metal o GaAs Meral n—1nAs
{a) (B}
Figure 5-44

Fermi level pinning by interface states in compound semiconducters: (a) E¢ is pinned near £ — 0.8 &V

in ntype Gahs, regardiess of the choice of metal; (b] Er is pinned above E. in ntype InAs, providing an
excellent ohmic contoet, '
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InAs can be made by depositing virtually any metal on the surface. For 8i,
good Schottky barriers are formed by various metals, such as Au or Pr In
the case of Pt, heat treatment results in a platinum silicide layer, which pro-
vides a reliable Schottky barrier with @, = (.85 V on n-type Si.

A full treatment of Schottky barrier diodes results in a forward cur-
rent sguation of the form

1 = ABT 2 0kl gaV ikl (5-81)

where B is a constant containing parameters of the junction properties and
n is a number between | and 2, similar to the ideality factor in Eq. (5-74)
but ansing from different reasons. The mathematics of this derivation is sim-
ilar 1o that of thermionic emission, and the factor B corresponds 1o an effec-
tive Richardson constant in the thermionic problem.

5.8
HETERO-
JUNCTIONS

Thus far we have discussed p-n junctions formed within a single semicon-
ductor (homojuncrions) and junctions between a metal and a semiconductor,
The third important class of junctions consist of those between twao lattice-
matched semiconductors with different band gaps (heterojunctions). We dis-
cussed lattice-matching in Section 1.4.1. The interface between two such
semiconductars may be virtually free of defects, and continuous crystals con-
taining single ar multiple heterojunctions can be formed. The availability of
heterojunctions and multilayer structures in compound semiconductors opens
a broad range of possibilities for device development. We will discuss many
of these applications in later chapters, including heterojunction bipolar (ran-
sistors, field-effect transistors, and semiconductor lasers,

‘When semiconductors of different band gaps, work functions, and elec-
tron affinities are brought together to form a junction, we expect discontinu-
ities in the energy bands as the Fermi levels line up at equilibrium (Fig. 5-45).
The discontinuities in the conduction band AE, and the valence band AE, ac-
commadate the difference in band gap between the two semiconductors AE,,
In anideal case, AE, would be the difference in electron affinities g(x. — x),
and AE, would be found from AE, — AE.. This is known as the Anderson affin-
ity rule. In practice, the band discontinuities are found experimentally for par-
ticular semiconductor pairs. For example, in the commonly used system
GaAs-AlGaAs (see Fips. 3-6 and 3-13), the direet band gap difference AE;
between the wider band gap AlGaAs and the narrower band gap GaAs is ap-
portioned approximately % in the conduction band and % in the valence band
for the heterojunetion. The buili-in contact potential is divided between the two
semiconductors as required o align the Fermi levels at equilibrium. The re-
sulting depletion region on each side of the heterojunction and the amount of
built-in potential on each side (making up the contact potential V) are found
by salving Poisson’s equation with the boundary condition of continuous elec-
tric flux density, €,€; = &%, at the junction. The barner that electrons must
overcome in moving from the n side ta the p side may be quite different from
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the barrier for holes moving from p to n. The depletion region on each side is
analogous to that deseribed in Eq. (5-23), except that we must account for the
different dielectric constants in the two semiconductors.

To draw the band diagram for any semiconductor device mvolving
homojunclions or helerojunctions, we need material parameters such as the
band gap and the electron affinity which depend on the semiconductor ma-
terial but not on the doping, and the work function which depends on the
semiconductor as well as the doping. The electron affinity and work function
are referenced to the vacuum level The true vacuum level (or global vacu-
um level), £, is the potential energy reference when an electron is taken out
of the semiconductor to infinity, where it sees no forces. Hence, the true
vacuum level is a constant (Fig. 5-45). That introduces an apparent

var B Figm 5-45
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contradiction, however, because looking at the band bending in a semi-
conductor device, it seems to imply that the electron affinity in the semi-
conductor changes as a function of position, which is impossible because
the electron affinity 15 a material parameter. Therefore, we need to intraduce
the new concepl of the local vacuum level, E,.. (loc), which varies along
with and parallel to the conduction band edge, thereby keeping the elec-
tron atfinity constant. The local vacuum level tracks the potential energy of
an electron if it is moved just outside of the semiconductor, but not far away.
The difference between the local and global vacuum levels is due to the
electrical wark done against the fringing electric tields of the depletion re-
gion, and is equal to the potential energy ¢V, due to the built-in contact po-
tential V|, in equilibrium. This potential energy can, of course, be modified
by an applied bias.

To draw the band diagram for a heterojunction accurately, we must nol
only use the proper values for the band discontinuities but also account far
the band bending in the junction. To do this, we must solve Poisson’s equa-
tion across the heterojunction, tuking into account the details of doping and
space charge, which generally requires a computer solution. We can, howev-
er,sketch an approximate diagram without a detailed calculation. Given the
axperimental band offsets AE, and AL, we can proceed as follows:

1. Align the Fermi level with the two semiconductor bands separated.
Leave space for the transition region.

&

2. The metallurgical junction {(x = 0) is located near the more heavily
doped side. Atx = 0 put AE, and AE,, separated by the appropriate
band gaps.

——— e S —
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3. Connect the conduction band and valence band regions, keeping the
band gap constant in each material.

Steps 2 and 3 of this procedure are where the exact band bending is
important and must be obtained by solving Poisson's equation. In step 2 we
must use the band offset values AE, and AFE, for the specific pair of semi-
conductors in the heterojunction.

For heterojunctions in the GaAs-AlGaAs system, the direct (T) band gap  EXAMPLE 5-7
dlfference AErm accommodated approximately $in the conduction band
and in the va]ence band. For an Al compasition of 0.3, the AlGaAs is di-
rect {secF’g. 3-6) with AES = 1.85 eV. Sketch the band diagrams for two
heterojunction cases: N* -A]g 1GagsAs on n-type GaAs, and N*-Al,.Gag,As
onp" -GaAs."®

Taking AE; =1.85 — 143 =0.42 eV, the band offsets are AE, = 0. 'ZBHV and  SOLUTION
AE, =014 e,V In each case we draw the equilibrium Fermi level, add the ap-
propriate bands far from the junction, add the band offsets while estimat-
ing the relative amounts of band bending and position of x = 0 for the
particular doping on the two sides, and finally sketch the band edges so that
- E, is maintained in each separate semiconductor right up to the hetero-
]um:non atx=0.

Ma discusaing heterajunctions, i1 s commen lo vse g eapifal M or P lo designole the wide bard gup molerial
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A particularly important example of a heterojunction is shown in
Figure 5-46, in which heavily n-type AlGaAs is grown on lightly doped GaAs.
In this example the discantinuity in the conduction band allows electrons to
spill over fram the N*-AlGaAs into the GaAs, where they become trapped
in the potential well. As a result, electrons collect on the GaAs side of the het-
erojunction and move the Fermi level above the conduction band in the
GaAs near the interface. These electrons are confined in a narrow potential
well in the GaAs conduction band. If we construct a device in which con-
duction occurs parallel to the interface, the electrons in such a potential well
form a rwo-dimensional electron gaswith very mteresting device properties,
As we shall see in Chapter 6, electron conduction in such a potential well
can result in very high mobility electrons. This high mobility 18 due to the
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Figure 5-46

A heterojunciion
between
N*-AlGaAs and
lightly doped
CGaAs, illustrating
the potential wall
tor elecirons
farmed in the
GoAs conduction
band. |F this well
is sufficiently thin,
discrale siates
{su,::h os E and
E;) are formed,
as discussed. In
Section 2.4.3.

fact that the electrons in this well come from the AlGaAs, and not from dop-
ing in the GaAs. As a result, there is negligible impurity scattering in the
GaAs well, and the mobility is controlled almost entirely by lattice scatter-
ing (phonons). Al low temperatures, where phonon scaltering is low, the mo-
bilitv in this region can be very high. If the band-bending in the GaAs
conduction band is strong enough, the potential well may be extremely nar-
row, so that discrete states such as F; and E. i Fig. 5-46 are formed, We will
return to this exumple in Chapter 6.

Another obvious feature of Fig, 5-46 is that the concept of a contact po-
tential barrier ¢V, {or both electrons and holes in a homojunetion is no longer
valid for the heterojunction. Tn Fig. 5-46 the barrier for elactrons gV, is smaller
than the barrier for holes gV, This property of a heterojunction ean be used to
alter the relative injection of electrons and holes, as we shall see in Section 7.9.

5.1 Diodes and other semiconductor devices are made by comhinations of steps  SUMMARY
such as oxidation, selective doping (via implant or diffusion), and the deposi-
tion of various insulators or metals in concert with etching, using patterns
formed by photolithography.

5.2 When we bring p- and n-type semiconduetors into contact to make a p-n junc-
tion diode, carriers diffuse across the junetion until we get a flat Fermi level in
equilibrium. A biilt-in junction potentid barrier is formed between the p and
n sides; which reflects the voltage drop across the depletion region. This is a
tlymarnte eyuilibrium, m which there is 8 continual diffusion of electrons from
the n to the pside (and holes fram p ta n), but a1 a reduced rate over the po-
tential barmer, and these fluxes are cancelled by opposing flows of minority
carriers diffusing to the depletion edges and getting swept across the junction.
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5.3 The clectrostatics of the depletion region are determined by solving the Pois-
son equation. For uniformly doped abrupe step junctions we get linearly vary-
ing electric fields that are highest at the metallurgical junction. We gel a wider
ilepletion region on the more lightly doped side and equal and opposite de-
pletion charges on the two sides of the junction.

5.4 Foranideal Shackley diode, one assumes negligible generation—recombination
inside the depletion region. In forward bias, the built-in potential barrier is low-
ered, making it expenentially easter for majority carriers, to diffuse across.

55 'The opposing minority carrier fluxes are unaffected because they are limited
by how effen the few minority carriers diffuse to the depletion edges. Far from
the junction. the eurrent is carried by drift of the majority carriers, which are
injected across the junction 1o the other side, where, as minority carriers they
give rise 1o diffusion currents.

56 In roverse bias, for ideal diodes, the valtage-independent reverse current is due
to the colleetion of thermally generated nunority carriers on either side dif-
fusing to the depletion region and then being swept across. The current flow
from n to p is small ind is the basis of diode rectifiers

£7 For high reverse hiases, dioded undergo (reversible) breakdown due (o quan-
tum mechanical tunrneling (Zener mechanism) across a narrow depletion re-
gion for very heavily doped junctions or due to impact {onization or avalanche
multiphication of carriers in a wider depletion region for lightly doped june-
tions. Fornarrow diodes, there ean also be punch-through Irom one contaet to
the other.

58 Varyving the bias leads to diods switching; the diode transient behavior can be
found by selving the centinuity equation, for example, using Laplace trans-
forms, with suitable initial and boundary conditions.

49 Small signal capacitance i a sexmconductor devics is caused by a change in
the charge storage as a function of biss There are two components of diode ca-
pacitance: depleiion capueitance, due to exposed dopant charges in the deple-
tion region (dominates in reverse bias)and diffusion capacitance, dug to stored
excess mabile carriers (dominates in forward bias).

510 Real divdes can deviate [rom Shockley “ideal” diodes, which have negligible
generation-recombination in the depletion reglon. Generation-recambination
in the depletion region increases the diode ideality factor n from 1 to 2 in for-
ward bias and introduces a roughly square root voltage dependence of Teverse
leakage currenL

511 High-level carrier ingection for large forward bias, in which the injected minor-
ity carrier coneentration is comparable to the background majority carrier con-
centration, also makes n = 2. Seriey resistance effects play 4 role as well for
higher currents,

5.12 Graded junctions, where the doping concentrations on either side are not con-
stani, are qualitatively similar to abrupt juncrions, but are harder to analyze.
They have different €~V than abrupt junctions have.
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513 Metal-semiconductor junctions behave as Schonky diodes (if the Fermi level
alignments are such that there is a depletion of majority carriers in the semj-
conductor) or phmic contacts (if there is no depletion region formed in the
semiconductor),

5.14 Junctions between dissimilar semiconductors dre callad feterojunceions. With re-
spect to a vacuum reference level, one looks at the conduction band edoes (elec-
tron affinities) and band gaps to determine the band offsets and at the Fermi
tevels (work functions) to determine the direction of carrier transfer. Electrons
flow from the high to low Fermi level regions, and hales flow the opposite way.

5.1 A 900-nm oxide is grown on (100) 5§ in wet oxypen at 1100°C (see App. VI). How  PROBLEMS
long does it take to grow the first 200 nm. the next 300 nm, and the fnal 400 nm?

A square window (1 mm X 1 mm) is etched in this oxide, and the wafer is re-
oxidized at 1150°C in wet oxygen such that the oxide thickness outside of the
window region increases to 2000 nmy; Draw a cross section of the wafer and
mark off all the thicknesses, dimensions, and oxide-Si inlerfaces relative 1o the
original 51 surface. Calculate the step heights in 5i and in the oxide at the edge
of the window,

5.2 When impurities are diffused into a sample from an unlimited source such that
the surface concentration N is held constant, the impunty digtnibution (profila)
1s given by

X
Nix. 1) =M erl'r.( ——)
2N D
where D is the diffusion coefficient for the impurity, s is the diffusion time, and
erfe is the complemenlary error function.

1f a certain number of impurities are placed in a thin layer on the surface be-
fore diffusion, and if no impurities are added and none escape during ditfu-
sion, 4 gaussian distribution is obtained:

N e s T
Niz.1) = ——,1:—':“ E_"”l'm",

where V. is the quantity of impurity placed on the surlace {atoms/em’) prior to
= 1{), Wotice that this expression differs from Eq. (4-44) by a factor of two, Why?

Figure P5-2 gives curves of the complementary error function and gaussian

feciors for the varable 4, which in our case is x/2 VD1, Assume that boron is

diffused into n-type Si (uniform Ny =35 % 10'%m *) at 1000°C for 30 min. The
diffusion coefficient for B in Si at this temperature is D =3 X 107" cm¥s,

{(a) Plot N,(x) after the diffusion, assumning that the surface concentration is
held constant at Ny =35 % 10%° em, Locate the position of the junction
below the surface.

(b) Plot N,(x) after the diffusion. assuming that B is deposited in a thin layer on the
surface prior to diffusion (W, = 5§ % 10" ¢m %), and no additional B atoms are
available during the diffusion. Loeate the junction for this case,

Petitioner Runergy USA Inc., Ex. 1030, p. 241



242 Chapler 5
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Hint: Plot the curves on five-cyele semilog paper, with an abscissa varying from zero
lo% wm. In plotting N,(x), choose values of x that are simple multiples of 2/ Dr.

5.3 Assuming a constant (unlimited) source diffusion of P at 1000°C into p-1ype Si
(N; = 2 % 10" em™), calculate the time required to achieve a junction depth
of 1 micron, See the equations in Prob. 5.2 and data in Appendices V1L and VIIL

5.4 We wish to do an As implant inte a Si wafer with a 0.1 pm oxide such that the
peak lies at the oxide-silicon interface, with a peak value of 5 % 10" em™.
What implant parameters (energy, dose, and beam current) would vou choose?
The scan area is 200 cm”, and the desired implant time is 20 5. Assume similar
range statistics in oxide and Si.

5.5 Silicon is implanted with P ions at 200 keV to a dos2 of 2.1 % 10" em™. Caleu-
late and plot the P distribution on a semilog plot as in Fig, 5-4.
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5.6 We are interested in patterning the structure shown In Fig. P5-6. Design the
mask aligner optics in terms of the numerical aperture of the lens and the wave-
length of the source.

— ipm ~— Figure P5-6

1

Pum

5.7 (a) Using Eq.(5-8), calculate the contact potential V; of a Si p-n junction op-
erating at 300 K for N, = 10" and 10" em™, with N, = 10", 10, 10%,

10", 10", and 10" em ¥ in each case, and plot Vi va. Ny,
(b} Plot the maximum electric field By vs. Ny for the jupciions describéd in (&),

58 Inap'-njunction the hole diffusion current in the neutral n material is given
by Eq, (3-32). What are the electron diffusion and eléetron drift components
of current ai point.x, in the neutral n region?

59 Anabrupt 8i pon juniction has N, = 10" em™ on the pside and Ny = 10'° cm™
on the n side. A1 300 K, () calculate the Fermi levels draw an equilibrium band
dingram, and find ¥, from the diagram; (b} compare the result from (a) with ¥,
caleulated rom By, (5-R8).

5.10 Boron is implanted into an n-type Si sample (N; = 10' em %), forming an
abrupt junction of square cross section with aréa = 2 % 1077 cm®, Assume that
the acceptor concentration in the p-type regionis M, = 4 % 10" em™, Calcu-
fate W, X, X0, @4, and Ep for this junction at equilibrium (300 K), Sketch ¥
and the charge density to seale, as in Fig. 5-12.

S.11 Inap'-njunction, the n side has a donor caneentration of 10" em= T 1,= 10
cm™, the relative dielectric constant e, = 12, O, = 50 ¢cm’fs, D,=20 cm*fs, and
the electron and hole minority carriers have lifetimes r = 100 ng and 50 ns, re-
spectively, and & forward bias of 0.6 V. calculate the hole diffusion current den:
sity 2 jim from the depletion edge on the n side. [f we double the p* doping, what
effect will it have on this hole dffusion current?

512 ASip*n junction has a donor doping of § % 10" em™® on the n side and a cross-
sectional area of 10" em® If 7, = 1 ps and D, = 10 em*s, caloulate the current
with i forward bias of 0.5V at 300 K.
5.13 (a) Explain physically why the charge storage capacitance is unimportant for
reverse-biased junctions
(b) Assuming that a GaAs junction is doped o egual concentrations on the n
and p sides, would you expect electron or hole injection to dominate in
forward bias? Explain.
514 (a) A Sip*njunction 1072 em® in area has N = 10" em ™ doping on the n side.
Calculate the junction capacitance with a reverse bias of 10V,
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515

S.la

517

518

519

520

{b) Anabrupt p™n junction is formed in Si with a donor doping of Ny=10"cm ™.

What is the depletion region thickness W just prior 1o avalanche breakdown?
Using Egs. (3-17) and (5-23). show that the peak elzctric field in the transition
regron 15 controbled by the doping on the more lightly doped side of the junction,
In a one-sided abrupt Si n*-p junction (area = 0.0001 cm?), we have the fol-
lowing parameters at SO0 K:

n side pside

Ny = Very high N, =10"en™

T, =10 ps 7,=01ps

= 100 em* V-5 = TO0 em’ V-5
f, = 450 cm*/V-s = 200 cm¥V-s

Caleulate the peak electric field at the junction and the depletion capicitance

ut & reverse bias of 100V, (Hine This is much higher than the contact potential,

and remember that this 15 a one-sided junction!) For a certain forward hias, we

e & current flow of 20 mA m this device, Caleulate the 1ol excess stored elec-

tron charge on the p side for this bias and the electric field far from the deple-

tion region on the p side. (Warning: There 15 8 lot of extrancous mformation
here!)

The electron injection efficiency of & junction s £,/f at x, = 0.

{a) Assuming that the junction follows the simple diode equation, express 7,/
in terms of the diffusion copstants, diffusion lengths, and equilibrivm mi-
nority carrer concentrations.

(b) Show that [/ can be written as [1 + L,’,’ppp"'.,;'!a;‘,unuﬂI". where the su-
perscripts refer to the nand p reglons What should be done to increase the
glectron injection efficiency ol a junction?

Assume that the doping concentration N, on the p side of an abrupt junclion

is the same us &, on the n side. Bach side (s many diffusion lengths long, Find

the expression tor the hole current [, in the p-type material

A Si p-n junction with cross-sectional area A = 0,001 em? is formed with

No=10"%em ™, Ny= 10" ¢m ™, Calculate:

(a) Contact potential, Vi,

(b) Space-charge width at equilibrium {zero biag).

(c) Current with a forward bias of 0.5 V. Assume that the current is diffusion
dominated. Assume p, = 1500 em*V-4, p, = 450 emiiVes, T, = T, = 2.5 ms
Which carries most of the current, electrons or holes, and why? 1f vou wam-
ed 1o double the electron current, what should you do?

ASin™pjunction has an area of 5 % § pm, Calculate the fofal junction capacitance

associated with this junetion at an applied reverse bigs of 2 V. Agsume that the

n* region is doped 107 cm™ and the p doping is 1 % 10" cm™. If we {orward bias

this junction 0.5V, what is the electric field far from the junclion on the p side,
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assuming a hole mobility of 250 em™V-s. an electron mobility of 100 em*V-5.and
@ reverse saturation current density of 1 nAlom” for this ideal diode?

521 Ina p*njunction. the n-doping N, is doubled. How do the following change if
everything else remains unchanged? Indicate only increase or decrease,
(a} Junction capacilance
(1) Built-in potential
(c) Breakdown voltage
(d) Ohmic losses

5.22 We make a Si bar with a p-type doping of 2 % 10'" ¢m™ on the left half and a
p-type doping of 10" ecm™ on the right side. Sketch the equilibrium band dia-
gram, with precise values marked off, far from the doping transition at 600 K
when the intrinsic carrier concentration is 10'® cm=, (Note: This is p type on
hoth sides. Such a junction is known as a kigh-low junction rather than a p-n
junetion, Observe that the doping level 1s comparable to n)on the left side! Do
not worry about the exaet details right near the doping transition!)

523 Assume that an abrupt 8 pon junction with area 107 em® has M, = 107 em™
on the p side and N = 10" ém™ on the nside. The diode has a forward bias of
0.7 V. Using mobility values from Fig. 3-23 and assuming that 1, = 7, = 1 ps,
plot I, and 1, versus distanee on a diggram such as Fig, 5-17, including both
sides of the junction: Neglect recombination within W,

524 Tnap'-n junction reverse biased at 10V, the capacitance is 10 pF.If the doping of
the nside s doubled and the reverse bias changed o 80V, what is the capacitance?

5.25 An abrupt p*-n junction is formed in Si with a donor doping of Ay = 10" cm 2.
‘What is the minimum thickness of the n région that will ensure avalanche break-
down rather than punch-through?

526 Calculate the capacitance for the following Si n®-p junction,
N.=1D"em™
Area = 0.001 cm?
Reverse bias = 1,5,and 10V
Plot 1/1C% vs, Vi
Demonstrate that the slope yields N,. Repeat calculations for N, = 107 cm™.
Since the doping is not specified on the n* side, use a suitable approximation.

527 We assumed in Section 5.2.3 that carriers are excluded within W and that the
semiconductor is neutral outside W.This is known as the depletion approximation.
Obviously, such a sharp transition is unrealistic. In fact, the space charge varies
over a distance of several Debye lengths, given by

e kT V2
Lp= [—-—] on the n side.
27 LNy
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528

529

5.30

531

5.33

3535

Calculate the Debye length on the n side for Si junctions having N, = (0% em
on the pside and Ny= 10", 10", and 10" cm™ on the n side and compare with
the size of Win each case.

We have a symimetric p-ni silicon junction (N, = Ny= 10" cm ). If the peak elec-
tric field in the junction al breakdown is § % 10° V/em, what is the reverse
breakdown voltage in this junction?

A long p™-n diode is forward biased with a current 7 flowing in it. The current
is suddenly tripled at ¢ = 1.

(a) What is the slope of the hole distribution at x,, = 0 just after the current
is tripled?

(b) Assuming that the voltage is always 24T /g, relate the {inal junction vill-
age {at+ = 20) to the mitial voltage (before ¢ = 0).

A long p™-n junction has its forward-bias eurrent switched from Ly 1o fate =0,
Find an expression for the stored charge (), as a function of tinte in the n mgion.

A p'n diode is switched from zero bias (/' = () toa forward current Lat =1,

(a) Find the expression for the excess hole charge Q,(r) during the turn-on
transient, Sketch Q,(¢) w81,

(&) Assuming that dp(x,) s always essentially exponential, find A p,(r) and
the voltate (1),

The diode of Fig: 5-23¢ 13 nsed 1n a simple half-wive rectifier cireuit in which
the diode is placed in series with a load resistor. Assume that the diode offset
voltage Ey s 0.4 V and that R = dvidi = 400 (). For a load resistor of 1 k{} and
4 stnusoidal input of 2 sin wf, sketeh the output voltage (across the load resis-
tor) ever two cycles,

The ideality factor n can be used to describe the relative importance of re-
combination within the transition region and the neutra) region, Calenlate and
plot the I-V characteristics of a diode, using Eq. (5-74) for values of the ide-
ality factor of 1.0, 1.2, 1.4,1.6, 1.8, and 2.0,

A = 100 pan’, N, = 10" ¢m™, and
N = 10¥em™ 7, = 7, = s
Assume holes are injected from a p™-n junction into a shortn region of length /.

I &p(x, ) varies inearly from Ap, at x, = 00 {o zero'at the ochmie contact (x, = 1),
find the steady state charge in the excess hole distribution @, and the current /.

Assume thet a p™n diode is built with an o region width fsmaller than o hole
diffusion fength (f < L,). This is the so-called narrow base diode. Since for this
ease holes are njected mto a short o region under forward bias, we cannol use
the assumption 6p(x, = =)= 0i0 Eq. (4-35). Instead, we must use as a bound-
ary condition the fact that Bp = Oarx, =1
(a) Salve the diffusion equation 1o obrain

A, el=Rarky — pla=DiLy)

Splx,) = —— QL WL,

=
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(b} Show that the current in the diode 1s

n
I = (-q'q P cta L){ AVAT
¥ z,

530 Given the narrow hase diode result (Prob. 5.35), () calculate the current due
to reeombination in the n region, and (b) show that the current due to Tecom-
hination atthe ohmic contact is

?_A_E'E&-m ...I_)[EM'\"HT = 1:'

I{alimic contact) =
{ahmic contact) ( E b

1
S
]

Assume that 2 p'-n junction is built with a graded n region in which the dop-
ing is described by Ny(x) = Gx".The depletion region (W = ) extends from
essentially the junction at x = 0 to a point W within the n region. The singular-
ity at x = 0 for negative m can be neglected.
{a) Imtegrale Ganss's law across the depletion region 1o obtain the maximum
value of the electric field €, = —gGW™ e(m + 1).
(b} Find the expression for $(x), and use the result to ebtain V, — V =
WS e(m 4 2).
(c) Find the charge Q due to ionized donors in the depletion region; write
explicitly in terms of (V, — V).
{d) Using the results of (c); take the derivative dQ/d(Vy — V) to show that the
capacilince is
gGelml
C = Al-— -
[m + 2){¥p — V)

]‘Uiuvf—!]

538 We deposit a metal with a work function of 4.6 eV on Si (electron affinity of 4 V)
and acceptor doping level of 10" cm™. Draw the equilibrium band diagram and
mark off the Fermi level, the band edges, and the vacuum level. Is this a Schottky
or ohmic contact, and why? By how much should the metal work function be al-
tered to change the type of contact? Explan with reference to the-band dizgram.

5.30 Design an chmic contact for n-type GaAs using InAs, with an intervening grad-
ed InGaAs region (sce Fig. 5-44),

340 A Schottky barrier is formed between a metal having a work function of 4.3eV
and p-type Si {(electron affinity = 4 V). The acceptor doping in the 8i1s 107 em ™,

{a) Draw the equilibrium band diagram:, shnwing & numerical vatue for gV

() Deaw the band diagram with 0.3 V forward bias Repeat for 2V reverse bias.

Very useful applets for understunding diode operation are availuble at httpy/
jas.eng buffale.edu/ READING LIST

Campbell, 5. A, The Science and Engineering of Microelectronic Fabrication, 2d 2d.
NY: Oxford, 2001.
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SELF QUIZ
Question 1
Consider a forward-biased idea! (abrupt junction, no recombination or generation in
the depletion region) long p-n junetion diode under forward bias On the following
graph, sketch and label (he total current 4y, the total electron current I ., and the
total hole current I, 85 a function of position throughout the entire device. The
value of each has been given at the n-side edge of the depletion region for reference.
( Hint: the excess carrier concenlrations are essentially pinned to zero at the contacts.)

current
p-side guasi-neutral dEplvgtlon n-side q_u&_ﬁi-nmlraj
region : region I Ysar region

'; |
i
(] ..: ?ll,mﬂﬁ
i [
i |
-
: -I' bt
i i
i |
1 i
i |

i) : ! position

Question 2

{a) Consider (1) a long p-n junction diode with the chmic contact on the n side,
Xeanior, > Ly, and (2) a short p-n junction diode with the ohmi¢ contact on the
nside well within a diffusion length of the depletion wegion, x < Ly Given
the indicated excess hole {equals electron) concentration at the n-side edge of
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the depletion regian Ap for both diodes sketch the excess hole concentrations
as a function of position 8p(x,) within the region for the two cases on the fol-
lowing graph, and label thern (1) and (2) accordingly.

Ap

sp=0- : | : Ky
x; =1 Lgonzacy? L 2L X gmnaa, |

(b) Consistent with your answers to part {a).sketch the hole (diffusion) currents
within the region for the same two diodes on the following graph, and label
them (1) and (2} agam. The value of the hole current at the edge of the de-
pletion region for the Jong diode [, ;(x,= 0) is provided for refersnce.

3;‘-1
-
}:‘
]
=]
et
I
T

L=0 I f — _eﬁ%_.;_q,,
X, = ¥ Ipﬂﬂm‘ﬂ,z L sz ‘tﬂmJnﬂll

Question 3

Consider two Si p-n junction diodes, one long and one short (contacts within a dif-
fusion length of the deplstion region) but otherwise identical. Under identical
farward-bias voltage, which diode would have greater current flow?

Question 4

If the depletion capacitance of a p-n junction diode is Cy, at equilibrium und the con-
tact potentialis 0.3 V. how much reverse-bias voltage would have to be applied to re-
thuce the depletion capacitance 10 0.5 C,; 7
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Question 5

(a) What is lhe difference between depletion and diffusion capacitance in a diode?
Which one dominates in forward bias and why? Tn reverse bias?

(b) Why is it meanmglul to define small signal capacitance and conductange in
semiconductor devices such as diodes? How are they defined?

Quaestion 6

We grow a pseudomorphic heterostrueture consisting of an epitaxial film with lat-
tice constant of 6 A and band gap of 2 ¢V on a thick substrate with lattice constant
of 4 A and band gap of 1 V. Both the substrate and epitaxial layer have a cubic crys-
tal structure in the unstrined state, If 60% of the band edge discontinuity is in the
conducrion band. sketch a simplified bind diagram of this heterostructure. Also, qual-
itatively show a 2-D view of the erystal struclure in relation Lo the band diagram.

Question 7

{a) Inthe space below sketch the equilibrium band diagram resulting from bring-
ing together the illustrated metal and lightly doped semicondnctor indicating
the Fermi level; the contduction band and valence band offsets from the Fermi
tevel at the metal-semicanductor interface in terms of gtb,, gd,, gx and/or £
any band-bending in the semiconduetor in terms of gd,,,. b, ¢x and/or £,
and (qualitatively) anv charge depletion or pecumulation luyer, Assume no
interface (raps

vacutin level

T 7
T 9% gl
LT { | Ee
E
N - || L.‘,'l_
- — “EFs
EEM Li E"

metnl l semitonductor

(b} Is this a Sehottky cantaet or an ohmic contact?
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Chapter 6
Field-Effect Transistors

OBJECTIVES

1. Derive -V charocteristics of JFETs, MESFETs, and HEMTs

2. Determine MOS C-V behavior and thrashold voltage; shudy leakage
characteristics of gote dielectrics

3. E:}:Jer;fand MOSFET band diagrams, and linear and saturation

avior ,

4 ;]Jnder"shdn_d “affective” channal mobility, body affsct, and subthreshold
Slopes :

5. Andlyze second-order effects—DIBL, GIDL, charge sharing, and

The modern era of semiconductor electronics was usherad in by the inven-
tion of the bipolar transistor in 1948 by Bardeen, Brattain, and Shockley at
the Bell Telephone Laborataries, This device, along with its field-effect coun-
terpart, has had an enormous impact on virtually every area of modern life.
In this chaptér we will learn about the operation, applications, and fabrica-
tion of the field-effect transistor (FET).

The field-effect trangistor comes in several forms, In a junction FET (called
a JFET) the control (geie) voltage varies the depletion width of a reverse-
biased p-n junction. A similar device results if the junction is replaced by a
Schottky barrier (metal-semiconductor FET, called n MESFET). Alternative-
ly, the meta] gate electrode may be separated from the semiconductor by an
insulator {meml-—insulatar—semiconductor FET, called a MISFET). A common
special case of this type uses an oxide layer as the insulator (MOSFET).

In Chapter 5 we found that two daminant features of p-n junctions are
the injection of minority carriers with forward bias and a variation of the de-
pletion width W with reverse bias. These two p-n junclion properties are used
in lwo important types of transistors, The bipelar juriction transistor (BIT)
discussed m Chapter 7 uses the injection of minority carriers across a for-
ward-biased junction, and the junction field-effect transistor discussed m this
chapter depends on control of a junction depletion width under reverse hias.
The FET is a majorily carrier device, and is therefore often called a unipolar
transistor. The BJT. on the other hand, operates by the injection and collection
of minarity carriers, Since the action of both electrons and holes is important
in this device, it is called a bipolar transistor. Like its bipolar counterpart, the
FET is a three-terminal device in which the current through two terminals is

251
Petitioner Runergy USA Inc., Ex. 1030, p. 251



252 Chapler &

controlled at the third, Unlike the BJT, however, field-effect devices are con-
trolled by a voltage at the third terminal rather than by a current,

The history of BJTs and FETSs is rather interesting. It was the FET that
was proposed first in 1930 by Lilienfeld, but he never got it to work because he
did not fully appreciate the role of surface defects or surface states In the process
of trying to demonstrate experimenlally such a field-effect transistor, Bardeen
and Brattain somewhat serendipitously invented the first bipolar transistor, the
Ge point contact transistor. This major breakthrough was rapidly followed by
Shockley’s extension of the concept to the BIT. It was only much later, after the
problem of surface states was rasolved by growing an oxide insulator on 5i, that
the first MOSFET was demonstrated in 1960 by Kahng and Atalla. Although
the BIT reigned supreme in the early days of semiconductor integrated elec-
tronics, it has been gradually supplanted in most applications by the 5i MOS-
FET. The main reason is, unlike BJTs, the various types of FET are characterized
by a high input impedance, since the control voltage is applied to a reverse-bi-
ased junction or Schottky barrier, or across an insulator, These devices are par-
ticularly well suited for controlled switching between a conducting state and a
non¢conducting state, and are therefore useful in digital circuits. They are also
suitable for integration of many devices on a single chip, as we shall see in Chap-
ter 9. In fact, millions of MOS transistors are commonly used together in semi-
conductor memory devices and microprocessors

6.1 We begin this section with a general discussion of amplification and switch-
TRANSISTOR  ing, the basic circuit functions performed by transistors. The transistor 18 a
OPERATION  three-terminal device with the important feature that the current through two
lerminals can be controlled by small changes we make in the current or volt-
age at the third terminal. This control feature allows us to amplify small a-c
signals or to switch the device from an on state fo an eff state and back, These
two operations, amplification and switching. are the basis of a host of electronic
functions, This section provides a brief introduction to these operations, as a

foundation for understanding both bipolar and field-effect transistors.

6.1.1 The Load Line

Consider a two-terminal device that has a nonlinear -V characteristic, as in
Fig. 6-1. We might determine this curve experimentally by measuring the
current for various applied voltages or by using an oscilloscope called a curve
tracer, which varies I and V repetitively and displays the resulting curve.
When such a device is biased with the simple battery-resistor combination
shown in the figure, steady state values of I and V, are atteined. To find
these values we begin by writing a loop equation around the circuit!

E=ipR + vp (6-1)

"We use I Jo symboiize the tatal current o for the d< value, and i lor thie o< componant. A similar
schame it used o1 other cunments ond volloges.

Petitioner Runergy USA Inc., Ex. 1030, p. 252



Field-Effect Transislars 253

in
f‘”“\ E/R

+ jr, \ P
'ID ID

Figure 6-1

A twolerminal
nonlineor device:
{a) biasing
cireuit; |b) =V
characteristic and

{7) (h) load line.

This gives us one equation describing the circuit, but it contains two unknowns
(ip and vy). Fortunately, we have another equation of the form i, = f(v5) in the
curve of Fig. 6-1b, giving us lwo equations with two unknowns. The steady
state current and voliage are found by a simultaneous solution of these two
equations, However, since one equation is analytical and the other 15 graphi-
cal, we must first put them into the same form. It is easy to make the linear
equation (6-1) graphical, so we plot it on Fig, 6-1b to find the simultaneous so-
lution. The end points of the line described by Eq. (6-1) are at E when i, =0
and at E/R when vp = (1. The two graphs cross at v, = Vi, and iy = [, the steady
state values of current and voltage for the device with this biasing circuit,
Now let’s add a third terminal which somehow controls the /- char-
acteristic of the device. For example, assume that the device current-voltage
curve can be moved up the current axis by inereasing the control voltage as
in Fig. 6-2b. This results in a family of i,-v,, curves, depending upon the choice
of v;. We can still write the loop equation (6-1) and draw it on the set of

in (mA) L

20
15

n \a

(a)

Figure 6-2
A thréetarminal nonlinear device that can be conirolled by the voltage at the third terminal vg: (a) bias-

ing eircuil; (b} I-V characteristic and load line. If Vs = 0.5 V, the d< values of I and V are as shown
by the dashed lines.
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curves, but now the simultaneous solution depends on the value of v, In the
example of Fig. 6-2, Vi, is 0.5 V and the d-c values of I and ¥, are found at
the intersection to be 10 mA and 5 V, respectively. Whatever the value of the
control voltage vy at the third terminal, values of I, and ¥, are obtained
from poin(s along the line representing Eq. (6-1). This is called the load line.

6.1.2 Amplification and Switching

If an a-c source is added 1o the control voltage, we can achieve large varia-
tionsin i, by making small changes in vy, For example, as v, varies about its
d-¢ value by 0.25 V in Fig. 6-2, v; varics about its d-c value Vp by 2 V. Thus
the amplification of the a-c signal is 2/0.25 = B, If the curves for equal changes
in vy; are equally spaced on the ip axis, a faithful amplified version of the
small eontrol gignal can be obtained. This type of voltage-controlled ampli-
fication is typical of field-effect transistors. For bipolar transistors, a small
control current is used to achicve larpe changes in the device current, achiev-
ing current amplification.

Anorher important circuil function of transisiors is the controlled
switching of the device off and on. In the example of Fig. 6-2, we can switch
from the bottom of the load line (ip =0) tp almaost the top (ip = E/R) by ap-
propriate changes in v, This type of switching with control at a third termi-
nal is particularly useful in digital circuits,

6.2 Inajunction FET (JFET) the voltage-variable depletion region width of a
THE JUNCTION  junction is used to control the effective cross-sectional area of a conducting
FET  channel. In the device of Fig. 6-3. the current {, flows through an p-type
channel between two p' regions. A reverse bias between these p™ regions
and the channel causes the depletion regions to intrude into the n material,
and therefore the effective width of the channel can be restricted. Since the
resistivity of the channel region is fixed by its doping. the channel resistance
varies with changes in the effective cross-sectional area. By analogy, the vari-
able depletion regions serve as the two doors of a gate, which open and close
on the conducting channel.

In Fig. 6-3 electrons in the nype channel drift from left to right.
opposiie (o current flow. The end of the channel from which electrons
flow is called the source, and the end toward which they flow is ealled the
drain. The p~ repions are called gares. If the channel were p-type. holes
would flow from the seurce to the drain, in the same direction as the cur-
rent flow, and the gate regions would be n*. ILis commaon practice to con-
nect the Two gate regions electrically; therefore. the voltage Vi, refers to
the potential from each gate region (G to the source 8. Since the conduc-
tivity of the heavily doped p° regions is high, we can assume that the po-
tential is uniform throughout cach gate. In the lightly doped channel
material, however, the potential varies with position (Fig. 6-3b). If the than-
nel of Fig. 6-3 is considered as a distributed tesistor carrying a current Iy
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Figure &-3

Simplified crosssectional view of a junction FET. (a] transistar geomelry; (b) detail of the channel ond
vollage variation along the channal with Vi = 0 and small /.

it 18 clear that the voltage from the drain end of the channel D to the
source electrode 5 must be greater than the voltage from a point near the
source end to §, For low values of current we can assume a linear varia-
tion of voltage V. in the channel, varying from V, at the drain end to zero
at the source end (Fig. 6-3b).

6.2.1 Pinch-off and Saturation

In Figure 6-4 we consider the channel in a simplified way by neglecting
voltage drops between the source and drain electrodes and the respee-
tive ends of the channel, For example, we assume that the potential at the
drain end of the channe] is the same as the potential at the elcetrode D.
This is a good approximation if the source and drain regions are relative-
ly large, so that there is little resistance between the ends of the channel
and the electrodes, In Fig. 6-4 the gates are short circuited to the source
(V; = 0), such that the potential at x = 0 is the same as the potential every-
where in the gate regions. For very small currents, the widths of the de-
pletion regions are close to the equilibrium values (Fig. 6-4a). As the
current I is increased, however, it becomes important that V, is large
near the drain end and small near the source end of the channel. Since
the reverse bias across each point in the gate-to-channel junction is sim-
ply V. when V; is zero, we can estimate the shape of the depletion re-
gions as in Fig. 6-4b. The reverse bias is relatively large near the drain
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Figure 64
Daplation regions
in the ::hur:gel of
o JFET with zero
gate bigs for sev-
eral volues of Vi1
{a} linear rangs;
(b} near pinch-off,
|c} beyond pinch-
off.
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(Vs = —Vp) and decreases toward zero near the source. As a result, the
depletion region intrudes into the channel near the drain, and the effec-
tive channel arca is constricted.

Since the resistance of the constricted channel is higher, the 7~V plot for
the channel begins to depart from the straight line that was valid at low cur-
rent levels. As the voltage Vi, and current f; are increased still further, the
channgl region near the drain becomes more constricted by the depletion
regions and the channel resistance continues to increase. As Vi, 1s increased,
there must be some bias voltage at which the depletion regions meet near the
drain and essentially pinch off the channel (Fig. 6-4c¢). When this happens, the
current I, cannot inerease significantly with further increase in V. Beyond
pinch-off the current is saturuted approximately at its value 4t pinch-off.?
Once electrons from the channel enter the electric field of the depletion re-
gion, they are swept through and ultimately flow to the positive drain con-
tact. After the current saturates beyond pinch-off, the differential channel
resistance dVy/dl, becomes very high. To a good approximation, we can

ISaturation ls used by device engineers in mara different conlexts than any ather word s usad. We hove
distussed valocily sorofion, the reverse salyiolion coment of @ juhcrion, ond, now, the soluration of FET
choracteristics. In Chupter 7, we will discuss tha saluration of a BJT. The sudent hos probobly also
reachad sanration by now in trying kb absorh thase various meaningsl
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1]il 1 Figl.lf'ﬂ- 6-5
Ip Pinch-off Effects of o nega-
tive gate bias: [a)
V=0V incraase of deple-
tion region widths
with V5 negative;
=1 (b} family of
current-vollage
curves for the
channels as Vg is
i Va varied.

calculate the current at the critical pinch-off voltage and assume there is no
further inerease in current as Vi, 18 increased.

6.2.2 Gate Control

The effect of a negative gate bias —V,; is to increase the resistance of the
channel and induce pinch-off at a lower value of current (Fig. 6-5). Since the
depletion regions are larger with V; negative, the effective channel width is
smaller and its resistance is higher in the low-current range of the charac-
teristic. Therefore, the slopes of the [, vs. V; curves below pinch-off become
smaller as the gate voltage is made more negative (Fig. 6-5b). The pinch-off
condition is reached at a lower drain-to-source voltage, and the saturation
current is lower than for the case of zero gate bias, As Vi, is varied, a family
af curves is obtained for the I-V characteristic of the channel, as in Fig. 6-5b.

Beyond the pinch-off voltage the dram current I is controlled by V.
By varving the gate bias we can obtain amplifieation of an a-c signal. Since
the input control voltage V,; appears across the reverse-biased gate junc-
tions, the input impedance of the device is high.

We can calculate the pinch-off voltage rather simply by representing the
channel in the approximate form of Fig. 6-6. If the channel is symmetrical and
the effects of the gates are the same in each half of the channel region, we can
restrict our attention to the channel half-width A(x), measured from the center
line (y = L). The metallurgical half-width of the channel (i.c., neglecting the
depletion region) is a: We can find the pinch-off voltage by calculating the re-
verse bias between the n channel and the p* gate at the drain end of the chan-
nel (= L). For simplicity we shall assume that the channel width at the drain
decreases uniformly as the reverse bias increases to pinch-off 1f the reverse
bins between the gate and the drain is — Vgp, the width of the deplétion region
at x = L can be found from Eq. (5-57):

2e(—Vp)

wu:m:[ e

"
] (Vi p negative) (6-2)
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Figure 6-6
Simplified diagram of the channel with definitions of dimensions and differential volume for caleulations.

In this expression we assume the equilibrium contact potential ¥, is negligi-
ble compared with V', and the depletion region extends primarily into the
channel for the p™-n junction. Including V) is left for Prob. 6.1.

Pinch-off oceurs at the drain end of the channel when

hx=L)=a— W(x=L)=0 (6-3)
that s, when W{x = L) = a. If we define the value of — Vg at pineh-aff as
V, we have

ZeV 12
] =
aNy ]
_ ga*Ny '
Vp e | {6-4)
The pinch-off voltage V, is a positive number; its refation to V), and Vi, is
Vp=—Vep(pinch-off) = = Vg + Vi (6-5)

where Vy;is zero or negative for proper device operation. A forward bias on
the gate would cause hole injection from the p* regions into the channel,
eliminating the field-effect control of the device. From Eq. (6-5) it is clear that
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pinch-off results from a combination of gate-to-source voltage and drain-to-
source voltage. Pinch-off is reached at a lower value of V, (and therefore a
lower 1) when a negative gate bias is applied, in agreement with Fig. 6-5h,

6.2.3 Currenl-Voltoge Characteristics

Calenlation of the exact channel current is complicated, although the math-
ematics is relatively straighiforward below pinch-olf. The approach we shall
take is to find the expression for /;; just at pinch-off, and then assume the
saturation current beyond pinch-off remains fairly constant at this value.

In the coerdinate system defined in Fig. 6-6, the center of the channe]
at the source end is taken as the origin. The length of the channel in the
x-direction is L, and the depth of channel in the z-direction is Z. We shall
call the resistivity of the n:type channel material p (valid only in the neutral
n material, outside the denletion regions). If we consider the differential vol-
ume of neutral channel material Z2A(x)dx, the resistance of the volume el-
ement is pda/Z2h(x) [see Eq. (3-44)] Since the current does not change with
distance along the channel, [, is related to the differential voltage change in
the element dV, by the conduclance of the element:

Z2h(x) dV,

0] dx (6-6)

b
The term 2h(x) is the channel width at x.

The half-width of the channel at point x depends on the local reverse
bias between gate and channel — V.

. o M 12 - _ V,— Ve u:r}
hix) =a—= Wx) _ﬂ-[ g, ] ‘tf[l ( Vi ) (6-7)

since Vi, = Vg — V, and V, = ga"N,2e. Tmplicit in Eq. (6-7) is the assump-
tion that the expression for W(x) can be obtained by a simple extension of
Eq. (6-2) lo point x in the channel. This 1s called the gradual channel approxi-
mation; il is valid il i{x) does not vary abruplly m any element dx.

The voltage V. will be negative since the gate voltage V; is chosen
zero or negative for proper operation, Substituting Eq. (6-7) into Eq. (6-6),
we have

P Ve

We can solve this equation to obtain

B Vo 2f Vo 2/ V= V2
Ip= _GqulifT'P 3 S(—-ﬁ) ~3 T (6-9)

1
) Jdv. = lyudx (6-8)
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where Vi is negative and Gy = 2aZ/pL is the conductance of the channel
for neghgible W{x), i.e., with no gate voltage and low values of {;. This equa-
tion is valid only up to pinch-off, where V — Vig= V. If we assume the sat-
uration current remains essentially constant at its value at pinch-off, we have

Vo 2 VeV 2
In(sat)—GDVP[VD 5(_'?:) —3]

Ve 2 V{I)}ﬁ 1 }
= GﬂVP[ V 3( VF N 3 {6'— 1”}
where
Vo, Ve
Fp v‘l

The resulting family of /- curves for the channel agrees with the results we
predicted qualitatively (Fig. 6-5b). The saturation current is greatest when Ve,
is zero and becomes smaller as V; is made negative.

We can represent the devige biased in the saturation region by an
equivalent circuit where changes in drain current are related to gate voli-

age changes by
V;,-)m" )
1 ( 2 } (6-11)

The quantity g, is the mutal transconductance, with units (A/V) called
siemens (S), sometimes called mhos. As a figure of merit for FET devices it
is common to deseribe the transconductance per unit channel width Z. This
quanuty Bl Z 1s usually given in units of millisiernens per millimeter.

It is found experimentally that a square- -law characteristic closely ap-
proximates the drain current in saturation:

o plsar.)
gndsaL) = = Gy

VoV _
1,(sat.) = Im-‘.,(l + -‘T&-) . (Vg negative) {h-12)
#

where ;5 is the saturated drain current with Vi, =0,

The appearance of a constant value of channel resistivity (in the G,
term) in Eqs (6-Y)-(6-11) implies that the electron mability is constant. &g
mentioned in Section 3.4.4, electron velocity saturation at high fields may
make this assumption invalid, This is particularly likely for very short chan-
nels. where even moderate drain voltage can result in a high field along the
channel. Another departure from the ideal model results from the fact that
the effective channel length decreases as the drain voltage is increased be-
yond pinch-off, as Fig, 6-4c suggests. In short-channel devices this effect ean
cause [y to increase beyond pinch-oif, since L appears in the denominator
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of Eq. (6-10), in Gy, Therefare, the assumption of constant saturation current
15 not valid for very short-channel devices.

The depletion of the channel discussed above for a JFET can be accomplished 6.3

by the use of a reverse-biased Schottky barrier instead of a p-n junction. The  THE METAL-
resulting device 1s called a MESFET, indicating that @ metal-semiconductor  SEMICONDUCTOR
junction is used. This device is useful in high-speed digital or microwave air-  FET

cuits, where the simplicity of Schottky barriers allows fabrication to close peo-

melrical tolérances, There are particular speed advantages for MESFET

devices in ITT-V compounds such as GaAs or InP. which have higher mobili-

ties and carrier drift velocities than Si.

6.3.1 The GaAs MESFET

Fgure 6-7 shows schematically a simple MESFET in GaAs, The substrate is
undoped or doped with chromium, which has an energy level near the cen-
ter of the GaAs band gap. In either case the Fermi level is near the center of
the gap, resulting in very high resistivity material (~10* {}-cm), generally
called semi-tnsulating GaAs. On this nonconducting substrate a thin layer of
lightly-doped n-type GaAs is grown epitaxially, to form the channel region
of the FET.? The photolithographic processing consists of defining patterns
in the metal layers for source and drain ohmic contacts (e.g., Au-Ge) and
for the Schottky barrier gate (e.g.. Al). By reverse biasing the Schottky gate,
the channel can be depleted to the semi-insulating substrate, and the result-
ing /- V characteristics are similar to the JFET device,

By using GaAs instead of Si, a higher electron mobility is available (see
Appendix [11), and furthermore GaAs can be operated at higher tlempera-
tures (and therefore higher power levels). Since no diffusions are involved
in Fig. 6-7, close peometrical tolerances can be achieved and the MESFET
can be made very small. Gate lengths L = 0.25 pm are common in these de-
vices. This is important at high frequencies, since drift time and capacitances
must be kept to a minimum,

It is possible to avoid the epitaxial growth of the n-type layer and the
etched isolation in Fig. 67 by using ion implantation. Starting with a semi-
insulating GaAs substrate, a thin n-type layer at the surface of each transis-
tor region can be formed by implanting Si or a column VI donor impurity
such as Se. This implantation requires an anneal Lo remove the radiation
damage, but the epitaxial growth step is eliminated. In either the fully im-
planted device or the epitaxial device of Fig. 6-7, the source and drain con-
tacts may be improved by further n' implantation in these regions. Because

In meiny cases, @ high-esisfivity Gass epitoxial layer (called a buffsr layid is grown between lha hva lay
ers shown in Fig. 6-7.
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Figure 6-7
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of the relative simplicity of implanted GaAs MESFETSs and the isolation be-

tween devices provided by the semi-insulating subsirate, these structures are
commonly used in GaAs integraled eircuits.

6.3.2 The High Electron Mobility Transistor (HEMT)

Since the metal-semiconductor field effect transistor (MESFET) is compat-
ible with the use of ITI-V compounds, it is possible to exploit the band gap en-
gineering available with heterojunctions in these materials. In order to
maintain high transconductance in a MESFET, the channel conduetivity must
be as high as possible. Obviously, the conductivity can be mereased by in-
creasing the doping in the channel and thus the carrier concentration. How-
ever, increased doping also causes increased scattering by the ionized
impurities, which leads to a degradation of mobility (see Fig, 3-23). What is
needed is a way of creating a high electron concentration in the channel of a
MESFET by some means other than doping. A clever approach to this re-
quirement is 1o grow a thin undoped well (e.g, GaAs) bounded by wider band
gap, doped barriers (e.g, AlGaAs), This contiguration, called modulaiton dop-
i, results in conductive GaAs when electrons from the doped AlGaAs bar-
rers fall into the well and become trapped there, as shown in Fig. 6=8a. Since
the donors are in the AlGaAs rather than the GaAs, there Is no impurity scat-
tering of electrons in the well. If a MESFET is constructed with the channel
along the GaAs well (perpendicular (o the page in Fig, 6-8), we can tuke ad-
vantage of this reduced scattering and resulting higher mobility. The effect is
especially strong at low temperature where lattice (phonon) scattering is also
low:, This device 1s called a modulation doped field-effect transistor (MODFET)
and is also called a high electron mobility wansisior (HEMT).

In Fig 6-8a we have left out the band-bending expected at the AlGaAs/
GaAs interfaces. Based upon the discussion in Section 5.8, we expect the
clectrons to accumulate al the corners of the well due to band-bending at
the heterajunction, In fact, only ope heterojunction is required Lo trap elec-
trons, as shown in Fig. 6-8b. Generally, the donors in the AlGaAs layer are
purposely separated from the interface by ~100 A, Using this configuration,
we can achieve a high electron concentration in the channel while retaining
high mobility, since the GaAs channel region is spatially separated {rom the
ionized impurities which provide the free carriers.
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Figure 6-8

(a) Simplified view of modulation doping, showing only the canduction band. Electrans in tha donor-
doped AlGaAs fall into the GaAs potential well and become trapped. As a result, the undoped GoAs
bacomes ndype, without the scattering by ionized donors which Is typical of bulk ntype material, (b) Use
of a single AlGaAs/GaAs heterojunction fo rap elecirons in the undoped GaAs. The thin shea! of
charge dug to free elecirons at the interface torms o two-dimensional election gas (2-DEG], which can
be exploited in HEMT devicas.

In Fig. 6-8b, mobile elecirons generated by the donors in the AlGaAs
diffuse into the small band gap GaAs layer, and they are prevented from re-
turning to the AlGaAs by the potential barrier at the AIGaAs/GuAs inter-
face. The electrons in the (almost) triangular well form a two-dimensional
electron gas (sometimes abbreviated 2-DEG). Sheet carrier densities as
high as 10" cm ™2 can be obtained at a single interface such as thatshown in
Fig. 6-8b. lonized impurity scattering is greatly reduced simply by separating
the electrons from the donors. Also, sereening effects due to the extremely
high density of the two-dimensional electron gas can reduce ionized impu-
rity scattering further. In properly designed structures, the electron trans-
port approaches that of bulk GaAs with no impurities, so that mobility is
limited by lattice scattering. As a result, mobilities above 250,000 em?/V-s at
77 K and 2,000,000 cm?/V-s at 4 K can be achieved.

The advantages of a HEMT are its ability to locate a large electron
density (~10% em ) in a very thin layer (<100 A thick) very close to the
pare while simultaneously ¢liminating ionized impurity scattering, The Al-
GaAs layer ina HEMT is fully depleted under normal operating conditions,
and since the electrons are confined to the heterojunction, device behavior
closely resembles that of a MOSFET. The advantages of the HEMT aver the
SiMOSFET are the higher mobility and maximum electron velocity in GaAs
compared with Si, and the smoother interfaces possible with an AlGaAs/
GaAs heterojunction compared with the Si/Si0, interface. The high perfor-
mance of the HEMT translates into an extremely high cutoff frequency, and
devices with fast access times.

Although we have discussed the HEMT in terms of the AlGaAs/GaAs
heterajunction, other materials are also promising, such as the InGaAsP/InP
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system.A motivation for avoiding Al,Ga, -, As is the presence of & deep-level
defect called the DX center for x = 0.2, which traps electrons and impairs the
HEMT operation. Since very thin layers are involved, materials with slight
lattice mismatch can be grown to form psendomorphic HEMTS, An example
of such a system is the use of a thin layer of InGaAs grown pseudomorphi-
cally on GaAs, followed by AlGaAs An advantage of this system is that a use-
fil band discontinuity can be achieved using AlGaAs of low enough Al
composition to avoid the DX center problem.

The HEMT, or MODFET, is also referred to as a two-dimensional elec-
tron gas FET (2-DEG FET, or TEGFET) to emphasize the fact that con-
duction along the channel occurs in a thin sheet of charge. The device has also
been called a separately doped FET (SEDFET), 1o emphasize the fact that
the doping occurs in a separate region from the channel.

6.3.3 Short Channel Efects

As mentioned in Section 6.2.3, a variety of modifications to the simple the-
ory of JFET and MESFET operation must be made when the channe! length
is small (typically < 1 wm). In the past, these short-channel effects would be
considered unusual, bul now it is common to encounter FET devices in which
these effects dominate the I-V characteristics. For example, high-field effects
geeur when 1 'V appears across a channel length of 1 wm (10 % em), giving an
electric field of 10 kV/iem.

A simple piecewise-linear approximation to the velocity-field curve
assumes a constant mobility (linsar) dependence up to some critical field &,
and a constant saturation velocity v, for higher fields. For 5i a betier ap-
proximation is

. _H%
T 1+ iy,

Vi (6-13)
where p is the low-field mobility. These two approximations are shown in
Fig. 6-%a. If we assume that the electrons passing ihrough the channel drift
with a constant saturation velocity v,, the current takes a simple form

Ip=qgnv,A =gN N, Zh (6-14)

where ks a slow function of V. In this case the saturated current follows the
velocity saturation, and does not require a true pinch-off in the sense of de-
pletion regions meeting at some point in the channel. In the saturated ve-
locity case, the transconductance g,, is essentially constant, in contrast with
the constant mobility case described by Eq. (6-11). As shown in Fig. 6-9b, the
{p — V5 curves are more evenly spaced if constant saturation velocity dom-
imates, compared with the Vi -dependent spacing shown in Fig. 6-5b for the
long-channel constant-mobility case.
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Effects of electron velocily saturation ot high eleciric fields: (a) approximations to the saturation of drift
velocity with increasing field; [b) drain current-voltage choracteristics for the soturated velocity case,
showing almost equally spaced curves with increasing gate vollage.

Maost devices operate with characteristics intermediate between the
constant mobility and the constant velocity regimes. Depending on the de-
tails of the field distribution, it is possiblé to divide up the channel into re-
gions dominated by the Two extreme cases, or to use an approximation such
as Eq. (6-13).

Another important short-channel effect, described in Section 6.2.3, 18
the reduction in effective channel length after pinch-off as the drain voltage
15 increased. This effect is not significant m long-channe! devices, since the
change in L due to intrusion of the depletion region is a minor fraction of the
total channel length. In short-channel devices, however, the effective chan-
nel length can be substantially shortened, leading to a slope in the saturated
I-V characieristic that is analogous to the Early (base-width narrowing) ef-
fect in bipolar transistors discussed in Section 7.7.2.

One of the mest widely used electronic devices, particularly in digital inte- 4.4

grated circuits, is the metal-insulator-semiconductor (MIS) transistor. In this  THE METAL-
device the channel current is controlled by a valtage applied at a gate elec-  INSULATOR-
trode that is isolated from the channel by an insulator. The resulting device  SEMICONDUCTOR
may be referred to generically as an insulated-gate field-effect transistor  FET

(IGFET). However, since most such devices are made using silicon for the

semiconductor, Si(), for the insulator, and metal or heavily doped polysilicon

for the gate electrode, the texm MOS field-effect transistor (MOSFET) is

commonly used.
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Figure 6-10
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6.4.1 Basic Operation and Fabrication

The basic MOS transistor is illustrated in Fig. 6-10a for the case of an
enhancement-mode n-channel device formed on a p-type Si substrate. The n*
source and drain regions are diffused or implanted into a relatively light-
ly doped p-type substrate, and a thin oxide layer separates the conducting
gate from the Si surface. No current flows from drain to source without a
conducting n channel between them. This can be understood clearly by
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looking at the band diagram of the MOSFET in equilibrium along the
channel (Fig, 6-10a), The Fermi level is flat in equilibrium. The conduction
band is close to the Fermi level in the n” source/drain, while the valence
band is closer to the Fermi level in the p-type material. Hence, there isa
potential barrier for an electron to go from the source to the drain, cor-
responding to the built-in potential of the back-to-back p-n junctions be-
tween the source and drain.

When a positive voltage is applied (o the pate relative to the substrate
(which is counected 10 the source in this case), positive charges are in effect
deposited on the gate metal. In response, negative charges are induced m
the underlying 5i, by the formation of a depletion region and a thin surface
region containmyg mobile electrons. These induced electrons form the chan-
nel of the FET, and allow current to flow from drain lo source. As Fig. 6- 10b
suggesls, the effect of the gate voltage is to vary the conductance of this in-
duced channel for low drain-to-source voltage, analogous to the JFET case.
Since electrons are electrostatically induced in the p-type channel region,
the channel becomes less p-type, and therefore the valence band moves down,
farther away from the Fermu level This obviously reduces the barrier for
clectrons between the source, the channel, and the drain. If the barrier is re-
duced sufficiently by applving a gate vollage in excess of what is known as
the threshold voltage, V5, there is signiticant current flow from the sourca to
the drain. Thus, one view of a MOSFET is that it is a gate-controlled poten-
tial barrier. It is very important to have high-quality, low-leakage p-n june-
tions in order to ensure a low off-state leakage in the MOSFET. For a given
value of V,, there will e some drain voltage V, for which the current be-
comes saturated, alter which it remains essentially constant,

The threshold voltage Vy is the minimum gate voltage required to in-
duce the chanrel. In general, the positive gate voltage of an n-channel de-
vice (such as that shewn in Fig. 6-11) must be larger than some value V/,
hefare a canducting channel is induced: Similarly, a p-channel device (made
on an n-type substrate with p-type source and drain implants or diffusions)
requires 4 gale voltage more negulive than some threshold value to induce
the required positive charge (mobile holes) in the charmel. There are
exceptions 1o this general rule. however, as we shall see, For example, some
n-channel devices have a channel already with zero gaie voltage, and in fact
a negative gate voltage is required to turn the device off. Such a “normally
on” device is called a depletion-mode transistor, since gate voltage is used
to deplete a channel which exists ut equilibrium. The more common MOS
transistor is “normally off” with zero gate voltage, and operates in the en-
hancement mode by applying pate voltage large enough to induce a con-
ducting channel.

An alternative view of a MOSFET is that it is a gate-controlled resistor.
If the (positive) gate voltage exceeds the threshold yoltage in an n-channel
device, electrons are induced in the p-type substrate. Since this channel is
conrected to the n* source and drain regions, the structure looks electrical-
Iy like an induced n-type resistor, As the gate vollage increases, more electron
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charge is induced in the channel and, therefore, the channel becomes more
conducting. The drain current initially increases linearly with the drain bias
(the linear regime) (Fig. 6-10b). As more drain current flows in the channel,
however, there is more ohmic voltage drop along the channel such that the
channel potential varies {rom zero near the grounded source Lo whatever
the applied drain polential is near the drain end of the channel. Hence, the
voltage difference between the gate and the channel reduces from V; near
the source to {V;- V) near the drain end. Once the dran bias is increased to
the point that (Ve =Vp) = Vi threshold is barely maintained near the drain
end, and the channel is said to be pinched off. Increasing the drain bias beyond
this point (V; (sat)) causes the point at which the channel gets pinched off 1o
move more and more into the channel. closer to the source end (Fig. 6-11c).
Electrons in the channel are pulled into the pinch-off region and travel at the
saturation drift velocity because of the very high longitudinal electric field
along the channel. Now, the drain current is said to be in the saturation re-
gion because it does not increase with drain bias significantly (Fig. 6-10b). Ac-
tually, there is a slight increase of drain current with drain bias due to various
effects such as channel length modulation and drain-induced barrier lower-
ing (DIBL) that will be discussed in Section 6.5.10.

The MOS transistor is particularly useful in digital circuits, in which it
is switched from the "off” state (no conducting channel) to the “on" state. The
control of drain current is obtained at a gate electrode which is insulated
from the source and drain by the oxide. Thus the d-¢ input impedance of an
MOS circuit can be very large.

Both n-channel and p-channel MOS transistors are in common usage.
The n-channel type illustrated in Fig. 6-10 is generally preferred because it
takes advantage of the fact that the electron maobility in Si is larger then
the mobility of holes. In much of the disoussion to follow we will use the
n-chanmel (p-type substrate) example, although the p-channel case will be
keptlin mind alsa.

Let us give a very simplified description of how such an n-channel
MOSFET can be fabricated. A much more detailed discussion 1s given in Sec-
tion 9.3.1. An ultra-thin (~5-10 nm) dry thermal silicon dioxide is grown on
the p-type substrate, This serves as the gate insulator between the conducting
gate and the channel. We immediately cover it with LPCVD of polysilicon,
which is doped very heavily n* using P diffusion in order to make it behave
electrically like a metal electrode, The doped polysilicon layer is then pat-
terned to form the gates, and etched anisotropically by RIE to achieve verti-
cal walls (Section 5.1.7). The gate itself is used as an immplant mask for an n”
implant which forms the source/drain junctions abutted to the gate edges, but
is blocked from the chanuel region. Such a schem is called a self-aligned
process because we did notl have 10 use a separate. lithography step for the
source/drain formation, Self-alignment is simple and is very useful because we
thereby guarantee that there will be some overlap of the gate with the
source/drain but not too much overlap. The advantages of this are discussed in
Section 6.5.8. The implanted dopants must be annealed for reasons discussed
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in Seation 5.1,4. Finally, the MOSFETSs have to be properly interconmected ac-
cording to the cireuit layout, using metallization. This invalves LPCVD of an
oxide dielectric, etching contact holes by RIE, sputter depositing a suitable
melal such as Al, patterning and etching it.

As shown in Fig. 6-10a, the MOSFET is surrounded on all sides by a
thick 810, layer. This layer provides critical electrical isolation between ad-
jacent transistors on an integrated circuit. We shall see in Section %.3.1 that
such iselation or field regions can be formed in several ways, such as LOCal
Oxidation of Silicon (LOCOS). Brizily. it involves depositing a LPCVD Si)N,
laver over the entire subsirate before the fabrication of the MOSFETs. pat-
terning and etching it so that i is removed only in the isolation regions, but
not in the active regions where the MOSFETs will be formed subsequeritly.
A boron channel stop implant is then done in the isolation regions. Exploit-
ing the useful property of Si;N, that it blocks thermal oxidation, a thick
LOCOS oxide is selectively grown by wet oxidation only in the isolation re-
gions. The reason why a thick field oxide layer and a boron channel stop im-
plant leads to electrical 1solation 1s discussed in Section 6.5.5.

6.4.2 The Ideal MOS Capacitor

The surface effects that arise in an apparently simple MOS structure are ac-
tually quite complicated. Although many of these effects are beyond the
seope of this discussion, we will be able 1o identify those which control typ-
ical MOS transistor operation. We begin by considering an uncomplicated
idealized case, and then include effects encountered in real surfaces in the
next section.

Some important definitions are made in the energy band diagram of
Fig. 6-12a. The work function characleristic of the mefal (see Section 2.2,1)
can be defined in lerms of the energy required Lo move an electron from the
Fermi level to outside the metal. In MOS work it is more convenient to use
a modified work function q®,, for the metal-oxide interface. The energy g,
is measured from the metal Fermi level to the conduetion band of the oxide.*
Similatly, g, is the modified work function at the semiconductor-oxide in-
terface. In this idealized case we assume that @, = @, so there is no differ-
ence in the two work functions. Another quantity that will be useful in later
discussions is qde, which measures the position of the Fermi level below the
intrinsic level F; for the semiconductor, This quantity indicates how sirong-
ly p-type the semiconductor is [see Eq. (3-25)].

The MOS structure of Fig 6-12a is essentially a capacitor in which one
plate is a semiconductor, If we apply a negative voltage between the metal and
the semiconductor (Fig, 6-12b), we effectively deposit a negative charge on
the metal. In response, we expect an equal net positive charge to accumulate

40 the MOS band diagroms of this section, we shaw a break In the slectran energy scale lrading to the
insulolgf conduction bard, sitce the band gap of $i0;, {or sther lypical insulotan) & mueh gregler hdn
that of the 5.
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Figure 6-12
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at the surface of the semiconductor. In the case of a p-type substrate this oc-
curs by hole accumulation at the semiconductor-oxide interface.

Since the applied negative voltage depresses the electrostatic potential of
the metal relative to the semiconductor, the electron energies are raived in the
metal relative to the semiconductor.® As a result, the Fermi level for the metal
E, lies above its equilibrium position by gV, where V is the applied voltape.

Singe @, and @, do not change with applied voltage. moving Ey, up in
energy relative 10 Eg causes a tilt in the oxide conduction band. We expect
such a tilt since an electric field causes a gradient in E, (and similarly in £,
and £ ) as deseribed in Section 4.4.2:

_ 14k

Bls) = i dx

(sce 4-26)
The energy bands of the semiconductor bend near the interface 1o ac-
commodate the accumulation of holes. Since

p = nb Y (see 3-25)

it is clear that an increase in hole concentration implies an increase in E, — Ej
at the semiconductor surface.

Since no current passes through the MOS structure, there can be no
variation in the Fermi level within the semiconductor. Therefore if E; — E;
is to increase, it must occur by E; moving up in energy near the surface. The
result is a bending of the semiconductor bands near the interface. We notice
in Fig. 6-12b that the Fermi level near the interface lies closer to the valence
band, indicating a larger hole concentration than that arising from the dop-
ing of the p-tvpe semiconductor,

In Fig. 6-12¢ we apply a positive voltage from the metal to the semi-
conductor. This raises the potential of the metal, lowering the metal Fermi
level by ¢V relative to its equilibrium position. As a result, the oxide con-
duction band is again tilted. We notice that the slope of this band, obtained
by simply moving the metal side down relative to the semiconductor side, is
in the proper direction for the applied field, according to Eq. (4-26).

The positive voltage deposits positive charge on the metal and calls for
a corresponding net negative charge at the surface of the semiconductor. Such
a negalive charge in p-type material arises from depletion of holes from the
region near the surface, leaving behind uncompensated ionized acceptors.
This is analogous Lo the depletion region at a p-n junction discussed in Sec-
tion 5.2.2. In the depleted region the hole concentration decreases, moving
E closer to Ep, and bending the bands down near the semiconductor surface,

If we continue to increase the positive yoltage, the bands at the semicon-
ductor surface bend down more strongly. In fact, a sufficiently large voltage can

*Recall thor an elscirasiatic patential dinsgram in drown far posliive teyf charges in canfrost i an eleron
enesgy diagram, which is degwn far negotive charges,

Petitioner Runergy USA Inc., Ex. 1030, p. 272



Fiald-Effect Transistors 273

bend E, below Ep (Fig. 6-12d). This is a particularly interesting case, since L
= E, implies a large electron concentration in the conduction band.

The region near the semiconductor surface in this case has conduction
properties typical of n-type material, with an electron concentration given by
Eq. (3-25a). This n-type surface layer is formed not by doping, but instead by
inversion of the oniginally p-type semiconductor due to the applied voltage.
This inverted layer, separated from the underlying p-type material by a de-
pletion region, is the key to MOS transistor operation.

We should take a closer look at the inversion region, since it becomes the
conducting channel in the FET. In Fig. 6-13 we define a potential ¢ at any
point x, measured relative to the equilibrium paosition of £,. The energy gd
tells us the extent of band-bending al x, and g, represents the band-bending
at the surface. We notice that ¢, = 0 is the flat band condition for this ideal
MOS case (Le., the bands look like Fig. 6-12a). When ¢, < 0, the bands bend
up at the surface, and we have hole accumulation (Fig, 6-12b). Similarly, when
&, = 0, we have depletion (Fig. 6-12c). Finally, when ¢, is positive and larger
than &, the bands at the surface are bent down such that Efx = 0) lies below
Ej,and inversion is obtained (Fig. 6-12d).

While it is true that the surface is inverted whenever d, is larger than
¢y, & practical criterion 18 needed to tell us whether a true n-type conducting
channel exists at the surface. The best criterion for strong inversion is thal the
surface should be as strongly n-type as the substrate is p-type That is, E,
should lie as far below Eat the surface as it is above £, far from the surface,
This condition oceurs when

[ P
b (inv,) = 2de = 1-?-}11—;:—_ (B-158)
Er
- - E B Ei
1 ab g 1 o
R e SR Ep Figure 6-13
J’_ ¢ Bending of the
semiconductar
Ey bands of the onsel
of strong inver-
sion: the surface
potential $, is
Oxide | Semiconductor ;:"'i‘l:e 1:'9 mh:re |3F
¢ In the neutral p
e matarial,
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A surface potential of ¢ is required to bend the bands down to the intrinsic
condition at the surface (E, = Eg),and E; must then be depressed another g
at the surface to obtain the condition we call strong inversion.

The electron and hole concentrations are related to the potential ¢(x)
defined in Fig, 6-13. Since the equilibrium electron concentration is

ny = nellr BT = gamabe/k] (6-16)
we can easily relate the electron concentration at any x to this value;
n= e W kT — g LONT (6-17)
and similarly for holes:
py = natde/kT (6-18a)
p = poe AT (61-18h)

at any x. We could combine these equations with Poisson’s equation (6-19)
and the usual charge density expression (6-20) to salve for d(x):

dx €
p(x) =q(N} — N; +p—n) (6-20)

Let us solve this equation to determine the total integrated charge
per unit area, G, as a function of the surface potential, &,. Substituting
Egs. (6-16), (6-17), and (6-18) for the electron and hole concentrations in
Egs. (6-19) and (6-20), we get

*th i i _qé gb
T _ ‘ﬂ ﬂ) - _ilh(L 5 0 1) L ,,t(,, kT — 1)] (621)
axt  ax\dx €,

It should be kept in mind that
~id
ix

is the electric field, %, at a depth x.

Integrating Eq. (6-21) from the bulk (where the bands are flat, the elec-
tric fields are zero, and the carrier concentrations are determined solely by
the doping), towards the surface, we get

i

£ b Ll i
j (ﬁ ﬁ) - —(-'J [p £R — 1) - n,,(ei"f = i}}dcb (6-22
] &.x a-!' 'EJ‘ i}

After integration, we then get

3 zkm)[( #a28) -‘ir}( @ qb ” .
PR it =1 i i Hh-2%
é ( = ek + T L)+ x; ekr T 1]( )
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A particularly important case is at the surface (x = 0) where the surface per-
pendicular electrie field, ¥,, becomes

V’E}:T[( b g nof 4 gl It
%= 7, g v ) _E(ﬁ___’_ )] 24
1 gLp i % Li+ 7o F kT A [ )
where we have introduced a new term., the Debye screening lengith,
T
I (6-25)
q Py

The Debye length is a very important concept in semiconductors. It gives us
an idea of the distance scale in which charge imbalances are screened or
smearad oul. For example, if we think of inserting a pasitively charged sphere
in an n-iype semiconductor we know that the mobile electrons will crowd
around the sphere. If we move away [rom the sphere by several Debye
lengths. the positively charged sphere and the negative electron cloud will
look like a neutral entity. Not surprisingly, L., depends inversely on doping
because the higher the carrer concentration, the more easily screening takes
place. For n-type material we should use », in Eq. (6-25).

By using Gauss’s law at the surface, we can refate the integrated space
charge per unit area 1o the electric displacement. keeping in mind that the
electric field or displacement deep in the substrate is zero.

Q? = —g,6; (6-26)

The space charge density per unit area Q; in Eq. (6-26) is plotted as a
function of the surface potential §, in Fig. 6-14. We see from Eq. (6-24) and
Fig. 6-14 that when the surface potential is zero (flat band conditions), the
net space charge is zero, This is because the fixed dopant charges are cancelled
by the mabile carrier charges at flat band. When the surface potential is neg-
ative,it attracts and forms an accumulation layer of the majority carrier holes
at the surface The first texm in Eq. (6-24) is the dominant one, and the ac-
cumulation space charge increases very sirongly (exponentially) with nega-
tive surface potential. It is easy to see why by looking at Eq, (6-18), which
gives the surface hole concentration in a p-type semiconductor as a function
of surface potential. Since the band-bending decreases as a function of depth,
the integrated accumulation charge involves averaging over depth and in-
traduces a factor of 2 in the exponent. Mathematically, this is due to the
square root in Eq. (6-24), It must be noted that since this charge is due 1o
the mobile majority carriers (holes in this case), the charge piles up near
the oxide-silicon interface, since typical accumulation layer thicknesses are
-20 nm; Also, because of the exponential dependence of accumulation charge
on sutface potential, the band-bending is generally small or is said to be
pinned 10 nearly zero.

On the other hand, for a positive surface potential, we see from Eq.
(6-24) that initially the secand (linear) term is the dominant one. Although
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Variation of spacecharge dansir?' in the semiconductor as a function of the surfoce potential b, for
p-iype silicon with N, = 4 % 10" em™ at room temperature. p,and n, are the hole and electron con-
centrations of the surface, & is the potential difference between the Fermi level and the intrinsic level of
the bulk. (Garrett ond Bratiain, Phys. Rev, 99, 376 (1955).)

the exponential term exp(gd,/kT) is very large, it is multiplied by the ratio
of the minonty to majority carrier concentration which is very small, and is
initially negligible. Hence, the space charge for small positive surface poten-
tials increases as ~ /&, as shown in Fig 6-14. As discussed in detail later in
this section, this corresponds {o the depletion region charge due to the ex-
posed, fixed immobile dopants (acceptors in this case), The depletion width
typically extends over several hundred nm. At some point, the band-bending
is twice the Fermi potential ¢, which is enough for the onset of strong in-
version, Now, the exponential term exp(gd (inv.}/kT) multiplied by the mi-
nority carrier concentration ny is equal to the majority earrier concentration
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po. Henee, for band bending beyond this point, it becomes the dominant term.
As in the case of accumulation, the mobile mversion charge now increases
very strongly with bias, as indicated by Eq. (6-17) and shown in Fig. 6-14.The
typical inversion layer thicknesses are ~5 nm, and the surface potenlial now
is essentially pinned at 2dp

[t may be pointed oul that in accumulation, and especially in inversion,
the carriers are confined in the x-direction in narrow, essentially triangular
potential wells, causing quantum mechanical particle-in-a-box slates or sub-
bands, similar 1o those discussed in Chapter 2. However, the carriers are free
in the other directions (parallel Lo the oxide-silicon interface). This leads to
a two-dimensional electron gas (2DEG) or hole gas, with a “staircase” con-
stant density of states, as discussed in Appendix I'V. The detailed apalysis of
these effects is, unfortunately, bevend the scope of our discussion here.

The charge distribution, electric field, and electrostatic polential for
the inverted surface are sketched in Fig, 6-15. For simplicity we use the de-
pletion approximation of Chapter 5 in this figure, assuming complete deple-
tion for (I < x < W, and neutral material forx > W. In this approximation the
charge per unit area® due to uncompensated acceptors in the depletion re-
gion is —gN,W. The positive charge G, on the metal is batanced by the neg-
ative charge Q, in the semiconductor, which is the depletion layer charge
plus the charge due to the inversion region Q,:

Q,=-8,=gNW - Q, (6-27)

The width of the inversion region is exaggerated in Fig. 6-15 for illus-
{rative purposes. Actually, the width of thistegion is generally less than 100 A,
Thus we have neglected it in sketching the electric field and potential distri-
bution. In the potential distribution diagram we see that an applied voltage
V appears partially across the insulator (V) and partially acrass the deple-
tion region of the semiconductor (&, );

VeVi+d, (6-28)

The voltage across the insulator s obviously related to the charge on
either side, divided by the capacitance:

—Qd _ -G,
€ B Cr

where g is permittivity of the insulator and C, 18 the insulator capacilance per
unit area. The charge Q, will be negative for the n channel, giving a positive V.

Using the depletion approximation, we can solve for W as a function of
i, (Prob, 6.7). The resull is the same as would be ablained for an a™-p junc-
tion in Chapter 5, for which the depletion region extends almost entirely into
the p region:

v, = (6-29)

#ny this chapiler, wa will use charge per unil area {3 and copasitance per unit area [C) to ovoid repeoling
A throughoul he discussion

Petitioner Runergy USA Inc., Ex. 1030, p. 277



278 Chopler &
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e, V7
W= [—’1] (6-30)
qNa
This depletion region grows with increased voltage across the capaci-
tor until strong inversion is reached. After that, further increases in voltage
result in stronger inversion rather than in more depletion. Thus the maxi-
mum value of the depletion width is

= 5 (6-31)

[
using Eq. (6-15). We know the quantities in this expression, so W, can be
calculated.

The charge per unit area in the depletion region Q, at strong inversion is”

Gd = -ffNuWu: = _Lz{.E'quu[b.F}]‘? (ﬁ":}z}

The applied voltage must be large enough to create this depletion charge
plus the surface potential ¢,(inv.), The threshold voltage required for strong
mversion, using Eqs. (6-15), (6-28), and (6-29),1s

Vp= —% F 24y (ideal case) {6-33)

i

This assumes the negative charge at the semiconductor surface Q, at inversion
15 mostly due to the depletion charpe (3. The threshold voltage represents
the minimum voltage required to ‘achieve strong inversion, and is an extremely
important quantity for MOS transistors. We will see in the next section that
other terms must be added 1o this expression for real MOS structures.

The capacitance-voltage characteristies of this ideal MOS structure
{(Fig. 6-16) vary depending on whether the sémiconductor surface is in ac-
cumulation, depletion, or inversion.

Sinee the capacitance for MOSFETs is voltage dependent, we must use
the more general expression in Eq. (5-55) for the voltage-dependent semi-
conductor capacitance,

dQ  dQ, )

C’_d‘v’-dd:, {6-34)

Actually, if one looks at the electrical equivalent circuit of a MOS capacitor
or MOSFET, it is the series combination of a fixed, voltage-independent gate
oxide (insulator) capacitance, and a voltage-dependent semiconductor ca-
pacitance [defined according to Eq. (6-34)], such that the overall MOS ca-
pacitance becomes voltage dependent. The semiconductor capacitance itself
can be determined from the slope of the Q, versus &, plot (Fig. 6-14). It is

Tin the pehannel {niype subsirmte] caze, for which de is regotive, we vte Gy = +ghyW. = 2le,gddd) ™.
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Figure 6~16

Capacitance-voliage relation for an n<hannel [p-substrate) MOS capacitor. The dashed curve for V> V;
is observed at high measurement frequencies. The flat band volloga Ve will be discussed in Section 6.4.3.
When the semicenducior is in depletion, the semiconducior caporitonce C, is denoted as C.

clear that the semiconductor capacitance in accumulation is very high be-
cause the slope is so steep; i.e,, the accumulation charpe changes a lot with
surface potential. Hence, the series capacitance in accumulation is basically
the insulator capacitance, C,. Since, for negative voltage, holes are accumu-
lated at the surface (Fig. f-12b), the MOS structure appears almost like a
parallel-plate capacitor, dominated by the insulator properties C, = €/d (point 1
in Fig. 6-16). As the voltage becomes less negative, the semiconductor surface is
depleted. Thus a depletion-layer capacitance C is added in series with C;:

€
C = ﬁ} (6-35)
where €, is the semiconductor permittivity and W is the width of the deple-
tion layer from Eq. (6-30). The total capacitance is

= C:Cd
C=&+6

The capacitance decreases as W grows from flatband (point 2), past weak
inversion (point 3), until finally strong inversion is reached at V; (point 4). In
the depletion region, the small signal semiconductor capacitance is given
by the same formula [Eq. (6-34)] which gives the variation of the (depletion)
space charge with surface potential. Since the charge increases as ~ Vi,
the depletion capacitance will obviously decrease as 1/V4,, exactly as for
the depletion capacitance of a p-n junction [see Eq. (5-63)].

(6-36)
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After inversion is reached, the small signal capacitance depends on
whether the measurements are made at high (typically ~1 MHz) or low (typ-
ically ~1-100 Hz) frequency, where “high™ and “low" are with respect to the
generation-recombination rate of the minority carriers in the inversion layer.
if the gate voitage is varied rapidly, the charge in the mversion layer cannot
change in response, and thus does not contribute to the small signal a-c ca-
pacitance. Hence, the semiconductor capacitance is at @ minimum, corre-
sponding to a maximum depletion width.

On the other hand, if the gate bias is chanped slowly, thare is time for
minority carners to be generared in the bulk, drift across the depletion region
to the inversion layer. or ga back to the substrate and recombine. Now;, the
semiconductor capacitance, using the same Eq. (6-34),is very large becalse
we saw in Fig. 6-14 that the inversion charge increases exponentially with
¢,. Hence, the low frequency MOS series capacitance in strong imversion is
basically C, once again (point 5).

What is the frequency dependence of the capacitance m accumulation
(Fig. 6-12a)? We get a very high capucitance both at low and high frequen-
cies because the majorily carriers in the accumulation layer can respond
much faster than minority carriers While minority carriers respond on the
time scale of generation-recombination times (typically hundreds of mi-
croseconds 1o 51). majority carriers respond on the ume seale of the dielec-
tric relaxation time, 1p = pe.where pis the resistivity and e is the permittivity.
118 analogous to the KC time constant of a system, and is small for the ma-
jority cairiers (~107"s). As an interesting aside, it may be pointad out that
in inversion, although the high-frequency capacitance for MOS capacitors is
low, it is high (= C)) {or MOSFETs because now the inversion charge can
flow in readily and very fast (~1;) from the source/drain regions rather than
having to be created hy generation-recombination in the bulk.

6.4.3 Effects of Reol Surfaces

When MOS devices are made using typical materials (e.g., n™ polysilicon-
5i0),-8i), departures from the ideal case described in 1he previous section
can strongly affect V,and other properties. First, there is a work funetion
difference between the doped polysilicon gate and substrate, which depends
on the substrate doping. Here, the heavily doped polysilicon acts as a metal
electrade. Second, there are inevitably charges at the Si-5i0; interface and
within the oxide which must be taken into account.

Work Funetion Difference. We expect D, to vary depending on the duping
of the semiconductor. Figure 6-17 illustrates the work function potential dif-
ference §,, =@, — P, forn' polysilicon on S1 as the doping is varied. We note
that b, is alwavs nepgative for this case, and 15 most negative for heavily
doped p-type Si (i.e., for £¢close to the valence band).

If we try to construct an equilibrium diagram with @, negative (Fig, 6-18a),
we find that in aligning £, we must include a tilt in the oxide conduction band
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(implying an electric field), Thus the metal is positively charged and the semi-
conductor surface is negatively charged at squilibrium, to accommodate the
work function difference. As a result, the bands bend down near the semicon-
ductor surface. In fact, if @, is sufficiently negative, an inversion region can
exist with no external voltage applied. To obtain the flat band condition pic-
tured in Fig, 6-18b, we must apply a negative voltage to the metal (Vg =D,,,).

Interface Charge. In addition to the work function difference, the equi-
librium MOS structure is affected by charges in the insulator and at the
semiconductor-oxide interface (Fig, 6-19). For example, alkali metal ions
(particularly Na™) can be incorporated inadvertently in the oxide during
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growth or subsequent processing steps. Since sodium is a common contam-
inant, it is necessary 10 use extremely clean chemicals, water, pases, and pro-
cessing environment 1o nunimize its effect on dielectrie lavers, Sodium ioms
introduce positive charges (@,,) in the oxide, which in turn induce negative
charges in the semiconductor. The effect of such positive 1onic charges in
the oxide depends upon the number of ians mvolved and their distance from
the semiconductor surface (Prob. 6.12). The negative charge induced in the
semiconductor is greater if the Na' jons are near the interface than if they
are fartber away. The effect of this ionic charge on threshold voltage 1s com-
plicated by the fact that Na* ions are relatively mobile in S5i0,, particularly
at élevated temperatures, and can thus drift in an applied electric field. Ob-
viously, a device with V. dependent on its past history of valtage bias is un-
acceptable. Fortunately, Na contamination of the oxide can be reduced wo
tolerable levels by proper care in processing. The oxide also contains trapped
charges (@,,) due to imperfections in the Si0..

In addition to oxide charaes, a set of positive charges arises from in-
terface states at the 81-S10; interface. These charges. which we will call Q) re-
sult from the sudden termination of the semiconductor erystal lattice at the
axide interface. Near the interface is a transition laver (810, ) containing fixed
charges (Qy). As oxidation takes place in forming the 510, layer, Si is re-
moved {rom the surface and reacts with the oxygen. When the oxidation is
stopped, same ionic Si is left near the interface, These ions, along with un-
completed Si bonds at the surface, result in a sheet of positive charge Q) near
the interface. This charge depends on Gxidation rate and subsequent heat
treatrment. and also on crystal orientation. For carefully treated Si-510; in-
terfaces, 1ypical charge densities due to @, and Q,are gbout 10" ¢hargesiom’
for samples with [100] surfaces. The interface charge density isabout a factor
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of ten higher on [111] surfaces, That is why MOS devices are generally made
on (100} Si.

For simplicity we will include the various oxide and interface charpes
in an effective positive charge at the interface Q, (Clem®). The effect of this
charge is to induce an equivalent negative charge in the semiconductor, Thus
an additional component must be added to the flat band voltage:

G,

Veg =9y, — Ei (6-37)

Since the difference in work function and the positive interface charge both
tend to bend the bands down at the semiconductor surface, a negative volt-
age must be applied to the melal relative to the semiconductor to achieve the
flat band condition of Fig. 6-19b.

6.4.4 Threshold Voltage

The voltage required to achieve flat band should be added ta the threshold
voltage equaltion (6-33) obtained for the ideal MOS structure (for which we
assumed a zero flat band voltage):

Q Q Yo
[VT = q’nu‘ - ‘_C._‘ 1 é # 2‘1'!‘ ‘:ﬁ_jbl}

Thus the vollage required to creste strong inversion must he large enough
to first achieve the flat band condition (®,,, and Q/C; terms), then accom-
modate the charge in the depletion region (Q,/C,), and finally to induce the
inverted region (2&;). This equation accounts for the dominant threshold
voltage effects in typical MOS devices. It can be used for both n-type and
p-type substrates® if appropriate signs are included for each term (Fig, 6-20).
Typically @, is negative, although its value varies as in Fig. 6-17. The inter-
face charge is positive, so the contribution of the ~Qy/C, term is negative for
either substrate type. On the other hand, the charge in the depletion region
is negative for ionized acceptors (p-type substrate, n-channel device) and is
positive for ionized donors (n-type substrate, p channel). Also. the term dig,
which is defined as [ E, — E)/q in the neutral substrate, can be positive or neg-
ative, depending on the conductivity type of the substrate. Considering the
signs in Fig. 6-20, we see thal all four terms give negative contributions in
the p-channel case. Thus we expect negative threshold voltages for typical
p-channel devices, On the other hand, n-channel devices may have either
positive or nepative threshold voltages, depending on the relative values of
terms in Eq. (6-38).

1t is imporiant 1o remember that pchonnel devices arm made on piype substeates and they schannal des
vices hove niype subsirotes.
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All terms in Eq. (6-38) except Q/C, depend on the doping in the sub-
strate. The terms @,,, and & have relatively small variations as £, is moved
up or down by the doping, Large changes can occur in Q, which varies
with the square root of the doping impurity concentration as in Eq. (6-32).
We illustrate the variation of threshold veltage with substrate doping in
Fig. 6-20. As expected from Eq. (6-38), V is always negative for the p-chan-
nel case. In the n-channel case, the negative flat band voltage terms can dom-
inate for lightly doped p-type substrates, resulting in a negative threshold
voltape. However, for more heavily doped substrates, the increasing cantri-
bution of N, to the Q; term dominates, and V; becomes positive.

We should pause here and consider what positive or negative V- means
for the two cases. In & p-channel device we expect to apply @ negative volt-
age from metal to semiconductor in order to induce the positive charges in
the channel. In this case a negative threshold voltage means that the nega-
tive voltage we apply must be larger than Vi, in order to achieve strong in-
version. In the n-channel case we expect to apply a positive voltage to the
metal to induce the channel. Thus a positive value for V., means the applied
voltage must be larger than this threshold value to obtain strong inversion and
a conducting n channel. On the other hand, a negative V; in this case means
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that a.channel exists at ¥ =0 due to the ®_, and Q, effects (Figs. 6-18 and 6-19),
and we must apply a negative voltage V4 to turn the device off. Since light-
ly doped subsirates are desirable to maintain a high breakdown voltage for
the drain junction, Fig. 6-20 suggests that V; will be negative for n-channel
devices made by standard processing. This tendency for the formation of de-
pletion mode (normally on) n-channel transistors is a problem which must
be dealt with by special fabrication methods to be described in Section 6.3.5,

EXAMPLE 6~1  An n’-polysilicon-gate n-channel MOS transistor is made on a p-type Si
substrate with N, = 5 x 10'%cm™. The $:0, thickness is 100 A in the gate
region, and the effective interface charge Q;is 4 X 10'% gC/em?®. Find C,
and C_;, on the C-V characteristics, and find W,,, Vrg, and V5.

SOLUTION Pl SO0 oo,
br = ln = 00259 = o = 0329 eV

o z[ﬁ]m _ E[H'B X 8.85 % 10713 x u.szs_l]m
i qN, 16 % 1070 x 5 % 10
= 4,15 X 107%cm = 0.415 pm
From Fig. 6-17, &, = —0.95 V, and we have

Q =4%x10"x 16 x 10 = 64 X 10 Clem*
x ~T1d
C=x= 3‘“-8‘35_ x;i“ =3.45 % 107”7 Flem?®
d 01 x 10
Ve = @y = Q/C; = —0.95 — 64 X 109345 X 107 = 0969 V
Q= —gN,W,; = —1.6 X 107%'x 5 X 10 X 415 X 10~

= —3.32 X 107%Clem?

Qy A x 1t
= ——— + =1} —_— i ——— 4
Vr = Vig C 20y = —D.969 + ] + 0.658 0215V
6 118 X885 % 107 o I
C =—L — : e -BFL’IB
£ W 4.15 x 107 SRR

CCa _345Xx107x25x10°F

Co = = : = 233 X 107 Flem?
WG Cy 345 % 1077 + 25 x 1078 R

6.45 MOS Capacitance-Vollage Analysis

Let us see how the various parameters of a MOS device such as insulator thick-
ness, substrate doping, and V', can be determined from the C-V characteristics
(Fig. 6-21). First, the shape of the C-V curve dépends upon the type of substrate
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doping, If the high-frequency capacitunce is large for negative gate biases and
small for positive biases, it is a p-type substrate, and vice versa. From the low-
frequency C-V curve for p-type material, as the gate bias is made more posi-
tive (or less negative), the capacitance goes down slowly in depletion and then
rises rapidly in inversion, As a result, the low-frequency C-V is not guite sym-
metric m shape. For n-type substrates, the C-V curves would be the mirror
image of Fig. 6-21.

The capacitance C, = &/d in accurmulation or strong inversion (at low fre-
quencies) gives us the insulator thickness, 4. The minimum MOS capacitance,
C s 18 the series combination of C, and the minimum depletion capacitance,
Cimin = &/W,,, corresponding to the maximum depletion width. We can in
principle use the measurement of C,;, to determine the substrate doping,
However, from Eq, (6-31) we see that the dependence of W, on N, is com-
plicated, and we get a transcendental eguation which can only be solved nu-
merieally. Actually, an approximate, iterative solution exists which gives us v,
in terms of the minimum depletion capacitance, C .

N. =10 [BLARHA LAET I0g C e 003 70108 TP (6-30)
W

where Cgmiq is in Flem®,

Onee the substrate doping is obtained, we can determine the flat band
capacitance from it. It can be shown that the semiconductor capacitance at flat
band Cgg (point 2 in Fig, 6-16) is determined from the Debye length capacitance

E
Cdnh}l: = L_;_; (640}

where the Debye length is dependent on doping as described in Eq. (6-25).
The overall MOS flat band capacitance, Cpy, 1s the series combination of
Cpye and C. We can thus determine Vg corresponding to the Cqp. Once
C,.Vy. and substrate doping are obtained, all terms in the V, expression
(Eq. 6-38) are known. Interestingly, the threshold voltage Vo does not
correspond to exactly the minimum of the C-V characteristics, C i, but
a slightly higher capacitance marked as point 4 in Fig. 6-16. In fact, it cor-
responds to the series combination of C; and 2C;,, rather than the series
combination of C, and C,_;,. The reason for this is that when we change
the pate bias around strong inversion, the change of charge in the semi-
conductor is the sum of the change in depletion charge and the mobile
inversion charge, where the two are equal in magnitude at the onset of
slrong inversion.

We can also determine MOS parameters such as the fast interface state
density, D, and mobile ion charges, Q,,, from C-V measurements (Figs. 6-21
and 6-22). The term fast interface state refers to the fact that these defects can
change their charge state relatively fast in response to changes of the pate
bias. As the surface potential in a MOS device is varied, the fast interface
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states or traps in the band gap can move above or belaw the Permi level in re-
sponse to the bias, because their positions relative to the band edges are fixed
(Fig. 6-21b), Keeping in mind the property of the Fermi-Dirac distribution
that enerey levels below the Fermi level have a high probability of occupan-
cy by electrons, while levels above the Fermi level tend to be empty. we see
thal a fast interface slale moving above the Fermi level would tend to give up
its trapped electron to the semiconductor (or equivalently capturg & hole).
Conversely, the same fast interface state below the Fermi level captures an
clectron (or gives up a hole). Tt obviously makes scnse to talk in terms of elee-
trans or holes, depending on which is the majority carrier in the semicondue-
tor. Since charge storage results in capacitance, the fast interface states give
rise to a capacitance which is in parallel with the depletion capatitance in the
channel (and hence is additive), and this combination is in series with the in-
sulator capacitance C,. The fast interface states can keep pace with low fre-
quency variations of the gate bias (~1-1000 Hz), but not at extremely high
frequencies (~1 MHz). So the fast interface states contribute to the low fre-
quency capacitance C; j; but not the high frequency capacitance C . Clear-
ly, from the difference between the two, we oughlt to be able to compute the
fast interface state density, Although we will not do the detailed derivation
here, it can be shown thal

D;Ir

= l( Sl Gl ) em ey (f-41)
G —-Cr G- Cu

‘While the fast imterface states can respond quickly to valtage changes,
the fixed oxide charges Q, as the name implies, do not change their charge
state regardless of the pate bias or surface potential, As mentioned above,
the effect of these charges on the flat band and threshold voltage depends
not only on the number of charges bul also their location relative 10 the
oxide-silicon interface (Fig. 6-22). Hence, we must take a weighted sum of
these charges, counting charges closer to the oxide-silicon interface more
heavily than those that are farther away. This position dependence is the
basis of what is called the biay-temiperature stress test for measuring the mo-
bile ion content. Q. We heat up the MOS device to ~200-300"C (to make
the ions more mobile) and apply a positive gate bias to generate a field of
~1 MV/cm within the oxide. After cooling the capacitor to room tempera-
ture, the C-V characteristics are measured, We have seen how Vg can he de-
termined from the C-V curve, using Eq. (6-40) and C.V gy is also given by
Eq. (6-37). The positive bias repels positive mobile jons such as Na' to the
oxide-silicon interface so that they contribute fully to a flat band voltage we
can call V7 Next, the capacitor is heated up again, a negative hids is applied
so that the ions drift to the gate electrode, and another C-V measurement
is made. Now, the mobile ions are too far away Lo affect the semiconductor
band-bending, but induce an equal and opposite charge on the pate clec-
trade. From the resulling C-V, the new flat band, V gz, is determined. From
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Figure 6—22
Mebile ion delermination: (a) Movement of mobile ions due to positive and negative biastemperature
stress; [b] C-V characteristics under posifive (dashed line) and negative {solid line] biastemperature.

the difference of the two flat band voltages, we can determine the mobile ion
content using

Qn = G(Vrs — Vi) (6-42)

6.4.6 Time-Dependent Capacitance Measurements

During C-V measurements, if the pate bias is varied rapidly from accu-
mulation to inversion, the depletion width can momentarily become
greater than the theoretical maximum for pate biases beyond V', This phe-
nomenon is known as deep depletion, and causes the MOS capacitance to
drop below the theoretical minimum, C,,,, for a transient period. After a
time period characteristic of the minority carrier lifetime, which determines
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Timedependent MOS capacitance [Cy) due to the application of a step valtage V, (which puts the ca-
pacifor in accumulation) ta V; (which puls the eopacitor in inversion.

the rate of generation of the minority carriers in the MOS device, the de-
pletion width collapses back to the thecretical maximum and the capaci-
tance recovers to C, (Fig. 6-23). This capacitance transient, C-¢, forms the
basis of a powerful technigue to measure the lifetime, known as the Zerbst
technique.

6.4.7 Curreni-Voltuge Characteristics of MOS Gate Oxides

An ideal gate insulator does not conduet any current, bul for real insu-
lators there ean be some leakage current which varies with the voltage ot
electric field across the gate oxide. By looking al the band diagram of the
MOS system perpendicular to the oxide-silicon interface (Fig. 6-24). we see
that for elecirons in the conduction band, there is a barrier, AE, (= 3.1 eV).
Although electrons with energy less than this barrier cannot go through the
oxide classically. it was discussed in Chapter 2 that quantum mechanically
electrons can tunnel through a barrier, especially if the barrier thickness is suf-
ficiently small. The detailed calculation of the Fowler-Nardheim tunneling
current for electrons going from the Si conduction band to the conduction
hand of 8i0;, and then having the electrons “hop™ along in the oxide 1o the
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Figure 6-24
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pate electrode, invalves solving the Schridinger equation for the electron
wave function. The Fowler-Nordheim tunneling current /p can be expressed
as a function of the electric field in the gate oxide:

—B
T € B2 e—xp(iﬂ ) (6-43)

where R is a constant depending on s} and the barrier height.

As pate oxides are made thinner in successive generations of MOSFETSs;
the tunneling barrier in the gate oxide becomes so thin that the electrons
in the conduction band of Si can tunnel through the gate oxide and emerge
in the gate, without having to go via the conduction band of the gate oxide.
This 1s known as direct runneling rather than Fowler-Nordheim tunneling.
The overall physics is similar, but some of the details are different. For
instance, Fowler-Nordheim tunneling involves 4 triangular barrier. while
direct tunneling is through a trapezoidal barrier (Fig. 6-24a). Such tun-
ncling currents ar¢ becoming a major problem in modern devices because
the useful feature of high inpul impedance for MOS devices is degraded.

It is necessary to increase the pate capacitance in successive gener-
ations of MOSFETS in order to increase the drain current, as discussed
later in Section 6.5. One can achieve higher C by using insulators with a
dieleciric constani higher than 510; instead of reducing the gate oxide
thickness, d, as can be seen from Eq. (6-29). The advantage of not reduc-
ing d too much is that it keeps the tupneling barrier wide, and the gate
oxide field low, thereby keeping the gate tunneling leakage current low
(Eq.6-43), Such high dielectric constant insulators such as hafnium diox-
ide, HfC),, are also known as high-k gate dielectrics because & 1s also some-
times used as a symbul for dielectric constant,

Prolonged charge transport through gate oxides can ultimately cause
catastrophic electrical breakdown of the oxides. This is known as Tine-
Dependent Dielectric Breakdown (TDDR). One of the popular models that
explains this degradation involves electrons tunneling into the conduction
band of the pate oxide from the negative electrode (cathode), then gaining en-
ergy from the electric fieid, thus becoming “hot™ electrons in the pate oxide. If
they gain sufficient energy, they can cause impacl ionization within the oxide
and create electron-hole pairs, The electrons are accelerated toward the (pos-
itive) Si substrate, while the holes travel toward the gate. However, electron and
hole mobilitics are extremely small in 8i0,. Hole mobilities are particularly
tow (~0.01 em?(Vs). Henee, there is a great propensity for these impact-pen-
erated holes to be trapped at defect sites within the oxide. near the cathode, The
resulting band diagram (Fig. 6-25) is altered by this sheet of trapped positive
charge, which causes the internal electric field between this point and the gate
Lo increase. A similar distortion of the electric field near the Si anode is creat-
ed by the trapped impact-generated electrons. However, the steepest slope
in Fig. 6-25, and therefore the highest field, is near the gate: As a result, the
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Time-dependenl dielectric breakdown of oxides: Bond dingram of a MOS device

showing the band edges in the polysilicon gate, oxide, and Si substrate. Trapped
holes and electrons in the oxide distort the band edges, and increase the eleciric

field in the oxide near the gate. The lunneling barrier width is seen to be less than
if there were no charge trapping (dashed fine).

barrier for electron tunneling from the gate into the oxide is reduced. More
electrons can tunnel into the oxide, and cause more impact ionization, We get
a positive feedback effect that can lead to a runaway TDDB process.

6.5 The MOS transistor is also called a surface field-effect transistor, since it de-

THE MOS FIELD-  pends on control of current through a thin channel at the surface of the semi-
EFFECT conductor (Fig. 6-10). When an inversion region is formed under the gate,
TRANSISTOR current can flow from drain to source (for an n-channel device). In this section
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we analyze the conductance of this channel and find the I, — V, character-
istics as a function of gate voltage V. As in the JFET case, we will find these
characteristics below saturation and then assume Iy, remains essentially con-
stant above saturation,

6.5.1 Output Characteristics

The applied gate voltage V; is accounted for by Eq. (6-28) plus the voltage
required to achieve flat band:

Q,
Vo= Yr— g +% (6-44)
The induced charge Q, in the semiconductor is composed of mobile charge
Q, and fixed charge in the depletion region Q,. Substituting Q, + Q, for @,,
we can solve for the mobile charge:

Q, = —t:,.[vls = (VF,, T %’—)] (6-45)

At threshold the term in brackets can be written Vi — V- from Eq. (6-38).
With a voltage V applied, there is a voltage rise V, from the source lo

each point xin the channel. Thus the potential ¢,(x) is that required to achieve
strong inversion (2di) plus the voltags V.

Q, = _C;IV Ve— Vieg — 20— V, — %VEQEJNHEzd)p F Vu}] [6-4h)
. i

1f we neglect the variation of Q (x) with bias V,, Eq. (6§-46) can be sim-
plified to

Qx) = —C( V5= Vs = V) (6-47)

This equation describes the maobile charge in the channel at point x (Fig. 6-26).
The conductance of the differential element dx is p, Q, (%) Z/dx, where Z is the
width of the channel and w,, is a surface electron mobility (indicating the mobil-
ity in a thin region near the surface is not the same as in the bulk material). At
point x we have

Ipdx = 1, Z|Q,(x)|aV, (6-48)

Integrating from source to drain,
L ".h
J Ipdx = -quzcnf Ve—Vy=—= Vljdvl
il i}
HHZC-: :
Ip =" (Vg = VeV — V3] (6-49)
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Figure 6-26
Schematic view of
the n<channel re-

gion of o MOS y
fransistor under
bias below pinch-
off, and the varia-
tion of valtage V,

along the conduck z

ing channel.

where

bl C,
L

=kﬂ

determines the conductance and transconductance of the n-channgl MOSFET
[see Eqs. (6-51) and (6-54)].

In this analysis the depletion charge Gl in the threshold voltage Vi is
simply the valu¢ with no drain current, This is an approximation, since Q (x)
varies considerably when Vy is applied, to reflect the variation in V, (see
Fig. 6-26b), However, Eq. (6-49) is a fairly accurate description of drain cur-
rent for low values of Vp, and is often used n approximate design calcula-
tions because of its simplicity. A more accurate and general expression is
obtained by including the variation of Q,(x). Performing the integration of
Eq. (6-48) using Eq. (6-46) for Q,{x), one obtains

Lz
ID = J‘-Ln (]
2 Vegh, ey
X{(v:; Ve 2 = VoIV = 5~ [V + s :24:;}-*“]} (6-50)

The drain charaéteristics that result from these questions are shown in
Fig. 6-10c. If the gate voltage is above threshold (V; > V) the drain current
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is described by Eq. (6-50) or approximately by Eq. (6-49) for low V. Initially
the channel appears as an essentially linear resistor, dependent on V;. The con-
ductance of the channel in this linear region can be obtained from Eq. (6-49)
with Vi <€ (Vg — Vo

_ dlg

Zi.
8=y =M< Ve~V (6-51)

where V; > Vi for a channel to exist.

As the drain voltage is increased, the voltage across the oxide decreases
near the drain, and Q, becomes smaller there. As a result the channel be-
comes pinched off at the drain end, and the current saturates. The saturation
condition is approximately given by

Vﬂ(ﬁﬂl-] = Vﬂ — V‘r {6—52)

The drain current at saturation remains essentially constant for larger values
of drain voltage. Substituting Eq, (6-52) into Eq. (6-49), we obrain

s A w = :
!n{sat.] = ép.,rcr-}—,{ V{; S 1"1 }_ = E}L“C'IV?D(SET_.} (6-53]

for the approximate value of drain current at satoration.
The transeonductance in the saturation range can be obtained ap-
proximately by differentiating Eq. (6-53) with respect to the gate voltage:

ol p(satl) Z_
Ewmfsat,) = = e T ClVe = V) (6-34)

The derivations presented here are based on the n-channel device. For
the p-channel enhancement lransistor the voltages Vp, Vg, and V; are neg-
ative, and current flows from source to drain (Fig. 6-27).

6.5.2 Tronsfer Characteristics

The output characteristics plot the drain current as a function of the drain bias,
with pate bias as a parameter (Fig. 6-27). On the other hand, the transfer char-
acteristics plot the output drain current as a function of the input gate bias, lor
fixed drain bias (Fig. 6-28a). Clearly, in the linear region, I, versus V; should
be a straight line from Eq. (6-49). The intercept of this line on the Vi, axis is the
linear region threshold voltage, V- (lin.) and the slope (divided by the applied
V) gives us the linear value of kg, ky(lin.), of the n-channel MOSFET. If we
look at actual data, however, we see that while the characteristics are approxi-
mately linear at low gate bias, at high gare biases the drain current increases
sub-linearty. The transconductance, g,, (lin.}, in the linear region can be abtained
by differentiating the night-hand side of Eq. (6-49) with respect to gate bias.
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Figure 6-27
Drain current-
vollage choracter-
istics for enhance-
ment fransistors:

(a) for nchannel (@)
Vn. VQ, Vr, und fﬂ
are positive; |b)
for pchannel all
these quantilies
are negalive,

(b)

The g, (lin.) is plotted as a function of V; in Fig. 6-28b. It may be noted that
the transconductance is zero below V. because there is little drain current. It
goes through a maximum at the point of inflection of the Iyy-V; curve,and then
decreases. This decrease is due to two factors that will be discussed in Sections
6.5,3 and 6.5.8: degradation of the effective channel mobility as a function of in-
creasing transverse eleciric field across the gate oxide, and source/draim series
Tesistance.

For the transfer characteristics in the saturation region, since Eq. (6-53)
shows a quadratic dependence of Iy on V¢, we get a linear behavior by plot-
ting not the drain current, but rather the square root of I, as a function of
V; (Fig. 6-29). In this case the intercept gives us the threshold voltage in the
saturation region, V{sat.), We shall see in Section 6.5.10 that due to effects
such as drain-induced barrier lowering (DIBL), for short channel length
MOSFETs the V{sat.) can be lower than V{(lin.), while the long channel
values are similar. Similarly, the slope of the transfer characteristics can be
used to determine the value of ky in the saturation region, ky(sat.) for the
n-channel MOSFET, which can be different from ky(lin.) for short channel
devices.
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EXAMIE 52 For an n-channel MOSFET with a pate oxide thickness of 10 nm,
Ve =06V,and Z = 25 pm, L = 1 pm. Calculate the drain current at
Ve =5V and Vp = 0.1 V. Repeat for V; =3V and V = 5 V. Discuss
what happens for Vp = 7 V. Assume an electron channel mobility of
B = 200 em®(V-s.
SOLUTION € (3.9)(8.85 x 107%)

e = 3.45 x 107 Flem?

= 10°°

For ¥; = 5V and it follows that V; = 0.1 V, and V3 = 0.6 V, V<
(Vi; — V), we are in the linear region, Thus,

Z 1
i 'E“nCJ[{VG —VriVp — EV%]

= zf—{zm)(s.fps X 10‘7}[(5 — (.6) x 01 — ;—maf] =751 X W0 *A

ForVg=13V, V=5V, Vpsat) =V -V =3-06=24V

I %‘@HC.-[(VG ~ Vir)Vplsar) — %V%:tm}}

= 3;5-(290_)(3.45 x 10-7)[(1413 = %{z.-:)l} =497 X 103 A

For Vi = TV, I will not increase, because we are in the saturation
region.

6.5.3 Mobility Models

The mobility of carriers in the chanpel of 2 MOSFET is lower than i bulk
semiconductors because there are additional scattering mechanisms. Since
carriers in the channel are very close to the semiconductor-oxide interface,
they are scattered by surface roughness and by coulombic interaction with
fixed charges in the gate oxide. When the carriers travel in the inversion layer
from the source to the drain, they encounter microscopic roughness on an
atomistic scile at the oxide-silicon interface and undergo scaltering because, as
discussed in Section 3.4.1, any deviation from a perfectly periodic crystal po-
tential resulls in scattering. This mobility degradation increases with the gate
bias because a higher gate bias draws the carriers closer to the oxide-silicon in-
terface, where they are more influenced by the interfacial roughness,

Il is very interssting to note that if we plot the effective carrier mo-
bility in the MOSFET as a function of the average transverse electric field
in the middle of the inversion layer, we get what is known as a “universal”
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mability degradation curve for any MOSFET, which is independent of the
technology or device structural parameters such as oxide thickness and
channel doping (Fig. 6-30). We can apply Gauss's law to the region marked
by the colored box in Fig, 6-31, which encloses all the depletion charge and
half of the inversion charge in the channel. We see that the average trans-
verse field in the middle of the inversion region is given by

1 | -

F-f;'.f = E_;(G’,j + 5 Q,,) (G35
While this model works quite well for electrons, for reasons that are not clear-
Iy understood at present, it has 1o be modified slightly for hales in the sense
that the average transverse field must now be defined as

i 1 1
'grf.f :E_‘(Gn‘ 1 EQH) (h-35b)

This degradation of mobility with gate bias is often compactly deseribed
by writing the drain current expression as

s l:nch [{V == i3 }V = lv.!J {("—q(ﬂ
T L1+ 6V =Vt e TR gt B

where ¢ 15 called the mobility degradation parameter. Because of the additional
(Vg = V) term in the denominator. the drain current increases sub-linearly with
gale bias for high gate voltages

In addition 1o this dependence of the channel mobility on gate bias or
transverse electric field, there is also a strang dependence on drain bias or the
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Determinalion of effective transverse field. [dealized charge distribution and transverse electric field in
the inversion layer and depletion layer, as o function of depth in the channel of @ MOSFET. The region
to which we apply Gauss's low is shown in color, '

longitudinal electric field. As shown in Fig. 3-24, the carvier drift velocity in-
creases hnearly with electric field (ohmic behavior) until the feld reaches ¥,
in other words, the mobility is constant up to &.,,. After this, the velocity sat-
urates at v,, and it can no longer be described in terms of mebility. These ef-
fects can be described as:

v = p%for ¥ < €, (B—57)

andv = v for € = €, [(-58)

The maximum longitudinal electric field near the drain end of the channel
is approximately given by the voltage drop along the pinch-off region
(Vi — Vin(sat)), divided by the length of the pinch-off region, AL:

. _{(Hp= %[Sil:]) )
ooy = ( AL (H-59)

From a two-dimensional solution of the Poisson equation near the dram end,
one can show that the pinch-off region AL shown in Fig, 6-11c is approxi-
mately equal to V(3dx,), where d 1s the gate oxide thickness and x; 18 the
source/drain junction depth. The factor of 3 is due to the ratio of the dielec-
tric comstant for S1to that ol 510,

6.5.4 Short Channel MOSFET |-V Characteristics

In short channe!l devices, the analysis has to be somewhat modified. As men-
tioned in the previous section, the effective channel mobility decreases with
inereasing transverse electric field perpendicular to the pate oxide (i.e., the
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gate bias). Furthermore, for very high longitudinal electrie fields in the pinch-
off region, the carrier velocity saturates (Fig, 3-24). For short channel lengths,
the carriers travel at the saturation velocity over most of the channel. In that
case, the drain current is given by the width times the channel charge per
unit area times the saturation velocity:

Ip(sat,) = ZC{V; — Vv, (G-6i)

As a result, the saturation drain current does not increase gquadratically with
(Ve — V) as shown in Eq. (6-53), but rather shows a linear dependence
(note the equal spacing of curves in Fig, 6-32), Due to the advances in Si de-
vice processing, particularly photolithography, MOSFETSs used in modern
integrated circuits tend to have short channels, and are commonly described
by Eq. (6-60) rather than Eq. (6-53).

6.5.5 Control of Threshold Vallage

Since the threshold voltage determines the requirements for turning the MOS
transistor on or off, it is very importamnt to be able to adjust V4 n designing the
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device. For example, if the transistor is to be wsed o a circuit driven by a 3-V
battery, it is clear that a 4-V threshold voltage is unacceptable. Some applica-
tions require not only a low value of V4, but also a precisely controlled value
to match other devices in the circuit,

All of the terms m Eq. (6-38) can be controlled to some extent. The
work function potential difference &, is determined by choice of the gate
conductor material; b depends on the substrate doping: @, can be reduced
by proper oxidation methods and by using Si grown in the (100) orientation;
Gl can be adjusted by doping of the substrate; and C, depends on the thick-
ness and diejectric constant of the insnlator. We shall discuss here several
methods of controlling these quantities in device fabrication,

Choice of Gate Electrode, Since V;depends on @, the choice of the gate
elecirode malerial (i.e, the gate electrode work function) has an impact on
the threshold voltage. When MOSFETSs were first made in the 19605, they
used Al gates. However, since Al has a low melting point, it precluded the use
of a self-alipned source/drain technology because that required a lngh tem-
peralure source/drain implant anneal alter the gate formation, Hence, Al
was supplanted by n” doped LPCVD polysilicon refractory (high melting
puint}) gates, where the Fermi level lines up with the conduction band edge
in Si. While this works quite well for n-channel MOSFETs, we shall see in Sec-
tion 9.3.1 that it can create problenis for p-chanmel MOSFETSs. Therefore,
sometimes, a p* doped polysilicon gate is used for p-channel devices. Re-
fraciory mietal gates with suitable work functions are alse being researched
as possible replacements for doped polysilicon. One attractive candidate 18
fungsten whose work function is such that the Fermi level happens to lie near
the midgap of Si.

Control of C,. Since a low value of V¥ dnd a hiph drive current is usually
desired, a thin oxide layer is used in the gate region to increase C, = ¢/d in
Eq. (6-38). From Fig. 6-20 we sce thal increasing C, makes V less negative
for p-channel devices and less positive for n-channe] with —Q, > Q, For
practical considerations, the gate oxide thickness is generally 20-100 A
(2-10 nm) in modern devices having submicron gate length. An example of
such a device is shown in Figure 6-33 The gate oxide, easily observable in this
mictograph, is 40 A thick. The interfacial layer between the crystalline sili-
con and the amorphous 510, is also observable.

Although & low threshold voltage is desirable in the gate region of a
transistor, a large value of V; is needed between devices. For example, if a
number of transistors are intercannected vn a single Si ¢hip, we do not want
mversion layers to be formed inadvertently between devices (penerally called
the field). One way to avuid such parasitic channels is to incrense Vi in the
field by using a very thick oxide. Figure 6-34 illustrates a transistor with a gate
oxide 10 nm thick and a field oxide of 0.5 pm.

The value of T, can also be controiled by varying €. A 510, layer
which has some N Incorporated in it, leading to the formation of a silicon
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Figure 6-33

Cross section of a MOSFET. This high resolution transmission electran micragraph of a sili-

con Metal-Oxide Semiconductor Fisld Effect Transistor shaws the silican channel and mefal
ate separated by a thin (40 A, 4 nm) silicon—dioxide insulator. The inset shows a magni-

Eed view of the three regions, in which individuol rows of atoms in the crystalline silicon

can be distinguished. [Phatograph courtesy of AT&T Bell Laboratories.]

oxynitride. is often used. Such silicon oxynitrides have slightly higher ¢; and
C, than Si0,, with excellent interface properties. Other high dielectric con-
stant materials such as Ta,Os, ZrO, and ferroelectrics (e.g., barium-stron-
tium-titanate) are also being investigated as replacements for Si0, as the
gate dielectric in MOSFETs in order to increase C, = /d and, therefore, the
drive current of the MOSFET, Generally speaking, we cannot use these
high dielectric constant materials directly on the Si substrate; a very thin
(~0.5 nm) interfacial 8i0, layer is needed to achicve a low fast interface
state density. It is clear from the expression for C, that for these high di-
electric constant materials, a physically thicker layer, d, can be used than for
$i0; and still achieve a certain C,. This is very useful for reducing the tun-
neling leakage current through the gate dielectric, discussed in Section
6.4.7. A physically thicker layer implies a wider tunneling barrier with a re-
duced tunneling probability.
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Thin exide in the gate region and thick oxide in the field between fransistors for V; contral (net to scale].

Threshold Adjustment by Ion Implantarion. The most valuable tool for
controlling threshold voltage is ion implantation (Séction 5.1.4). Since very
precise quantities of impurity can be mtroduced by this method, it is possi-
ble to maintain close control of V4. For example, Fig. 6-35 illustrates a boron
mmplantation through the gate oxide of a p-channel device such that the im-
planted peak occurs just below the Si surface. The negalively charged boron
acceptors serve to reduce the effects of the positive depletion charge & As
a result, Vi becomes less negative. Similarly, a shallow boron fmplant into
the p-lype substrate of an n-channel transistor can make V. positive, as re-
quired for an enhancement device,

If the implantation 1s performed at higher energy, or into the bare Si
inslead of through an oxide layer, the impurity distribution lies deeper below
the surface. In such cases the essentially gaussian impurity concentration
profile cannot be approximated by a spike at the Si surface. Therefore, ef-
fects of distributed charge on the Q term of Eq. (6-38) must be considered.
Calculations of the effects on Vi in this case are more complicated, and the
shift of threshold voltage with implantation dose is often obtamed empiri-
cally instead.

The implantation energy required for shallow Vyadjustment implants
is low (50-100 keV), and relatively low doses are needed. A typical V; ad-
justment reguires only about 10} s of implantation for each wafer, and there-
fore this procedure is compatible with large-scale production requirements,
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Boron implant through gate oxide
{before polysilicon gate formation)

AT,

(2)

S0~ |Si
N,
(log)

0 001 002 y(um)
(b)
ure 6-35
Jjustment of Vyin a pchannel transistor by boron implantation: (o) boron ions are implanted through
the thin gate oxide but are absorbed within the thick oxide regions; (b) variation of implanied boron
concentration in the gate region—here the peak of the boron distribution lies just below the Si surface.
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EXAMPLE 6~3  For a p-channe! transistor with a g!ate- oxide thickness of 10 nm, calculate
the boron ion dose Fp(B™ ions/cm?) required to reduce Vi from — 1.1 V1o
= 0.5 V. Assume that the implanted acceptors form a sheet of negative
charge just below the Si surface. If, instead of a shallow B implant, it was
@ much broader distribution, how would the V5 calculation change? As-
suming a boron ion beam eurrent of 10 A, and supposing that the area
scanned by the ion beam is 650 cm?, how long does this implant take?

SOWMON  Since the B negative ions are assumed lo form a sheet of charge just
below the gaie oxide, they affect the fixed oxide charge term in Vzz. Thus,

& _ (3885 X 1074)

= e = ~1
S = . 9Fp.
EE R
s WV alicde v g L
F S ——- A = Q- 2
g3 16 % 1{]_19(0 6) 13 h In CIE

1f the B distribution is deeper, we cannot assume il 10 be a sheet charge
in Vg, If il is approximately constant ovér the muximum depletion width,
we should instead change the substrate doping térm in the expression for
V. Otherwise, the calculation has to be done by numerically solving Pois-
son’s equation in the depletion region, with a varying doping concentra-
tion corresponding to the B distribution, to obtain the voltage dropin the
semiconductor.
For a beam current of 10 pA scanned over a 650-cm” target area,
107(Cis)
650 em®

The implanttime is 1= 1358

1(s) = 1.3 X 10* (jons/em?) X 1.6 % 10™(Clion)

If the implantation is continued to higher doses, V; can be moved past
zero to the deplefion-mode condition (Fg. 6-36). This capability provides con-
siderable flexibility to the integrated-circuit designer, by allowing enhancement-
and depletion-mode devices to be incorporated on the same chip, For example,
a depletion-mode transistor can be used instead of a resistor as a load element
for the enhancement device. Thus an array of MOS transistors can be fabricat-
ed in an 1C layout, with some adjusted by implantation to have the desired en-
hancement mode V- and others implanted to become depletion loads.

As mentioned, Vi control is important not only in the MOSFETS but also
in the isolation or field regions, In addition to using a thick field oxide, we can
do a channel stap implant (so called because it stops turning on a parasitic
chiannel in the isolation regions) selectively in the isolation tegions under the
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field oxide (Fig. 6-34). Generally, a B channel stop implant is used for n-chan-
nel deviees. (It must be noted that such an acceptor implant will raise the field
thresholds for n-channel MOSFETSs made in a p-substrate, but will decrease the
field thresholds for p-MOSFETs made in an n-substrate).

6.5.6 Substrate Bios Effects

In the derivation of Eq, (6-49) for current along the channel, we assumed that
the source & was connected (o the substrate B (Fig, 6-27). In fact. il is possi-
ble to apply a valtage between S and B (Fig. 6-37). With a reverse bias be-
tween the substrate and the source (V' negative for an n=channel device), the
depletion region is widened and the threshold gale voltage required Lo
achieve inversion must be increased to accommodalte the targer Q. A sim-
plified view of the result is that W is widened uniformly along the channel,
so that Eq. (6-32) should be changed to

Gd = _[zes'an{Z‘bF = Vﬁ)]lﬁ (6-61)
The change in threshold voltage due to the substrate bias is
V2egN,
AV ==L (@ — V)17 - (2] (6-62)

I the substrate bias Vi is much larger than 24y (lypically ~0.6 V), the
threshold voltage is dominated by V', and

V2
= _g'ﬁ"rf (=V)'?  (nchannel) (6-63)

where Vg will be negative for the n-channel case. As the substrate bias is in-
creased, the threshold voltage hecomes more positive, The effect of this bias
becomes more dramatic as the substrate doping is increased. since AV is
also proportional to VN For a p-channel device the bulk-to-source voltage

AV;
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Thrashold vollags dependence on substrate bias resulting from application of o voltage V5 from the sub-
strate [i.e., bulk) ta the source. For n channel, Vi must be zaro or negalive to aveid forward bigs of the
source junchon. For p channel, Vs must be zero or posifive.

V' 1s positive to achieve a reverse bias, and the approximate change AV for

V2 2dpis
V 2eq Ny
C
Thus the p-channel threshold voltage becomes more negative with sub-
strate bias.

The substrate bias effect (also called the body effect) increases Vi tor
cither type of device. This effect can be used o raise the threshold voltage

AVy= — V¥ {pchannel) {6-64)
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of a marginally enhancement device (V= 0) to a somewhat larger and more
manageable value. This can be an asset for n-channel devices particularly
(see Fig. 6-20). The effect can present problems, however, in MOS integrat-
ed circuits for which it is impractical to connect each source region to the
substrate. In these cases, possible Vi shifts due to the body effect must be
taken into account in the circuit design.

6.5.7 Subthreshold Characteristics

If we louk at the drain current expression (Eg, 6-53), 1t appears that the current
abruptly goes o zero as soon as Vi is reduced to Vi In reality, there is still
some drain conduction below threshold. and this is known as subthreshold con-
duction. This current is due to weak inversion in the channel berween fat band
and threshold (for band-bending between zero and 2ds.), which leads to a dif-
fusion current from source 1o dram, The drain current in the subthreshold re-
gion is equal to

y, v ~it¥ o {Vig—Vyl
IJD = I-L(Cg +: Cf,}f(;_:?_) (] - E_"E!T_L)(E ekl ) (h—f15j

where

Ca+C,
¢, = [1 +-——°TCIC']

It can be seen that !, depends exponentially on gate bias, V.. However, Vp
has little influence onee V), exceeds a few kT/q. Obviously, if we plot
In I, as a funection of gate bias ¥;, we should get a linear behavior in the sub-
threshald regime, as shown in Fig, 6-38a. The slope of this line (or more pre-
cisely the reciprocal of the slope) 15 known as the subthreshold slope, S, which
has typical values of ~70 mV/decade at room temperature for state-of-the-
art MOSFETs. This means that a change in the input V; of 70 mV will change
the output 7, by an arder of magnitude. Clearly, the smaller the value of §,
the better the transistor is as a switch. A small value of § means a small change
in the input bias can modulate the output current considerably.
1t can be shown that the expression for § is given by

- h‘-V;; _ n‘.“frr; . E\‘ C.; + C"-l
5= 7(1“2- In) =In ]U—'“—'—‘d{]n 1) =23 q 1+ 7(:‘ {Hh-66)

Here, the factor In 10 (= 2.3) is introduced 1o change from log,, to nat-
ural logarithm, In. This equation can be understood by looking at the electrical
equivalent circuit of the MOSFET in terms of the capacitors (Fig. 6-38b).
Between the gate and the substrate, we find the gate capacitance, C,, in se-
ries with the parallel combination of the depletion capacitance in the chan-
nel, C;, and the fast interface state capacitance, C,, = qD,. The expression in
brackets in Eq. (6-66) is simply the capacitor divider ratio which tells us what
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Figure 6-38
Subthreshold conduction in MOSFETs: (a] Semilog plot of i versus Vz; (b} equivalent circuit showing ca-
pacitot divider which determines subthreshold slope.
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fraction of the applied gate bas, Vg, appears at the 5i-5i0; interface as the
surface potential. Ultimately. it is the surface potential that is responsible for
modulating the barrier between source and drain, and therefore the drain
current. Hence, § is a measure of the efficacy of the gate potential in modu-
tating /. From Eq. (6-66). we observe that § is improved by reducing the
gale oxide thickness, which is reasonable hecause if the pate electrode is clos-
er 1o the channel, the gate control 18 obviously betier, The value of §is high-
1 for heavy channel doping (which increases the depletion capacitanee) or
if the sihicon-oxide interface has many fast interface states.

For a very small gate vollage, the subthrashold current 1s reduced (o
the leakage current of the source/drain junctions. This determines the off-
state leakage current, and therefore the standby power dissipation in many cor-
plementary MOS (CMOS) circuits involving both n-channel and p-channel
MOSFETs 1t also underlines the importance of having high quality source/
drain junctions. From the subthreshold characteristics, it can be seen that if
the V¥, of a MOSFET is too low, it cannot be wurned off fully at Vi; =10, Also,
unavaeidahle statistical variations of V' cause drastic variations of the sub-
threshold leakage currenl. On the other hand, if V15 (oo high, one sacrilices
drive current, which depends on the difference between the power supply
voltage and V. For these reasons, the Vi of MOSFETS has historically been
designed o be <017 V. However, with the recent advent of various types of
low-valtage, low-power portable electronics, there are new challenges in de-
vice and crrewit design to optimize speed and power dissipation.

6.5.8 Equivalent Circult for the MOSFET

When we attempt to draw an equivalent circuit of a MOSFET, we find that
in additian o the intrinsic MOSFET itsell there are a variety of parasitic el-
ements assoctated with it. An important addition to the gate capacitance is
the so-called Miller everlap capacitanice due 1o the overlap between the gate
and the drain region (Fig, 6-39). This capacitance is particularly problemat-
ic because 1t represents a feedback path between the output drain terminal
and the imput gate terminal. One can measure the Miller capacitance at high
frequency by halding the gate at ground (Vi = 0) so that an fnversion layer
i« not formed in the channel. Thereby, most of the measured capacitance be-
Iween gate and dram is due to the Miller capacitance, rather thar the gale ca-
pacitance C. It is possible to minimize this capacitance by using a so-called
self-aligned gate, In this process. the gate itself is used to mask the source/drain
implants, thereby achieving alignment. Even in this design, however, there is
still a certain amount of overlap because of the lateral stragele or spread of
the implanted dopants underneath the gate, further exacerbated by the lat-
eral diffusion which occurs during high lemperature annealing, This spread
of the source/drain junctions under the gate edge determines what is called
the channel length reduction, AL, (Fig 6-40). Hence, we get the electrical or
“effective” channel length. L ;. in terms of the physical pate length, L as

L"f,r = ifl = IH-‘N'_.“ fl."lnf'l_a"_\
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Equivalent circuit of a MOSFET, showing the passive capacitive and resistive compaonents. The gote ca-
pacitance C, is the sum of the distributed capacitances from the gate fo the seurce end of the channel
|{Cd) and the drain end {Ceg). In addilion, we have an overlop capacilonce [where the gote elecirode
averlaps the source/drain junclions) from the gatete-ssurce [Cod and gateto-drain (Copl. Cop is also
known as the Miller everlap copacilance. We olso have pn junclion deplstion copacitances associoted
with the saurce [Cy) and drain {Cig). The parasilic resistonces include the saurce/drain series resistances
[Rs and Ry}, and the resisionces in the subsirote between the bulk contact and the source and dram (Rss
and Rye). The droin current can be modsled os a (gale) voltage<centrolled constant-current source.

There can also be a width reduction, AZ, which changes the effective width,
Z . from the physical width Z of the MOSFET. The width reduction re-
sults from the electrical isolation regions that are formed around all tran-
sistors, generally by LOCOS. The LOCOS isolation technique is discussed
in Section 9.3.1.

Another very important parameler in the equivalent circuit is the
source/drain series resistance, Ky = (Rg + Kp). because it degrades the drain
current and transconductance. For a certain applied draim bias to the source/
drain terminals, part of the applied voltage is “wasted” as an ohmic voltage
drop across these resistances, depending on the drain current {or gale bias).
Hence, the actual drain voltage applied to the intrinsic MOSFET itself is
less: this causes [, to increase sub-linearly with V.

We can determine Ryp. along with AL, from the overall resistance of
the MOSFET in the linear region,

)
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This corresponds to the intrinsic channel impedance R, plus the
source-drain resistance Kgp. Modifying Eq. (6-51) we get

Rsp  (6-68)

We can measure Vp/lp in the linear range for various MOSFETSs having the
same width, but different channel lengths, as a fupction of substrate bias,
Varying the substrate bias changes the V¢ through the body effect, and there-
fore the slope of the straight lines that result from plotting the overall resis-
tance as a function of L. The lines pass through a point, having values which
correspond to ALy and Ryp, as shown in Fig, 6-40),

6.5.9 MOSFET Scaling and Hot Electron Effects

Much of the progress in semiconductor integrated cireuit technology can
be attributed to the ability to shrink or scale the devices. Scaling down
MOSFETSs has a multitude of benefits. From Tablz 6-1, we see the bene-
fits of scaling in terms of the improvement of packing density, speed and
power dissipation. A key concept in scaling, first due to Dennard at IBM,
15 that the various structural parameters of the MOSFET should be scaled
in concert if the device is to keep functioning properly. In other words, if
lateral dimensions such as the channel length and width are reduced by
a factor of K, so should the vertical dimensions such as source/drain junc-
tion depths (x,) and gate insulator thickness (Table 6-1). Scaling of de-
pletion widths is achieved indirectly by scaling up doping concentrations,
However, if we simply reduced the dimensions of the device and kept the
power supply voltages the same, the internal electric fields in the device
would increase. For ideal scaling, power supply voltages should also be
reduced to keep the internal electric fields reasonably constant from one
technology peneration to the next, Unfortunately, in practice, power sup-
ply voltages are not scaled hand-in-hand with the device dimensions, part-
ly because of other system-related constraints, The longitudinal electric
fields in the pinch-off region, and the transverse electric fields across the
gate oxide, inerease with MOSFET scaling. A variety of problems then
arise which are generically known as hot electron effects and short chan-
nel effects (Fig. 6-41).

When an electron travels from the source to the drain along the channel,
it gains kinctic energy at the expense of electrostatic potential energy in the
pinch-off region, and becomes a “hot” electron. At the conduction band edge,
the electron has potential energy only; as it gains more kinetic energy,
it moves higher up in the conduction band. A few of the electrons can become
enerpetic enough to surmount the 3.1-eV potential barrier between the Si
chammel and the gate oxide (Fig. 6-25). Some of these injected hot electrons
can go through the pate oxide and be collected as gate current, thereby re-
ducing the input impedance. More importantly, some of these electrons can
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be trapped in the gate oxide as fixed oxide charges. According to Eq. (6-37),
this increases the flat band voltage, and therefore the V4. In addition, these
energetic not carriers can rupture Si-H bonds that exist at the Si-8i0; in-
lerface. eréating fast interface states that degrade MOSFET parameters such
as transconductance and subthreshold slope, with siress The results of such
hot carrier degradation are shown in Fig. 6-42, where we see the increase of
;- and decrease of slope. and therefore transconductance, with stress. The so-
lution to this problem is to use what is known as a lightly doped drain (LDD),
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Toble -1 Scaling rules for MOSFETs oceording to o gonstont fecter K. The horizantal and
verticol dimensions ara scaled by the same factor. The vollages are alss scaled 1o keep the
internal electric figlds more or less constont, and the hat corrier effects manageable.

Scaling foctor
Surface dimensions (L,Z) 1/K
Vertical dimensions (d,x) 1/K
| Impurity Concentrations K
Currant, Volloges 1/K
Cutrent Density K
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Short channel effects in MOSFETs, As MOSFETs are scaled down, potential problems due ta short channel
affects include hot carrier generation [electron-hole pair creafion) in the pinch-off region, punch-through
breakdown between source and drain, and thin gate oxide breakdown.
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Hot carrier degradation in MOSFETs. The linear region transter characteristics before and after hot carrier
siress indicale on increase of V and decrease of ronsconduciance (or channel mobility) due to hot electron
damage. The damage can be due to hot eleciron injection into the gale oxide which increases the fixed
oxide charge, and increasing fost interface state densities ot the oxidesilicon interface (indicated by xj.

As discussed in more detail in Section 9.3.1, by reducing the doping concen-
tration in the source/drain, the depletion width at the reverse-biased drain-
channel junction is increased and the electric field is reduced.

Hot carrier effects are less problematic for holes in p-channel MOSFETS
than for electrons in n-channel devices for two reasons. The channel mobility of
holes is approximately half that of electrons; hence, for the same electric
field, there are fewer hot holes than hot electrons. Unfortunately, the lower
hale mobility is also responsible for lawer drive currents in p-channel than
in n-channel. Also, the barrier for hole injection in the valence band between Si
and Si0) is higher (5 eV) than for electrons in the conduction band (3.1 eV), as
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shown in Fig. 6-25. Hence, while LIDD is mandatory for n-channel, it is often
not used for p-channel devices.

One “signature” for hot electron effects is substrate current (Fig. 6-43).
As the electrons travel towards the drain and become hot, they can create
secondary electron-hole pairs by impact ionization (Fig, 6-41). The secondary
electrons are collected at the drain. and cause the drain current in saturation
to increase with drain bias at high voltages. thereby leading to a decrease of
the output impedance. The secondary holes are collected at the substrate as
substrate current. This eurrent can create cirenit problems such as noise or
latchup in CMOS circuits (Section 9.3.1). It can also be used as a monitor for
hot electron effects. As shown in Fig. 6-43, substrate current initially increas-
es with gate bias (for a fixed, high drain bias), goes through a peak and then
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decreases, The reason for this hehavior is that initially, as the gate bias in-
creases, the drain current increases and thereby provides more primary car-
riers into the pinch-off region for impact ionization. However, for even higher
gate bias, the MOSFET goes from the saturation region into the linear re-
gion when the fixed V), drops below V(saL) = (Vg — V). The longitudinal
electric field in the pinch-off region drops, thereby reducing the impact ion-
ization rates, Hot electron reliability studies dre done under “worst case™ con-
ditions of peak substrate current. These are penerally done under accelerated
conditions of lmgherthan-normal operating vollages so that if there are any
potential problems; they show up in a reasonable time period. The degrada-
tion data is then extrapolated to the actual operating conditions.

6.5.10 Drain-Induced Barrier Lowering

I small channel length MOSFETS are not scaled properly, and the sourcg/drain
jusnctions ave too deep or the channel doping is too low, there can be unintended
electrostate nteractions between the source and the dram known as Drain-
Induced Barrier Lowering (DIBL): This leads 1o punch-through leakage or
breakdown between the source and the drain, and loss of gate control. The phe-
nomenon can be understood from Fig, 6-44, where we have schematically plot-
ted the surface potential along the channel for a long channel device and ashort
device. We see that as the dram bins is increased. the conduction band edge
(which reflects the electron energies) in the draim s pulled dowri. and the drain-
cliannel depletion width expands. For a long channel MOSFET. the drain bias
doesnot affect the source-to-chiannel potential bartier. which corresponds to the
built-in potential of the source-channel p-n junction. Henee, unless the gate bias
i¢ increased 1o lower this potential barrier, there is little drain current. On the
vther hand, for a short channe! MOSFET, as the drain bias 1s raised and the
conduction band edge in the drain is pulled down (with a concomitant increase
of the dram depletion width), the source-channel potential barrigr is low-
ered due to DIBL. This can be shown numerically by a solution of the two-
dimenstonal Poisson equation in the channel region. Simplistically, the onset
of DIBL s somelimes considersd o correspond to the drain depletion region
expanding and merging with the source depletion region, and eausing punch-
through breakdown between source and drain. However, it must be keptin
mind that DIBL s ultimately caused by the lowering of the source-junction po-
tential barrier below the built-in potential. Hence. if we get DIBL ma MOSFET
for a grounded substrate, the problem can be mitigated by applying a substrate
reverse bias, because that raises the potential barrier at the source end, This
works in spite of the fact that the drain depletion repion inléracts even more with
the source depletion region under such back bias, Once the source-channe! bar-
rier ts lowered by DIBL. there can be significant drain leakage current, with
the gate being unable to shut it off.

What are the solutions to this problem? The source/drain junctions must
be made sufficiently shallow (i.e.. scaled properly) as the channel lengths are
reduced. 1o prevent DIBL. Secondly, the channel doping must be made
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Drain-induced barrier lowering in MOSFETs. Cross sections and potential distribution along the channel
for o long channel and short channel MOSFET.

sutficiently high to prevent the drain from being able (6 control the source
junction. This is achieved by performing what is known as an anti-punch-
through implant in the channel. Sometimes, instead of such an implant
throughout the channel (which can have undesirable consequences such as
raising the V' or the body effect), a localized implant is done only near the
source/drains. These are known as hale or pocket implants. The higher doping
reduces the source/drain depletion widths and prevents their interaction.
For short channel MOSFETs, DIBL is related to the electrical modu-
lation of the channel length in the pinch-off region, AL, Since the drain current
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is inversely proportional to the electrical channel length, we get

] #=i(1+i"-§) (6-69
L ey i, 42)

for small pinch-off regions, AL. We assume that the fractional change in the
channel length is proportional to the drain bias,

AL
— =¥y (6-70)

L

where A is \he channel length modulation parameter. Hence, in the satura-
tion region, the expression for the drain current becomes

Z N
Ip= 37 Bali(Ve — V(1 + AV p) (6-71)

This lzads 1o & slope in the output characteristics, or a lowering of the out-
put impedance (Fig. 6-32).

6.5.11 Short Channel EHect and Narrow Width Effect

[f we plot the threshaold voltage as a function of channel length in MOSFETS,
we find that Vdecreases with L for very small geometries This effect is called
the short channel effect (SCE), and is somewhat similar to DIBL. The mech-
anism is due Lo something called charge sharing between Lhe source/drain and
the gate (Fig. 6-45)". From the equation for the threshold voltage (6-38), we
notice that one of the terms is the depletion charge under the gate,

"Shired " chiirge |
b Lhie
Grate
= e _- bxicle
by il B :
L1 A~

Equi-
potential - e, o .
w
Depletion edge
Figure 6-45

Short channel effect in a MOSFET. Cross-sectional view of MOSFET along the length showing depletion
charge sharing (colored regions) between the gate, source and drain,

%L You, A smple theory lo predict the threshold volloge of sharichionne! IGFETs,” Solid-Siate Elucionics,
17 (1974): 105%.

Petitioner Runergy USA Inc., Ex. 1030, p. 322



Field-EHect Transistors 323

The equipotential lines in Fig. 6-45 designating the depletion regions
curve around the contours of the source/drain junctions. Keeping in mind
that the electric field lines are perpendicular to the equipotential contours,
we see that the depletion charges that are physically underneath the gate in
the approximately triangular regions near the source/drains have their field
lines terminate not on the gate, but instead on the source/drains, Hence, elec-
trically these depletion charges are “shared” with the source and drain re-
gions and should not be counted in the V7 expression, Eq. (6-38). We can deal
with this effect by replacing the orginal 3, in the rectangular region under-
neath the gate by a lower Q, in the trapezoidal region in Fig. 6-45. Clearly,
for & long channel device, the triangular depletion charge regions near the
source and drain are a very small fraction of the total depletion charge un-
derneath the gate. However, as the channel lengths are reduced, the shared
charge becomes a larger fraction of the total, and this results in a Vi roll-off
as a function of L (Fig. 6-46), This is important because it is hard to control
the channel lengths precisely in manufacturing. The channel length varia-
tions then lead to problems with ¥y control.

In the last several years, another effect has been observed in n-channel
MOSFETs with decreasing L. The Vo initially goes up before it goes down due
to the short channel effect. This phenomenon has been dubbed the reverse
short channel effect (RSCE), and is due to mteractions between Si point defects
thar are created during the source/drain implant and the B doping in the chan-
nel, causing the B to pile up near the source gnd drains, and thus raise the Vo

Another related effect in MOSFETS is the narrow width effecr, where
the V; goes up as the channel width Z is reduced for very narrow devices
(Fig. 6-46). This can be understood from Fig. 6-47, where some of the deple-
tion charges under the LOCOS isolation regions have field lines electrically ter-
minating on the gate. Unlike the SCE, where the effective depletion charge is
reduced due {o charge sharing with the source/drain, here the depletion charge
belonging to the gate 1s increased. The effect is not important for very wide de-
vices, but becomes quite importanl as the widths are reduced below Ljum,

4.5.12 Gate-induced Drain Leakage

If we examine the subthreshold charactenstics shown in Fig, 6-38, we [ind that
as the gate voltage is reduced below V. the subthreshold eurrent drops and

Figure 6~46
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Figure 6-47
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then bottoms out at a level determined by the source/drain diode leakage.
However, for even more negative gate biases we find that the off-state lcak-
age current actually goes up as we try to turn off the MOSFET more for high
Vi this is known as gate-induced drain leakage (GIDL). The same effect is
seen at a fixed gate bias of near zero, for increasing drain bias. The reason for
GIDL can be understood from Fig, 6-48, where we show the band diagram
as a function of depth in the region where the gate overlaps the drain junction.
As the gate is made more negative (or alternatively, for a fixed gate bias, the
drain is made more positive), a depletion region forms in the n-type drain.
Since the drain doping is high, the depletion widths tend to be narrow, If the
band-bending is more than the band gap E, across a narrow depletion region,
the conditions are conducive to band-to- band {unmeling in this region, there-
by creating electron-hole pairs. The electrong then go Lo the drain as GIDL.
It must be emphasized that this tunneling is not through the gate oxide (Sec-
tion 6,4.7), but entirely in the Si drain region. For GIDL to occur, the drain
doping level should be moderate (~10'* cm™), If it is much lower than this,
the depletion widths and tunneling barriers are too wide. On the other hand,
if the doping in the drain is very high, most of the voltage drops in the gate
oxide, and the band-bending in the Si drain region drops below the value E,.
GIDL 1s an important factor in limiting the off-state leakage current in smte-
of-the-art MOSFETS,

6.1 Three-ternunal active devices capable of power gain are kev 1o the switchingand  SUMMARY
amiplification of electronic sipnals. The input impedance is (desirably) high for
voltage-controlled field-effect transistors and low for curreént-controlled hipo-
far junction transistors. "The power gain of the a-¢ signal comes from the d-c
power supply. 1t is also desirable to have a high outpul impedance and a lineat
dependence of output current with respect to input voltage (or current).

6.2 Field effect devices such as the JEETSs (or MESFETsand HEMTS) use a reverse-
biased p-n junction (or Schottky diode) as a gate to control the undepleted part
of a channel and thereby modulate the corrent flow between a sowrce (S) of car-
riers and & drain (D) of carriers.

6.3 The MOSFET uses an oxide-isolated gute (MOS capacitor) (hat has a very
high input impedance to modulate the barrier between S and D and to change
the conductivity of the charmel,

6.4 An enhancement-made NMOSFET has a p-lype channel between the n* source
and the drain regions. At the flar band conditions { Vi), there is no band-bending
as a funetion of depth in the channel, A gate bias more negative than Vi, causes
exponentially more holes 1o be accumulated near the surface with band-bending;

6.5 More positive gate voliages initially repel the majority carrier holes and create
adepleron region. Then, nbove the fhreshoid voltage (V). they attract minor-
ity carrier electrons near the surface and invert the surface, thereby forming a
conductive channel between source and drain. PMOSFETS have the opposite
polarities.
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6.6 The Vpcan be increased by increasing the channel dopmg and the gate oxide
thickness (lower C)). Tt is also affected by Vg, which depands on the gate work
function and oxide charges, and increases with substrate reverse bias (hody
effect) as well.

6.7 'The overall MOS capacitance is the series combination of a fixed gate capaci-
tance C, and the voltage-dependent semiconductor eapacitance in the channel,
The inversion charge per unit area is approximately C(Vis - Vo).

6.8 For long channel MOSFETS, initially Iy, increases linearly with V, and then it
saturares ance the inversion channel i& pinched off near the drain end.

6.9 There is a quadratic dependence of [, on V; for long channel MOSFETs For
short channel devices that operate m the velority-sarurated region or seurce-
injection regime, \he dependence of I, on V; is approximately linear.

6.10 For short L, g, often mcreases slightly with V, due to various short cliannel
effects, lcading to a decresse of output impedance. Short channel effects in-
clude drain-induced barrier lowering (DIBL) and charge sharing, which leads
to Vi roll-off with L.

6.11 There is some conduction below Vo, characterized by a subthreshold slope,
that is 4 measure of the effectiveness of the MOSFET as a switch.

6.12 Conduction above V- in the channel inversion region reflects an effective chan-
nel mobility lower than that in bulk due to surface roughmess scattering. and in-
creasingly so at higher V.

6.13 In highly scaled MOSFETS, there can be gate-numneling leakage currents (mit-
igated by high-k dielecirics) and hor efectron (and, to a lesser exlent, hole) ef-
fects, mitigated by lower power supply voltages and lightly doped drains
(L.DDs). The resulting high-5/ parasitic series resistance is minimmized by Self-
Aligned siLICIDEs (SALICIDE), described in Chapter 9,

PROBLEMS 6.1 Assume the JFET shown in Fig. 6-6 is 5i and has p' regions doped with 10
acceptors/cm® and a channel with 10 donors/em®. If the channel half-width a
i5 1 pm, compare ¥ with Vo Whal voltage Vi, is required 10 cause pinch-off when
V,is included? With Vi, = —3 V. at what value of ¥y does the current saturate?

6.2 Ifthe ratio Z/L =10 for the JEET of Prob. 6.1, and p, = 1000 cm®/V-s, calculate
Ip(sat) for Ve = (), =2, —4,and -6 V. Plot /5(sat.) vs, Vp(sat.).

6.3 For the JFET of Prob. 8.2, plot I, vs. ¥}, for the same four values of V. Ter-
minate each plot at the pomnl of saturation

6.4 UscEgs (6-9) and (6-10) lo calculate and plot IV p, V) at 300 K for a Si JFET
witha=1000 A, N, =7 % 10" em™, Z = 100 wm, and L = 5 pm. Allow V¥, to range
from {) to 5V, and allow V;to take on the values ), -1,-2,-3, 4, and -5 V.

6.5 Use the field-dependent mobility expression to caleulate and plot In(Vp, Vi)
for the Si JIFET described in Prob. 6.4 for gate lengths of 0.25, 0.50, 1.0, 2.0,
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and 5.0 pm and a gate voltage of ) V. The field-dependent mobility model of
Eq. (8-12) takes the form

Yd e
s —— = -
ME =% =TT e
where pgis the low-field mobility (as given in Fig. 3-23) and v, is the saturation
velacity (107 em/s), Assume that ‘€ = /L, and assume that the drain current sat-
urates when it reaches a maximum. Discuss the advantages of having a short
gate length device,

6.6 ‘The current [, varies almost linearly with Vi, in a JFET for low vilues of V.

{a) Use the binomial expansion with Vp/(-V5) < 1 to rewrite Eq. (6-9) as an
approximation to this case.

(b) Show that the expression for the channel conductance /p/Vj in the linear
range is the same as g, (sat.) given by Eq. (6-11).

(¢) What value of gate voltage Vi, turns the device off such that the channel
conductance goes to zera?

6.7 Show that the width of the depletion region in Fig. 6-15 is given by Eq.
{6-30), Assume the carriers are complelely swepl oul within W, a5 was done
in Section 5.2.3.

6.8 Find the maximum depletion width, minimum capacitance C,, and threshold
voltage for an ideal MOS capacitor with:a 10-nm gate oxide (8i0;) on p-type
Si with N, = 10" cm~". Next, include the effects of flat band voltage, assuming
ann” polysilicon pate and fixed oxide charge of 5 % 10" g (Glem?).

6.9 An Al-gate p-channel MOS transistor is made on an n-type Si substrate with
Ny=3§ % 10" em The Si0, thickness is 100 A in the gate region, and the ef-
fective interface charge G is 5 X 10" g Clem’. Find W, Vo, and V. Sketch the
-V curve for this device and give important nunbers for the scale.

6.10 Use Eq. (6-50) to calculate and plot fp( Vg, Viz) at 300 K for an n-channel S
MOSFET with an oxide thickness d = 200 A, a channel mobility jL, = 1000 o/
V-5, Z = 100 pm, L = 5 wm, and N, of 10,10, 10", and 10" em . Allow V5
to range from 0 to 5V and allow Vi to take on valugs of 0, 1, 2, 5.4, and 5V,
Assume that @, =5 x 10" g Clem®,

6.11 Calculate the V; of a 8i-P-chunnel MOS transistor for an n™polysilicon gate
with silicon oxids thickness =50 A, N, =1 % 10"™em ™ and & fixed charge of 2 X
10" Cfem® Is it an enhancement- or depletion-mode device? What B dose is
required to change the Vyto 0V? Atsume a shallow B implami.

6.12 (a) Find the voltage Vg required to reduce to zero the negative charge in-

duced at the semiconductor surface by a sheet of positive charge Q, lo-
cated ©' below the metal,
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{b) Inthe case of an arbitrary distibution of charge p{x') in the oxide, show that

i dr'
o | [ 8 "’
(aF] Clo d p(x")dx

6.13 Redraw Figs i-12, 6-13, and 6-15 for the p-channel case (n-type substrate)

614 Caloulate the Vi of an MOS capacitor where we deposit a high-k gate dielec-
tric, HiO,, whose relalive dielectric constant is 25, on a povel p-iype semicon-
ductor whose electron affimity is 4 eV, band gap 15 1.5 eV, relative dielectne
constant is 10, and intrinsic carrier concentration i 102 em™, The gate is made
of a metal whose work function is 5 eV, gate axide thickness is 100 A, and Ny
is 10" em and that has a fixed oxide charge of 5 % 10" g Cfem® At Vi, what
are the electron and hole coneentrations at the oxide semiconductor interface
and degp in the substrate? Sketch z labeled band diagram normal to the sur-
Face at Vi and mark off the relevant values on the basis of the numbers given.

Sketch the low- and fugh-frequency C-V charactensties of this capacitor, and
explain their differences, How would the characteristics change ar large nega-
five pare bias 1f we doubled the guide thickness? How about if we doubled the
subsirate doping?

6.15 A 5i MOS capacitor has the high frequency C-V curve shown in Fig. P6-15
tormalized to the capacitance in strong accumulation. Determine the oxids
thickness and substrate doping assuming a gate-to-substrate work funciion dif-
ference of =033V,

Figure P6~-15 1o e
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6.16 For the capacitor in Prob. 6.15, determine the initial fat band voltage.

6.17 For the capacitor in Prob. .15, determme the {ived oxide charge, @, and the
mobile ion content.

6.18 For a long channel n-MOSFET with V¢ = 1 V, caloulate (he Vg required for an
Iy(sat) of 0.1 mA and Vp(sat) of 5 V. Calculate the small-signal output con-
ductance g and the transconductance g,(5at.) at V= 10 V. Sketch the cross
section of this MOSFET, and schematically show the inversion charge and de-
pletion charge distributions for ¥, = 1 V, 5V, and 10V.

Recalculate the new [ for Vo = Ve =3Vand V=4V,

6.19 Calculate the Vi of a 8i n-channel MOSFET for a ate-to-substrate work fune-
tion difference ¢, =—1.5 €V, gate oxide thickness = 100 A, N, = 10"¥em™, and
fixed oxide charge of 5§ % 10" g Clem?, for a subsirate bias of -2.5 VALV, what
are the electron and hole concentrations at the oxide—Si interface and deep in
the subsirate? Sketch a labeled band diagram normal Lo the surlace at Vo,
showing the Fermi poiential,

6.200 Calculate the Vi of a Si n-channel MOSFET for an n’-polysilicon gate with
gate oxide thickness = 100 A, N, = 10"® em™3, and a fixed oxide charge of 5 %
10" g Clem’.

6.21 For ¢ MOSFET with V=1V and Z =50 pm, L =2 pm, caleulate the drain cur-
rent at Vi; = 3V, Vi = 01 V. Repeat for V=3V, V), = 5V, Assume an electron
channel mobility ji, = 200 em*V-s, and the subsirate is connected 1o the source.

6.22 For the MOSFET characteristics shown in Fig, P6-22, ealculate:

Ip(ma) Figure P6-22

25

Fo (V)
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1. Linear Vyand ky
2, Saturation Vyand &,
Assume channel mobility, i, = 500 em®Ves and V= 0.

6.23 For Prob. 6.22. calculale the gate oxide thickness snd substrate doping, either
graphically or iteratively.

6.24 Assume that the inversion layer ina 51 MOSFET can be treated as o 2-D elec-
tron gas trapped in an infinite rectangular potential well of width 100 A (In re-
ality, 1t looks more like & tnangular well.) Caleulate the imversion charge per umt
area assuming that the Fermi level lies midway between the sgcond and third
subbands. Assume T'=77 K, and effective mass = (.2 m;, Assume alsa that the
Fermi function can be treated as a rectangular function. Also sketch (E, k) for
the first three subbands. Refer to Appendix TV.

6.25 Ann-channel MOSFET with a 400-A gate oxids requires its V. to be lowered
by 2 V. Using a 50-ke'V implant of & singly charged species, and assuming that
the implant distribution is peaked at the oxide-5i interface-and can be reparded

-as 4 sheet charge at that interface, what implant parameters (spedies, energy,
dose, and beam current) would vou choose? The scan area i1s 200 em” and the
desired implant time i3 20 s. Assume similar range statistics in oxide and Si.

6.20 Plot Iy vs. Vp with several values of Vy; for a thin-oxide p-channel transistor with
a 10-um oxide and ¥V =-1.1 V., Assume that Iy(sat.) remains constant beyond
pinch-off. Assume that i, =200 em®/V-s5, and Z = 10L.

0.27 A typical figure of merit for high-frequency operation of MOS transistors is the
cutolf frequency f, = g,/2nC,LZ, where the gate capacitance C,; 18 essentially
C, over most of the voltage range. Express f, above pinch-off in terms of ma-
tenials parameters and deviee dimensions, and ealewlate f, for the transistor of
Prob, 6.26, with L = | um.

6.28 When an MOS transittor is biased with Vi, > V), (sal.), the effective channel
Tength is reduced by AL and the eurrent {' pis larger than [(sat.), as shown in
Fag. 6-32. Assuming that the depleted region AL 15 described by an expression
similar to Eq, (6-30) with V, - Vp(sat) for the vollage across AL, show that the
conductance beyond saturation is

, _ al'p d L
80 5y, — ot .wp(r_ - &L)

and find the expression for g'p in terms of V.

6.2% From Fig 6-44,it1s clear that the depletion regions of the source and drain junc-
tions can meet for short channels, s condition called punch-through. Assume that
the source and drain regions of an n-channel §i MOSFET are daped with 10*
donors/em? and the 1-um-long channel is doped with 10" acceptorsicm®, If the
source and substrate are grounded, what drain voltage will cause punch-through?
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Very useful applets for understanding device operation are available at READING LIST
http/fjas.engbuffalo.edu/

Information about MOS devices used in inlegrated circuits can be found at
htip:/fpnblic.itrned/
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Question 1 SELF QUIZ
(a) What is the main distinction between an active device and a passive device?

{(b) Il a device has power gain, where 15 the higher energy of the a-c signal at the
output coming from?

{c) What is the distinction between a current-controlled versus voltage-controlled
three-terminal active device? Which is preferable?

Question 2

For parts (&) through (¢) below, consider the following low-frequency gate capacitance

{per unit area) vs. gale voltage charactenstic for a metal gate n-channel MOSFET.
(a) On the below [igure labal the approximate regions or points of

= weak inversion (1) » decumulation (4)
& flat band (2) » threshold (5)
= sirong inversion (3) = depletion (6)
(b) What is the oxide capacitance per unit area? uFlem?®
(c) On the curve below, sketch the high-frequency curves for this MOSFET with
grounded source/drain,
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Question 3

Label—in the “answer” space provided above the figure—the following MOS capuc-
itor band diagrams as corresponding to accumulation, weak inversion, depletion,
strong inversion, flat band or threshold. Use each possibility only once,

answer. answer:
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Ev
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Question 4 2 Vo= 15V
Consider the following MOSFE 7

VG--' I.BV
'o’.n = 05 v
Vg - MV
f Rk R4
40 6.0
jannel device?
0 2 ng channel or short channel device?

Mhold voltage Vi ?

- enhancement-mode MOSFET?
(a) Is this an n-channel or p-&

{b) Does this appear tobea |
{¢) What is the apparent lh“,_;)SFET didrensed B yed) by:
(d) Is this a depletion-mode ¢, o vide thickness?

* » substrate doping?

Question 5 ‘me one thing/factor/effect that limits the exient to
Is the subthreshold slope of a N peduce subthreshold swing,

(u) Increasing or decreasing
(b) Increasing or decreasing

For each of these two methods,

erature increase, decrease, or leave unchanged (cir-
which the method can be used 1

:nt of a p-n diode?
Question 6

Would increasing the device len 4 F e
cle the correct answers): .drain leakage current of MOSFET?

(a) the reverse saturation cusk, oo e/ unchanged
increase

(b) the subthreshold source-=

incrense
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Question 7

Assuming no interfuce charge due to defects and/or traps, would decreasing the oxide
thickness/increasing the oxide capacitance of an n-channel MOSTET increase, decrease,
or leave essentially unchanged the following parameters (circle the correct answers):

{a) the flat band voltage, Vpe?

imecrepse [/ decrease / unchunged

(b} the threshold voltage, V47

increase /| decrease / unchanged

(c) the subthreshold slope?

increase [ decresse / unchanged

Question §
Consider the following MOSFET characteristic.

Iy (mA)
i
=118 = :
- i Vi=-15V
e i S e e
= |
- [}
=10~ |
1. : Va=-10V
i I
= |
0.5 — f
= | Vﬁ-'_—’ -5V
1 O S T
i V=00V
§ | l " vaV)
0 1 2 3

[#) What is the transconductance g, at V;; = -1.0V (in units of mhos)?

(b) What is the apparent threshold voltage at Vi =-1.0V?

(¢) Does this MOSFET appear to be a long channel or short channel deviea?
{d) Is this an n-channel or p-channel device?

{e) Is this & depletion-mode or enhancement-mode MOSFET?

Question 9

A senior in electrical and computer engineering in a device fabricalion course pre-
sentcd the following characteristics as those of an n-channel MOSFET that he had
fabricated and characterized al a temperature of 300 K.
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{pimA) 1y (mA)
_____ Vi = 250 mV 10 _t
L5 —
= 1071 —
H 102 —
10-: e VG=E1=|1\-" lu_,j___
: 10-4—
0s = - Vo= —250 mV 105 —1
i Vi= =50 mV 108 —
(b= T T |- l"ﬂ[‘\f) LI I Fr? T || VgimV)
0 .5 Lo 1.5 — M) ~ 5001 =4

(a) If we were to believe this student, would this be nermally on/depletion mode or
a normally offfenhancement mode MOSFET? Circle one choice below.

normally off / normally on

(b) If we were to believe this student, would this MOSFET appear to be a long
channel ar short channel device? Circle one.

long channel / short channel

(c) Ifwe were to believe this student, what would be the subthreshold slope/swing,
5, of this MOSFET?

{d) This student, however, was subsequently expelled from the university for fal-
sifying this data, leaving him with nething to show for his years at schoal but
huge college loan debts. What clearly physically unrealistic aspeet of these
MOSFET characteristics (besides less than smooth curves) should have drawn
suspicion?
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