Chapter 4

Excess Carriers in Semiconductors

OBJECTIVES

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

semiconductors i _ iy
2. Understand generation—recombination of excess carriers, possibly
through trap sites ‘ Sl
3. Introduce quasi-Fermi levels in non-equilibrium : :
4. Caleulate diffusion currents from carrier concentration gradients an
diffusivity :
5. Use the continuity equation to study time dependence of carrier
concentrations

Most semiconductor devices operate by the creation of chgrge carriers in ex-
cess of the thermal equilibrium values. These excess carriers can bg creited
by optical excitation or electron bombardmen.t, or as we shall. see ﬁq Chap-
ter 5, they can be injected across a forward-biased p-n']unctlon. owever
the excess carriers arise, they can dominate the conduct.lon processes In the
semiconductor material. In this chapter we shall in\./estlgate thfa creation of
excess carriers by optical absorption and the resulting properties of photo-
Juminescence and photoconductivity. We shall study more closel.y the melch-
anism of electron-hole pair recombination and the effects of carrier t.r..appn?g.
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 field.

4.1
OPTICAL
ABSORPTION'

An important technique for measuring the band gap energy of a s.ermcon.—
ductor is the absorption of incident photons by.the material. In this expelé
iment photons of selected wavelengths are directed at the sample, an

relative transmission of the various photons is observed. Sln.ce photons w¥th
energies greater than the band gap energy are absorbed while photons with

1n this context the word “optical” does not necessarily imply that the photons ﬁlbsorbed are in t|'|\edw;|k.)|e
part of the spectrum. Many semiconductors absorb photons in the infrared region, but this is included in

the term “optical absorption.”
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energies less than the band gap are transmitted, this experiment gives an
accurate measure of the band gap energy.

It is apparent that a photon with energy hv = E, can be absorbed in a
semiconductor (Fig. 4-1). Since the valence band contains many electrons
and the conduction band has many empty states into which the electrons may
be excited, the probability of photon absorption is high. As Fig. 4-1 indicates,
an electron excited to the conduction band by optical 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 until its velocity
reaches the thermal equilibrium velocity of other conduction band electrons.
The electron and hole created by this absorption process are excess carriers;
since they are out of balance with their environment, they must eventually re-
combine. While the excess carriers exist in their respective bands, however,
they are free to contribute to the conductivity of the material.

A photon with energy less than E, is unable to excite an electron from
the valence band to the conduction band. Thus in a pure semiconductor,
there is negligible absorption of photons with 4v < E,. This explains why
some materials are transparent in certain wavelength ranges. We are able to
“see through” certain insulators, such as a good NaCl crystal, because a large
energy gap containing no electron states exists in the material. If the band gap
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 eV allows infrared and the entire visible spectrum to be transmitted.

If a beam of photons with /iv > E, falls on a semiconductor, there will
be some predictable amount of absorption, determined by the properties of
the material. We would expect the ratio of transmitted to incident light in-
tensity 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
I, (photons/cm™-s) is directed at a sample of thickness / (Fig. 4-2).The beam
contains only photons of wavelength \, selected by a monochromator. As
the beam passes through the sample, its intensity at a distance x from the
surface can be calculated by considering the probability of absorption within
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Figure 4-1
Optical absorp-
tion of a photon
with hy > Eg: (a)
An EHP is created
during photon ab-
sorption; (b) the
excited electron
gives up energy
to the lattice by
scattering events;
(c) the electron re-
combines with a
hole in the va-
lence band.
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Figure 4-2
Optical absorp-

tion experiment.

Sample

Detector

any increment dx. Since a photon which hgs surviveq tox without a.bso%rptmn
has no memory of how far it has traveled, its probab.lhty of absorpt_lon in any
dx is constant. Thus the degradation of the intensity —dI(x)/dx is propor-
tional to the intensity remaining at x:

_AW) _ ) (4-1)
dx

The solution to this equation is
I(x) =Le (4-2)

and the intensity of light transmitted through the sample thickness / is
L=Te™ (4-3)

The coefficient « is called the absorption coefficient and has units of
cm~L. This coefficient will of course vary with the phoFon wavelengt.h and
with the material. In a typical plot of & vs. wavelength (Fig. 4_—3), there is neg-
ligible absorption at long wavelengths (hv small) and gon&derable a;)sotrlll)-
tion of photons with energies larger than E,. A.ccordmg to Eq. ‘(2—‘ ), e
relation between photon energy and wavelength is £ = he/\.If E is given in
electron volts and \ in micrometers, this becomgs E = 1.24/\.

Figure 4-4 indicates the band gap energies of some of the. comm?ln
semiconductors, relative to the visible, infrared, and u'ltrav1o¥et porthn§ of the
spectrum. We observe that GaAs, Si, Ge, and InSb lie outside the visible re(i
gion, in the infrared. Other semiconductors, such as GaP .an.d CdS, have bant
gaps wide enough to pass photons in the visible range. I.t is important to no z
here that a semiconductor absorbs photons with'energles equal to the 1biant
gap, or larger. Thus Si absorbs not only baI.ld 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
optical absorption
coefficient & for a
semiconductor on
the wavelength of
incident light.

Figure 4-4

Band gaps of
some common
semiconductors
relative to the op-
tical 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 luminescence.? 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-energy electron
bombardment of the material, the mechanism is called cathodoluminescence;
if the excitation occurs by the introduction of current into the sample, the re-
sulting luminescence is called electroluminescence. Other types of excitation
are possible, but these three are the most important for device applications.

*The emission processes considered here should not be confused with radiation due to incandescence
which occurs in heated materials. The various luminescent mechanisms can be considered “cold” process-
es as compared to the “hot” process of incandescence, which increases with temperature. In fact, most lu-
minescent processes become more efficient as the temperature is lowered.

4.2
LUMINESCENCE
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Figure 4-5
Excitation and
recombination
mechanisms in

photolumines-
cence with a trap-
ping level for
electrons.
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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 1078 s or less. Thus the emis-
sion of photons stops within approximately 107% s after the excitation is
turned off. Such fast luminescent processes are often referred to as fluores-
cence. In some materials, however, emission continues for periods up to 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 Fig. 4-5. This material contains a defect
level (perhaps due to an impurity) in the band gap which has a strong ten-
dency to temporarily capture (trap) electrons from the conduction band.
The events depicted in the figure are as follows; (a) An incoming photon
with hv, > E, is absorbed, creating an EHP; (b) the excited electron gives
up energy to the lattice by scattering until it nears the bottom of the con-
duction band; (c) the electron 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 to an empty
state in the valence band, giving off a photon (/1v;) 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 is greater than the
probability of recombination, an electron 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.
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‘ The .color of light emitted by a phosphor such as ZnS depends primar-
11'y on the 1mpqrities present, since many radiative transitions involve impu-
.1'1ty levels within the band gap. This selection of colors is particularly u pf 1
in the fabrication of a color television screen. e
One of the most common examples of photoluminescence is the fluo-
rescent lgmp. Typically such a lamp is composed of a glass tube filled with gas
(fe.g., a mixture of argon and mercury), with a fluorescent coating on the%n-
side of the tube. When an electric discharge is induced between electrodes in
the tupe, the excited atoms of the gas emit photons, largely in the visible and
ultraymlet 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
considerably better than that of an incandescent bulb, and the wavelength

mixture in light given off can be adjusted by pro i ;
— j y proper selection of the fluores-
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A 0.46-pm-thick sample of GaAs is illuminated with monochromatic EXAMPLE 4-1
light of iy = 2 eV. The absorption coefficient e is 5 X 10* cm ™. The
power incident on the sample is 10 mW.
(a) Find the total energy absorbed by the sample per second (J/s).
(b) Find the rate of excess thermal energy given up by the electrons
to the lattice before recombination (J/s).
(c) Finfi the number of photons per second given off from recombi-
nation events, assuming perfect quantum efficiency.
(a) From Eq. (4-3), SOLUTION
L=Ie*=10"exp(—5 X 10* X 0.46 X 107%)
=172~ B 24 0FhW
D
(
2eV =
M hy = 1.43 eV Figure 4—6
Excitation and
’ band-to-band
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recombination
leading to photo-
luminescence.
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Thus the absorbed power is
10-1=9mW=9 X 107°J/s

(b) The fraction of each photon energy unit which is converted to heat
is

%_—;ﬁ =0.285

Thus the amount of energy converted to heat per second is

0285 X 9 X 1073=2.57 X 1073 /s

(c) Assuming one emitted photon for each photon absorbed (perfect
quantum efficiency), we have

9 x 10731 /s
1.6 X 107 J/eV X 2 eV/photon

=2.81 X 10'° photons/s

Alternative solution: Recombination radiation accounts for 9 - 2.57 =
6.43 mW at 1.43 eV/photon.

6.43 X 1073

TR 2.81 X 10'¢ photons/s

4.2.2 Electroluminescence

There are many ways by which electrical 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 alternating 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.

4.9  When excess electrons and holes are created in a semiconductor, there is a cor-

CARRIER LIFETIME  responding increase in the conductivity of the sample as indicated by Eq. (3-43).
AND PHOTO-  If the excess carriers arise from optical luminescence, the resulting increase in
CONDUCTIVITY  conductivity is called photoconductivity. This is an important effect, with useful
applications in the analysis of semiconductor materials and in the operation of
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sev‘eral types of devices. In this section we shall examine the mechanisms by
whllch excess electrons and holes recombine and apply the recombination ki-
netics t(? the analysis of photoconductive devices. However, the importance of
1'f3comb1nation is not limited to cases in which the excess carriers are created op-
tically. 11.1 fact, virtually every semiconductor device depends in some way on the
1'ecomb1nation of excess electrons and holes. Therefore, the concepts developed
in this section will be used extensively in the analyses of diodes, transistors
lasers, and other devices in later chapters. ’ ’

4.3.1 Direct Recombination of Electrons and Holes

It was pointed out in Section 3.1.4 that electrons in the conduction band of a
senncgnductor may make transitions to the valence band (i.e., recombine with
hples in the valence band) either directly or indirectly. In direct recombina-
tion, an excess population of electrons and holes decays by electrons falling
from the conduction band to empty states (holes) in the valence band. Ener-
gy lost I?y an electron in making the transition is given up as a photon..Direct
recombination occurs spontaneously; that is, the probability that an electron and
a lllole will recombine is constant in time. As in the case of carrier scattering
this constant probability leads us to expect an exponential solution for thej
Qecay .Of the excess carriers. In this case the rate of decay of electrons at any
time is proportional to the number of electrons remaining at 1 and the num-
ber of holes, with some constant of proportionality for recombination, «,. The
net rate of change in the conduction band electron concentration is tl;eriher-
mal generation rate a,n? from Eq. (3-7) minus the recombination rate

ok a,n; — a,n(t)p(r) (4-4)

Let us assume the excess electron-hole population is created at ¢ = 0, for
example by a short flash of light, and the initial excess electron and hole (;on—
cellltrations An and Ap are equal.® Then as the electrons and holes recombine in
pairs, the instantaneous concentrations of excess carriers dn(f) and dp(¢) are also
e.qu'al.Thus we can write the total concentrations of Eq. (4-4) in terms of the equi-
hbl:lum values ny and p, and the excess carrier concentrations dn(r) = dp(1)
Using Eq. (3-24) we have .

ddn(r) 5
T a,[ny + 8n(1)][p, + 8p(1)]

= _ar[(”() + P())S”(f) + 8n*(1)] (4-5)

3 .
We will use 8n(f) and Sp(f) fo mean instantaneous excess carrier concentrations, and An, Ap for their val-
ves at f = 0. Later we will use similar symbolism for spatial distributions, such as dn(x) and An(x = 0)
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EXAMPLE 4-2

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 8n? term. Furthermore, if
the material is extrinsic, we can usually neglect the term representing the equi-
librium minority carriers. For example, if the material is p-type (po > no), Eq.
(4-5) becomes

ddn(r)
dr

—a,pdn(r) (4-6)

. The solution to this equation is an exponential decay from the original ex-
cess carrier concentration An:
dn(t) = Ane” P’ = Ane™ " (4-7)

Excess electrons in a p-type semiconductor recombine with a decay con-
stant 1, = (a,p,) ", 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, = (o,110) " In
the case of direct recombination, the excess majority carriers 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 n(t) in Eq. (4-4) by the excess con-
centration dn(f) and p(f) by the equilibrium value p,. Figure 4-7 indicates
that this is a good approximation for the example. A more general expression
for the carrier lifetime is

1

T =" 7 1 (478)
0(,,(”0 + pO)

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

A numerical example may be helpful in visualizing the approximations
made in the analysis of direct recombination. Let us assume a sample of
GaAs is doped with 10'5 acceptors/cm’. The intrinsic carrier concentration
of GaAs is approximately 10° cm; thus the minority electron concentra-
tion is 11y = n2lp, = 10~ em >, Certainly the approximation of py > ny is valid
in this case. Now if 10" EHP/cm® are created at t = 0, we can calculate the
decay of these carriers in time. The approximation of dn < pq is reasonable,
as Fig. 4-7 indicates. This figure shows the decay in time of the excess pop-
ulations for a carrier recombination lifetime of 7, = 7, = 107%s.
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4.3.2 Indirect Recombination; Trapping

Ir} column IV semiconductors and in certain compounds, the probability of
direct electron-hole recombination is very small (Appendix III). There is
some band gap light given off by materials such as Si and Ge during recom-
blnation, 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 occur via recombination 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 lattice defect
can serve as a recombination center if it is capable of receiving a carrier of
one'type and subsequently capturing the opposite type of carrier, thereby
annihilating the pair. For example, Fig. 4-8 illustrates a recombination level
E, which is below Ej at equilibrium and therefore is substantially filled with
electrons. When excess electrons and holes are created in this material, each
EHP recombines at E, in two steps: (a) hole capture and (b) electron capture.
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Figure 4-7
Decay of excess
electrons and
holes by recombi-
nation, for An =
Ap = 0.1py, with
no negligible, and
7= 10 ns (Exam-
ple 4-2). The ex-
ponential decay
of 8n(t) is linear
on this semiloga-
rithmic graph.
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Figure 4-8
Capture processes
at a recombina-
tion level: (a) hole
capture at a filled
recombination
center; (b) elec-
tron capture at an
empty center.
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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 E, falling to the valence
band, leaving behind an empty state in the recombination level. Thus in hole
capture, energy is given up as heat to the lattice. Similarly, energy is given up
when a conduction band electron subsequently falls to the empty state in E,.
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 recombination has taken place, and the center is ready to participate 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-
essary to 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 to be thermally reexcited to its original band before cap-
ture of the opposite 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 electron 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 at a center and then is reexcit-
ed without recombination taking place, the process is often called temporary
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
capture 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 deep in the

A4

‘r
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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 0.31 eV above the va-
lencfc 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 an_d holes disappears with a decay constant characteristic of the particular
recombination process. The conductivity of the sample during the decay is

(1) = g[n(Op, + p()w,] (4-9)

0 — —
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4

3'giée'r(e{’!ces:.8. M. Sze and J C. Irvin, "Resistivity, Mobility, and Impurity Levels in GaAs, Ge and Si at

e S'olld.\?ra!e ”E/eclronlcs, vol. 11, pp. 599-602 (June 1968); E. Schibli and A. G. Milnes, “Dee,
purities in Silicon,” Materials Science and Engineering, vol. 2, pp. 173-180 (1967). ' #
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Figure 4-9
Energy levels of
impurities in Si.
The energies are
measured from
the nearest band
edge (E, or E);
donor levels are
designated by a
plus sign and
acceptors by a
minus sign.
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Figure 4-10
Experimental
arrangement for
photoconductive
decay measure-
ments, and a typi-
cal oscilloscope
trace.

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 oscilloscope for displaying the
sample voltage as the resistance varies. Microsecond light pulses can be ob-
tained by periodically discharging a 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 State Carrier Generation; 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 that
the equilibrium concentrations of carriers 1 and p, are maintained:

g(T) = 0(,,7112 = Q,1yPy (4- l())

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

If a steady light is shone on the sample, an optical generation rate g,
will be added to the thermal generation, and the carrier concentrations 7
and p will increase to new steady state values. We can write the balance be-
tween generation and recombination in terms of the equilibrium carrier con-
centrations and the departures from equilibrium dn and dp:

g(T) + gop = a,np = (g + 31)(py + Op)

A

a |

j Sample ‘

ANANAA |
: vl
Filter ‘
\
\
Y

(4-11)

Flash generator

Oscilloscope

5The term equilibrium refers to a condition of no external excitation except for temperature, and no net mo-
fion of charge (e.g., a sample at a constant temperature, in the dark, with no fields applied). Steady state
refers to a nonequilibrium condition in which all processes are constant and are balanced by opposing
processes (e.g., a sample with a constant current or a constant optical generation of EHPs just balanced

1 | TSR — |

Excess Carriers in Semiconductors

For steady state recombination and no trapping, 8n = dp; thus Eq. (4-11)
becomes

g(7) + 8op = A, 0P T o, [(ny + po)dn + dn?] (4-12)

The term o, ngp, is just equal to the thermal generation rate g(7). Thus,
neglecting the 8n° term for low-level excitation, we can rewrite Eq. (4-12) as

dn
8n = a,(ng + py)dn = .

n

(4-13)

The excess carrier concentration can be written as

1 = dp = go,T, (4-14)

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

As a numerical example, let us assume that 10'* EHP/cm® are created op-
tically every microsecond in a Si sample with ny = 10 cm 2 and 1, = 7, =
2 psec. The steady state excess electron (or hole) concentration is t,ilen 5 X
10" cm ™ from Eq. (4-14). While the percentage change in the majority elec-

tron concentration is small, the minority carrier concentration changes from

no=ncng= (225 X 1022)/40" = 2.95 X 10%cm.* (equilibrium)

to

. 13 .. —3
p=2X10"cm (steady state)

Note that the equilibrium equation ngp, = ni2 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 electron and hole con-
centrations in terms of Fermi levels, which can be included in band diagrams
for various devices. The Fermi level £ used in Eq. (3-25) is meaningful only
when no excess carriers are present. However, we can write 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 1

|
n = nelF BT |

(4-15)

p= nie(E,—F,,)/kT 1

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

éIn some texts the quasi-Fermi level is called IMREF, which is Fermi spelled backward.

EXAMPLE 4-3
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EXAMPLE 4-4

Quasi-Fermi levels

F, and F, for a Si

sample with
ng=10"cm™3,
Tp=2 s, and
Qop = 1019
EHP/cm®-s
(Example 4-4).

In Example 4-3, the steady state electron concentration is

n=ny,+dn=12x10"= (15X 1010)elF~ E)/00259

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

F, — E;=0.0259 In(8 X 10°) =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.

Ec

= T ;-

E,

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 Ej whereas F), is greatly displaced below
E From the figure it is obvious that the excitation causes a large percent-
age change in minority carrier hole concentration and a relatively small
change in the electron concentration.

In summary, the quasi-Fermi levels F, and F), are the steady state ana-
logues of the equilibrium Fermi level E When excess carriers are present,
the deviations of F, and F, from Ej indicate how far the electron and hole
populations are from the equilibrium values 7, and p,. A given concentration
of excess EHPs causes a large shift in the minority 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, = Ep). The concept of quasi-Fermi levels is very useful
in visualizing minority and majority carrier concentrations in devices where
these quantities vary with position.

There are a number of applications for devices which change their resistance
when exposed to light. For example, such light detectors can be used in the

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-
conductor, 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 applications. Detectors are used in optical signaling systems
in which information is transmitted by a light beam and is received at a pho-
toconductive cell.

Considerations in choosing a photoconductor for a given application in-
clude the sensitive wavelength range, time response, and optical sensitivity of
the material. In general, semiconductors are most sensitive to photons with
energies equal to the band gap or slightly more energetic than band gap. Less
energetic photons are not absorbed, and photons with 4y > E, are absorbed
at the surface and contribute little to the bulk conductivity."[herifore, the table
of band gaps (Appendix I1I) indicates the photon energies to which most semi-
conductor photodetectors respond. For example, CdS (£, = 2.42 eV) is com-
monly used as a photoconductor in the visible range, and narrow-gap materials
such as Ge (0.67 eV) 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 to photons of
less than band gap energy.

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

dn =148, and dp =1z,

and the photoconductivity change is

Ao = qgop(Tnp“n + Tp“‘p)

For simple recombination, 7, and 7, will be equal. If trapping is pres-
en't, however, one of the carriers may spend little time in its band before
being trapped. From Eq. (4-17) it is obvious that for maximum photocon-
ductive response, we want high mobilities and long lifetimes. Some semi-
conductors are especially good candidates for photoconductive devices
because of their high mobility; for example, InSb has an electron mobility of
about 10° cm?/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 electric field. Often these properties can
be ad].usted by proper choice of material and device geometry, but in some
cases improvements in response time are made at the expense of sensitivity.
For example, the drift time can be reduced by making the device short, but this
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4.4
DIFFUSION OF
CARRIERS,

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 sensitivity, response time, dark resistance, and other requirements in
choosing a device for a particular application.

When excess carriers are created nonuniformly in a semiconductor, the elec-
tron and hole concentrations vary with position in the sample. Any such spa-
tial variation (gradient) 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
transport process in semiconductors. The two basic processes of current con-
duction are diffusion due to a carrier gradient and drift in an electric field.

4.4.1 Diffusion Processes

When a bottle of perfume is opened in one corner of a closed room, the scent
is soon detected throughout the room. If there is no convection or other net
motion of air, the scent spreads by diffusion. The diffusion is the natural re-
sult of the random motion of the individual molecules. Consider, for exam-
ple, a volume of arbitrary shape with scented air molecules inside and
unscented molecules outside the volume. All the molecules undergo random
thermal motion and collisions with other molecules. Thus each molecule
moves in an arbitrary direction until it 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, after a mean free time 7, half the
molecules at the edge will have moved into 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 uniformly distributed in the room. Only then will a given volume gain as
many molecules as it loses in a given time. In 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 = 0 at time 1 =0 will spread out in
time as shown in Fig. 4-12. Initially, the excess electrons are concentrated at
x = 0; as time passes, however, electrons diffuse to regions of low electron
concentration until finally n(x) is constant.

We can calculate the rate at which the electrons diffuse in a one-
dimensional problem by considering an arbitrary distribution 7(x) such
as Fig. 4-13a. Since the mean free path [ between collisions is a small

—_ﬁv____

Excess Carriers in Semiconductors

n (x)

Ile=0

n(x)

n(x)

incremental distance, we can divide x into segments / 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 7 one-half of them
will move into segment (2). The same is true of electrons within one mean free
Rath of x, to the right; one-half of these electrons will move through x, from
.rlght to left in a mean free time. Therefore, the nef number of electroxas ass-
ing x, from left to right in one mean free time is 3 (n,/A) — 1(n,lA), wherlé the
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Figure 4-12
Spreading of a
pulse of electrons

by diffusion.

Figure 4-13

An arbitrary elec-
tron concentration
gradient in one di-
mension: (a) divi-
sion of n(x) info
segments of
length equal to a
mean free path
for the electrons;
(b) expanded
view of two of the
segments centered
at xo.



136

Chapter 4

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 :
d)”(xo) = E (”1 — nz) (4-18)

Since the mean free path 1 is a small differential length, the difference
in electron concentration (n; — n,) can be written as

_ n(x) — n(x + Ax)7

(4-19)
Ax

ng—n

where x is taken at the center of segment (1) and Ax = 1.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:
72 (v N 72 )
¢ (x):l—, lim nlx) = nlx + Al)z—l_ (i) (4-20)
" 2f Ax50 Ax 2t dx

The quantity 1%/21 is called the electron diffusion coefficient’ D,, with
units cm?/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 net diffusion occurs from regions of high particle concentra-
tion to regions of low particle concentration. By identical arguments, we can
show that holes in a hole concentration gradient move with a diffusion co-
efficient D,,. Thus

d o
%w=—m{§2 (4-21a)

dp(x) per
d(x) = =D, (4-21b)

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

dn(x) dn(x)

ift.) = —(—q)D, — = e (4-22¢

J (diff.) = —(—q)D, . +¢D, I 1)
: dp(x) _ dp(x) o

Jp(dlff.) = —(+q)Dp—c§‘— —qu o (4-22b)

71f motion in three dimensions were included, the diffusion would be smaller in the xdirection. Actually, th.e
diffusion coefficient should be calculated from the true energy distributions and scattering mechcmsms..le-
fusion coefficients are usually determined experimentally for a particular material, as described in Section
4.4.5.

Excess Carriers in Semiconductors

It is important to note that electrons and holes move together in a car-
rier gradient [Egs. (4-21)], but the resulting currents are in opposite directions
[Eqgs. (4-22)] because of the opposite charge of electrons and holes.

4.4.2 Diffusion and Drift 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

I, (x) = qp,p(x)é(x) — gD,

dx

i dn(x) I Wi T
1,09 = qun () + g0, 2 (+-23)
| drift diffusion |

| dp(x) } (4-23b)

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

J(x) = 7,(x) + J,(x) (4-24)

We can best visualize the relation between the particle flow and the cur-
rent of Eqs. (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 7(x) and p(x) which decrease with increasing x. Thus the deriva-
tives in Eqgs. (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 electrons 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 is in the direction of decreasing hole concentra-
tion, whereas the two components are subtractive for electrons under similar
conditions. 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.

—————— + ¢, (diff.) and &, (drift)
——— J,(diff.) and /, (drift)
—————— diff.
_\”(\) - ¢, (diff)

== s & ,, (drift.)
<~ J, (diff.)

— ] (drift.)
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Figure 4-14

Drift and diffusion
directions for elec-
trons and holes in
a carrier gradient
and an electric
field. Particle flow
directions are
indicated by
dashed arrows,
and the resulting
currents are indi-
cated by solid

Arrows.



