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Nonequilibrium Excess Carriers
in Semiconductors

ur discussion of the physics of semiconductors in Chapter 4 was based on ther-

mal equilibrium. When a voltage is applied or a current exists in a semiconduc-

tor device, the semiconductor is operating under nonequilibrium conditions.
In our discussion of current transport in Chapter 5, we did not address nonequilibrium
conditions but implicitly assumed that equilibrium was not significantly disturbed. Ex-
cess electrons in the conduction band and excess holes in the valence band may exist in
addition to the thermal-equilibrium concentrations if an external excitation is applied
to the semiconductor. In this chapter, we discuss the behavior of nonequilibrium elec-
tron and hole concentrations as functions of time and space coordinates.

Excess electrons and excess holes do not move independently of each other.
These excess carriers diffuse, drift, and recombine with the same effective diffu-
sion coefficient, drift mobility, and lifetime. This phenomenon is called ambipolar
transport. We develop the ambipolar transport equation that describes the behavior
of excess electrons and holes. Excess carriers dominate the electrical properties of
a semiconductor material, and the behavior of excess carriers is fundamental to the
operation of semiconductor devices. M

6.0 | PREVIEW

In this chapter, we will:

B Describe the process of generation and recombination of excess carriers in a
semiconductor,

B Define the recombination rate and generation rate of excess carriers, and define
the excess carrier lifetime.

B Discuss why excess electrons and excess holes do not move independently of
each other. The movement of excess carriers is called ambipolar transport, and
the ambipolar transport equation is derived.



6.1 Carrier Generation and Recombination

B Apply the ambipolar transport equation to various situations to determine the
time behavior and spatial behavior of excess carriers.

B Define the quasi-Fermi energy level.
B Analyze the effect of defects in a semiconductor on the excess carrier lifetime.
B Analyze the effect of defects at a semiconductor surface on the excess carrier

concentration.

6.1 | CARRIER GENERATION AND RECOMBINATION

In this chapter, we discuss carrier generation and recombination, which we can de-
fine as follows: generation is the process whereby electrons and holes are created,
and recombination is the process whereby electrons and holes are annihilated.

Any deviation from thermal equilibrium will tend to change the electron and
hole concentrations in a semiconductor. A sudden increase in temperature, for ex-
ample, will increase the rate at which electrons and holes are thermally generated
so that their concentrations will change with time until new equilibrium values are
reached. An external excitation, such as light (a flux of photons), can also generate
electrons and holes, creating a nonequilibrium condition. To understand the genera-
tion and recombination processes, we first consider direct band-to-band generation
and recombination, and then, later, the effect of allowed electronic energy states
within the bandgap, referred to as traps or recombination centers.

6.1.1 The Semiconductor in Equilibrium

We have determined the thermal-equilibrium concentration of electrons and holes in
the conduction and valence bands, respectively. In thermal equilibrium, these con-
centrations are independent of time. However, electrons are continually being ther-
mally excited from the valence band into the conduction band by the random nature
of the thermal process. At the same time, electrons moving randomly through the
crystal in the conduction band may come in close proximity to holes and “fall” into
the empty states in the valence band. This recombination process annihilates both
the electron and hole. Since the net carrier concentrations are independent of time in
thermal equilibrium, the rate at which electrons and holes are generated and the rate
at which they recombine must be equal. The generation and recombination processes
are schematically shown in Figure 6.1.

© &=y

E

Electron-hole Electron-hole
gencration recombination

® ol

Figure 6.1 | Electron-hole generation and recombination.
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Let G, and G, be the thermal-generation rates of electrons and holes, respec-
tively, given in units of #/cm’-s. For the direct band-to-band generation, the electrons
and holes are created in pairs, so we must have that

Gnu. = Upp (6 1]

Let R, and R, be the recombination rates of electrons and holes, respectively, for
a semiconductor in thermal equilibrium, again given in units of #cm-s. In direct
band-to-band recombination, electrons and holes recombine in pairs, so that

Rnt} — R_tru- [6-2)

In thermal equilibrium, the concentrations of electrons and holes are independent of
time: therefore, the generation and recombination rates are equal, so we have

Gu{} = Gpﬂ = R”[} = Rpﬁ [63)

6.1.2 Excess Carrier Generation and Recombination

Additional notation is introduced in this chapter. Table 6.1 lists some of the more
pertinent symbols used throughout the chapter. Other symbols will be defined as we
advance through the chapter.

Electrons in the valence band may be excited into the conduction band when, for
example, high-energy photons are incident on a semiconductor. When this happens,
not only is an electron created in the conduction band, but a hole is created in the
valence band; thus, an electron-hole pair is generated. The additional electrons and
holes created are called excess electrons and excess holes.

The excess electrons and holes are generated by an external force at a particu-
lar rate. Let g, be the generation rate of excess electrons and g, be that of excess
holes. These generation rates also have units of #/cm’-s. For the direct band-to-
band generation, the excess electrons and holes are also created in pairs, so we must
have

.= 8 (6.4)

Table 6.1 | Relevant notation used in Chapter 6

Symbol Definition

ny, Po Thermal-equilibrium electron and hole concentrations
(independent of time and also usually position)

n,p Total electron and hole concentrations (may be func-
tions of time and/or position)

dn=n—ny Excess electron and hole concentrations (may

op=p—po be functions of time and/or position)

g & Excess electron and hole generation rates

R.R, Excess electron and hole recombination rates

Tty Tpd Excess minority carrier electron and hole lifetimes




6.1 Carrier Generation and Recombination

When excess electrons and holes are created, the concentration of electrons in
the conduction band and of holes in the valence band increase above their thermal-
equilibrium value. We may write

=Ny + Sli' [flﬁﬁ}
and
p=py+ép (6.5b)

where n, and p, are the thermal-equilibrium concentrations, and én and ép are the
excess electron and hole concentrations. Figure 6.2 shows the excess electron—hole
generation process and the resulting carrier concentrations. The external force has
perturbed the equilibrium condition so that the semiconductor is no longer in thermal
equilibrium. We may note from Equations (6.5a) and (6.5b) that, in a nonequilibrium
condition, np # nyp, = nf‘

A steady-state generation of excess electrons and holes will not cause a continual
buildup of the carrier concentrations. As in the case of thermal equilibrium, an elec-
tron in the conduction band may “fall down™ into the valence band, leading to the
process of excess electron—hole recombination. Figure 6.3 shows this process. The

O y
.l_‘l‘_\l' :
e ;
E
+ 4+ -+ + + =+ '
iq_F \q_f
op Py

Figure 6.2 | Creation of excess electron and hole densities by
photons.

O~y O\ e e N e

x 1 x -~ + + +

Figure 6.3 | Recombination of excess carriers
reestablishing thermal equilibrium.
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recombination rate for excess electrons is denoted by R, and for excess holes by R,
Both parameters have units of #/cm’-s. The excess electrons and holes recombine in
pairs, so the recombination rates must be equal. We can then write

Ri=F (6.6)

In the direct band-to-band recombination that we are considering, the recombi-
nation occurs spontaneously; thus, the probability of an electron and hole recombin-
ing is constant with time. The rate at which electrons recombine must be proportional
to the electron concentration and must also be proportional to the hole concentration.
[f there are no electrons or holes, there can be no recombination.

The net rate of change in the electron concentration can be written as

dn(r)

o = an = n(p®)] 6.7)
where
n(t) = n, + onlt) (6.8a)
and
p(t) = po + dp(1) (6.8b)

The first term, a,n;, in Equation (6.7) is the thermal-equilibrium generation rate.
Since excess electrons and holes are created and recombine in pairs, we have that
on(t) = ép(t). (Excess electron and hole concentrations are equal so we can simply
use the phrase excess carriers to mean either.) The thermal-equilibrium parameters,
ny and py, are independent of time: therefore, Equation (6.7) becomes

o 5
d(_{?rifl}“ = o:r[n,-“ — (no + on(1))(po + ﬁp{!}}]

= —a,6n((ny + po) + on(r)] (6.9)

Equation (6.9) can easily be solved if we impose the condition of low-level injec-
tion. Low-level injection puts limits on the magnitude of the excess carrier concen-
tration compared with the thermal-equilibrium carrier concentrations. In an extrinsic
n-type material, we generally have n, 3> p, and, in an extrinsic p-type material, we gen-
erally have p, > n,. Low-level injection means that the excess carrier concentration
1s much less than the thermal-equilibrium majority carrier concentration. Conversely,
high-level injection occurs when the excess carrier concentration becomes comparable
to or greater than the thermal-equilibrium majority carrier concentrations.

If we consider a p-type material ( p, > n,) under low-level injection (én(r) << pu),
then Equation (6.9) becomes

d(on(1)) _
dt

The solution to the equation is an exponential decay from the initial excess concen-
tration, or

— o, peon(r) (6.10)

dn(t) = dn(0)e %P = n(0)e " (6.11)
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where 7,0 = (a,po) ' and is a constant for the low-level injection. Equation (6.11)
describes the decay of excess minority carrier electrons so that 7, is often referred to
as the excess minority carrier lifetime.'

The recombination rate—which is defined as a positive quantity—of excess mi-
nority carrier electrons can be written, using Equation (6.10), as

R = —d(on(1)) on(r)

n (h" Tao {6 12}

= + Etfrpq.ﬁ.i‘?[f] =

For the direct band-to-band recombination, the excess majority carrier holes recom-
bine at the same rate, so that for the p-type material

Ry Ry on(r)

F Tui)

(6.13)

In the case of an n-type material (1, 3> py) under low-level injection (dn(f) < ny),
the decay of minority carrier holes occurs with a time constant 7,, = (a,n,) "', where 7,4
is also referred to as the excess minority carrier lifetime. The recombination rate of the
majority carrier electrons will be the same as that of the minority carrier holes, so we have

(6.14)

.o on(D)
Rﬂ = Rp = Tp”

The generation rates of excess carriers are not functions of electron or hole con-
centrations. In general, the generation and recombination rates may be functions of
the space coordinates and time.
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Objective: Determine the behavior of excess carriers as a function of time.

Assume that excess carriers have been generated uniformly in a semiconductor to a con-
centration of 6n(0) = 10" cm . The forcing function generating the excess carriers turns off
at time ¢ = 0. Assuming the excess carrier lifetime is 7,0 = 10 s, determine &n(r) for ¢ = 0.

H Solution
From Equation (6.11), we have

Sn(t) = dn(0)e " = 1015 ¢ M0 ¢m 3
For example, at: t = 0, on=10¥cm™3
t=1us, 6n=10%" =3.68 X 10" cm™
t=4dus, dn=10"¢*" =183 X 10® cm™
t = 10us, dn = 10¥ ¢ '™ = 454 X 10" ¢m™?

B Comment
These results simply demonstrate the exponential decay of excess carriers with time after an
excitation source is removed.

'In Chapter 5 we defined 7 as a mean time between collisions. We define r here as the mean time before
a recombination event occurs. The two parameters are not related.

EXAMPLE 6.1
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® EXERCISE PROBLEM
Ex 6.1 Using the parameters in Example 6.1, calculate the recombination rate of the excess
carriers for (@)t = 0, (b) t = lus, (¢) t = 4pus, and (d) 1t = 10us.
[1-S¢. W2 4,01
X PS8 (P) 18- WD g O X €8°1 (2) 1S WD 201 X 89°€ (4) %S¢ Wd ;01 (V) 'suy]

6.2 | CHARACTERISTICS OF EXCESS CARRIERS

The generation and recombination rates of excess carriers are important parameters,
but how the excess carriers behave with time and in space in the presence of electric
fields and density gradients is of equal importance. As mentioned at the beginning of
this chapter, the excess electrons and holes do not move independently of each other,
but they diffuse and drift with the same effective diffusion coefficient and with the
same effective mobility. This phenomenon is called ambipolar transport. The ques-
tion that must be answered is what is the effective diffusion coefficient and what is
the effective mobility that characterizes the behavior of these excess carriers? To
answer these questions, we must develop the continuity equations for the carriers and
then develop the ambipolar transport equations.

The final results show that, for an extrinsic semiconductor under low injection (this
concept will be defined in the analysis), the effective diffusion coefficient and mobility
parameters are those of the minority carrier. This result is thoroughly developed in the
following derivations. As will be seen in the following chapters, the behavior of the
excess carriers has a profound impact on the characteristics of semiconductor devices.

6.2.1 Continuity Equations

The continuity equations for electrons and holes are developed in this section.
Figure 6.4 shows a differential volume element in which a one-dimensional hole-
particle flux is entering the differential element at x and is leaving the element at
x + dx. The parameter F_is the hole-particle flux, or flow, and has units of number of
holes/cm?*-s. For the x component of the particle current density shown, we may write

aF"
+ ) A oo pr
Fo. (x+dx)=F_(x)+ T dx (6.15)
=
|
|
|
' Iz
: J"";kl.!.'] : Folx + dx)
| ¢ -
[
T ] — - —
2t »
g dy
34 A4
X x + dx

Figure 6.4 | Differential volume showing
x component of the hole-particle flux.
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This equation is a Taylor expansion of F| (x + dx), where the differential length
dx 1s small, so that only the first two terms in the expansion are significant. The net
increase in the number of holes per unit time within the differential volume element
due to the x-component of hole flux is given by

aF,,

ax

rfp dedydz = [F (x) = F, (x + dx)]dy dz = —

ot px px

dx dy dz (6.16)

IfF) (x) > F, (x + dx), for example, there will be a net increase in the num-
ber of holes in the differential volume element with time. If we generalize to a
three-dimensional hole flux, then the right side of Equation (6.16) may be written
as —V + F ' dx dy dz, where V + F is the divergence of the flux vector. We will
limit ourselves to a one-dimensional analysis.

The generation rate and recombination rate of holes will also affect the hole
concentration in the differential volume. The net increase in the number of holes per
unit time in the differential volume element is then given by

dp oF,

] e ! ¥ - ¥ 1 OF. m— -!i r r
v dx dy dz T dxdydz + g, dx dy dz T dx dy dz (6.17)

where p is the density of holes. The first term on the right side of Equation (6.17) is
the increase in the number of holes per unit time due to the hole flux, the second term
is the increase in the number of holes per unit time due to the generation of holes, and
the last term is the decrease in the number of holes per unit time due to the recombi-
nation of holes. The recombination rate for holes is given by p/r, where 7, includes
the thermal-equilibrium carrier lifetime and the excess carrier lifetime.
If we divide both sides of Equation (6.17) by the differential volume dx dy dz,
the net increase in the hole concentration per unit time is
Ly, L 6.18)

dt dx P T,rar

Equation (6.18) is known as the continuity equation for holes.
Similarly, the one-dimensional continuity equation for electrons is given by

@ = rJF; _n .
df B dx v 8n Tt (ﬁ'lg}

where F, is the electron-particle flow, or flux, also given in units of number of
electrons/cm?-s,

6.2.2 Time-Dependent Diffusion Equations

In Chapter 5, we derived the hole and electron current densities, which are given, in
one dimension, by

ap
J, = ep,pE — eD, 5" (6.20)
and
J, = em,nE + ED,J%% (6.21)

199



200

CHAPTER 6 Nonequilibrium Excess Carriers in Semiconductors

If we divide the hole current density by (+¢) and the electron current density by
(—e), we obtain each particle flux. These equations become

“'r’ b I:.Fi 2}
{‘;(:’] == Fp = p"p pE - ‘”T{f (ﬁ+22}
and
Jo  _ opo_ - an 3
=8 F,=—u,nE D"?E (6.23)

Taking the divergence of Equations (6.22) and (6.23), and substituting back into
the continuity equations of (6.18) and (6.19), we obtain

ap PE) hp _p
and
@ .- {'}[HE] a*n _n
ar = Ty PGt e T, 029}

Keeping in mind that we are limiting ourselves to a one-dimensional analysis, we can
expand the derivative of the product as

WE) _ pp | | OE
dx dx dx

(6.26)

In a more generalized three-dimensional analysis, Equation (6.26) would have to be
replaced by a vector identity. Equations (6.24) and (6.25) can be written in the form

’p [ ap an‘,) p _ap
Dz —m\Eor t Py Y8 — 5, =3 (6.27)
and
nl'n dan dE . _.n —on
D, 3% + (B + I ) + g, - L = O (6.28)

Equations (6.27) and (6.28) are the time-dependent diffusion equations for holes
and electrons, respectively. Since both the hole concentration p and the electron con-
centration n contain the excess concentrations, Equations (6.27) and (6.28) describe
the space and time behavior of the excess carriers.

The hole and electron concentrations are functions of both the thermal equilib-
rium and the excess values, which are given in Equations (6.5a) and (6.5b). The thermal-
equilibrium concentrations, n, and py, are not functions of time. For the special case
of a homogeneous semiconductor, n, and p, are also independent of the space coor-
dinates. Equations (6.27) and (6.28) may then be written in the form

J*(dp) rJ(ﬁp] aE) p _ 9(8p)
Dp _d.l.z_ My ( B + B F T + 2 1"_ T (6.29)
and
r'F[cSn) ( ci{ﬁrr} oE o n _ 9(6n)
Du rlxz [ = E — + ”F.I_) + B T_m' T at {6+30}



6.3 Ambipolar Transport

Note that Equations (6.29) and (6.30) contain terms involving the total concentra-
tions, p and n, and terms involving only the excess concentrations, 6p and én.

6.3 | AMBIPOLAR TRANSPORT

Originally, we assumed that the electric field in the current Equations (6.20) and
(6.21) was an applied electric field. This electric field term appears in the time-
dependent diffusion equations given by Equations (6.29) and (6.30). If a pulse of
excess electrons and a pulse of excess holes are created at a particular point in a
semiconductor with an applied electric field, the excess holes and electrons will tend
to drift in opposite directions. However, because the electrons and holes are charged
particles, any separation will induce an internal electric field between the two sets
of particles. This internal electric field will create a force attracting the electrons and
holes back toward each other. This effect is shown in Figure 6.5. The electric field
term in Equations (6.29) and (6.30) is then composed of the externally applied field
plus the induced internal field. This E-field may be written as

E = Eyp + Ein (6.31)

where E,, 1s the applied electric field and E;, 1s the induced internal electric field.

Since the internal E-field creates a force attracting the electrons and holes,
this E-field will hold the pulses of excess electrons and excess holes together. The
negatively charged electrons and positively charged holes then will drift or diffuse
together with a single effective mobility or diffusion coefficient. This phenomenon is
called ambipolar diffusion or ambipolar transport.

6.3.1 Derivation of the Ambipolar Transport Equation

The time-dependent diffusion Equations (6.29) and (6.30) describe the behavior of
the excess carriers. However, a third equation is required to relate the excess electron
and hole concentrations to the internal electric field. This relation is Poisson’s equa-
tion, which may be written as

e(dp — on) _ dE,
€ ox

V-E, = (6.32)

where €, is the permittivity of the semiconductor material.

e e T I T T T T o 1
n —»= — | + [—3dp
| I
| - - —
I i:"il'll |
I |
| = i, *F
! I
X —

Figure 6.5 | The creation of an internal electric
field as excess electrons and holes rend to separate.
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To make the solution of Equations (6.29), (6.30), and (6.32) more tractable, we
need to make some approximations. We can show that only a relatively small internal
electric field is sufficient to keep the excess electrons and holes drifting and diffusing
together. Hence, we can assume that

lEtl|l|<<|E||1p (633]

However, the V + E;,, term may not be negligible. We will impose the condition
of charge neutrality: We will assume that the excess electron concentration is just
balanced by an equal excess hole concentration at any point in space and time. If this
assumption were exactly true, there would be no induced internal electric field to
keep the two sets of particles together. However, only a very small difference in the
excess electron concentration and excess hole concentration will set up an internal
E-field sufficient to keep the particles diffusing and drifting together. We can show
that a | percent difference in 6p and on, for example, will result in non-negligible
values of the V - E = V - E;;, term in Equations (6.29) and (6.30).

We can combine Equations (6.29) and (6.30) to eliminate the V - E term. Con-
sidering Equations (6.1) and (6.4), we can define

En =8 = 8 (6.34)

and considering Equations (6.2) and (6.6), we can define

= _p P
Rrr_i_Rp__

& =R (6.35)

The lifetimes in Equation (6.35) include the thermal-equilibrium carrier lifetimes
and the excess carrier lifetimes. If we impose the charge neutrality condition, then
on = op. We will denote both the excess electron and excess hole concentrations in
Equations (6.29) and (6.30) by 6n. We may then rewrite Equations (6.29) and (6.30) as

d*(6n) d(ﬁn) d(én)
2 dx’ “”(E dx ‘D dx ) == dt (020
and
@*(dn) ( a(dn) HE) _, _ d(én)
D,, T + My E I + Ha_x 4 g R= T, [63‘?]

If we multiply Equation (6.36) by u,n, multiply Equation (6.37) by u,p, and
add the two equations, the V « E = dE/dx term will be eliminated. The result of this
addition gives

a* (én)
(et D, + pppDy) ——— + (Uapt,)(p — M)E

[En}

+ (an + p,p)g — R) = (n,n + ,upp}f—f

#(Snj

(6.38)

[T we divide Equation (6.38) by the term (m,n + ju,p), this equation becomes

, 0%(6n) r’;‘{ﬁn) _ d(dn)
Fye WE——+g—R=— (6.39)
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where
, Hantb A o pl),
D' = 6.40
it + L, p el
and
,_ Mapyp(p — n)
K=" ¥ mp ‘ (6.41)

Equation (6.39) is called the ambipolar transport equation and describes the
behavior of the excess electrons and holes in time and space. The parameter D' is
called the ambipolar diffusion coefficient and " is called the ambipolar mobility.

The Einstein relation relates the mobility and diffusion coefficient by

Mo Fp _ € (6.42)

Using these relations, the ambipolar diffusion coefficient may be written in the form

Py s D,D,(n + p)
~ Dn+Dyp (6.43)

The ambipolar diffusion coefficient, D', and the ambipolar mobility, ', are func-
tions of the electron and hole concentrations, n and p, respectively. Since both n
and p contain the excess carrier concentration 6, the coefficient in the ambipolar
transport equation are not constants. The ambipolar transport equation, given by
Equation (6.39), then, is a nonlinear differential equation.

6.3.2 Limits of Extrinsic Doping and Low Injection

The ambipolar transport equation may be simplified and linearized by considering

an extrinsic semiconductor and by considering low-level injection. The ambipolar
diffusion coefficient, from Equation (6.43), may be written as

- D"DF[{”" + Sn] + {p“ + an]]

b= D, (n, + dn) + D, (p, + on)

(6.44)

where n, and p, are the thermal-equilibrium electron and hole concentrations,
respectively, and dn is the excess carrier concentration. If we consider a p-type semi-
conductor, we can assume that p, 3> n, The condition of low-level injection, or just
low injection, means that the excess carrier concentration is much smaller than the
thermal-equilibrium majority carrier concentration. For the p-type semiconductor,
then, low injection implies that dn < p, Assuming that n, < p, and én < p,, and
assuming that D, and D, are on the same order of magnitude, the ambipolar diffusion
coefficient from Equation (6.44) reduces to

D' =D, (6.45)

203



204

CHAPTER 6 Nonequilibrium Excess Carriers in Semiconductors

If we apply the conditions of an extrinsic p-type semiconductor and low injection to
the ambipolar mobility, Equation (6.4 1) reduces to

w' =, (6.46)

It is important to note that for an extrinsic p-type semiconductor under low injection,
the ambipolar diffusion coefficient and the ambipolar mobility coefficient reduce to the
minority carrier electron parameter values, which are constants. The ambipolar trans-
port equation reduces to a linear differential equation with constant coefficients.

If we now consider an extrinsic n-type semiconductor under low injection, we
may assume that p, < n, and én < n, The ambipolar diffusion coefficient from
Equation (6.43) reduces to

D' =D, (6.47)
and the ambipolar mobility from Equation (6.41) reduces to

Rl (6.48)

The ambipolar parameters again reduce to the minority-carrier values, which are
constants. Note that, for the n-type semiconductor, the ambipolar mobility is a nega-
tive value. The ambipolar mobility term is associated with carrier drift; therefore, the
sign of the drift term depends on the charge of the particle. The equivalent ambipolar
particle is negatively charged, as one can see by comparing Equations (6.30) and
(6.39). If the ambipolar mobility reduces to that of a positively charged hole, a nega-
tive sign is introduced as shown in Equation (6.48).

The remaining terms we need to consider in the ambipolar transport equa-
tion are the generation rate and the recombination rate. Recall that the electron and
hole recombination rates are equal and are given by Equation (6.35) as R, = R, =
n/t, = p/7, = R. where 1, and 7, are the mean electron and hole lifetimes, respec-
tively. If we consider the inverse lifetime functions, then 1/7,, is the probability per
unit time that an electron will encounter a hole and recombine. Likewise, 1/7,, is the
probability per unit time that a hole will encounter an electron and recombine. If
we again consider an extrinsic p-type semiconductor under low injection, the con-
centration of majority carrier holes will be essentially constant, even when excess
carriers are present. Then, the probability per unit time of a minority carrier electron
encountering a majority carrier hole will be essentially constant. Hence, the minor-
ity carrier electron lifetime, 7,, = 7,, will remain a constant for the extrinsic p-type
semiconductor under low injection.

Similarly, if we consider an extrinsic n-type semiconductor under low injec-
tion, the minority carrier hole lifetime, 7, = 7,, will remain constant. Even under
the condition of low injection, the minority carrier hole concentration may increase
by several orders of magnitude. The probability per unit time of a majority carrier
electron encountering a hole may change drastically. The majority carrier lifetime,
then, may change substantially when excess carriers are present.

Consider, again, the generation and recombination terms in the ambipolar trans-
port equation. For electrons we may write

g = R = g“ = R‘! = {G"U i 3:;) = (Rul} 4 R:;} {6.49]
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where G,y and g, are the thermal-equilibrium electron and excess electron generation
rates, respectively. The terms R,, and R, are the thermal-equilibrium electron and
excess electron recombination rates, respectively. For thermal equilibrium, we have
that

G = R (6.50)

so Equation (6.49) reduces to

o ¥ [ Y r {Sﬂ
R—R_gJJ_Ru_gr:_"-]T (65[]
where 7, is the excess minority carrier electron lifetime,
For the case of holes, we may write

g = R = g,u- - R;: = [G,u[! I g;:} = {R;ﬂb e R;::I (652]

where G, and g, are the thermal-equilibrium hole and excess hole generation rates,
respectively. The terms R, and R} are the thermal-equilibrium hole and excess hole
recombination rates, respectively. Again, for thermal equilibrium, we have that

pr] = R;HI (6.53)

so that Equation (6.52) reduces to

g-R=g =R =g = % (6.54)
where 7, is the excess minority carrier hole lifetime.

The generation rate for excess electrons must equal the generation rate for
excess holes. We may then define a generation rate for excess carriers as g’, so that
g, = g, = g'. We also determined that the minority carrier lifetime is essentially a
constant for low injection. Then, the term ¢ — R in the ambipolar transport equation
may be written in terms of the minority carrier parameters.

The ambipolar transport equation, given by Equation (6.39), for a p-type semi-
conductor under low injection then becomes

A*(dn) a(on) . én _ 0(dn)
D T B 8 T = (6.55)

The parameter 6n is the excess minority carrier electron concentration, the parameter
7,0 18 the minority carrier lifetime under low injection, and the other parameters are
the usual minority carrier electron parameters.

Similarly, for an extrinsic n-type semiconductor under low injection, the ambi-
polar transport equation becomes

D, 2P B

ox*

d(dp) Pt = §£ _ A(dp)

ox T ot (6.56)

The parameter ép is the excess minority carrier hole concentration, the parameter 7,
is the minority carrier hole lifetime under low injection, and the other parameters are
the usual minority carrier hole parameters.
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It is extremely important to note that the transport and recombination parameters
in Equations (6.55) and (6.56) are those of the minority carrier. Equations (6.55) and
(6.56) describe the drift, diffusion, and recombination of excess minority carriers as
a function of spatial coordinates and as a function of time. Recall that we had im-
posed the condition of charge neutrality; the excess minority carrier concentration is
equal to the excess majority carrier concentration. The excess majority carriers, then,
diffuse and drift with the excess minority carriers; thus, the behavior of the excess
majority carrier is determined by the minority carrier parameters. This ambipolar
phenomenon is extremely important in semiconductor physics, and is the basis for
describing the characteristics and behavior of semiconductor devices.

6.3.3 Applications of the Ambipolar Transport Equation

We solve the ambipolar transport equation for several problems. These examples
help illustrate the behavior of excess carriers in a semiconductor material, and the
results are used later in the discussion of the pn junction and the other semiconductor
devices.

The following examples use several common simplifications in the solution of
the ambipolar transport equation. Table 6.2 summarizes these simplifications and
their effects.

EXAMPLE 6.2

Objective: Determine the time behavior of excess carriers as a semiconductor returns to
thermal equilibrium.

Consider an infinitely large, homogeneous n-type semiconductor with zero applied elec-
tric field. Assume that at time f = (), a uniform concentration of excess carriers exists in the
crystal, but assume that g = 0 for t > 0. If we assume that the concentration of excess
carriers is much smaller than the thermal-equilibrium electron concentration, then the low-
injection condition applies. Calculate the excess carrier concentration as a function of time
for t = ().

Table 6.2 | Common ambipolar transport equation simplifications

Specification Effect
o adn) adp)
Steady state e - 0, e 0
o R : : d* (6n) d*(6n)
Uniform distribution of excess carriers D, pYE =) Y= =
(uniform generation rate)
£ ) 3D
Foraeleotric Hild gden _o gD _,
o ax
No excess carrier generation g =0
: b ook O
No excess carrier recombination g-’*; =0, ?E = ()
i# rﬂl

(infinite lifetime)
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B Solution
For the n-type semiconductor, we need to consider the ambipolar transport equation for the
minority carrier holes, which is given by Equation (6.56). The equation is

a(ép) a@édp) ., dp _ adp)
D, ax? ax 8 T 7T ot

Hp E

We are assuming a uniform concentration of excess holes so that @*(8p)/ax* = a(ép)/ax = 0.
For t = 0, we are also assuming that g* = (. Equation (6.56) reduces to

dép) _ _dp

Since there is no spatial variation, the total time derivative may be used. At low injection, the
minority carrier hole lifetime, 7., is a constant. The left-side of Equation (6.57) is the time
rate of change of 6p and the right-side of the equation is the recombination rate. The solution
to Equation (6.57) is

dp(n = dp(0)e " (6.58)

where dp(0) is the uniform concentration of excess carriers that exists at time t = 0. The con-
centration of excess holes decays exponentially with time, with a time constant equal to the
minority carrier hole lifetime.,

From the charge-neutrality condition, we have that dn = 8p, so the excess electron con-
centration is given by

dn(t) = dp(1) = dp(0)e ™ (6.59)

® Comment
The excess electrons and holes recombine at the rate determined by the excess minority carrier
hole lifetime in the n-type semiconductor.

m EXERCISE PROBLEM
Ex 6.2 Consider n-type GaAs doped at N, = 10" cm . Assume that 10" electron-hole
pairs have been uniformly created per cm® at r = 0, and assume the minority carrier
hole lifetime is 7,0 = 50 ns. Determine the time at which the minority carrier hole
concentration reaches («) 1/e of its initial value and (b) 10% of its initial value.
[sugrr =1(q) isu (g = 1 (p) suy]

Objective: Determine the time dependence of excess carriers in reaching a steady-state EXAMPLE 6.3
condition,
Again consider an infinitely large, homogeneous n-type semiconductor with a zero ap-
plied electric field. Assume that, for ¢+ < 0, the semiconductor is in thermal equilibrium and
that, for + = 0, a uniform generation rate exists in the crystal. Calculate the excess carrier
concentration as a function of time assuming the condition of low injection.
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B Solution
The condition of a uniform generation rate and a homogeneous semiconductor again implies
that @*(dp)/dx* = a(8p)/ax = 0 in Equation (6.56). The equation, for this case, reduces to

, _op _ d(ép)
T dt (6.60)
The solution to this differential equation is
dp(r) = g'mpll — e7") (6.61)

® Comment

We may note that, as 1 — =, a steady-state excess hole and electron concentration of g'7,, is
reached. Equation (6.60) contains both a generation rate term and a recombination rate term
for the excess carriers.

® EXERCISE PROBLEM
Ex 6.3 In Example 6.3, consider n-type silicon at T = 300 K doped to N; = 5 X 10" cm ™.
Assume that g’ = 5 X 10" cm™ s ' and let 7,0 = 1077 5. (a) Determine &p(r) at
(Dr=0,0)r=10"s, (iii)t = 5 X 1077 s, and (iv) r — =. (b) Considering the
results of part (a), is the low-injection condition maintained?
[2£ N 1070 = (xew)de ()
WD 0] X S (A7) wd 0T X 996F (117) 1 wd 0] X 91°€ (11) 50 () (p) suy]

The excess minority carrier hole concentration increases with time with the
same time constant 7,,, which is the excess minority carrier lifetime. The excess car-
rier concentration reaches a steady-state value as time goes to infinity, even though a
steady-state generation of excess electrons and holes exists. This steady-state effect
can be seen from Equation (6.60) by setting d(ép)/dt = 0. The remaining terms sim-
ply state that, in steady state, the generation rate is equal to the recombination rate.

TEST YOUR UNDERSTANDING

TYU 6.1 Silicon at T=300 K has been doped with boron atoms to a concentration of
N, =35 X 10" cm*. Excess carriers have been generated in the uniformly doped
material to a concentration of 10" cm ™. The minority carrier lifetime is 5 us.
(a) What carrier type is the minority carrier? (b) Assuming g’ = E = O fort > (),
determine the minority carrier concentration for t > (.
[¢-WD | g1x5/-2 01 (§) SUONIIR (V) "sUY]
TYU 6.2 Consider silicon with the same parameters as given in TYU 6.1. The material is
in thermal equilibrium for ¢ << 0. At r = 0, a source generating excess carriers is
turned on, producing a generation rate of ¢’ = 10* ecm *-s~'. (@) What carrier
type is the minority carrier? (b) Determine the minority carrier concentration for
t = 0. (c) What is the minority carrier concentration as r — %7

[(—w2,01 X €(2) _ud [q_mxf.-'r—a — 11401 x € (q) 'suonaapa (r) 'suy]
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Objective: Determine the steady-state spatial dependence of the excess carrier concentration.

Consider a p-type semiconductor that is homogeneous and infinite in extent. Assume a
zero applied electric field. For a one-dimensional crystal, assume that excess carriers are being
generated at x = 0 only, as indicated in Figure 6.6. The excess carriers being generated at
x = () will begin diffusing in both the +x and —x directions. Calculate the steady-state excess
carrier concentration as a function of x.

B Solution
The ambipolar transport equation for excess minority carrier electrons is given by Equation
(6.55), and 1s written as

an{a::} i di Ea{ﬁn} e dn _ adn)

O ax: ax Tan ar

From our assumptions, we have E = (), g* = 0 for x # 0, and a(én)/adr = 0 for steady state.
Assuming a one-dimensional crystal, Equation (6.55) reduces to

d*(dn)  §n

B~ = =0 (6.62)

Dividing by the diffusion coefficient, Equation (6.62) may be written as

d*@n)  dn _ d'(Gn) _ sn _
dx’ D, T dy’  f

(6.63)

where we have defined L = D,7.o. The parameter L, has the unit of length and is called the
minority carrier electron diffusion length. The general solution to Equation (6.63) 1s

dn(x) = Ae Vin+ Be'/ln (6.64)

As the minority carrier electrons diffuse away from x = 0, they will recombine with the ma-
jority carrier holes. The minority carrier electron concentration will then decay toward zero at
both x = +% and x = —o, These boundary conditions mean that B=0forx > 0and A =0
for x < 0. The solution to Equation (6.63) may then be written as

Sn(x) = dn(0)e 'k x=0 (6.65a)
A
x=10 § —

Figure 6.6 | Steady-state generation
rate at x = (),

EXAMPLE 6.4
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and

on(x) = dn(0)e'» x=10 (6.65b)

where n(0) is the value of the excess electron concentration at x = (). The steady-state excess
electron concentration decays exponentially with distance away from the source at x = 0.

® Comment
We may note that the steady-state excess concentration decays to 1/e of its value at x = L,

®m EXERCISE PROBLEM
Ex 64 InExample 6.4, consider p-type silicon at T = 300 K dopedto N, = 5 X 10" cm™".
Assume that 1,0 = 5 X 1077 s, D, = 25 cm’ /s, and 6n(0) = 10" cm ™, (@) Calculate
the value of diffusion length L,. (b) Determine on at (i) x = 0, (ii) x = +30 um,
(i) x = =50 pm, (iv) x = +85 pwm, and (v) x = — 120 pm.
[¢-wd (01 X 9€7¢ (1) *e-wd 101 X $0°6 (A7)
U O] X EpT () wd 01 X 8T (1) L wd 0] (1) (@) 'wird 9ggE = “7 () suy]

As before, we will assume charge neutrality; thus, the steady-state excess major-
ity carrier hole concentration also decays exponentially with distance with the same
characteristic minority carrier electron diffusion length L,. Figure 6.7 is a plot of the
total electron and hole concentrations as a function of distance. We are assuming low
injection, that is, dn(0) < p; in the p-type semiconductor. The total concentration of

| Carrier
concentration
(log scale)

P + dar()

R o e e i i i i it [ i i v i S s i sk i ] .

ny + 6n(0) —

x=0 x —lb

Figure 6.7 | Steady-state electron and hole concentrations for the case
when excess electrons and holes are generated at x = (),
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majority carrier holes barely changes. However, we may have én(0) >3 n, and still
satisfy the low-injection condition. The minority carrier concentration may change
by many orders of magnitude.

TEST YOUR UNDERSTANDING

TYU 6.3 Excess electrons and holes are generated at the end of a silicon bar (x = 0). The
silicon is doped with phosphorus atoms to a concentration of N, = 10" cm .
The minority carrier lifetime is 1 us, the electron diffusion coefficient is
D, = 25 cm?/s, and the hole diffusion coefficient is D, = 10 cm?¥s. If n(0) =
op(0) =10" cm™, determine the steady-state electron and hole concentrations in
the silicon for x = (.
[t Ut SEX 2YM “e WD ;010201 (V)dQ = ()ug "suy]
TYU 6.4 Using the parameters given in TYU 6.3, calculate the electron and hole diffusion
current densities at x = 10 pum.
[Wwo/Y 69€°0— ="F WY 69¢°0+ = “f "suy]

The three previous examples, which applied the ambipolar transport equation
to specific situations, assumed either a homogeneous or a steady-state condition:
only the time vanation or the spatial variation was considered. Now consider an
example in which both the time and spatial dependence are considered in the same
problem.
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Objective: Determine both the time dependence and spatial dependence of the excess
carrier concentration.

Assume that a finite number of electron-hole pairs is generated instantaneously at time
t = 0 and at x = 0, but assume g’ = 0 for ¢ > (). Assume we have an n-type semiconductor
with a constant applied electric field equal to Ey, which is applied in the +.x direction. Calcu-
late the excess carrier concentration as a function of x and 1.

W Solution
The one-dimensional ambipolar transport equation for the minority carrier holes can be writ-
ten from Equation (6.56) as

(8 d(8p) _ dp _ adp)

P) _ -
D “WE T T ar (6.55)

The solution to this partial differential equation is of the form
3p(x,1) = p'(x, e —t/7, (6.67)

By substituting Equation (6.67) into Equation (6.66), we are left with the partial differential
equation

a'p'x. )
dx’

ap'(x. 1) = ap'(x, 1)
ax ot

D, w,Eo (6.68)

EXAMPLE 6.5
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Equation (6.68) is normally solved using Laplace transform techniques. The solution, without
going through the mathematical details, 1s

' " I =(x — p, Eot)?
plx, 1) @nD, )" cxp[ D, ] {6.69)

The total solution, from Equations (6.67) and (6.69), for the excess minority carrier hole con-
centration is

Splx, 1) = —E " P[_“ b E"”_}

@mDn” aD (6.70)

# Comment
We could show that Equation (6.70) is a solution to the partial differential equation, Equa-
tion (6.66), by direct substitution. We may also note that Equation (6.70) is not normalized.

m EXERCISE PROBLEM

Ex 6.5 Consider the result of Example 6.5. Let D, = 10 cm?® /s, 7, = 10775, p, =
400 ¢cm*/V-s, and E; = 100 V/cm. (a) Determine ép fort = 1077 s at (i) x = 20 um,
(#i) x = 40 pm, and (iif) x = 60 pm. (k) Determine ép forx = 40 pm at (i) 1 =
5 107%s, (i) r=10"s,and (iii) r = 2 X 107" 5. Compare the results to the
curves shown in Figure 6.9.

[€9°€ (111) *8°€01 (21) 'SL°TE (D (q) *Q1'8E (121) *R'€01 (1) ‘R1'8¢ (1) (») "suy]

Equation (6.70) can be plotted as a function of distance x, for various times.
Figure 6.8 shows such a plot for the case when the applied electric field is zero. For
t = 0, the excess minority carrier holes diffuse in both the +x and —x directions.
During this time, the excess majority carrier electrons, which were generated, diffuse
at exactly the same rate as the holes. As time proceeds, the excess holes recombine
with the excess electrons so that at 1 = 2 the excess hole concentration 1s zero. In this
particular example, both diffusion and recombination processes are occurring at the
same time.

Figure 6.9 shows a plot of Equation (6.70) as a function of distance x at various
times for the case when the applied electric field is not zero. In this case, the pulse of
excess minority carrier holes is drifting in the +x direction, which is the direction of
the electric field. We still have the same diffusion and recombination processes as we
had before. An important point to consider is that, with charge neutrality, dn = dp at
any instant of time and at any point in space. The excess electron concentration is
equal to the excess hole concentration. In this case, then, the excess electron pulse is
moving in the same direction as the applied electric field even though the electrons
have a negative charge. In the ambipolar transport process. the excess carriers are
characterized by the minority carrier parameters. In this example, the excess carriers
behave according to the minority carrier hole parameters, which include D, w,, and
T The excess majority carrier electrons are being pulled along by the excess minor-
ity carrier holes.
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aplx, 1)

=0 Distance, x ——®

Figure 6.8 | Excess hole concentration versus dis-
tance at various times for zero applied electric field.

Spix, 1)1
I=n =0

Distance, x ——9

Figure 6.9 | Excess hole concentration versus distance at various times for a
constant applied electric field.
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TEST YOUR UNDERSTANDING

TYU 6.5 As agood approximation, the peak value of a normalized excess carrier concen-
tration, given by Equation (6.70), occurs at x = p,Ef. Assume the following
parameters: T,o = 5 us, D, = 10 cm*/s, p, = 386 cm*/V-s, and E, = 10 V/cm.
Calculate the peak value attimes of (@) 1 = 1 us, (b)1 = 5 us, (¢) 1 = 15 ps, and
(d)t = 25 ps. What are the corresponding values of x for parts (a) to (d)?

[wl ¢96 = ¥ 0710 (P)
w6 6 = x°C1] () wd €61 = XL p] (q) rwrd 98¢ = x (gL (D) Suy]

TYU 6.6 The excess carrier concentration, given by Equation (6.70), is to be calculated
at distances of one diffusion length away from the peak value. Using the param-
eters given in TYU 6.5, calculate the values of dp for (@)t = 1 us
at (i) 1.093 X 10°cmand (ii)x = —3.21 X 107 cm; (b))t = 5 ps at
(Nx =264 X 10 *cmand (iDx = 1.22 X 102cm; (o)t = 15 us
at(i)x = 6.50 X 10"“cmand (i) x = 5.08 X 10" cm.

[SOT (NSO T (D) 11 (D F 11 (D () 26°0T (1) "6°0T (1) (») "suy]

6.3.4 Dielectric Relaxation Time Constant

We have assumed in the previous analysis that a quasi-neutrality condition exists—
that is, the concentration of excess holes is balanced by an equal concentration of
excess electrons. Suppose that we have a situation as shown in Figure 6.10, in which
a uniform concentration of holes 8p is suddenly injected into a portion of the surface
of a semiconductor. We will instantly have a concentration of excess holes and a net
positive charge density that is not balanced by a concentration of excess electrons.
How is charge neutrality achieved and how fast?
There are three defining equations to be considered. Poisson’s equation is

v-E=£ (6.71)

The current equation, Ohm’s law, is

J =ok (6.72)
The continuity equation, neglecting the effects of generation and recombination, is
i, Jram e 00
V-J= 3 (6.73)

—_—

op —»
holes ——p
—_—

npe -

Figure 6.10 | The injection of a concentration of
holes into a small region at the surface of an n-type
semiconductor.
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The parameter p is the net charge density and the initial value is given by e(op). We
will assume that ép is uniform over a short distance at the surface. The parameter €
is the permittivity of the semiconductor.

Taking the divergence of Ohm’s law and using Poisson’s equation, we find

V-J=¢V-E=2F (6.74)

Substituting Equation (6.74) into the continuity equation, we have

9P o 0P, - 00
€ 0t dt (6.75)

Since Equation (6.75) is a function of time only, we can write the equation as a total
derivative. Equation (6.75) can be rearranged as

dp
-t (€)e=0 (6.76)

Equation (6.76) is a first-order differential equation whose solution is
p(t) = p(0)e /= (6.77)

where
= (6.78)

and is called the dielectric relaxation time constant.
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Objective: Calculate the dielectric relaxation time constant for a particular semiconductor.

Consider n-type silicon with a donor impurity concentration of N, = 10" em ™",

W Solution
The conductivity is found as
o = ewN; = (1.6 X 107")(1200)(10") = 1.92 (Q2-cm) '

where the value of mobility is the approximate value found from Figure 5.3. The permittivity
of silicon is

€ =¢€.€ = (1L.7)8.85 X 107" Flem
The dielectric relaxation time constant is then

_ (1L7)(8.85 X 104

53 =539 % 10"

S

T =

or

74 = 0.539 ps

EXAMPLE 6.6
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® Comment

Equation (6.77) then predicts that in approximately four time constants, or in approximately
2 ps. the net charge density is essentially zero; that is, quasi-neutrality has been achieved.
Since the continuity equation, Equation (6.73), does not contain any generation or recombi-
nation terms, the initial positive charge is then neutralized by pulling in electrons from the

bulk n-type material to create excess electrons. This process occurs very quickly compared to
the normal excess carrier lifetimes of approximately 0.1 us. The condition of quasi-charge-

neutrality is then justified.

® EXERCISE PROBLEM
Ex 6.6 (a) Consider n-type GaAs doped to N; = 5 X 10" em 7, Determine the dielectric
relaxation time. (b) Repeat part (a) for p-type silicon doped to N, = 2 X 10" ecm .
[sd 608°0 = " (9) *sd €61°0 = "+ (v) suy]

*6.3.5 Haynes-Shockley Experiment

We have derived the mathematics describing the behavior of excess carriers in a
semiconductor. The Haynes—Shockley experiment was one of the first experiments
to actually measure excess carrier behavior.

Figure 6.11 shows the basic experimental arrangement. The voltage source V),
establishes an applied electric field E, in the +.x direction in the n-type semiconduc-
tor sample. Excess carriers are effectively injected into the semiconductor at contact
A. Contact B is a rectifying contact that is under reverse bias by the voltage source
V. The contact B will collect a fraction of the excess carriers as they drift through
the semiconductor. The collected carriers will generate an output voltage, V.

This experiment corresponds to the problem we discussed in Example 6.5,
Figure 6.12 shows the excess carrier concentrations at contacts A and B for two
conditions. Figure 6.12a shows the idealized excess carrier pulse at contact A at
time r = 0. For a given electric field E,,, the excess carriers will drift along the

1‘.”" R
"']| |i+ T Vo
-— d —=]
A + B R
n type “
Ey —>
R| =

Vi

| +]

Figure 6.11 | The basic Haynes—Shockley experimental
arrangement.
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Figure 6.12 | (a) The idealized excess carrier pulse at
terminal A at r = 0. (b) The excess carrier pulse versus
time at terminal B for a given applied electric field. (c) The
excess carrier pulse versus time at terminal B for a smaller
applied electric field.

semiconductor producing an output voltage as a function of time given in Fig-
ure 6.12b. The peak of the pulse will arrive at contact B at time #,. If the applied
electric field is reduced to a value Ey, Ey < E,, the output voltage response at
contact B will look approximately as shown in Figure 6.12c. For the smaller electric
field, the drift velocity of the pulse of excess carriers is smaller, and so it will take a
longer time for the pulse to reach the contact B. During this longer time period, there
is more diffusion and more recombination. The excess carrier pulse shapes shown in
Figure 6.12b, ¢ are different for the two electric field conditions.
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The minority carrier mobility, lifetime, and diffusion coefficient can be deter-
mined from this single experiment. As a good first approximation, the peak of the
minority carrier pulse will arrive at contact B when the exponent involving distance
and time in Equation (6.70) is zero, or

X = pwpEot =0 (6.79a)

In this case x = d, where d is the distance between contacts A and B, and r = 1,
where 1, is the time at which the peak of the pulse reaches contact B. The mobility
may be calculated as

_d
Hp = Eyly

(6.79b)

Figure 6.13 again shows the output response as a function of time. At times 7,
and 1., the magnitude of the excess concentration is e ' of its peak value. If the time
difference between f, and 1, is not too large, ¢ “ and (47 D,1)'* do not change ap-
preciably during this time; then the equation

(d — w,Eot) = 4D, 1 (6.80)

1s satisfied at bothr = r,and r = r.. It we set r = 1, and r = 1, in Equation (6.80) and
add the two resulting equations, we may show that the diffusion coefficient is given
by

. (#;JEI):(ﬂ!}I
D, = 161, (6.81)
where
Ar=1,—1, (6.82)

The area S under the curve shown in Figure 6.13 is proportional to the number of
excess holes that have not recombined with majority carrier electrons. We may write

- ~h) = —d
S = Kexp ( L ) K exp (#P E{,rﬂ,) (6.83)
where K is a constant. By varying the electric field, the area under the curve will change.
A plot of In () as a function of (d/p, E,) will yield a straight line whose slope is (1/7,),
so the minority carrier lifetime can also be determined from this experiment.

I In I =P
Time

Figure 6.13 | The output excess carrier
pulse versus time to determine the
diffusion coefficient.
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The Haynes—-Shockley experiment is elegant in the sense that the three basic
processes of drift, diffusion, and recombination are all observed in a single experi-
ment. The determination of mobility is straightforward and can yield accurate values.
The determination of the diffusion coefficient and lifetime is more complicated and
may lead to some inaccuracies.

6.4 | QUASI-FERMI ENERGY LEVELS

The thermal-equilibrium electron and hole concentrations are functions of the Fermi
energy level. We can write

Ny = N; exp (E—’Ef,—Eﬁ) (6.84a)

and

Po = N, exp (%) (6.84b)

where E; and Ej; are the Fermi energy and intrinsic Fermi energy. respectively, and n,
is the intrinsic carrier concentration. Figure 6.14a shows the energy-band diagram for
an n-type semiconductor in which E; > Ej;. For this case, we may note from Equations
(6.84a) and (6.84b) that ny, > n, and p, < n;, as we would expect. Similarly, Figure 6.14b
shows the energy-band diagram for a p-type semiconductor in which Ex < Ej,. Again
we may note from Equations (6.84a) and (6.84b) that n, << n; and py > n,, as we would
expect for the p-type material. These results are for thermal equilibrium.

If excess carriers are created in a semiconductor, we are no longer in thermal
equilibrium and the Fermi energy is strictly no longer defined. However, we may
define a quasi-Fermi level for electrons and a quasi-Fermi level for holes that apply
for nonequilibrium. If én and 6p are the excess electron and hole concentrations,
respectively, we may write

EF:J -' EFE)

o (6.85a)

ne + 6n = n; exp(

T . 1 .
Py ¢ - —————— E; >

2 : e '

R g, R L L L ey Eg,
L a v

= e iy E,
g2 2

2 E, 3 E,
) 3|

(a) (h)

Figure 6.14 | Thermal-equilibrium energy-band diagrams for (a) n-type
semiconductor and (b) p-type semiconductor.
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and
Ex— E
po + 8p = n; exp (—-——wF T F") (6.85b)
where Ej, and Eg, are the quasi-Fermi energy levels for electrons and holes. respec-
tively. The total electron concentration and the total hole concentration are functions
of the quasi-Fermi levels.
EXAMPLE 6.7 Objective: Calculate the quasi-Fermi energy levels.

Consider an n-type semiconductor at T = 300 K with carrier concentrations of n, =
10%em™, n, = 10" em ™, and p, = 10° cm ™. In nonequilibrium, assume that the excess carrier
concentrations are én = ép = 10" cm 7.

W Solution
The Fermi level for thermal equilibrium can be determined from Equation (6.84a). We have

Er — Er, = kTIn (7)) = 0.2982¢V
We can use Equation (6.85a) to determine the quasi-Fermi level for electrons in nonequilib-
rium. We can write

oo ¥ 5") — 0.2984 eV

Ery— Ep = KT'hn (%

Equation (6.85b) can be used to calculate the quasi-Fermi level for holes in nonequilibrium.
We can write

Ey; — E, = kT'n (P“"'ap) 0.179 eV

® Comment
We may note that the quasi-Fermi level for electrons is above Eg, while the quasi-Fermi level
for holes is below E.

# EXERCISE PROBLEM

Ex 6.7 Impurity concentrations of N; = 3 X 10" em* and N, = 10" cm ™ are added to
silicon at T = 300 K. Excess carriers are generated in the semiconductor such
that the steady-state excess carrier concentrations are 6n = 8p = 4 X 10" cm™.
(a) Determine the thermal-equilibrium Fermi level with respect to the intrinsic Fermi
level. (b) Find Ef, and Eg, with respect to Eg,.
[A2S6£9T°0 = /7 — "I ‘A2 TS6LE°0 = “T — 7 (9) A2 808€€°0 = 7 — 7 () suy]

Figure 6.15a shows the energy-band diagram with the Fermi energy level corre-
sponding to thermal equilibrium. Figure 6.15b now shows the energy-band diagram
under the nonequilibrium condition. Since the majority carrier electron concentra-
tion does not change significantly for this low-injection condition. the quasi-Fermi
level for electrons is not much different from the thermal-equilibrium Fermi level.
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Figure 6.15 | (a) Thermal-equilibrium energy-band diagram for N, = 10" ¢m ™ and

n, = 10" ¢em . (b) Quasi-Fermi levels for electrons and holes if 10" ¢m ¥ excess
carriers are present.

The quasi-Fermi energy level for the minority carrier holes is significantly differ-
ent from the Fermi level and illustrates the fact that we have deviated from thermal
equilibrium significantly. Since the electron concentration has increased, the quasi-
Fermi level for electrons has moved slightly closer to the conduction band. The hole
concentration has increased significantly so that the quasi-Fermi level for holes has
moved much closer to the valence band. We will consider the quasi-Fermi energy
levels again when we discuss forward-biased pn junctions.

*6.5 | EXCESS CARRIER LIFETIME

The rate at which excess electrons and holes recombine is an important characteristic
of the semiconductor and influences many of the device characteristics, as we will
see in later chapters. We considered recombination briefly at the beginning of this
chapter and argued that the recombination rate is inversely proportional to the mean
carrier lifetime. We have assumed up to this point that the mean carrier lifetime is
simply a parameter of the semiconductor material.

We have been considering an ideal semiconductor in which electronic energy
states do not exist within the forbidden-energy bandgap. This ideal effect is present
in a perfect single-crystal material with an ideal periodic-potential function. In a
real semiconductor material, defects occur within the crystal and disrupt the perfect
periodic-potential function. If the density of these defects is not too great, the defects
will create discrete electronic energy states within the forbidden-energy band. These
allowed energy states may be the dominant effect in determining the mean carrier
lifetime. The mean carrier lifetime may be determined from the Shockley-Read-
Hall theory of recombination.

6.5.1 Shockley-Read-Hall Theory of Recombination

An allowed energy state, also called a trap, within the forbidden bandgap may act as
a recombination center, capturing both electrons and holes with almost equal prob-
ability. This equal probability of capture means that the capture cross sections for
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Process | Process 2
1 E EL.
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E, E
Electron capture Electron emission
Process 3 Process 4
E E
(=] to
A
E, E,
T ¥

Hole capture Hole emission

Figure 6.16 | The four basic trapping and emission processes for the case of an acceptor-

type trap.

electrons and holes are approximately equal. The Shockley—-Read—Hall theory of re-
combination assumes that a single recombination center, or trap, exists at an energy
E, within the bandgap. There are four basic processes, shown in Figure 6.16, that may
occur at this single trap. We will assume that the trap is an acceptor-type trap; that is,
it 1s negatively charged when it contains an electron and is neutral when it does not
contain an electron.

The four basic processes are as follows:

Process 1: The capture of an electron from the conduction band by an initially
neutral empty trap.

Process 2: The inverse of process 1—the emission of an electron that is ini-
tially occupying a trap level back into the conduction band.

Process 3: The capture of a hole from the valence band by a trap containing
an electron. (Or we may consider the process to be the emission of an electron
from the trap into the valence band.)

Process 4: The inverse of process 3—the emission of a hole from a neutral trap
into the valence band. (Or we may consider this process to be the capture of an
electron from the valence band.)

In process 1, the rate at which electrons from the conduction band are captured
by the traps is proportional to the density of electrons in the conduction band and
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proportional to the density of empty trap states. We can then write the electron cap-
ture rate as

R., = C\N][1 — f{E)]n (6.86)
where

R., = capture rate (#/cm*-s)
C, = constant proportional to electron-capture cross section
N, = total concentration of trapping centers
n = electron concentration in the conduction band
[AE,) = Fermi function at the trap energy

The Fermi function at the trap energy is given by

fr(E) = I (6.87)

| + exp (E' ;TEF)

which is the probability that a trap will contain an electron. The function [1 — fd(E))]
is then the probability that the trap is empty. In Equation (6.87), we have assumed
that the degeneracy factor i1s 1, which is the usual approximation made in this analy-

sis. However, if a degeneracy factor is included, it will eventually be absorbed in
other constants later in the analysis.

For process 2, the rate at which electrons are emitted from filled traps back into
the conduction band is proportional to the number of filled traps, so that

Rt‘rr = EuNr_f}'{Er} (688)
where

R., = emission rate (#/cm’-s)
E. = constant
[fAE,) = probability that the trap is occupied

In thermal equilibrium, the rate of electron capture from the conduction band
and the rate of electron emission back into the conduction band must be equal. Then

R.=R., (6.89)
so that
Enan:‘-'t}{Ei] = CnNr[l _fH![E:}]”(I [690}

where fr denotes the thermal-equilibrium Fermi function. Note that, in thermal equi-
librium, the value of the electron concentration in the capture rate term is the equi-
librium value ny. Using the Boltzmann approximation for the Fermi function, we can
find E, in terms of C, as

E,=n'C, (6.91)
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where n' is defined as

= oo | B B

(6.92)
The parameter n’ is equivalent to an electron concentration that would exist in the
conduction band if the trap energy E, coincided with the Fermi energy E;.

In nonequilibrium, excess electrons exist, so that the net rate at which electrons
are captured from the conduction band is given by

Rﬁl - R.-u - Rru {693}

which is just the difference between the capture rate and the emission rate. Combin-

ing Equations (6.86) and (6.88) with (6.93) gives
RH = ICHNI[I _ff-'{Er})"I = [Ean_,ﬁ(ErH {694‘.:‘

We may note that, in this equation, the electron concentration n is the total con-
centration, which includes the excess electron concentration. The remaining con-
stants and terms in Equation (6.94) are the same as defined previously and the Fermi
energy in the Fermi probability function needs to be replaced by the quasi-Fermi
energy for electrons. The constants E, and C, are related by Equation (6.91), so the
net recombination rate can be written as

R, = C,N,[n(1 — fr(E)) — n'fe(E)] (6.95)

If we consider processes 3 and 4 in the recombination theory, the net rate at
which holes are captured from the valence band is given by

R, = C,N,[pf{E) — p'(1 — fr(E))] (6.96)
where C, is a constant proportional to the hole capture rate, and p’ is given by
p' = N, exp [——_(E b ]] (6.97)

In a semiconductor in which the trap density is not too large, the excess electron
and hole concentrations are equal and the recombination rates of electrons and holes
are equal. If we set Equation (6.95) equal to Equation (6.96) and solve for the Fermi
function, we obtain

e C,n + C,p'
fF{E}) == Cn[" + ”r} o CP[P + pr] {5.98)
We may note that n’p’ = n’. Then, substituting Equation (6.98) back into either
Equation (6.95) or (6.96) gives
. GCCN(mp—-n)
R =Ry = Cn+n)+C(p+p) x® (6.99)

Equation (6.99) is the recombination rate of electrons and holes due to the recombi-
nation center at £ = E,. If we consider thermal equilibrium, then np = nyp, = n_’, S0
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that R, = R, = 0. Equation (6.99), then, is the recombination rate of excess electrons
and holes.

Since R in Equation (6.99) is the recombination rate of the excess carriers, we
may write

R=98 (6.100)

where on i1s the excess carrier concentration and 71s the lifetime of the excess carriers.

6.5.2 Limits of Extrinsic Doping and Low Injection

We simplified the ambipolar transport equation, Equation (6.39), from a nonlinear
differential equation to a linear differential equation by applying limits of extrinsic
doping and low injection. We may apply these same limits to the recombination rate
equation.

Consider an n-type semiconductor under low injection. Then

ng> po, Me>8p, ne>n', ng>p'

where dp is the excess minority carrier hole concentration. The assumptions of
ny >> n' and n, 3> p’ imply that the trap level energy is near midgap so that n" and p’
are not too different from the intrinsic carrier concentration. With these assumptions,
Equation (6.99) reduces to

R = C,N,8p (6.101)

The recombination rate of excess carriers in the n-type semiconductor is a function of
the parameter C,, which is related to the minority carrier hole capture cross section.
The recombination rate, then, is a function of the minority carrier parameter in the
same way that the ambipolar transport parameters reduced to their minority carrier
values.

The recombination rate is related to the mean carrier lifetime. Comparing Equa-
tions (6.100) and (6.101), we may write

5 )
R=$=QM®=% (6.102)

where

_ 1
Tpo = C,N, (6.103)
and where 7,, 1s defined as the excess minority carrier hole lifetime. If the trap con-
centration increases, the probability of excess carrier recombination increases; thus,
the excess minority carrier lifetime decreases.
Similarly, if we have a strongly extrinsic p-type material under low injection, we
can assume that

Po>> g, po>o0n, py>n', pe>p
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The lifetime then becomes that of the excess minority carrier electron lifetime, or

Too = "C_II‘T (6.104)

Again note that for the n-type matenal, the lifetime is a function of C,, which is

related to the capture rate of the minority carrier hole. And for the p-type material,

the lifetime is a function of C,. which is related to the capture rate of the minority car-

rier electron. The excess carrier lifetime for an extrinsic material under low injection
reduces to that of the minority carrier.

EXAMPLE 6.8

Objective: Determine the excess carrier lifetime in an intrinsic semiconductor,
If we substitute the definitions of excess carrier lifetimes from Equations (6.103) and
(6.104) into Equation (6.99), the recombination rate can be written as

B (np — n?)
B Twln + n') + 70(p + p')

(6.105)

Consider an intrinsic semiconductor containing excess carriers. Then n = n, + én and
p = n; + én. Also assume that n’ = p' = n,.

B Solution
Equation (6.105) now becomes

2n,8n + (dn)?

R=Gn Tt omer, + 1)

If we also assume very low injection, so that én < 2n,, then we can write

_ on _on
R_Tpn'f' Two T

where 7 is the excess carrier lifetime. We see that 7 = 7,4 + 7.0 in the intrinsic material.

B Comment
The excess carrier lifetime increases as we change from an extrinsic to an intrinsic
semiconductor.

B EXERCISE PROBLEM

Ex 6.8 Consider silicon at T = 300 K doped at concentrations of N, = 10”* cm~* and N, =
0. Assume that n" = p’ = n, in the excess carrier recombination rate equation and
assume parameter values of 7,, = 7, = 5 X 1077 s. Calculate the recombination

-3

rate of excess carriers if én = ép = 10" cm
(;_8 (WD 0] X €8'[ SUY)

Intuitively, we can see that the number of majority carriers that are available for
recombining with excess minority carriers decreases as the extrinsic semiconductor
becomes intrinsic. Since there are fewer carriers available for recombining in the
intrinsic material, the mean lifetime of an excess carrier increases.
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*6.6 | SURFACE EFFECTS

In all previous discussions, we have implicitly assumed the semiconductors were infinite
in extent; thus, we were not concerned with any boundary conditions at a semiconduc-
tor surface. In any real application of semiconductors, the material is not infinitely large
and therefore surfaces do exist between the semiconductor and an adjacent medium.,

6.6.1 Surface States

When a semiconductor is abruptly terminated, the perfect periodic nature of the idealized
single-crystal lattice ends abruptly at the surface. The disruption of the periodic-potential
function results in allowed electronic energy states within the energy bandgap. In the
previous section, we argued that simple defects in the semiconductor would create
discrete energy states within the bandgap. The abrupt termination of the periodic
potential at the surface results in a distribution of allowed energy states within the
bandgap, shown schematically in Figure 6.17 along with the discrete energy states in
the bulk semiconductor.

The Shockley-Read-Hall recombination theory shows that the excess minority
carrier lifetime is inversely proportional to the density of trap states. We may argue
that since the density of traps at the surface is larger than in the bulk, the excess mi-
nority carrier lifetime at the surface will be smaller than the corresponding lifetime
in the bulk material. If we consider an extrinsic n-type semiconductor, for example,
the recombination rate of excess carriers in the bulk, given by Equation (6.102), 1s

R=2p =% (6.106)

T T Tpih

where dpj is the concentration of excess minority carrier holes in the bulk material.
We may write a similar expression for the recombination rate of excess carriers at
the surface as

R, = op, (6.107)

Tpis

where dp, is the excess minority carrier hole concentration at the surface and 7, is
the excess minority carrier hole lifetime at the surface.

4 Electron
energy
- - E'.
S
" i £
Surface

Figure 6.17 | Distribution of surface
states within the forbidden bandgap.
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T
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Surface Distance x ——#=

Figure 6.18 | Steady-state excess hole
concentration versus distance from a
semiconductor surface.

Assume that excess carriers are being generated at a constant rate throughout the
entire semiconductor material. We showed that. in steady state, the generation rate is
equal to the recombination rate for the case of a homogeneous, infinite semiconduc-
tor. Using this argument, the recombination rates at the surface and in the bulk mate-
rial must be equal. Since 7,4, < 7. then the excess minority carrier concentration
at the surface is smaller than the excess minority carrier concentration in the bulk
region, or dp, < dpy. Figure 6.18 shows an example of the excess carrier concentra-
tion plotted as a function of distance from the semiconductor surface.

EXAMPLE 6.9

Objective: Determine the steady-state excess carrier concentration as a function of distance
from the surface of a semiconductor.

Consider Figure 6.18, in which the surface is at x = (). Assume that in the n-type semicon-
ductor 6ps = 10" cm* and 7,5 = 10 ®s in the bulk, and 7,4, = 1077 s at the surface. Assume
zero applied electric field and let D, = 10 cm?/s.

B Solution
From Equations (6.106) and (6.107), we have

Ops _ 5p.
Too  Tpin
so that
T ks -7
dp, = ﬁpg(%:]] = {lﬂ”](% = 10¥em™?
From Equation (6.56), we can write
d*(3p) b
D —2=+g = .ﬁg— =0 (6.108)

The generation rate can be determined from the steady-state conditions in the bulk, or
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The solution to Equation (6.107) is of the form
dp(x) = g'70 + Aev''r + Be~*/l» (6.109)

3

As x — +=, §p(x) = dps = g'T,o = 10" ecm ™, which implies that A = 0. At x = 0, we have
op(0)=édp, = 10"+ B=10"cm™*

so that B = —9 X 10", The entire solution for the minority carrier hole concentration as a
function of distance from the surface is

3p(x) = 10" (1 — 0.9¢ %)

where

L, = /Dyt = V/(10)(107%) = 31.6 um

® Comment

The excess carrier concentration is smaller at the surface than in the bulk.

m EXERCISE PROBLEM
Ex 6.9 (a) Repeat Example 6.9 for the case when 7., = 0. (b) What is the excess hole con-
centration at x = 07 (¢) For this particular case, what is the recombination rate of

excess carriers at the surface?
[a: = .4 (2) :{} = [{}}d? ('5[} :['f-_rl.-'r. & — I}ML,E = [T_]dg (e) 'SI.["@F]

6.6.2 Surface Recombination Velocity

A gradient in the excess carrier concentration exists near the surface as shown in

Figure 6.18; excess carriers from the bulk region diffuse toward the surface where
they recombine. This diffusion toward the surface can be described by

. d(dp)
o

where each side of the equation is evaluated at the surface. The parameter 7 is
the unit outward vector normal to the surface. Using the geometry of Figure 6.18,
d(dp)/dx is a positive quantity and 7/ is negative, so that the parameter s is a positive
quantity.

A dimensional analysis of Equation (6.110) shows that the parameter s has units
of cm/s, or velocity. The parameter s is called the surface recombination velocity. If
the excess concentrations at the surface and in the bulk region were equal, then the
gradient term would be zero and the surface recombination velocity would be zero.
As the excess concentration at the surface becomes smaller, the gradient term be-
comes larger. and the surface recombination velocity increases. The surface recom-
bination velocity gives some indication of the surface characteristics as compared
with the bulk region.

= 58P sut (6.110)
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Equation (6.110) may be used as a boundary condition to the general solution
given by Equation (6.109) in Example 6.8. Using Figure 6.18, we have thati = —1,
and Equation (6.110) becomes

d(dp)

Dp d X surd

= 56D surt (6.111)

We have argued that the coefficient A is zero in Equation (6.109). Then, from Equa-
tion (6.109), we can write that

Spnurf = BP“]] = gr‘rpﬂ + R {6] Iza}
and
d(dp) _ d(®p) _ B
dt surf d.r =({} L_ﬂ {6+1 le}

Substituting Equations (6.112a) and (6.112b) into Equation (6.111) and solving for
the coefficient B, we obtain

- '—.E'g"'.l'}q,
B=——""—"F— 6.113
D,JL) + 5 (6.113)

The excess minority carrier hole concentration can then be written as

-xfL,
sL,e=*

BP{I] =8 T (l o m (6.114)

EXAMPLE 6.10

Objective: Determine the value of surface recombination velocity corresponding to the
parameters given in Example 6.9.

From Example 6.9, we have that g'r,o = 10" em ™, D, = 10 em*/s, L, = 31.6 pum, and
ap(0) = 10" em ™,

B Solution
Writing Equation (6.114) at the surface, we have

==z — 5
op(0y =2 """’J[' (DJL) + s

Solving for the surface recombination velocity, we find that

; ="‘—)£(a—grf"‘ - 1)
. L, \ ép(0)

which becomes

- 10 [ 1O
5

B 3.6 X 1041 10" = I]=285 % 10* cm/s
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® Comment

This example shows that a surface recombination velocity of approximately s = 3 X 10% cm/s
could seriously degrade the performance of semiconductor devices, such as solar cells, since
these devices tend to be fabricated close to a surface.

® EXERCISE PROBLEM
Ex 6.10 (a) Using Equation (6.114), determine ép(x) for (i) s = 2 and (ii) s = 0. (b) What
does (i) an infinite surface recombination velocity (s = = ) and (if) a zero surface
recombination velocity (s = 0) imply?
[lueisuod = (x)de pue ¥r § =
(0)de (1) "0 = (0)de (1) (g) 2,8 = ()dQ () (4,2 — ) ™2,8 = (x)dQ (1) () "suy]

In the above example, the surface influences the excess carrier concentration to
the extent that, even at a distance of L, = 31.6 um from the surface, the excess carrier
concentration is only two-thirds of the value in the bulk. We will see in later chap-
ters that device performance is dependent in large part on the properties of excess
CAITICTS.

6.7 | SUMMARY

B The processes of excess electron and hole generation and recombination were dis-
cussed. The excess carrier generation rate and recombination rate were defined.

B Excess electrons and holes do not move independently of each other, but move together.
This common movement is called ambipolar transport.

B The ambipolar transport equation was derived and limits of low injection and extrinsic
doping were applied to the coefficients. Under these conditions, the excess electrons
and holes diffuse and drift together with the characteristics of the minority carrier, a
result that is fundamental to the behavior of semiconductor devices.

B The concept of excess carrier lifetime was developed.

B Examples of excess carrier behavior as a function of time, as a function of space, and as
a function of both time and space were examined.

B The quasi-Fermi level for electrons and the quasi-Fermi level for holes were defined.
The degree of quasi-Fermi level splitting is a measure of departure from thermal
equilibrium.

B  The Shockley—Read—Hall theory of recombination was considered. Expressions for
the excess minority carrier lifetime were developed. Generation and recombination of
excess carriers increase as a result of traps in a semiconductor.

B  The effect of a semiconductor surface influences the behavior of excess electrons and
holes. The surface recombination velocity was defined.

GLOSSARY OF IMPORTANT TERMS

ambipolar diffusion coefficient The effective diffusion coefficient of excess carriers.
ambipolar mobility The effective mobility of excess carriers.

ambipolar transport The process whereby excess electrons and holes diffuse, drift, and
recombine with the same effective diffusion coefficient, mobility, and lifetime.
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ambipolar transport equation The equation describing the behavior of excess carriers as a
function of time and space coordinates.

carrier generation The process of elevating electrons from the valence band into the con-
duction band, creating an electron-hole pair.

carrier recombination The process whereby an electron “falls” into an empty state in the
valence band (a hole) so that an electron-hole pair is annihilated.

excess carriers The term describing both excess electrons and excess holes.

excess electrons The concentration of electrons in the conduction band over and above the
thermal-equilibrium concentration.

excess holes The concentration of holes in the valence band over and above the
thermal-equilibrium concentration.

excess minority carrier lifetime The average time that an excess minority carrier exists
before it recombines.

generation rate The rate (#/cm’-s) at which electron-hole pairs are created.

low-level injection The condition in which the excess carrier concentration is much smaller
than the thermal-equilibrium majority carrier concentration.

minority carrier diffusion length The average distance a minority carrier diffuses before
recombining: a parameter equal to VD7 where D and 7 are the minority carrier diffusion
coefficient and lifetime, respectively.

quasi-Fermi level The quasi-Fermi level for electrons and the quasi-Fermi level for holes
relate the nonequilibrium electron and hole concentrations, respectively, to the intrinsic
carrier concentration and the intrinsic Fermi level.

recombination rate The rate (#/cm’-s) at which electron=hole pairs recombine.

surface recombination velocity A parameter that relates the gradient of the excess carrier
concentration at a surface to the surface concentration of excess carriers.

surface states The electronic energy states that exist within the bandgap at a semiconductor
surface.

CHECKPOINT

After studying this chapter, the reader should have the ability to:

B Describe the concept of excess carrier generation and recombination.

B Describe the concept of an excess carrier lifetime.

B Describe how the time-dependent diffusion equations for holes and electrons are
derived.

Describe how the ambipolar transport equation is derived.

Understand the consequence of the coefficients in the ambipolar transport equation
reducing to the minority carrier values under low injection and extrinsic
semiconductors.

Apply the ambipolar transport equation to various problems.

Understand the concept of the dielectric relaxation time constant and what it means.
Calculate the quasi-Fermi levels for electrons and holes.

Calculate the excess carrier recombination rate for a given concentration of excess
carriers.

Understand the effect of a surface on the excess carrier concentrations.



Problems

REVIEW QUESTIONS

1.

10.
11.

12

Why are the electron generation rate and recombination rate equal in thermal
equilibrium?

Define the excess carrier recombination rate in terms of excess carrier concentration and
lifetime.

Explain how the density of holes, for example, can change as a result of a change in the
flux of particles.

Why is the general ambipolar transport equation nonlinear?
Explain qualitatively why a pulse of excess electrons and holes would move together in
the presence of an applied electric field.

Explain qualitatively why the excess carrier lifetime reduces to that of the minority
carrier under low injection.

What is the time dependence of the density of excess carriers when the generation rate
becomes zero?

In the presence of an external force, why doesn’t the density of excess carriers continue
to increase with time?

When a concentration of one type of excess carrier is suddenly created in a semiconduc-
tor, what is the mechanism by which the net charge density quickly becomes zero?
State the definition of the quasi-Fermi level for electrons. Repeat for holes.

Explain why the presence of traps in a semiconductor increases the recombination rate
of excess carriers.

Why, in general, is the concentration of excess carriers less at the surface of a semi-
conductor than in the bulk?

PROBLEMS

(Note: Use the semiconductor parameters listed in Appendix B if they are not specifically
given in a problem. Assume T = 300 K.)

Section 6.1 Carrier Generation and Recombination

Consider silicon at T = 300 K that is doped with donor impurity atoms to a concentra-
tion of N, = 5 X 10" em ™. The excess carrier lifetime is 2 X 107 7s. (¢) Determine
the thermal equilibrium recombination rate of holes. (b) Excess carriers are generated
such that én = 8p = 10" cm™*. What is the recombination rate of holes for this
condition?

GaAs, at T = 300 K, is uniformly doped with acceptor impurity atoms to a concen-

tration of N, = 2 X 10" em~'. Assume an excess carrier lifetime of 5 X 107s.

(a) Determine the electron=hole recombination rate if the excess electron concen-
tration is &n = 5 X 10" ¢cm . (b) Using the results of part (a). what is the lifetime
of holes?

An n-type silicon sample contains a donor concentration of N; = 10" cm . The

minority carrier hole lifetime is found to be 74 = 20 us. (a) What is the lifetime of
the majority carrier electrons? (b) Determine the thermal-equilibrium generation
rate for electrons and holes in this material. (¢) Determine the thermal-equilibrium
recombination rate for electrons and holes in this material.

233
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6.4

(a) A sample of semiconductor has a cross-sectional area of 1 cm® and a thickness

of 0.1 cm. Determine the number of electron-hole pairs that are generated per unit
volume per unit time by the uniform absorption of | watt of light at a wavelength of
6300 A. Assume each photon creates one electron-hole pair. (b) If the excess minority
carrier lifetime is 10 us, what is the steady-state excess carrier concentration?

Section 6.2 Mathematical Analysis of Excess Carriers

6.5

Derive Equation (6.27) from Equations (6.18) and (6.20).

Consider a one-dimensional hole flux as shown in Figure 6.4. If the generation rate

6.7

of holes in this differential volume is g, = 10" cm*-s ' and the recombination rate
is 2 X 10" em*-s~', what must be the gradient in the particle current density to
maintain a steady-state hole concentration?

Repeat Problem 6.6 if the generation rate becomes zero.

Section 6.3 Ambipolar Transport

6.8

[69

6.10

6.11

6.12

6.13

6.14

Starting with the continuity equations given by Equations (6.29) and (6.30), derive the
ambipolar transport equation given by Equation (6.39).

A silicon sample at 7 = 300 K has a uniform acceptor concentration of 7 X 10" em ™.

The excess carrier lifetime is T.o = 107" s. (a) Determine the ambipolar mobility.
() Find the ambipolar diffusion coefficient. (¢) What are the electron and hole lifetimes?

Germanium at T = 300 K is uniformly doped with donor impurity atoms to a concen-
tration of 4 X 10" cm . The excess carrier lifetime is found tobe 7,0 = 2 X 10 ®s.
(a) Determine the ambipolar (i) diffusion coefficient and (if) mobility. (b) Find the
electron and hole lifetimes.

Assume that an n-type semiconductor is uniformly illuminated, producing a uniform
excess generation rate g’. Show that in steady state the change in the semiconductor
conductivity is given by

A o = f{}-‘-fr + ”p}Tpug'

Consider a silicon sample at 7 = 300 K that is uniformly doped with acceptor impu-
rity atoms at a concentration of N, = 10" cm ™. At = 0, a light source is turned on
generating excess carriers uniformly throughout the sample at arate of g' = 8 X

10" em™* s~'. Assume the minority carrier lifetime i1s 7., = 5 X 107’ s, and assume
mobility values of w, = 900 cm® /V-s and p, = 380 cm” /V-s. (a) Determine the
conductivity of the silicon as a function of time for r = 0. (b) What is the value of
conductivity at (/) f = 0 and (i) 1t =227

An n-type GaAs semiconductor at T = 300 K is uniformly doped at N; = 5 X 10% cm ™.
The minority carrier lifetime is T, = 5 X 107" 5. Assume mobility values of w, = 7500
cm?® /V-s and ju, = 310 cm?® /V-s. A light source is turned on at r = () generating excess
carriers uniformly at arate of g’ =4 X 10" em ¥ s ' and tums offat r = 10 %,

(@) Determine the excess carrier concentrations versus time over the range 0 =1 = =,
(b) Calculate the conductivity of the semiconductor versus time over the same time pe-
riod as part (a).

A bar of silicon at T = 300 K has a length of L = 0.05 cm and a cross-sectional area
of A = 107° cm?. The semiconductor is uniformly doped with N, = 8 X 10" cm~* and
N, =2 X 10" cm™. A voltage of 10 V is applied across the length of the material. For



6.15

6.17

6.18

Problems

t < 0, the semiconductor has been uniformly illuminated with light, producing an ex-
cess carrier generation rate of g’ = 8 X 10" cm™ s™'. The minority carrier lifetime is
Teo = 5 X 1077 s. At r = 0, the light source is turned off. Determine the current in the
semiconductor as a function of time for 1 = ().

Silicon at T = 300 K is uniformly doped with impurity atoms at concentrations of
N,=2X 10%cm*and N, = 6 X 10" cm~* and is in thermal equilibrium for r << 0.
A light source turns on at 7 = 0 producing excess carriers with a uniform generation
rate of g’ = 2 X 10°' cm ™ s7'. The electric field is zero. (a) If the maximum, steady-
state excess carrier concentrations are én = ép = 5 X 10" cm ', determine the excess
minority carrier lifetime. (b) Derive the expressions for the excess carrier concentra-
tion and excess carrier recombination rate as a function of time. (¢) Determine the
times at which the excess carrier concentration is equal to (i) one-fourth, (ii) one-half,

(iii) three-fourths, and (iv) 95% of the steady-state value.

In a GaAs material at T = 300 K, the doping concentrations are N; = 8§ X 10" cm™
and N, = 2 X 10" cm ™. The thermal equilibrium recombination rate is R, = 4 X
10F cm~* 57", (a) What is the minority carrier lifetime? (b) A uniform generation
rate for excess carriers results in an excess carrier recombination rateof R' = 2 X
10*' em ™ s~'. What is the steady-state excess carrier concentration? (¢) What is the
excess carrier lifetime?

3

(@) Consider a silicon sample at T = 300 K doped with 10" cm ™ donor atoms. Let

T,0 = 5 X 1077 5. A light source turns on at r = 0 producing excess carriers with a
uniform generationrate of g’ = 5 X 10 em s " Atr = 5 X 107 s, the light source
turns off. (i) Derive the expression(s) for the excess carrier concentration as a function
of time over the range (0 = 1 = =, (if) What is the value of the excess concentration
when the light source turns off. (b) Repeat part (a) for the case when the light source
turns off at 1 = 2 X 10" s. (¢) Sketch the excess minority carrier concentrations
versus time for parts (a) and (b).

A semiconductor is uniformly doped with 10'” cm~* acceptor atoms and has the fol-
lowing properties: D, = 27 cm/s, D, = 12 cm’/s, T.o = 5 X 1077 s, and 7,0 = 1077 5.
An external source has been turned on for ¢t < () producing a uniform concentration of
excess carriers at a generation rate of g’ = 10?' cm~* s~'. The source turns off at time
r = 0 and back on at time 1 = 2 X 10*s. (a) Derive the expressions for the excess
carrier concentration as a function of time for () = r = =, () Determine the value of
excess carrier concentration at ()t = 0, (i) r = 2 X 107" s, and (iii) t = ==. (c) Plot
the excess carrier concentration as a function of time.

Consider a bar of p-type silicon that is uniformly doped to a value of N, = 2 X 10" ¢m ™
at T = 300 K. The applied electric field is zero. A light source is incident on the end of
the semiconductor as shown in Figure P6.19. The steady-state concentration of excess
carriers generated at x = 01is 3p(0) = dn(0) = 2 X 10" cm ™. Assume the following

=
_....

Light .I plype
—_—

o
X=

0 X —

Figure P6.19 | Figure for Problems
6.19 and 6.21.
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parameters: w, = 1200 cm? /V-s, w, = 400 cm? /V-5, 7o = 10 s, and 7o = 5 X 10775,
Neglecting surface effects, (a) determine the steady-state excess electron and hole
concentrations as a function of distance into the semiconductor, and (b) calculate the
steady-state electron and hole diffusion current densities as a function of distance into
the semiconductor.

6.20 Thex = 0endofan N, = 1 X 10" cm * doped semi-infinite (x = 0) bar of silicon
maintained at T = 300 K is attached to a “minority carrier digester” which makes n, =
() at x = 0 (n, 1s the minority carrier electron concentration in a p-type semiconductor).
The electric field is zero. (a) Determine the thermal-equilibrium values of n,, and p .
(h) What is the excess minority carrier concentration at x = 07? (¢) Derive the expres-
sion for the steady-state excess minority carrier concentration as a function of x.

6.21 In a p-type silicon semiconductor, excess carriers are being generated at the end of the
bar at x = 0 as shown in Figure P6.19. The uniform doping concentrations are N, = 7 X
10" ecm ™ and N, = 2 X 10" cm . The steady-state excess carrier concentrations at
= (are dp(0) = n(0) = 5 X 10" cm ™. (Neglect surface effects.) The electric field is
zero. Assume semiconductor parameters of 7., = 7,0 = 107°s, D, = 25 cm’ /s, and
D, = 10 em? /s. (a) Calculate n and the electron and hole diffusion current densities at
x = 0. (b) Repeat part (a) forx = 5 X 10" cm. (¢) Repeat part (a) forx = 15 X 10 cm.
6.22 Consider an n-type silicon sample. Excess carriers are generated at x = 0 such as
shown in Figure 6.6. A constant electric field E, is applied in the +.x direction. Show
that the steady-state excess carrier concentration is given by

dp(x) = A exp (s_x) x>0 and ap(x) = A exp (5.x) x<(

where
5z = 1 [ﬁ + m]
L,
and
_ ML Ey
.B - ZD"

6.23 Plot the excess carrier concentration dp(x) versus x from Problem 6.22 for (a) E, = 0
and (b) E; = 10 V/em.

Consider the semiconductor described in Problem 6.19. Assume a constant electric
field Eq is applied in the +.x direction. (a) Derive the expression for the steady-state
excess electron concentration. (Assume the solution is of the form e ) (b) Plot én
versus x for (i) E, = 0 and (i) E; = 12 V/em. (¢) Explain the general characteristics
of the two curves plotted in part (b).

6.25 Assume that a p-type semiconductor is in thermal equilibrium for r < 0 and has an
infinite minority carrier lifetime. Also assume that the semiconductor is uniformly
illuminated, resulting in a uniform generation rate, g'(1), which is given by

g'(n =G, forO<r<T
g'=20 fortr<0andt>T

where G, " is a constant. Find the excess minority carrier concentration as a function
of time.

*6.26 Consider the n-type semiconductor shown in Figure P6.26. lllumination produces a
constant excess carrier generation rate, Gj, in the region —L < x < + L. Assume that the

*Asterisks next to problems indicate problems that are more difficult.
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6.28

6.29

Problems

IHumination

figgtd

Cl——————

1

Figure P6.26 | Figure for Problem 6.26.

minority carrier lifetime is infinite and assume that the excess minority carrier hole con-
centration is zero at x = —3L and at x = +3L. Find the steady-state excess minority car-
rier concentration versus x, for the case of low injection and for zero applied electric field.
An n-type semiconductor at 7 = 300 K is used in the Haynes—Shockley experiment.
The length of the sample 1s 0.4 cm and the applied voltage is V, = 8V. The contacts A
and B are separated by 0.25 cm. The peak of the pulse arrives at contact B 32 us after
carrier injection at contact A. The width of the pulse is Ar = 9.35 us. Determine the
hole mobility and diffusion coefficient. Compare the results with the Einstein relation.
Consider the function fix, r) = (4wDr) "~ exp (—x/4D1). (a) Show that this function
is a solution to the differential equation D(a°f/ax?) = af/or. (b) Show that the integral
of the function f{x, 1) over x from —2 to +2 is unity for all values of time. (¢) Show
that this function approaches a é function as 1 approaches zero.

The basic equation in the Haynes—Shockley experiment is given by Equation (6.70).
(a) Plot dp(x, 1) versus x for various values of r and for E; = 0 as well as for E;, # (.
(b) Plot dp(x, t) versus 1 for various values of x and for E;, = 0 as well as for E, # 0.

Section 6.4 Quasi-Fermi Energy Levels

m An n-type silicon semiconductor, doped at N; = 4 X 10" em 7, is steadily illuminated

6.31

6.32

6.33

suchthatg' =2 X 10" ecm™ s~ . Assume 7.0 = 10 ®*sand 1,0 = 5 X 1077 s.

(@) Determine the thermal-equilibrium value of E; — Ej,. (b) Calculate the quasi-
Fermi levels for electrons and holes with respect to Ej. (¢) What is the difference (in
eV) between Eg,and E; ?

Consider a p-type silicon semiconductor at T = 300 K doped at N, = 5 X 10¥ cm .
(a) Determine the position of the Fermi level with respect to the intrinsic Fermi level.
(b) Excess carriers are generated such that the excess carrier concentration is 10 per-
cent of the thermal-equilibrium majority carrier concentration. Determine the quasi-
Fermi levels with respect to the intrinsic Fermi level. (¢) Plot the Fermi level and
quasi-Fermi levels with respect to the intrinsic level.

Consider n-type silicon doped at N, = 5 X 10" ecm ™. It is found that E, — Er =

1.02 % 10~ eV. (a) What is the excess carrier concentration? (b) Determine Eg, — Ef.
(c¢) Calculate Ey, — Ef,.

A p-type silicon sample is doped at N, = 6 X 10" cm . It is determined that E;, —
Er = 0.270 eV. (a) Determine the excess carrier concentration. (b) Find Ey, — Ej,.

(¢) (i) Derive the expression for Ex — Eg,. (ii) Find E; — E,.
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6.34

6.36

6.37

6.38

Consider n-type GaAs doped at N, = 10" em ™. (a) For an excess concentration of
ép = (0.02)N,, determine (i) Es, — E, and (ii) Ex; — Eg,. (b) Repeat part (a) if ép =
(0.1)N.

A p-type gallium arsenide semiconductor at T = 300 K is doped at N, = 10" cm ™.
The excess carrier concentration varies linearly from 10 cm~ to zero over a distance
of 50 pm. Plot the position of the quasi-Fermi levels with respect to the intrinsic
Fermi level versus distance.

Consider p-type silicon at T = 300 K doped to N, = 5 X 10" em ™. Assume excess
carriers are present and assume that Er — Eg, = (0.01)AT. (a) Does this condition cor-
respond to low injection? Why or why not? (5) Determine Es, — Ej.

An n-type silicon sample is doped with donors at a concentration of N, = 10" cm ™. Ex-
cess carriers are generated such thal the excess hole concentration is given by dp(x) —
10 exp (—x/107* )cm ™. Plot the function E;,— Ej, versus x over the range 0 = x =

4 x 107

An n-type silicon semiconductor is doped at N; = 2 X 10" c¢cm ™, (a) Plot E, — Ej,
as a function of 8p over the range 10" = ép = 10" cm . (Use a log scale for ép.)
(b) Repeat part (a) for Es, — Ep.

Section 6.5 Excess Carrier Lifetime

6.40

Consider Equation (6.99) and the definitions of 7., and 7., by Equations (6.103) and

(6.104). Let n' = p' = n,. Assume that in a particular region of a semiconductor, n =

p = 0. (a) Determine the recombination rate R. (b) Explain what this result means

physically.

Again consider Equation (6.99) and the definitions of 7,4 and 7, given by

Equations (6.103) and (6.104). Let 7,y = 10 7sand 7y = 5 X 107 s. Also let n’ =
"=n, = 10" cm~. Assume very low injection so that én <« n,. Calculate R/én for

a semiconductor which is (a) n-type (1o => po). (b) intrinsic (no = py = n,), and

(¢) p-type (po 2> my).

Section 6.6 Surface Effects

*6.41

Consider an n-type semiconductor as shown in Figure P6.41, doped at N; = 10" cm™
and with a uniform excess carrier generation rate equal to g’ = 10°' cm s, Assume
that D, = 10 cm ¥s and 7,4 = 1077 5. The electric field is zero. (a) Determine the
steady-state excess minority carrier concentration versus x if the surface recombina-
tion velocity at x = 01s (i) s = 0, (if) s = 2000 cm/s, and (iii) s = =. (b) Calculate

the excess minority carrier concentration at x = 0 for (i) s = 0, (it) s = 2000 cm/s,
and (iif) s = =,

L S ntype

x=10 —

Figure P6.41 | Figure for Problem 6.41.
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Figure P6.44 | Figure for Problem 6.44.

*6.42 (a) Consider the p-type semiconductor shown in Figure P6.42 with the following
parameters: N, = 5 X 10" em™, D, = 25 ecm?/s, and 79 = 5 X 1077 5. The surface
recombination velocities at the two surfaces are shown. The electric field is zero. The
semiconductor is illuminated at x = 0 with an excess carrier generation rate equal to
g' =2 X 107 em *-s "', Determine the excess minority carrier electron concentration
versus x in steady state. (b) Repeat part (a) for 7,0 = =,

*6.43 Consider the n-type semiconductor shown in Figure P6.43. Assume that D, = 10 cm*/s
and 7,4 = %. The electric field is zero. Assume that a flux of excess electrons and
holes is incident at x = (. Let the flux of each carrier type be 10" carriers/cm?-s.
Determine the minority carrier hole current versus x if the surface recombination
velocity is (a) s(W) = = and (b) s(W) = 2000 cm/s.

A p-type semiconductor is shown in Figure P6.44. The surface recombination veloci-
ties are shown. The semiconductor is uniformly illuminated for —W < x < () produc-
ing a constant excess carrier generation rate Gi. Determine the steady-state excess
carrier concentration versus x if the minority carrier lifetime is infinite and if the
electric field is zero.

6.45 Plot 8p(x) versus x for various values of s using Equation (6.113). Choose reasonable
parameter values.

Summary and Review

*6.46 Consider an n-type semiconductor as shown in Figure P6.41. The material is doped at
N, =3 X 10"cm " and N, = 0. Assume that D, = 12 em*s and 7, = 2 X 1077 5. The
electric field is zero. *Design” the surface recombination velocity so that the minority
carrier diffusion current density at the surface is no greater than J, = —0.18 A/em’
with a uniform excess carrier generation rate equal to g* = 3 X 10" em -5/,

6.47 Consider a semiconductor with excess carriers present. From the definition of car-
rier lifetimes and recombination rates, determine the average time that an electron
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stays in the conduction band and the average time that a hole stays in the valence
band. Discuss these relations for (a) an intrinsic semiconductor and (b) an n-type
semiconductor.

{a] Design a GaAs photoconductor that is 4 pm thick. Assume that the material is
doped at N, = 10" cm™* and has lifetime values of 7,0 = 107sand 7,0, = 5 X 107
s. With an excitation of g' = 10*' cm ' 5!, a photocurrent of at least 2 pA is required
with an applied voltage of 2 V. (b) Repeat the design for a silicon photoconductor that
has the same parameters as given in part (a).
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