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The roles that the deep level impurities, chromium and oxygen,

play in the recombination and trapping processes of the photoinjected

carriers in bulk n-type GaAs have been investigated by using photo-

magnetoelectric (PME) and photoconductive (PC) effects at various

injection ranges and temperatures. A generalized theory for the PME

and PC effects is developed, taking into account the variation of

carrier lifetimes with injected carrier density and the trapping of

holes in the chromium levels, by using a Shockley-Read type recombination

and trapping model. The experimental results have yielded the dependence

of the carrier lifetimes on injections over a wide injection range in

the Cr-doped GaAs. For the oxygen-doped n-type GaAs, it is found that

at low temperatures the band to band radiative recombination mechanism

prevails. The experimentally obtained capture probability compares

favorably with Hall's radiative recombination model.
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emission rate, the capture cross section of electrons and the

dependence cf the thermaJ emission rate on static electric fields

are obtained from the transient dark and photocapacitance measurements
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CHAPTER I

INTRODUCTION

Since gallium arsenide (GaAs) has shov7n superior electrical

properties such as high electron mobility, high breakdo\im field and

lower shallow level impurity ionization energy over those of silicon,

better understanding of its physical properties has become an

enthusiastica] ly pursued subject.

In reality and potentiality, GaAs finds wide application in solid

state devices. The device characteristics are greatly influenced by

the existence of deep level impurities in GaAs which is either inherited

from the crystal growing processes or intentionally doped. The

situation is similar to that of gold-doped silicon. The progress in

the applications of GaAs, where the concentration of a deep level

impurity is abundant, will be furthered by a complete understanding of

its electrical properties. In this material the impurity centers make

a substantial contribution to the density of charge centers that

fluctuate with carrier injection. This is due to its ability to commu-

nicate with the excess electrons in the conduction band of the semi-

conductor.

Although considerable work has been published concerning the

trapping and recombination properties of defects in semiconductors,

relatively few are dealing with GaAs. The most effective method for

studying the trapping and the recombination mechanisms is the carrier

- 1 -
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lifetime measurement. Amcng available methods, the photomagneto-

electric (PME) and the photoconductive (PC) effect measurements

performed under steady-state condition are the favorite ones for

obtaining the excess carrier lifetimes and consequentlv for under-

standing the transport mechanism.

The PME and PC effects in undoped semi-insulating and semi-

conducting GaAs single crystals were first reported by Holeman and

1 2
Hilsum. Kurd reported the experimental results of the Dember and

PME effects in oxygen-doped GaAs between 140 and 300°K. The photo-

electronic analysis of high resistivity n-type GaAs was given by Bube.

It has also been shown that the minority carrier lifetimes of the more

heavily doped samples are controlled by band to band radiative

recombination, while the minority carrier lifetimes of high resistivity

samples are determined by recombination centers lying in the middle of

4 5
the band gap. ' A more recent study on the photoconductivity of high

resistivity GaAs and Cr-doped GaAs vjas given by Broom. In all these

works, the roles that oxygen and chromium have played in the excess

carrier recombination and trapping have not been specifically

determined. There is lack of understanding about the basic phy-sical

properties of the deep impurity centers which is believed to have

caused high resistivity in GaAs.

Most recently, the properties of deep level impurity in GaAs have

received noticeable attention in the literature. It has also become

clear that the metal-semiconductor Schottky diode is a powerful tool in

obtaining fundamental deep impurity parameters through its time-varying

capacitance-voltage relationship

.
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With respect to the understanding of semiconductor properties via

p
Schottky barrier diodes, Goodman presented the first comprehensive

descriptions of the contact characteristics in terms of the capacitance-

voltage relationship of the diode. Although the deep level impurity

effect was included, no detailed transient consideration was given in

his treatment. However, an interesting transient behavior in the high

frequency capacitance of the Schottky barrier diode on n-type GaAs vjas

9 If) 11 12
observed. ' ' ' This behavior has been interpreted as a result of

the existence of deep level impurities in GaAs. The electron capture

cross section, the thermal emission rate of electrons and the thermal

activation energy of deep impurity can presumably be obtained from the

9 10 11 12
transient time constant. ' ' ' However, the results for GaAs are

not in good agreement. For example, the determined thermal activation

13 11energy for oxygen in n-type GaAs ranges from 0.57 ev to 0.9 ev from

the conduction band edge, comparing with the value of 0.8 ev obtained

14
by optical and Hall-effect measurements.

Sah et al. reported transient capacitance experiments using gold-

+ +
doped silicon p-n step junctions (either p n or n p junction)

.

According to their model, the electronic properties of impurity centers

in semiconductors such as energy level, multiplicity of charge state,

thermal and optical capture cross sections, and emission rates of

electrons can be obtained. Their model applies equally well to the

metal-semiconductor Schottky barrier diodes. In this work, the Au-GaAs

(n-type) Schottky barrier diodes are fabricated with substrates doped

either with ex; v:en or chromium. The transient capacitance experimental

results are yzed by using the model proposed by Sah et al.
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The objective of this research is to study the transport,

recombination and trapping mechanisms of steady-state photoinjected

carriers associated specifically with oxygen and chromium impurities.

The electronic properties of these impurity centers, such as thermal

activation energy, thermal emission rate, capture cross section of

electrons and dependence of the thermal emission rate on static

electric fields are also investigated.

In Chapter II, the current transport theory of the metal-

semiconductor Schottky barrier diode is studied. Since the low carrier

concentration (n = 10 -10 cm ) n-type GaAs substrates have been used

for diode construction, it is expected that the depletion layer of the

diodes will be relatively wide. Therefore, the most probable mechanism

of electron transport at the interface is by thermionic emission over

the barrier. Being limited by imperfect GaAs technology, the diodes

fabricated are not ideal. Thus the interfacial layer and surface state

effects are also considered. In Chapter III, following a brief review

of the existing transient capacitance models, the method for determining

the deep impurity physical properties is discussed. Chapter IV contains

recombination models describing the excess carrier behavior in the

presence of deep impurities. The experimental procedures are described

in Chapter V. Chapter VI gives the experimental results and their

analyses. Conclusions and suggestions for further study are given in

Chapter VII.



CHAPTER II

CURRENT TRANSPORT IN SCHOTTKY BARRIER DIODES

Introduction

The cyrrent transport in metal-semiconductor barriers is mainly

due to majority carriers in contrast to p-n junctions where the minority

carriers are responsible. The theory of current flow over the barrier

of metal-semiconductor contacts is complicated. There are several

mechanisms, namely, thermionic emission, diffusion, ' thermionic

emission-diffusion, thermionic-field emission and field emission.

20 21
There are also some factors such as interfacial layer, ' surface

states ' and image force lowering of the barrier that could cause

deviations from the ideal case. The energy band diagram of such a

physical system is shown in Fig. 1. However, the identification of

these factors with current-voltage characteristics of a Schottky

barrier diode has been extremely difficult. Generally, one must

specify the range of applied bias voltage and temperature before a

relationship among current, voltage and temperature can be established.

Current Transport Theory

Ignoring the effect of image force and electron collisions within

the depletion region, Bethe's thermionic emission theory gives

J = A*T^ exp(-j^)[exp(g)-l] (1)

- 5 -
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Fig. 1 Energy band diagram of a metal-
semiconductor (n-type) contact with
an interfacial layer and surface states.
(After Cowley and Sze, Ref. 21)
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where

Assuming that the carrier concentration at the metal-semiconductor

interface and the edge of the depletion region are unaffected by the

current flow, the total current derived from the diffusion theory is

q D N_

^
^ kT ^

q(V^.-V)2N^
1/2

exp(-j^) exp(^)-l (2)

where the electron collisions are considered.

1 o

Crowell and Sze incorporated Schottky's diffusion theory and

thermionic emission theory into a single thermionic-diffusion theory.

A low electric field limit for application of this theory is estimated

from consideration of phonon-induced back scattering near the potential

energy maximum. A high electric field limit associated with the

transition to thermionic field emission is obtained by considering the

effect of quantum-mechanical reflection and quantum tunneling on the

thermionic recombination velocity near the metal-semiconductor inter-

face. It gives

T T f 2(m-l) "^^i
J = J ^ expf •

sat '^L m kT
bi

1/2
-1 expCg)-! (3)

where

m= ih)
dV

kT' d(£nJ)

-qtf'v

(4)

(5)J^^^ = A*T exp(-^^)

The value of m is determined by the type of emission over or through

the potential barrier. For pure thermionic emission m->-l. For other

cases m takes on a more complicated form.



19Another derivation has been given by Padovani and Stratton

covering the cases of thermionic-field emission and field emission.

The temperature dependence of current flow over a Schottky barrier is

fully discussed.

Since the carrier concentration of GaAs used in this work is in

the order of 10 -10 cm , the depletion layer width for Au-GaAs

(n-type) Schottky barrier is of the order of 100pm at zero bias.

Accordingly, the most probable mechanism of electron transport is by

thermionic emission. In the later part of this chapter, the thermionic

emission theory will be explored further.

Experimental evidence Indicates that the metal-GaAs surface has

a peak density of surface states near one third of the band gap from

22
the valence band edge. The presence of surface states causes field

23 18 2S
dependence of the barrier height. This in turn affects the C-V '

and I-V characteristics of the diode. Because of the imperfect GaAs

technology, there exists an interfacial layer between metal and GaAs.

Experimental results have connected the barrier height of the Schottky

20
diode with thickness of the interfacial layer. Thus the surface states

and interfacial layer effects will also be discussed.

Interfacial Layer Effect

The metal contacts evaporated onto the chemically etched surface

under the ordinary laboratory conditions cannot be thought to be ideally

intimate; there exists an interfacial layer." ' The thickness of the

o

layer is estimated to be 5~30A. It has been assumed by many authors,

19
for simplicity, that the layer is electrically transparent. This is

18 "^7

true under high electric field. ' " The current-voltage relation at
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27
very low bias voltage has been overlooked. Simmons derived a formula

for the electric tunneling effect through a potential barrier of

arbitrary shape existing in a thin insulating film.

For very low applied voltage, the tunneling resistivity is constant

(i.e., contact is ohmic) . The interfacial layer can be treated as a

high resistance series resistor. Its resistance value depends on the

thickness of the layer, equivalent barrier height and dielectric

. ,. , 27,28
constant of the layer.

In view of this ohmic behavior, the thermionic emission theory

gives

J = A*T^exp(-^)[exp(^-)-l] (6)

where m is a voltage dividing factor. It is worth noting that m is

essentially a function of interfacial layer resistivity and Eq. (6) is

valid for low reverse bias voltage. At very low voltage, V << —"—,

Eq. (6) becomes

•'^'^'"Pt^'O (6a)

which shows a linear relation between J and V.

Field Dependence of the Barrier

As mentioned in the previous section, the interfacial layer plays

an important role at very low bias voltage. At high reverse voltage,

Eq. (6) becomes

J = A*T^exp(-j^) (7)

which predicts that the reverse current would exhibit saturation.

However, this prediction is not consistent with the experimental
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18 19 29
results. * ' It is found that the potential barrier (j, is slightly

dependent upon the applied electric field.

Among barrier lowering mechanisms, the image force barrier

24
lowering gives

where

(A<|), ) = (^)
image

2qN V 1/2

E = ( ^

1/2

(8)

N
V = <^ V - — (1 + £n rp)
e ^b q N

On the other hand, the barrier lowering due to the equilibrium electro-

static charge distribution (dipole layer) prevailing at the contact can

K J 29
be expressed as

(A*, ) - af + • . . (9)
static

Here a Maclaurin series expansion is used and a is an adjustable

empirical parameter.

Combining Eqs. (6), (8) and (9), the reverse current is given by

J = A*T^exp^ K +(f^) + aE
bo Aire

)}

exp(^)-l
mki

(10)

This equation should be able to cover the current-voltage behavior in

a wide voltage range and for various physical situations. Andrews and

29
Lepselter used this model successfully to explain the I-V character-

istics of metal-silicide Schottky diodes. Since their diode fabrication

process virtually eliminates the interfacial layer, the value of m is

nearly equal to unity.
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Surface States Effect

The effect of surface states on the current transport is shown in

23
the form of barrier height lowering. Crowell et al. have obtained

d^

dE

rqDc Z . 1

1 >

-1

(11)

for the metal-semiconductor contact with both the surface states and

d^^

the interfacial layer. If "tf" is appreciable in comparison with the

width of the semiconductor depletion region, the surface states effect

cannot be overlooked.

From Eq. (3) we see that m is a characterization parameter for the

I-V relation. It is especially meaningful in the forward bias

condition with V >
3kT

Since both A* and
<J)

are electric field

dependent, a small deviation of m from unity should occur and

m £_dJL
kT dlnJ

1 -
kT d(lnA*) ^h ^ E ^*b a E

2qV d(^nE) 4V 2V 3E 2 V^p p e e>

-1

(12)

In this equation, the contribution due to the second and third

terms alone is small. It is shown that m equals 1.04 for the W-GaAs

diode. ^^ From Eq. (11) we can see that if the surface state density D^

d^

is high, —r— =0. A greater deviation of m from unity can only be

explained through an adjustable parameter a. The physical origin of a

29
could be the electrostatic dipole or the interfacial layer.

Since the current transport is not the main subject of this study,

no further exploring will be pursued. In Chapter VI we shall present

some experimental results to substantiate the points raised in this

chapter.

In the following chapter another aspect of the metal-semiconductor

contact properties, namely the capacitance and voltage relation, will
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be studied in some detail. The effect of deep level impurities on

C-V characteristics will also be investigated.



CHAPTER III

THE CAPACITANCE-VOLTAGE CHARACTERISTICS OF SCHOTTKY

BARRIER DIODES IN THE PRESENCE OF DEEP LEVEL IMPURITIES

Introduction

In metal-semiconductor contact, the conduction and valence bands

of the semiconductor are brought into a definite energy relationship

with the Fermi level in the metal. This relationship serves as a

boundary condition on the solution of Poisson's equation in the

semiconductor.

Using abrupt junction approximation, the following relation is

24
obtained

2 "I'^D
C2 . 5 __ (13)

2[^^-V-f (l+£n^)]

qeN^

2V
e

(13a)

Eq. (13a) can be rewritten in the form

2V

C2 ^^^D

(14)

or

N^ = - (^^)"^ (15)
D qe dV

If the donor concentration N is uniformly distributed throughout

-2
the semiconductor, then from Eq , (14), the slope of a plot of C versus

13 -
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V for reverse bias yields the donor concentration. The barrier height

can be obtained from the extrapolated intercept of the relationship on

the voltage axis. If N is not a constant spatially, one can still

utilize the differential capacitance method to determine the doping

profile from Eq. (15). However, the presence of the deep level

impurities in GaAs makes it difficult to interpret the measured capaci-

tance. This is due to the fact that the deep impurities do not respond

to the high frequency test signals, yet its influence on the diode is

, ,1 9,10,11,12 „ . . , . . ,observable. Previous reports deal with the follov:ing physical

situations at a temperature higher than the freeze-out temperature of

the deep impurity states: First of all, the diode is placed at zero

bias, such that the deep impurity centers are filled with electrons.

After applying reverse bias, the deep impurity centers in the depletion

region of the diode start to ionize or deionize. This process, in turn,

causes the diode capacitance to vary according to the characteristics

of the deep impurities.

Several models have been suggested to describe the situation, but

the results are not in good agreement. In the following section, the

existing models are reviewed. A model which is originally for deep

level impurities in p-n step junction will be discussed in some detail.

It shall be proved experimentally in Chapter VI that it applies equally

well to the Schottky barrier diode.

Review of the Existing Models

The first detailed treatment of the metal-semiconductor C-V

Q
properties was presented by Goodman. The effects of an insulating

interfacial layer between the metal and semiconductor and of traps

(deep level impurities) in the depletion region have been evaluated.
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Goodman's model was modified by Senechal and Basinski by taking

into account a more sophisticated charge distribution. Using a

simplified energy band diagram (Figs. 2(a) and 2(b)), a small variation

in DC voltage is given by

AV

qNj^AAW qN^AAW

~ C eA eA
(16)

W (W-A^)

This equation can be rearranged as

AV
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(a)

qN,
qN

-*- X

W

(b)

Fig. 2 (a) Energy band diagram of a metal-semiconductor
(n-type) in the presence of donor-type deep
level impurities

(b) Spatial distribution of charges.
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Basinski and Copeland's models and has been able to derive deep

impurity information without resorting to the transient measurement.

Their results will be evaluated and compared in a later chapter (see

Table 2).

In the following section, by extending the model by Sah et al.

on the p-n junction capacitance to the metal-semiconductor Schottky

barrier diode capacitance, a straightforward and simple method is

presented for determining the deep impurity parameters. In the mean-

time it is necessary to discuss the electron transport associated with

the deep level impurity centers prior to studying a special physical

situation.

Transition Processes in Deep Impurity Centers

9
As first suggested by Williams, the transient phenomenon in

capacitance on the Au-GaAs (n-type) Schottky barrier diode is due to

the emptying of the filled deep impurity centers in the depletion

region. To facilitate the discussion of the processes involved, the

energy band diagram of the semiconductor with single level deep impurity

centers is shown in Fig. 3. There are eight possible thermal and

optical processes associated with the deep impurity centers and excess

carriers. The rate equation is given by

dn^— = (c^n + ep)p^ - (Cpp + e^)n^ (19)

dn^
Here -r— denotes the rate of change in electron concentrations in the

deep impurities. The exact solution for Eq . (19) is complicated and can

only be obtained by solving the continuity and rate equations

simultaneously

.
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hv

^ hv

^

T

hv

E,

^
hv

(a) (b)

Fig. 3. The energy band diagram and
(a) four thermal and (b) four optical
transition processes between the deep
level impurity and the conduction band,

(After Sah et al., Ref. 15)
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However, with the case we are dealing here, a simplification is

possible. For the metal-semiconductor Schottky barrier structure, the

charge distribution in the depletion region is shown in Fig. 2(b).

Charge neutrality is assumed outside of the depletion region < x < w.

This approximation allows the use of constant quasi-Fermi levels in

this region. Inside the depletion region, the constant quasi-Fermi

level approximation is still adequate, since all that is necessary for

simplification is the depletion condition n = p = 0. Then the rate

equation becomes

dn^
-7— = e N - n (e +e )
at p T T n p

(19a)

Here the totality condition N = n +p is used. The solution of Eq.

(19a) subject to the initial condition of n (t=0) = is

e

n^(t) = N^ 1-
(e +e )
n p n p

exp[-(e +e )t]
n p 1

(20)

This time dependence of charge density in the depletion region

contributes to the transient phenomenon in the capacitance.

Dark Transient Capacitance

The high frequency capacitance of a Schottky barrier diode is

given by

^ dQ(W) ^ eA
dV(W) W

The main task in deriving the capacitance expression is to obtain

the depletion region width W. In the presence of donor-like deep level

impurities, the net charge distribution can be approximated by (see

Fig. 2(b))
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p(x) = q[N^ +
-(TT^J-y]

for < X < Xj.

n p

p(x) = qN
D

for X < x < W

(21a)

(21b)

and

P(x) = for X > W (21c)

width is

After solving Poisson's equation, the total depletion layer

15

W =
(N^(l-a)

(Nj^-taN^)

2e*^ U {(2e/q)[(Nj^-f«N^)(V^.+V^)+N^(l-a)^^]|

q(VNx)

^

(Njj-kiN^)
(22)

where

a = n

e +e
n p

(22a)

*.
^f-^T

t q

At large reverse bias voltage, the depletion ^^7idth becomes

(22b)

W =
2e (V +V )^ bi R-^

(Nj^+aN^)
(22c)

Then, for an ideal Schottky barrier diode, the high frequency

capacitance can be expressed as

C =
qeA (Nj^+n^)

2(\i+\)
(23)

By combining Eqs. (20) and (23), the transient capacitance for the

condition of e >> e is
n p

;(t) =1
qeA

2(\i+\)
Njj+N^(l-exp(-n^»]!^ (24)

qeA (Nj^+N^)

'^\±-'\^ 1 - ^N^N^^-P^-n^) (24a)
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where V is a unit step applied voltage.
R

The initial capacitance (t = ) is

C(0"^) =
qeA\

2(^i+\)
(25)

and the final steady-state value is

C(t==o)

qeA^(Nj^+N^)

2(^i+V
(26)

In addition, if the capacitance values are taken at times such

that

^T

then from Eqs. (20) and (24) the time varying capacitance is an

exponential function of time:
j

C(t) =
qeA^(Nj^+N^,)

2(^i-^\)

1 ^T
1 -2 ^N^^^^P^-^n^^ (27)

From Eqs. (25) and (26), the shallow and deep impurity doping

concentrations can be determined, while the transient time constant is

obtained from Eq. (27),

The time constant of the transient capacitance gives us the value

of the thermal emission rate of electrons from the deep impurities. It

is worth noting that the thermal emission rate is not an equilibrium

value. Under the influence of an electric field, the impurity potential

barrier is lowered by an amount AE. Thus the thermal emission rate is

given by

e (E) = e (0) exp[AE/kT]
n n

(28)

where
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E -E

e^(0) = (N^v^S^)exp(- -|^) (29)

and the statistical weighting factor has been assumed to be unity. If

the emission rate is independent of the electric field, the activation

energy of the deep impurity states can be obtained through the measure-

ment of the temperature dependence of the emission rate by using Eq.

(29). The transient capacitance of Eq. (27) would also show true

exponential dependence on time and the electron capture cross section

S can also be calculated from Eq. (29).

For the case of acceptor-type deep level impurities, the time

dependence of the capacitance can be expressed as

^(^^ =
{2(V+V,)

[N^-N^exp(-e^t)]j^/2 ^3^^
b i R

Again, the values of N , N and e can be determined by Eq . (30)

from the measurements of time constant, the initial and final values

of capacitance.

Transient Photocapacitance

In the dark transient capacitance measurement, the deep donor

impurity centers were filled with electrons initially at zero bias

condition. The filling of electrons at the deep impurity centers can

also be achieved by shining the interband light (hv > E ) onto the top

surface of the device which is reverse biased at a certain voltage.

Upon reaching the steady state, the recapture of photoinjected

electrons by the deep impurities in the depletion region is balanced by

the thermal release of electrons from the impurities. When the light

is removed, the thermal release of the remaining captured electrons

from the deep impurities causes the change in the diode capacitance.
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From the time constant of this transient capacitance measurement, the

thermal emission rate can be obtained.

Summary

We have demonstrated in this chapter that some parameters of the

deep level impurity can be obtained by using transient capacitance

measurement. These parameters are important to the kinetic behavior of

excess carriers. For example, if there is only one electrically active

impurity level, the lifetime of holes in low level injection in an

n-type semiconductor is

1

P ^^^T
(31)

Here the values of S and N are determinedby the transient capacitance

measurement. In the next chapter, the behavior of excess carriers in a

semiconductor with the presence of deep impurity centers will be

examined.



CHAPTER IV

RECOMBINATION AND TRAPPING PROCESSES
IN BULK n-TYPE GaAs IN THE PRESENCE

OF DEEP LEVEL IMPURITIES

Introduction

In the previous chapter, the properties of deep level impurities

in a semiconductor are studied in terms of its thermal activation

energy, electron emission rate and capture cross section through C-V

relationship in a Schottky diode. However, the deep impurity can also

serve as a trapping or recombination center for excess carriers in the

32
semiconductor. A complete review of the effects of trapping on

33 32
carrier transport is done by van Roosbroeck, while Shockley-Read

34
and Sah-Shockley models provide the necessary trapping and

recombination statistics. In the case of the deep impurity not being

an effective recombination center. Hall's band to band radiative

35
recombination model is applicable.

The most effective method for studying the trapping and the

recombination mechanisms is the carrier lifetime measurement. We

choose the photomagnetoelectric (PME) and the photoconductive (PC)

effects to measure the carrier lifetimes, and investigate the effects

of chromium and oxygen on the transport of excess carriers in bulk

n-type GaAs.

In this chapter, a generalized theory to account for the observed

PME and PC effects on chromium and oxygen doped GaAs is developed by

- 24 -
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considering the carrier lifetimes as a function of the injection and

the effect of trapping. Based on this theory, we are able to determine

the properties of chromium and oxygen as recombination and trapping

centers.

Charge Neutrality in Semiconductors

In steady state injection, the emission and capture of carriers by

the impurity centers cause the charge in such centers to change from

r

its equilibrium values. Utilizing the energy band diagram for an n-type

semiconductor with one shallow level donor and one deep level acceptor

impurities shown in Fig. 4, the requirement of charge neutrality gives

p + (Njj - r^) - N~ - n = (32)

By subtracting the thermal equilibrium contribution we have

Ap = An + An^j + AN~ • (33)

34
Applying Sah-Shockley statistics to this physical situation we

obtain

(n+n,)c
N- = N° ^—S- (34)

(p+P^)Cp

and

N^ = N~ + N° (34a)

Consider the case of undercompensation (N > N ) at temperatures

low enough that the semiconductor is an extrinsic n-type. The

3fi
quantities n

, p and p are negligible and the statistics give

Also from Eqs. (34) and (34a) we obtain
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"d
N„

Fig. 4 Localized states introduced by the

shallow and deep level impurities

in the forbidden band for a semi-

conductor. The centers are shown

in their available charge states.
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'^T'^T^ (36)

where

o
c

- _il

c
P

Realizing that in thermal equilibrium

(Nj^-n^) = N^ + n^ ^ N^ (37)
th. eq.

and

(N^) = N^ •

(38)
th. eq.

the charge neutrality equation (Eq.(33)) can be rewritten as

ApN^ N -1

^P ^ I^^ = An + An N^ (-^^ n^ 4- An) (39)

Therefore, the density of carriers trapped in the impurity states

is a function of the injected carrier densities. If the density of

these traps is larger than the excess carrier density, the charge in

them will play an important role in preserving the charge neutrality

under the steady state injection. This has been shown by Agraz and

T • 37,38 , .... . .. ,Li. In a certain xnjection range we can define the parameters T

and Z such that

I
Ap = TAn (40)

T

where r = —^ < 1 for hole trapping.
n

Trapping and Recombination Processes Through Deep Level Impurities

In order to understand the charge states in the acceptor levels

under dark and illumination conditions, an energy band diagram for the

n-type semiconductor is presented in Fig. 5. In thermal equilibrium.
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the acceptor levels are occupied by the conduction electrons (see Fig.

5(a)) and are in negative charge state. For steady-state injection,

the free holes in the valence band are captured by the negatively

charged acceptor centers due to the Coulomb attractive potential. As a

result, these trapped holes will tend to destroy the charge balance in

the localized and band states. This is true for the case when the

acceptor density is much higher than the thermal equilibrium electron

concentration. The impurity centers tend to serve as recombination

centers.

. 34
The recombination rate is

N ': c
„ - 2. T n p
R = (np-n.) ^

c (n+n )+c (p+p^)
n i p 1

= (n Ap + p An)
o o ny+Ap

A An ^ A2_ (41)
T T
n p

The carrier lifetimes depend on the injected carrier density as we

have seen in the above equation. This dependence can be expressed in

terms of a power-law relationship between t and An, that is

T = <An^ (^2)
n

in certain injection ranges. In the high injection region, the charge

states in localized and band states are essentially controlled by the

injected carrier densities. The electron and hole lifetimes are equal

and independent of injection. The trapping constant T is equal to

unity and B = 0. In other injection ranges, it is still possible to

37,38
have 3=0, although it usually assumes values other than zero.
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Radiative Recombination in the Host Crystal

If the semiconductor is heavily doped or if the deep level

impurities in a semiconductor are in a neutral charge state, the

recombination mechanism is most likely to be the band to band radiative

recombination. In a nondegenerate semiconductor, the rate at which

excess electrons and holes disappear is proportional to the product of

the electron and hole concentrations. Thus the recombination rate is

r

R = B^(np-n^) (43)

For large injection, An >> n , Ap >> p ,

R = B AnAp (44)

The capture probability B can be evaluated theoretically by

setting the equilibrium rate of radiative recombination equal to the

total amount of black-body radiation absorbed by the crystal due to

35
band to band process. It has been derived by Hall and is given by

1 o ^ 3/2 m m 3/2

B = 0.58 X 10-^2/F (-^) (1 + -^ + -^)(^) eI (45)
r m^+m^ m^ m^ T g

The band to band radiative carrier lifetimes for large injection

are defined in terms of the recombination rate

R = ^ = ^ (46)
T T
n p

and are

1 1
T = T =
n p B An B Ap

(47)

It is noted here that internal absorption will increase the apparent

radiative lifetime in samples which are thick compared to the absorption

distance for the recombination radiation. Equations (46) and (47) also
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indicate that the capture probability B can be determined at various

temperatures by measuring carrier lifetimes at certain injection ranges.

In the following section, the method for obtaining the quantities x
,

T , B and An will be presented,
p' r

Carrier Lifetime Measurement Using PME and PC Effects

The theory for the PME effect involves the solution of the

continuity equation for the carriers injected at the illuminated

surface. Detailed descriptions of the physical system have been given

33 37by van Roosbroeck and Agraz and Li. In this section, we shall

present a generalized theory to account for the trapping effect in the

presence of deep level impurities in bulk semiconductors.

With the help of Eqs. (40) and (42), the generalized expressions

for PME short-circuit current and photoconductance can be derived as

follows: The photoconductance per unit sample length-to-width ratio is

given by

AG = q (y An + p Ap)dy
'o

"

^%
An ^ D d(An)

" (An * ^) i;r C (48)
'o ^ (2 /" D Rd(4n»'*

o a
2D r

where D = „ ,, is the effective diffusion constant and
a r+b

R = (^) An^"^ (48a)

We obtain the general expression for photoconductance AG by solving

Eqs. (48) and (48a).

2^^^. w 2

£+6+1

1

The PME short-circuit current per unit width I„,,^ is
PME
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PME p

An
D d(An)
a

(50)

= 2qy (l+b)D TBAn
P P o

(51)

The relationship between Ipwp and AG can now be derived from Eqs. (49)

and (51) by eliminating An from these two equations. The result

yields

^PME
= 2qyp(l+b)BrDp

(l+C+B)
2 £+3+1

A(l+£-B)D r<
P

AG

qtJ.

£+3+1
(52)

This general expression of Ip^^ versus AG is rather important since

it provides a direct correlation among the measureable quantities I

y , B and AG, and allows us to make a direct comparison of the

theoretical prediction with the experimental results.

In general, the electron and hole lifetimes are functions of

injection. In order to determine the lifetimes as functions of

injection, it is necessary to define an apparent lifetime x in the

I expression. This can be achieved by rewriting Eq. (52) into

PME'

PME

D >l/2
a

B AG (53)

where

-2

T =
a

2D r
p

(l+£+3)'

4(l+£-3)D Tk
P

l+£+g
2 (£+3-1)

AG

qyn

(£+3+1)

(54)

is the PME apparent lifetime.

To deduce the electron and hole lifetimes from the PME apparent

lifetimes, we make use of the following relation in the presence of

• 39
trapping
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T Ap+T An T +rT
^ = _B IL_ = _-E a = 2t (55)
^a An+Ap 1+r p ^ ^

where we assume T = —^ < 1.
T
n

In essence, x is a parallel sum of x and x , and is controlled'a n p

by the shorter of the two lifetimes. Subsequently, the remainder of

the parameters T and k can be deduced by using Eqs. (49), (53) and (54).

Since we have made use of Eq. (40), we are assuming that the

Shockley-Read type recombination mechanism is dominant; however, the

generalized theory is equally applicable to the case of band to band

radiative recombination processes. In this particular situation, by

setting r=l(i.e. X =x,no trapping), k = B and 6 = -1 in Eq.
° n p r

(52), we obtain an expression for the PME short-circuit current for the

radiative recombination. It can be written as

I.V,. = T (— )AG^ (56)
PME 6 qy^ n

where the electron and hole mobility ratio b is assumed to be much

greater than unity. Comparing this equation with Eq . (53) we obtain

the electron and hole lifetimes for band to band radiative recombination

2

'n
" 'p '"^p^B AG^

T_ = T_ = 72D_(^) (57)

r

This equation shows that the electron and hole' lifetimes are

inversely proportional to the square of the photoconductance under a

large injection condition.

We can also rewrite Eq. (56) into

6(qy_) Ip.,p

B =
f- i-f^) (58)

^ (AG) 2 ^
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This equation provides a simple method for determining the capture

probability B which is obtained by the concurrent measurements of

I„„^/B, AG and the photo-Hall mobility u .

PME n

Summary

After considering the charge neutrality condition in the semi-

conductor, a simple power-law relation between An and Ap is established.

By taking into account the variation of carrier lifetimes with injected

carrier density and the effect of trapping, a generalized theory for

the PME and PC effects is then developed. For acceptor-type deep level

impurities in the n-type semiconductor, the Shockley-Read type

recombination model is used to interpret the recombination process. On

the other hand, Hall's band to band radiative recombination model is

used for the semiconductor in the presence of neutral deep impurity

centers.
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EXPERIMENTS

Preparation of Devices

GaAs wafers were n-type oxygen- or chromium-doped single crystals

with faces in the (111) plane. The samples were mechanically lapped and

chemically etched in a solution of 3 : 1: 1 :H„SO, :H_0„ :H-0 at 90°C. Ohmic
2 4 2 2 2

contacts were provided on the rear surface by evaporation of indium,,

and alloying at 375°C in a hydrogen atmosphere. The front face was

chemically polished prior to evaporation of a gold dot in an area of

2
approximately 3 mm . The gold evaporation was performed in a vacuum

—8
with the background pressure of -5x10 torr.

The packaging of the device was made by using a TO-18 transistor

header. By applying silver paste, the ohmic contact side of the diode

was "glued" onto the header (collector terminal). After gold wire

connections were made, the diodes v/ere baked at 110°C for Ik hours.

The basic physical parameters of typical devices fabricated are

summarized in Table 1.

Sample Preparation

Two slices of rectangular bar cut from a Cr-doped semi-insulating

n-type GaAs single crystal wafer (total chromium impurity density is

17 -3
1-3x10 cm ) were made by the zone-melting method. The sample dimen-

3 '\

sions are 0.5x1x0.1 cm for Sample No. 1 (S-1) and 0.4x0.8x0.1 cm for

- 35 -
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Sample No. 2 (S-2) . A third slice was cut from an oxygen-doped semi-

15 -3
conducting n-type GaAs single crystal (n = 10 cm ). The dimension

3
for this sample (S-3) is 0.38x0.8x0.04 cm . The samples were

mechanically lapped with silicon carbide powder on all six faces and

chemically etched on the illuminated surface by using a solution of

3 H^SO, :H^O^:H„0. Ohmic contact was made by indium alloying in
2 4 2/2

hydrogen atmosphere at 375°C.

Current-Voltage Measurement

The experimental arrangement for I-V measurements is shown in

Fig. 6. The device impedance r is always greater than the precision

resistors r and r . The input impedance of the digital voltmeter
^1 "2

is much greater than r_ and r^ also. The current flowing through
^1 "2

the diode can be calculated by V /r (i = 1,2). The voltage across

1

the diode is obtained by V - V .

Capacitance-Voltage Measurement

A system for measuring the transient capacitance and transient

photocapacitance was set up as shown in Fig. 7. It consists of a

Wayne-Kerr B641 Capacitance Bridge, a low noise amplifier, a wave

analyzer, a Perkin-Elmer 98 Monochromator and an X-Y recorder. The

system is calibrated such that the deviation from the balanced value

of the capacitance bridge, AC = C(t)-C(t=«') , is linearly proportional

to the DC output of the wave analyzer.

The transient capacitance measurement procedure is as follows:

(1) At a certain reverse bias voltage, after the steady state is

reached, apply a small signal (< 10 mV) at 100 KHz to null the bridge.
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(2) Leaving the bridge as it is, remove the bias voltage (so that the

diode is at zero bias). The null detector has maximum deflection.

(3) After waiting for 10 minutes, the same reverse bias is suddenly

applied to the diode. The bridge is restored to the balance position

gradually, and the behavior of restoration is recorded on an X-Y

recorder.

(4) The data are then analyzed according to Eqs. (24) and (30).

Photocapacitance Measurement

The system and procedures for measuring transient photocapacitance

are essentially the same as those used for measuring the C-V relation-

o

ship. The light source is the He-Ne laser with a wavelength of 6328A.

In steps (2) and (3) above, the removing and applying bias voltages are

replaced by shining the light on the diode and removing the light from

the diode respectively. The rest of the steps are the same.

Bulk Effect Measurements

The resistivity. Hall-effect and Photo-Hall-ef f ect measurements

were performed by using the standard DC method. The measurements were

made at 300 and 80°K for S-1 and S-2, at 20.8 and 4.2°K for S-3. The

technique for measuring the PME and PC responses using the DC method is

40
described in detail by Li. For the case of small injection, an AC

system was set up. The system assembly is illustrated in Fig, 8. First

of all, the system was calibrated such that the DC output of the wave

analyzer is linearly proportional to the signal. The tungsten light

source was chopped at 400 Hz and the PME and PC signals picked up from

the sample were passed through the amplifier and a wave analyzer. The

system provides a maximum voltage gain of 10 , which allows us to
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Fig. 8 Experimental set-up for the AC PME measurement,
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measure a relatively small signal. The smallest signal current

detected is in the magnitude of lO" amp, and the signal-to-noise

ratio is better than 10.



CtL^PTER VI

EXPERIMENTAL RESULTS AND ANALYSES

Introduction

The temperature dependence of Au-GaAs (n-type) Schottky diodes

forward I-V characteristics was measured. Values of the barrier

height were deduced from these measurements. The reverse I-V

measurement was used to study the effect of the interfacial layer.

The transient capacitance measurements of the Schottky diodes were

performed between 285 and 316°K. From the temperature dependence of

the time constant, the thermal activation energies of the deep level

impurities such as oxygen an chromium in n-type GaAs were determined.

The capture cross sections for electrons were also calculated from the

time constant data.

The bulk effect measurements were performed to obtain the

functional dependence of carrier lifetimes on the excess carrier

injection. The recombination mechanisms of excess carriers in n-type

GaAs with the presence of deep impurities were investigated.

Forward Current-Voltage Measurement of Au-GaAs Schottky Diodes

The forward I-V relation of a Schottky diode by thermionic

3kT
emission theory for V > is

J = A*T exp
fe^-^bo-^

qf
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The I-V plots for devices D-11 and D-17 at different temperatures are

shown in Figs. 9 and 10 respectively. From the slope of these lines,

the values of m are calculated through the equation

q dV
"^ =

kT J(h^ (60)

which are included in Figs. 9 and 10. The appreciable deviation of m

values from unity could be caused either by the electro-static dipole

or the voltage dividing nature of the interfacial layer; however, the

exact cause for this nonideal result still cannot be determined.

Now, if we extrapolate the tn I versus V- plots to the small

voltage region till they intercept the V=0 ordinate as shown in Figs.

9 and 10, we can obtain the saturation current I (see Eq. (7)). In
Scl U

Fig. 11, In (I ^/T^) versus IQ-^/T for D-11 and D-17 is illustrated,
sat

The slope of these plots yields the barrier height cj), . The values of

the barrier height are 0.87 ev and 0.86 ev for D-11 and D-17

respectively. The results indicate that the different deep impurities

in n-type GaAs have no effects on the values of the barrier height.

These values are within the difference of gold work function i, and
m

24
electron affinity of GaAsx- It is known that

* =4.7-5.2ev for Au
^m

X = 4.07 ev for GaAs

and thus

(t-^
= * -X = 0-63 - 1.13 ev

bo m ^

The reported barrier height for Au-GaAs (n-type) Schottky diodes is

0.90 ev.
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Fig. 9 Forward voltage-current relationship of Au-GaAs (n-tvpe)Schottky barrier diode D-11 at various temperatures.
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Fig. 10 Forward voltage-current relationship of Au-GaAs (n-type)

Schottky barrier diode D-17 at various temperatures.
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10^/T (°K h

Fig. 11 -~ versus 10 /T for the Au-GaAs (n-type) Schottky

barrier diodes D-11 and D-17.
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The Reverse Current-Voltage Measurement of Au-GaAs Schottky Diodes

In Fig. 12, the reverse I-V characteristics for D-17 at 300°K is

shown. Experimental data are illustrated by the circles while the solid

line represents the theoretical prediction of Eq . (10) with the

following parameters:

Np = 2.7 X 10-^^ cm"-^ m = 9

A* = 4.4 amp/cm^/°K^ a = 1.44 x lO'^ cm

4^ = 0.85 ev
bo

For V > -0.15v, the term [exp(-^—)-ll dominates the behavior of
•^ mki ''

reverse-current I. This is in accord with the existence of an inter-

facial layer. The value of m is related to the thickness of the layer

27
and the equivalent barrier height. Instead of solving the complicated

tunneling problem, this empirical parameter m serves as a merit factor.

For metal-silicide Schottky diodes, the problems of interfacial layer

29and surface imperfection do not exist and m value is unity. For

comparison, the prediction with m = 1 is also included in Fig. 12.

In the range of higher voltages, the barrier lowering mechanisms

dominate the I-V behavior. The value of a = 1.44x10 cm for our

device is higher than that of metal-silicide Schottky diodes. This

indicates that the dipole layer effect is strong in our device. The

dipole layer is thought to be a fundamental consequence of electronic

wave function penetration from the metal into the forbidden gap of the

29
semiconductor. Perhaps the existence of the deep level impurities

has enhanced this effect.
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Transient Capacitance Meagurement of Au-GaAs Schottky Diodes

The transient capacitance measurements were performed between

285 and 316°K. A typical capacitance C = C(t)-C(t==o) versus time t

is illustrated in Fig. 13. In the previous section, the experimental

results have Indicated the existence of a high resistance interfacial

Q
layer in series with the device. Then the measured capacitance C' is

' 1+0) rC

2 2 2where r is the equivalent series resistance. Since o) r C < 1 in our

experiments (see a later section), Eq. (24) still can be used to

analyze the C-V data without introducing appreciable error.

With the help of the Hewlett-Packer calculator 9100A and the least

square curve fitting technique, the time constant (or the reciprocal of

the thermal emission rate of electrons), the steady-state capacitance

C(t=») and the initial capacitance C(t=0 ) were obtained (Eqs. (25),

(26) and (27)).

Field Dependence of Thermal Emission Rate of Electrons

The thermal emission rate of electrons e as a function of the
n

average applied electric field is shown for several devices in Fig. 14.

At low electric field, the thermal emission rates remain constant for

all devices. At higher electric field, the thermal emission rate of

Device D-17 shows rapid increase while that of others remains unchanged.

This can be explained qualitatively by the Poole-Frenkel effect (field-

31
assisted thermal ionization)

.

An electron is bound to the deep level impurity atom by some

potential which may either be Coulomb's attractive or neutral potential.

When an electric field is applied, the effect on the impurity potential
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is to lower the barrier that the trapped electron must overcome in

order to escape from the deep impurity atom. This then increases the

thermal emission rate since it requires less energy to release the

electron. It is reasonable to assume that the potential barrier

lowering by electric field is more effective on the neutral type

potential. This is because of the nature of loose bonding between an

electron and the neutral atom. The slighter field dependence of the

experimental results of Device D-7 seems to indicate an impurity

potential that is more of the Coulomb attractive type. The stronger

field dependent thermal emission rate of D-17 favors a neutral type

14
potential. Indeed, the deep impurity in D-7 is the donor-type oxygen.

The bonding force between the oxygen atom and an electron is the Coulomb

attractive type. While the deep impurity in Device D-17 is an acceptor

14
type chromium, the bonding potential is neutral type. Our

experimental results agree with these arguments.

The thermal emission rates of electrons determined by the transient

photocapacitance method using interband light (hv>E ) are also included

in Fig. 14. The slight difference in magnitudes could be due to small

temperature variations between two separate measurements. They do

indicate similar general trend.

Thermal Activation Energy of Deep Level Impurities

The temperature dependence of the thermal emission rate of electrons

is illustrated in Fig. 15. The data were taken at a bias voltage where

the emission rate is not field dependent. From Eq. (29) we can

determine the thermal activation energy of the deep impurities by

calculating the slope of £n(e ) versus 1/T (see Fig. 15). The results

for three devices are
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Fig. 15

The thermal emission rate of electron as a function of

temperature. (10-^/T) between 285 and 316°K. The data were

taken at V = -6 volts.
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D-7 (oxygen) E = 0.82 ev (from the conduction
band edge)

D-11 (oxygen) E^ = 0.80 ev

D-17 (chromium) E = 0.74 ev

Hence, in this measurement we have concluded that the thermal activation

energies for oxygen and chromium in GaAs are 0.81 ev and 0.74 ev from

the conduction band edge respectively. These values are in good

agreement with those obtained by the optical and Hall-effect measure-

14
ments. They are 0.80 ev and 0.73 ev for oxygen and chromium

respectively.

Calculation of Capture Cross Section

7 17 _3
Using v^ = 10 cm/sec, N„ = 4.7 x 10 cm and the values of e

t L, n

and E determined above in Eq . (29), the electron capture cross section

S is obtained
n

for chromium impurity S = 4.8 x 10 cm
n

and

-13 2
for oxygen impurity S = 8.0 x 10 cm

These results also reflect the acceptor nature of chromium impurity and

the donor nature of oxygen impurity. The capture cross section for

oxygen-doped samples determined by the present work is much larger than

previously reported values. This is due to the fact that the value of

E for oxygen in Eq. (29) used by previous authors is considerably

smaller than the value we obtained from the present result (for

comparisons, see Table II).

Determination of Shallow and Deep Level Impurity Concentrations

-2 -2
The C(t=0) versus V and C(t='») versus V are shown in Fig. 16

for the devices under study. Although there exists a high resistance
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-2
interfacial layer as a series resistor, the slope of C versus V still

gives the shallow and deep impurity concentrations through Eqs. (25)

g
and (26). The results are as follows:

for D-7 N = 2.18x10"^^ cm~^ , ¥i^ = 9. 2x10"""^ cm"-^

D-11 N^ = 5. 66x10''"^ cm"^, N^^ = 2.64x10''^^ cro"-^

D-17 N^ = 2.03xlO-'-^ cm"-^, Nj^ = 2.55xlO-'-^ cm"^

Comparing these values with those obtained by our Hall-effect measure-

ment on the bulk n-type GaAs samples, they are in good agreement (see

Table 1).

-2
The intercept of the C versus V plot on the voltage axis should

be the diffusion potential of the diode. However, the existence of a

high resistance interfacial layer makes the apparent diffusion potential

V' higher than the intrinsic value V, . . ' It has been shown that
hi ^ bi

2 2
V' = V, . + 2r^co
bi bi

l'd(l/C')^^
^

(62)
dV

From Fig. 16 and Eq. (62), the series resistance r can be estimated

(V^ . = 0.9 ev). They are
bx

r = 4 Kfi for D-7

r = 3.2 K^ for D-11

r = 10 Kf2 for D-17

These values are much larger than those of the ideal devices.

Nevertheless, they have had no appreciable effects on determining the

properties of deep impurity centers.

Hall-Effect, Photo-Hall-Effect and Conductivity Measurements

The dark resistivity for chromium-doped semi-insulating GaAs

sample S-1 is 1.2x10^ il-cm and 3x10^ fi-cm for S-2 at 300°K. The Hall
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2mobility was found to be about 250 cm /v-sec at 300°K. The low Hall

mobility is attributed to the mixed conduction in chromium-doped GaAs

occurring at room temperature, as pointed out by Inoue and Ohyama.

The electron mobility can be calculated from the conductivity

expression given in Ref. (42), and the result for the present case is

2found to be y^ = 1000 cm /v-sec at 300°K. The slight difference in

resistivity between S-1 and S-2 implies that the chromium densities are

not equal in the two samples. Presumably S-1 has slightly lower

chromium impurity density than S-2. This assumption is consistent with

the observation of the PME and PC responses in the two samples, in which

S-1 shows less trapping effect than S-2.

The photo-Hall-effect measurements over samples indicate that the

Hall mobility is a slowly varying function of injection. The photo-

Hall experiments in oxygen-doped n-type GaAs samples have been conducted

at T = 4.2°K and 20.8°K respectively. The electron density in these

samples measured at 300°K varies from 10 to 10 cm~^. The electron

mobility y is 3500 cm /V-sec at 300°K.

The result of the photo-Hall mobility data is displayed in Fig. 17

for T = 4.2 and 20.8°K. Note that the electron mobility is near

constant for AG - 10 mho but increases with increasing light intens

no _ c
The present result shows that y varies with AG for AG > 10 mho.

PME and PC Measurement on Chromium-doped n-type GaAs

In Fig. 18, Ipj^g/B versus AG for T = 80 and 300°K for both S-1 and

S-2 is illustrated. It is interesting to note that three well-defined

regions are obtained in Ipj^j^/B versus AG plot. In the high injection

region (I), Ipj^g/B is directly proportional to AG for S-1 and S-2 at
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The photo-Hall mobility versus photoconductance.
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AG for samples S-1 and S-2 at 80 and 300°K.
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300°K. The excess electron and hole densities are much higher than the

thermal equilibrium carrier concentration n and the electrically
o '

active chromium density. The charge neutrality condition is essentially

controlled by the excess electron and hole densities. The carrier life-

time IS independent of injection and the effect of trapping is

completely negligible. As a result, the conditions given by Eqs. (40)

and (42) are reduced to

An = Ap (i.e. r = 1, £ = 1)

and

T = T = T (i.e. B = 1)
n p 00

where t is the carrier lifetime and high injection as defined by

32
Shockley and Read. In this case i = t = t

n p a
2.5x10 ""-^

sec. (Fig,

19)

,1.2

In the intermediate injection region (II), I /B varies with

This is observed for both samples S-1 and S-2 at 80°K and for

S-1 at 300°K. The effect of hole trapping at the chromium-acceptor

-1/3
levels (r<l, 1=1), and the dependence of x on An leads to the

observed relation. Under the conditions of i=l, B= -1/3 and r^ 1

Eq. (54) becomes

T =
a

42
25
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300°K and 0.084 at 80°K for S-2, which shows that the ratio of x /x is
n p

about 5.5 at 300°K and about 12 at 80°K. These results are in good

agreement with the statement by Holeraan and Hilsum in that they predicted

a ratio of x /x < 10 for semi-insulatine GaAs.
n p

°

In the low injection range, another linear region for I„ /B versus
PME

AG is observed for sample S-2 (Fig. 18). In this region, the effect of

trapping is negligible (i.e. r = 1 and 1=1) and g = 0. The results are

-9
2x = X = X = 2.2 X 10 sec.

a n p

This is also included in Fig. 19. The injection (over five orders

of magnitude) dependency of carrier lifetimes discussed by Agraz and

38
Li has clearly been demonstrated in this experiment.

PME and PC Measurement on Oxygen-Doped N-type GaAs

A plot of Ipj,jp/B versus AG for T = 4.2 and 20.8°K is shown in

2Fig. 20. From this plot it is found that I„„^/B varies with AG which
PME

is in good agreement with the prediction given by Eq. (56). By using

Eq. (58) and data in Figs. 17 and 20, the capture probabilities for band

to band radiative recombination are calculated for oxygen-doped n-type

GaAs. The results yield

B = 1.15 x 10~^ cm'^/sec at T = 20.8°K
r

B = 1.23 X 10"''' cm-^/sec at 4.2°K
r

To compare the above experimental values of the capture probabili-

ties with those predicted by Hall's direct radiative recombination

formula, we use Eq, (45) to compute B for GaAs at 4.2°K and 20.8''K;

the results are

B = 1.07 X 10~ cm'^/sec at 20.8''K
r

B = 1.18 X lO"'' cm-^/sec at 4,2''K
r
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AG (mho)

Fig. 20

The PME short-circuit current per unit width of sample per
unit magnetic field intensity, I /B, versus photo-

conductance for oxygen-doped sample S-3 at 20.8 and 4.2°K.
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Here m /m = 0.068, m, /m = 0.5, and E = 1.51 ev have been used.
e o ho g

The above result shows that the values of B determined from the

PME and PC measurements are in excellent agreement with those computed

from Hall's direct radiative recombination formula (Eq. (45)). In

addition, our results also show that the capture probability B depends

-3/2
on T for the temperature range from 4.2°K to 20.8°K, in accord with

the prediction of Eq. (45).

The electron and hole lifetimes can be determined from Fig. 20 and

Eq. (53). The result is plotted in Fig. 21. Note that for AG - 10~

-2
mho, T is proportional to AG in accord with the prediction given by

Eq. (57). However, for AG > 10 mho, t varies with AG *
. The change

in slope of t versus AG is due to the fact that p also changes with aG

2 -5
for high light intensity (i.e., p aAG ' for AG > 10 mho).

Estimation of excess carrier density can be obtained from Eq. (3a) of

reference (43) for the present case and they are An = 2.5 x 10"^ cm

at 20.8°K and 2.16 x 10"""^ cm""^ at 4.2°K for AG = 10~^ mho. These values

are much higher than the equilibrium electron densities at both

temperatures. Thus the high injection condition is justified for the

present case.

In conclusion, we have shown that the photoinjected excess carrier

recombination process in oxygen-doped n-type GaAs at 20.8 and 4.2°K is

dominated by the band to band radiative recombination. The deep level

oxygen impurities in n-type GaAs are neither acting as recombination

centers nor as trapping centers for the excess carriers. The radiative

capture probabilities can be determined readily from concurrent

measurements of the PME short-circuit current and the photoconductance

of the samples.



- 67

(sec) (sec)

5 X 10

AG (mho)

Fig. 21

The PME apparent lifetime t (t = t = t ) versus
a a n p

photoconductance AG for S-3 at 20.8 and 4.2°K,



CHAPTER VII

CONCLUSIONS

Summary

In this work, we have demonstrated a systematic method for

characterizing the deep level impurities, oxygen and chromium, in

n-type GaAs. The electronic properties of the deep impurity centers

are determined by using the transient dark and photocapacitance

measurements on the Au-GaAs Schottky diodes. The recombination and

trapping parameters are derived from the carrier lifetime measurements.

The results are summarized as follows:

(1) The roles that the deep level impurities, chromium and oxygen,

have played in the recombination and trapping processes of the photo-

injected carriers in bulk n-type GaAs have been determined by the

photomagnetoelectric and photoconductive measurements. It is concluded

that the chromium impurity centers act as Shockley-Read type

recombination centers. On the other hand, the radiative band to band

recombination mechanism prevails at low temperatures for n-type GaAs

doped with oxygen impurities.

(2) The experimental results have yielded the dependence of the carrier

lifetimes on injected excess carrier densities over a wide injection

range in the chromium-doped GaAs. The electron capture probability for

the band to band radiative recombination in oxygen-doped GaAs is also

obtained experimentally.

- 68 -
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(3) The impurity doping concentrations determined by the transient

capacitance method are in good agreement with those obtained by Hall-

effect measurement (see Table 1)

.

(4) The thermal emission rates of electrons from negatively charged

chromium impurities and neutral oxygen impurities have been measured.

They are in the order of 0,07 sec" (see Table 2). From the temperature

dependence of these emission rates, the thermal activation energies for

oxygen and chromium in n-type GaAs have been determined. They are

0.81 and 0.74 ev from the conduction band edge for oxygen and chromium

levels respectively. These are in good agreement with the values

determined by optical and Hall-effect measurements. This kind of

accuracy was not achieved by using other transient capacitance models.

For comparisons, the results obtained by the previous authors are

included in Table 2.

(5) The electric field dependence of the thermal emission rates of

electrons was also measured; the results can be explained qualitatively

by the Poole-Frankel effect. The present results indicate that oxygen

is a donor-type impurity and chromium is an acceptor in nature.

(6) The I-V characteristics have been measured both in forward and

reverse bias conditions on the Au-GaAs (n-type) Schottky barrier diodes.

From small bias data, it shows the existence of an interfacial layer

between gold and GaAs. The intimacy between metal (Au) and semi-

conductor can be determined experimentally. The field dependence of

the effective barrier height also shows up in the form of absence of

true saturation in the reverse characteristics. The barrier lowering

is caused by the image force and the electrostatic dipole layer in the

metal-semiconductor contact. It seems that the dipole layer effect is

enhanced by the presence of deep impurities.
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(7) The existence of the interfacial layer introduces a high resistance

equivalent resistor in series with the Schottky diode. This has

prevented the device from having ideal characteristics. However, we

can still use the device and transient capacitance method to determine

the electronic properties of the deep impurity centers in a semi-

conductor as we have demonstrated in this work.

Suggestions for Further Study

The results from more extensive study on the transient photo-

capacitance, using band to Impurity monochromatic photon excitation

technique and performed at a temperature below the freeze-out tempera-

ture of the deep impurity centers, would be very informative on the

optical properties of the oxygen and chromium impurities in GaAs.

Combining this information with the excess carrier lifetime measurement

over a wide injection range, a complete understanding of the recombina-

tion and the trapping mechanisms of excess carriers in GaAs in the

presence of oxygen and chromium impurities can be obtained. Further-

more, the experimental techniques presented in this work are applicable

to determine the electronic properties of other Impurities in GaAs or

in other semiconductors.

An experimental study of the PME effect in oxygen-doped GaAs as

a function of temperature would also yield the temperature dependence

of the electron capture probabilities in the band to band radiative

recombination.
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