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ABSTRACT

This report describes technical findings concerned with single-
crystal semiconductors and devices and with the radiation sensitivity
of amorphous semiconductors. The potential of the photomagnetoelectric
(PME) and Dember ecffects in Gold-doped sflicon is suggested for photo-
detection in the visible and near infra-red regions; measured response
times and noise equivalent powers are reported. For Cr-doped gallium
arsenide the development of a theoretical model and correlation with
measurements of the PME and photoconductivity (PC) effects enables
description of the recombination and trapping behavior of photo-injected
carriers. For n-type indium antiminide a study of the PME and PC effects
for temperatures between 4.2°K and 300°K yields values for the carrier
lifetimes and the hole mobility and demonstrates the negligible influence
of trapping processes. The presence of a buried layer in a bipolar
silicon transistor may cause the value of the collectcr breakdown voltages
to be considerably less than existing theorv predicts; we describe an
effect termed premature punch-through that accounts for the observed
behavior. A method is described for the incorporation of systematic model
selection into the computer simulation of semiconductor circuit behavior;
applicability to the simulation of circuit behavior in a radiation
environment is discussed. For a KP03-V205 semiconducting glass we
establish the fast neutron irradiation damage threshold for atomic
structural dependent electronic processes to be 5 x 1016 nvt and interpret
the radiation behavior by a theoretical model based on cluster hopping
processes. The fast neutron irradiation sensitivity of electronic
properties of heterogeneous semiconducting glasses containing crystallites
is established at fluences from 1 x 1017 to 3 x 1017 nvt; based on these
results and on softening point correlations,a prediction of the radiation
sensitivity of other amorphous semiconductor systems is made. A computer
program is described which manipulates the approximately 12,000 data points

generated in a combined dielectric and thermogravimetric absorption

isotherm study.




SUMMARY

This report, for the eighth s2=i-annual period of contract support,
describes technical findings in two ma.n subject areas: single-crystal
semiconductors and devices; and radiation sensitivity of amorphous semi-

conductors.

SINGLE~CRYSTAL SEMICONDUCTORS AND DEVICES:

Ve suggest the potential of the photomagnetoelectric and Dember effects

in gold-doped silicon for photodetection in the visible and near I-R wave-
length region. For a PME cell a response time t. of 0.2 psec and a noise
equivalent power (NEP) of 6:\(10~'10 watts are demonstrated; for a Dember cell,
the corresponding data are tr<0.03 usec and NEP = 2.5 x 10-10 watts.

A *heoretical and experimental study is reported of the recombination and
trapping processes governing the behavior of photoinjected carriers in semi-
insulating Cr-doped GaAs. The experimental portion of the study consists in
measuring the photomagnetoelectric (PME) and photoconductive (PC) effects
between 80°K and 300°K. To interpret the data, we develop a theory of the PME
and PC effects that takes into account the variation of carrier lifetimes with
injected carrier density and the trapping of holes in the chromium levels. The
theory predicts a power-law relationship between the PME short circuit current
IPME and the photoconductance AG,with different exponerts in the power law
applying for different injection ranges. Two well-defined ranges of injection

were observed: For high injection, I is directly proportional to AG, and

PME 1.2

for intermediate injection, I varies in proportion as AG . Numerical

values of the lifetimes T ansMsp are given as functions of AG. The results
are in good agreement with the theoretical predictions.
A study of the photomagnetoelectric (PME) and photoconductive (PC) effects
in N-type InAs single crystals is described for the temperature range between
4.2°K and 300°K under low injection conditions. For T > 77°K the PME open- |
circuit voltage varies in proportion to the magnetic induction and for T < 21°K |
the PME open-circuit voltage saturates at large magnetic induction. These |
observations agree with the predictions of large Hall-angle PME theory. For
temperatures between 4.2°K and 300°K, carrier lifetimes are computed from the
PME and PC data between 4.2°K and 300°K; the hole mobility is estimated from
the PME data at 21°K and 4.2°K. The observed linear relationship between the
PME open-circuit voltage and photoconductance at low light levels demonstrates
that trapping contributes negligible effect over the entire temperature range

from 4.2°K to 300°K.
i1



The presence of a buried layer in a bipolar silicon transistor may cause
the value of the collector breakdown voltages BVCES and BVCBo to be considerably
less than existing theory predicts. We describe an effect termed premature
punch-through that accounts for the observed behavior. Expressions are derived
f

for the premature punch-through voltage BV T and the thickness (W

PP gp1)0pT ©
the epitaxial collector that maximizes this voltage and, hence, the usable
region of device operation. The eipression for BVPPT is shown to be consistent
with measurements taken on transistors fabricated in our laboratory.

we describe how systematic selection of transistor models can be incorporated
into the computer simulation of semiconductor circuit !zhavior. The selection
is so done that eac! model chosen provides the best accuracy-simplicity compromise
for the circuit environment in which each transistor resides. Compared with
other procedures now avallable, the method described here simplifies computation,
saves computational cost, and enables simulation of larger circuits. Applicability

to the simulation of circuit behavior in a radiation environment is discussed.

RADIATION SENSITIVITY OF AMOPPHOUS SEMICONDUCTORS:

A fast neutron irradiation damage threshold for atomic structural dependent

electronic processes in a KP03-V205 semiconducting glass is established as 5 x 1016

nvt. This radiation threshold depends neither upon thermal processing nor upon
microstructure of the glasses. The radiation behavior is interpreted in terms
of a cluster hopping model.

Fast reutron irradiation sensitivity of certain electronic properties of
heterogeneous semiconducting glasses containing crystallites is established at
fluences from 1-3x1017 nvt. Relaxatio.. loss spectra are appreciably changed by
the irradiation. Presumahly, this occurs because of disordering of the phase
barriers which are responsible for interfacial polarization in the material.

A prediction eof the radiation sensitivity of other amorphous semiconductor
systems is made based on these results and on softening point correlations.

A computer program is described which manipulates the approximately 12,000
data points generated in a combined dielectric and thermogravimetric adsorption
isotherm study. Applications of this method to characterizing the surface

dependent behavior of electronic materials are suggested.
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1. Introduction
The original general objective of this research program vas to establish
at the University of Florida a "Center of Competence in Solid State Materials
and Devices."” From the efforts expended in developing this center of compe-
tence have evolved technical findings: technical findings concerning such
wmaterials as glass ceramics, semiconducting glasscs, magnetic films, degenerate
materials and degenerate seaiconductors; concorning devices made from these
materials; concerning wmeasurement techniques; and concerning methods of fabri-
cation. The first of the findings in these various areas are descrided in
seven previous scientific reportl.l-7 To Scientific Report No. 1 the reader
is referred for a morc detailed statement of the research objectives than given
here and for a discussion of the means to bé used in achieving these objectives.
In accordance with an agr:ement made with the contact monitor in January
1971, we have focussed the objectives of this research program to give greatest
emphasis to the folloving problem arecas:
1. The development of new types of detectors with stress given
to utilizing the Dember and photomagnetoelectric effects in semi-

conductors and to utilizing nev mask geometries compatible with
conventional silicon technology.

2. Full static and dynamic characterization of bipolar and field-
effect devices aiming both toward improved device design and toward
fmproved circuit implementation. The characterization will deal

vith operation over a wide range of temperatures, with emphasis on

the range between ordinary room temperature and cryogenic temperaturas.

3. The incorporation of the effects of irradiation into the charac-
terization of device behavior; junction field-effect devices will
receive special attention. FEmphasis will be placed on the develop-
ment of characterizations enabling computer simulation and design

of circuits.

4. Noise studies proceeding collaterally with each of the efforts
listed above. Moreover, studies will continue dealing with the
noise associated with Zener and avalanche phenomena in field-effect
and bipolar devices.

5. Radiation studies of amorphlous semiconductors.

To a large degree, the content of the present report reflects this change
in emphasis. In the presentation to follow, Section 11 describes the results
of research concerning single-crystal semiconductors and semiconductor devices,
and Section III reports findings concerned with radiation effects in semi~

conducting glasses.
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II1. Single Crystal Semiconductors and Devices (A. J. Brodersen, E. R. Chenette,
S. S. Li and F. A. Lindholm)

A. PHOTODETECTION USING ZHOTOMAGNETOELECTRIC AND DEMBER EFFECTS IN GOLD-DOPED
SILICON (H. F. Tseng and S. S. Li)

The first report on utilizing the photomagnetoelectric (PME) effect for

light detection using Ge cell was made by Boatright and Mette.l Zitter2 has

subsequently developed an InSb PME detector capsble of demodulating optical
masers at wavelength up to 7 ym.,

In this letter we report our study of the PME and Dember effect detectors
made of gold-doped n- and p-type silicon wafers, operating between -20°C and
+50°C. It is found that the detector's detectivity is limited by Johnson noise
and the response speed is by RC time constant of the detector system.

In our recent work3 we have developed a general theory to account for the
PME and Dember effects in gold over-compensated silicon for the small signal

case. The results are that the PME open circuit voltage is given by3

=) L
14b . /n 1+pﬁ Popyt o aG (1)
\Y) = B. flsd ¢ § _—
PME I.-l+b ( b (T ) G
no +p° n o]
and the Dember voltage is
-1 L
d(b-T ) ab+p, b Dn\~ AG (2)
ol =1 ( o) K—") &N
+ r :
un(b r ) n +po n o
where
VPME is the PME open circuit voltage per unit sample length
VD is the open circuit Dember voltage, d is the sample thickness

B denotes the magnetic flux density

Moo Too Dn’ n_s P, and b (=un/up) has the conventional meaning.

[ is the ratio of excess electron and hole density (I' = An/Ap).

AG and Go ara the photoconductance and dark conductance per unit
sample width to length ratio, respectively.

The above two equations indicate that the V and VD are directly

proportional to the photoconductance AG which inpfﬁrn varies linearly with
the 1i ht intensity for small signal cas.. This is experimentally observed for
all the cells reported in this paper.

The reasons for using gold-doped silicon as detector material are two-fold:
(1) gold-doped silicon has extremely short excess carrier lifetime and therefore
fast response cell could be built. (2) High resistlvity silicon could be
achieved by gold doping and hence increases the sensigivity of the PME and

Dember effects in silicon.




Geld-doped n- and p-type silicon PME and Dember cells with different
gold density and shallow impurity concentrations were fabricated and tested.
The typical cell's dimensior:: were 5x2x).1 mm3. The experimental data and
calculated parameters for several cells are summarized in Table I for -
comparison. The spectral response of the PME and Dember cells are similar
to the conventional silicon photodetectors with the peak response occurring
near 0.6 pym, and the response is relatively flat ranging from 0.45 ym to
PME (with VPME at 25°C as

reference) as function of temperature between =20°C and +30°C for samples

N-1-d, N-2-d, and N-4-d is shown in Fig. 1.

0.7 ym. The normalized PME open circuit voltage V

The result shows that for each cell there exists a peak sensitivity

temperature, and the position of this peak shifts to the lower temperature
side as the cell's resistivity decreases. The result also indicates that

the temperature sensitivity of each cell around room temperature is indepen-

dent of its resistivity. The change in PME response (V_, ) for these cells

is two percent per °C around 25° +10°C. e
The noise measurement on PME detectors indicates that the % noise
dominates for frequencies below 1 KHz and the thermal noise is the only
component for f£>1 KHz. Further experiments indicate that the noise level
does not change when the cell is exposed or removed from the light. This
fact shows that thermal noise rather than g-r noise will constitute the lower

Jimit for the detection of weak signal.

Our PME cell's response speed measurements indicate that the detector
response time is controlled by the cell's RC time constant rather than by
the excess carrier lifetimes. It is noted from Table I that for cells with
high internal resistance the responsivity is high, while cells with low
internal resistance have relatively low responsivity and short RC time constant.
To fabricate a PME light detector of considerable sensitivity and fast response
speed, it requires to compromise the doping concentration of gold and shallow
impurities in silicon.

The general features of a Dember cell are analog to that of a PME
detector. Table I summarized results of Au-doped n- and p- type cells.
The measured sensitivity in both cells is two orders of magnitude lower than
the value predicted by Eq. (2). This might be due to the fact that the photo-
injected carriers have a very short diffusion length (of the order of few ym)
and the large ohmic contact area which shortens a large part of the Dember

voltage.



In sumrary, as a photodetector, a Dember cell has a compact structure
with a faster response speed and lower sensitivity than a PME cell. However,
a PME cell, aside from using it as a photodetector, can also be used as a

Gaussmeter by incorporating it w®:h a small GaAs light emitting diode.
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B. INVESTIGATIUN OF THE RECOMBINATION AND TRAPPING PROCESSES OF PHOTO-INJECTED
CARRIERS IN SEMI-INSULATING Cr-DOPED GaAs USING PME AND PC METHODS (S. S. Li
an¢ C, I. Huang)

I. Introduction

Photoconductivity (PC) and photomagnetoelectric (PME) effects in undoped
semi-insulating and semiconducting GaAs single crystals were first reported
by Holeman and Hilsum.1 Hurd2 repcrted the experimental results cf the Deuber
and PME effects in Oz-doped GaAs between 140°K and 300°K. The photoelectronic
analysis of high-resistivity n-type GaAe was given by Bube,3 based on the
recombination theory of Rose.4 A more recent study on the photoconductivity
of high resistivity GaAs and Cr-doped GaAs was rcported separately by Broom,5
and Milner-Brown and Fortin.6 These authors analyzed the observed photocon-
ductivity data mainly for the small injection conditions. In this paper we
report the results of our measurement of the PME and PC effects in semi-
insulating chromium-doped GaAs (p -~ 108 =cm) at T = 80°K and 3C0°K. A gen-
eralized theory to account for the observed PME and PC effects in Cr-doped
GaAs is developed by considering the carrier lifetimes as a function of
injection and the effect of the trapping. Based on the theory, we are able
to define different ranges of injections in which a power law relationship

is obtained between the PME short circuit current, and the photoconduc-

TemE
tance, AG. This is verified by our PME and PC experiment, in which we
observed two distinct and well-defined injection ranges.

I1. Trapping and Reconbination Processes

In steady state injection, the emission and capture of carriers by
the impurity centers cause the charge in such centers to change from its
equilibrium values. Therefore, the density of carriers trapped in the impu-
rity states is a function of 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 steady state
injection. This has been shown by Agraz and Li7 in gold-doped silicon, where
they observed that the charged impurity centers completely dominate in charge
neutrality except at high injection. This theory has been verified by them
from the results of PME and PC measurements in gold-doped silicon under small
and intermediate injection c:onditions.s-9

The recombination model for the semi-insulating Cr-doped GaAs resembles
that of gold-doped silicon due to the fact that chromium atoms introduce one
single deep acceptor level in GaAs.10 This level is located near the middle
of the band gap, and is an effective recombination center for the excess
carriers under ililumination conditions. A very high resistivity n-type GaAs
can be obtained by doping semiconducting n-type GaAs with chromium. This is
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due to the auto-compensation effect of chromium impurity with the shallow donor
impurities in GaAs.5

In order to understana the charge states in the chromium levels under cark
and illumination conditions, an energy band diagram for the Cr-doped GaAs is
presented in Fig. 1. In thermal equilibrium, the chromium levels are occupied
by the conduction electrons (see Fig. 1(a)), and are in negatively-charged
states. In steady state injection (e.g., by means of photoexcitation), the
free holes in the valence band are captured by the negatively-charged chromium
centers due to 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 chromium density is much higher than the
thermal equilibrium electron concentration. If the injection is increased
subsequently, more and more negatively-charged chromium centers will become
neutral as a result of hole trapping at that level. This is illustrated in
Fig. 1(b), which corresponds to the situation of the intermediate injection
case. In this range of injection, the excess carrier densities An and Ap can
be correlated by a trapping constant ' (where T = %ﬁ-c ;h-<l). In addition to
the trapping effect, the carrier lifetimes may also depegd on the injected
carrier density (or incident photon flux density). This dependence can, in
general, be expressed in terms of a powerlaw relationship between Tn and A4n,
namely Tn = KAn6 (values of k and B will be discussed later). In the high
injection region, the injected carrier density exceeds the chromium concen-
tration (i.e., An = Ap > Ncr) and the chromium acceptor levels are occupied by
holes, being in neutral charge states. As a result, the charge states in
localized and band states are essentially controlled by injected carrier
densities (i.e., An = Ap), and the electron and hole lifetimes are equal and
independent of injection. The trapping constant ', for this case, is equal
to unity and 8 = 0. The corresponding energy band diagram for this range of
injection is shown in Fig. 1(c).

The above simple physical model can be used in the development of the
genaralized theory for PME and PC effects in chromium-doped GaAs under large
injection conditions.

ITI. Photoconductive and Photomagnetoelectric Effects

Since the experimental conditions for the PME and PC measurements on Cr-
doped GaAs are such that the excess electron density, An, is always greater
than nos the derivation of PME and PC theory will be made under the assumption

of large injection conditions (i.e., An >> n_ and Ap >> po).
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The effect of trapping can be expressed by
Ap = Thn (1)
where T = Tp/Tn < 1 for hole trapping.
And the dependence of carrier lifetimes on the injected carrier density can

be written as
T = KAnB (2)

n
With the help of Eqs. (1) and (2), the generalized expressions for the
PME short circuit current and the photoconductance can be obtained as follows:

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

d
AG =q f (hninx-k u_Lp)dy
o 1
Hn
0
2 . ] iﬂ D din
9 “n £ (én A b ) in 1. (3)
[2 / DRdAn)*?
o
where 2D U
D= ——;l— is the effective diffusion constant (3-a)
(I'+h)
A Al
= 2D T for b >> 1
p
and
R = &, Lo -~ = l-&n]—e is the rate of recombination
T , D K 5
n K &n (3-b)

Since the electron-hole mobility ratio, b, in GaAs is much greater than
unity (we use b = 20 in this paper)13 and the trapping constant [ is smaller
than unity (we found that in the intermediate injection range, I' ~ 0.18 at
300°K and T ~ 0.084 at 80°K), it is therefore adequate to assume that b >> T
in the derivations of AG and IPME'

Solving Eqs. (3), (3-a) and (3-b), we obtain the general expression of

photoconductance, AG

A 2qu 48

1
G — [ (2-58 S
AC (2+3 Y2 p)Dp T &n_ (4)
Eq. (4) is valid for different injection ranges so long as the conditions
given by Egs. (1) and (2) are satisfied. The values of 8 in Eq. (4) may change
from one injection range to the other and can be determined from measurement

of the slope of the I versus AG plot. Ano in Eq. (4) denotes the excess

PME
electron densities at the illuminated surface, which is related to the incident

photon flux density.
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The PME short circuit current per unit width of the sample, IPME’ is
7
given by
An
o
= ! +b) B D dA
IPME q Jp(l b) B i n (5)

Solving Eqs. (3-a) and (5), we obtain the general expression for the

PME short circuit current:

= I3 o } V‘;‘ | 6
Il'NE 2(1“]7(] 1 )) DP il \"0 ( )

The relationship between I and AG can now be obtained from Eqs. (4)

PME
and (6) by eliminating Ano from these two equations. The result yields

2 1 2
A (2+F) e N | e
= 3 —e e I4f 2.{- 7
]]’HE 2q“p (14b) 1 er [ 4 (2-&)”}) I'e } é (ql.n) - )

The general expression of I versus AG given in Eq. (7) is rather

PME
important, since it provides a direct correlation between the two measurable
parameters IPME and AG, and allows us to make a direct comparison of the
theoretical prediction with the experimental results.

The general expressions for I and AG, given above, can be reduced to

a very simple form under certain 1:?Ection conditions such as in the high
injection region in which these parameters are linearly related to one another.
To be more specific, we have observed two well-defined injection regions in
the PME and PC measurements for the Cr-doped GaAs. This will be discussed in
detail as follows:

(1) High injection region (An = Ap >> nul'Ncrl
In this injection region (see Fig. 1-c), the excess electron and hole

densities are much higher than the thermal equilibrium carrier concentration
n, and the electrically active chromium density Ncr’ The charge neutrality
condition is essentially controlled by the excess electron and hole densities.
The carrier lifetime is independent of light intensity (or injeCtion)ll and

the effect of vrapping is completely negligible. As a result, the conditions
given by Eqs. (1) and (2) can be reduced to the forms that

An = Ap (H.e., T = 1) (1-a)

and .
L Tp =1_(i.e., B =0) (2-a)

12




where T_ is the carrier lifetime at high injection as defined by Shockley and
11
Read.
Witi: the help of Eqs. (1-a) and (2-a), the photoconductance for this case
is obtained from Eq. (4) by setting B = 0 and T = 1, which yields

1
G o= oqu (114 B
4 q p(1 v) (Dn n) \nO (8)
where ZI)n A
l)a =i 2Dp is the ambipolar diffusion constant.

The PME short circuit current i{s obtajned from I'. (6) for I' = ]

Il'.'-“: = q;lp(1+b) Dan l'mo (9)

The relationship between IPHE and AG for this case is obtained from
Egs. (8) and (9). The resuit yields
D

) B g (10)

e = G
n

Furthermore, the PME open circuit voltage per unit length is obtained

from Eq. (10) using the relntion:12
1 D
. TME o a an
VI‘HH LG (‘n) B

The above results are consistent with the PME theory derived by Van
Roosbroeck12 for the high injection case. In this range of injection, the
IPME varies linearly with AG, and the VPME is independent of light intensity
(or injection).

(2) Intermediate injection region (An > n s An <‘§‘rl*An ¥ Ap)

In this range of injection, the charge states in the chromium levels
contribute a significant part in the charge neutrality condition. The free
holes are trapped in the chromium levels. As a result, the relationship between
On and Ap 1s given by Eq. (1).

In addition, the carrier lifetime in this range of injection may also
depend on the injection (cr light intensity). The value of 8 in Eq. (2),
depending on the range of injection, can only be determined by the experimental

observation such as from the IPME versus AG plot (see Fig. 3). In the Cr-doped
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In addition, the carrier lifetime in th's range of injection may also
depend on the injection (or light intensity). The value of 8 in Eq. (2),
depending on the range of injection, can only be determined by the experi-
mental observation such as from the IPﬂE versus G plot (see Fig. 3). In the
Cr-doped GaAs samples, we found that in the intermediate injection range,
the value of B is equal to - %-and therefore the electron lifetime, Ty for

this case is given by:

o v:lm.l/3 (2-b)

With the help of Eqs. (1) and (2-b), the photoconductance for this case
can be deduced from Eq. (4) by setting 8 = = %, which yields

s ,6 7 c 'S 5/6
AC = (3 qu") l5~np I"ke) bno (12)

The expression of IPHE for this case remains the same as that of Eq. (6).

The IPﬁE in terms of AG is obtained by substituting g = ~ % into Eq. (7).

The result yields:

2,2 1] 6
27071 = s
) G
Lye & 200 (o) 3 (—2=)° (2557 a3y
' P 343 x Wy

varies as AGl'z. i1f other parameters on the

Eq. (13) predicts that -
right-hand side are independent of injection. This is observed for sample S-1
at 80°K and sample S-2 at 80°K and 300°i in the intermediate injection range.

IV. Experimental Details

Two slices of rectangular bar were cut from & Cr-doped CaAs single crystal

7 cm-s) made by zone-melting method.

wafer (total chromium density, 1-3 x 10
The sample dimensions are 0.5 x 1 x 0.1 ca3 for sample # (S-1) and 0.4 x 0.8 x
0.1 cn3 for sample # (S-2). The samples were mechanically lapped on all six
faces and chemically etched on the 1lluminated surface by using a solution
mixed with 3H2904:H202:H20. Ohmic contact was made by indium alloying.
Resistivity, Hal) effect and Photo-Hall effect measurements vere made on both
samples at 80°K and 300°K.

The Gark resistivity for sample # S-1 is 1.2 x 108 ohm-cm and 3 x 108 ohm-cm
for sample # S-2 at 300°K. The Hall mobility was found to be about 250 cnzlv-scc

at 300°K. The low Hall mobility is attributed to the mixed conduction in Cr-doped
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GaAs, occurring at room temperature, as pointed out by lInoue and Oﬁya-a.lj

The elecirorn mobility can be calculated from the conductivity expression given
in veference 13, and the result for the present case is found to be
Hy - 1000 an/V-sec at 300°K. The slight difference in resistivii - Yitween
# S-1 and # $-2 implies that the chromiua densities are not equal In both
samples. Presumably, sample #S-1 contains slightly lover chroaius frpurity
density than that of # S-2. The Photo-Nall effect measurements over two saasples
indicate that the Hall mobflity is a slow varying function of l1ight intensafty
in measured injection ranges of our PME and PC experiments. For sample # 2,
it is found My ¢ 150 = 30 cnzlv-nec at JOO°K and Uy @ 450 + 50 c-ZIV*sec at BO°K,
in the intermediate injectien range.

The technique for measurements of the PME and PC response is described in
detail by Lil6 and will not be repcated here. A high intensity tungsten light
source is used for the PME and PC measurements.

V. Results and Analvsis

In Section 1V we have reported tie results of resistivity, Hall effect and
photo-Hall effect measurements on two samples. In this section, we will present
the results of PME and PC measurements at T = J0O0*K and 80°K.

The PME opeun circuit voltage (WPHE)' the ’rﬂe and {C are measured as
functions of incident radiant power density, Io. for T = 80°K and 300°K. The
results are interpreted in :erms of the theory developed in Sectien ill.
Comparisons between the theory ard the experimental data are made for both
samples. Important parameters such as Tn and Yp are deduced from the present
results. It is noted that the results indicate that the effect of hole trapping
in savple # S-1 {8 less severe than in sample # S-2, This i3 consistent with
the data of resietivity and Hall effect measurements in which we have found that
the chromium density is slightly lower in snaple # S~1 than in sample # S-2.
Figs. 2 through 4 show the results of the PME and PC measurements, which will be
discussed subsequently, as follows:

(a) The PME open circuit voltage SVN‘El

The PME open circuit voltage, VPHE’ as a function of magnetic field, B,
for sample # S-1 at T = 80°K and 300°K, for different l{ght intensity, Io' is
shown in Fig. 2. The linear dependence of V on B at J00°K for different

PNE
light intensity is in accord with the theoretical prediction of Eq. (13).

Deviation from linearity at 80°K ie duc to the increase in electron mobility
with decreasing temperatures. Saturation of VPNE vith increasing light inten-
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sity as shown in Fig. 2 provides the evidence that experiments are indeed
performed at high fnjection regions.

(b) The PME short circuit current versus photoconductance (l”ME versus AG)

In order to correlate the experimental results with the theory developed

in the previous section, we plot IPME versus &G for T = 80°K and 300°K for

both samples, and the result is shown in Fig. 3. It i{s interesting to note

that two-well-defined regions are obtained in the I versus & pi.ts. In

PME

region I (high fnjection), I 1s directly proportional to 4G; this is

PME
observed for sample # S-1 at T = 300°K. In region II (intermediate injection),

6/5,

varies with ; this is observed ror both samples at 80°K and for sample

1
cyzfz at 300°K. To interpret this result, the generaiized theory c2veloped
in the previous section is used for this purpose.

The high injection linear region observed for sample # S-1 at 300°K is
in accord with the theoretical prediction of Eq. (11). The electron and hole
lifetimes are equal and independent of light intensity. In the intermediate
injection region (region 1I), the effect of hole trapping at the chromium
acceptor levels and the dependence of T on On” ~1/3 leads to the observed
mE °° 666/5 for both sanples at 80°K and for sample # S-2 at

300°K. This is predicted by Eq. (13), derived in the previous section under
-1/3

dependence of I

the assumption that Tn = KiAn and 4p = I'dn. The dependence of carrier

1ifotimes on the injected carrier densities has been cited by several authors.l'11
although no explicit form has so far been ;roposed in the literature. In fact,
the pover law dependence of T, on AnB can be established for different injection
ranges. The values of B may vary from material to material and the ranges of

16 =Y

injection as well. (Li" has observed x varies with An ° in sflicon at low

temperatures).
{(d) Carrier lifetimes versus photoconductance

We have shown in the previous section that the lifetimes of holes and
electrons are equal and independent of light intensity under high injection
conditions. This is observed for sample f S-1. However, in the intermediate
fnjection, the electron and hole lifetimes are, in general, functions of injec-
tion. In order to determine the electron and hole lifetimes as functions of
injection, it is necessary to define an apparent lifetime Tye in the 1

PME
expression. This can be achieved by rewriting Eq. (13) in the form that
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Da L
Ipng = ("r;) B 4G 4)
6
where . 42 [7D K 11/5( “G) -2/5 as)
a 25 3?4 J 6qbn

is the PME 2pparent lifetime. Eq. (14) resembles Eq. (10) for the high
injection case, with T replaced by T,

Eq. (15) predicts that the apparent lifetime L is proportional to
the &G =2/5 in the intermediate injection range.

With the help of Eq. (14) and Fig. 3, the apparent lifetime T4 is
computed as a function of AG and the results are shown in Fig. 4. The
result of T, versus G plot yields a slope of - %3 which 1s in accord with
the theoretical prediction of Eq. (15). Note that T, is equal to i and s
in the high injection region.

In the intermediate injection region where trapping of holes at the
chromium acceptor levels is essential, the electron lifetime is expected to
be longer than the hole lifetime (i.c., ' < 1). This i& because the
regatively-charged chromium acceptor levels have a larger capture cross
section for holes than for electrons. To deduce the electron and hole lite-
times from the PME apparent lifetimes, we make use of the following relation

in the presence of Lrapping:l5

HpT_ + OnT T +T1 \
n p P )

L =
Ta B An + hp h 1+ 7 2Tp (16)

where we assume ' = Tp/Tn < 1.

In essence, the PME apparent lifetime, Ta is a parallel sum of Tn and TP’
and is controlled by the shorter of the two lifetimes, namely,rp. With the
help of Eq. (15), Tp is deduced from Eq. (16) and the results are shown in
Fig. 4.

The remainder of the parameters T ' and k can be deduced subsequently
by using Eqs. (15), (2-b) and Fig. 3, and the relation that An = AG/qpnd
(vhere d is the thickness of the sample). It is worth noting that the
computed values of ' and k are fairly constant over the entire intermediate
injection range. The value of T is found equal to 0.18 at 300°K and 0.084
at 80°K for sample # S-2, which shows that the ratio of T /T is about 5.5
at 300°K and is about 12 ai 80°K for sample # S-2. The results are in good
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agreement with the statement by Holeman and Hilsum ! in that they predicted a
ratio of Tn/Tp < 10 for semi-insulating GaAs. The present results show that
the effect of hole trapping in the chromium levels is not too severe even at
80°K in the intermediate injection region, and can be ignored at high injection.
The decrease of electron and hole lifetimes (see Fig. 4) with increasing
injection indicates that more and more chromium acceptor centers are converted
from the originally hole-trapped centers to effective recombination centers for
electrons as injection is increased. This is consistent with the recombination
model proposed in Fig. 1.
VI. Conclusions
Photomagnetoelectric (PME) and photoconductive (PC) effects in semi-
insulating chromium-doped GaAs have been investigated at T = 80°K and 300°K.
Using a simple recombination and trapping model, a generalized theory has been
developed for the PME and PC effects, taking into account the effect of trapping
and the dependence of the carrier lifetimes on the injection, uuder large
injection conditions. Good agreement between theory and experiment is obtained
for two well-defined injection ranges; one region is characterized by a linear

-10

dependence of I on AG and constant lifetime (rn = Tp =2.5x 10 sec. at

PME
300°K for sample # 3-1), and the other region is characterized bv a nonlinear

on AG (i.e., I varies as AGl'z). Numerical values of T

dependence of IPM
Tp, AG and I

E PME

pME 23S functions of injection are given for both samples.
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