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The new opportunities for investigating imperfections in high-resistivity photoconductors through
temperature-dependent photo-Hall effects have been utilized for a number of problems in gallium arsenide
crystals in which one-carrier conductivity dominates. Such problems include (1) the type of trapping centers
in “pure” GaAs, (2) the identity of the carriers in “pure” crystals which exhibit an exponentially increasing
photosensitivity with increasing reciprocal temperature, and (3) the nature of variations of Hall mobility
with photoexcitation, indicating strong scattering effects.

INTRODUCTION

HE interpretation of photoelectronic phenomena
in high-resistivity photoconductors has been
generally limited up to the present time by the ability of
the experimenter to measure only the conductivity. He
has thus been ignorant of the sign of the charge carriers
contributing to the conductivity and of the mobility of
these charge carriers. Initial experiments at room
temperature have shown how important it is to make
measurements of the photo-Hall effect in conjunction
with photoconductivity, if one is to evaluate rightly the
nature of the processes involved.!* It has been demon-
strated, for example, that the mobility may vary con-
siderably with light intensity even in cases where the
conductivity is associated with carriers of only one sign,
and that the presence of two-carrier conductivity may
come and go as a function of light intensity without
any evidence being shown in the monotonic variation of
measured photoconductivity. The importance of meas-
uring the Hall effect is all the more emphasized when
photoelectronic analysis is carried out through meas-
surement of the temperature dependence of photo-
conductivity.
Although the literature contains scattered references
to the measurement of photo-Hall effects,>% no de-
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tailed investigation of the temperature dependence of
the photo-Hall effect in high-resistivity photocon-
ductors has been undertaken. Such an investigation is
the purpose of the present work.

This paper is concerned primarily with photo-Hall
effects in which the conductivity is exclusively by, or
dominated by, carriers of one type; an associated paper!s
discusses the investigation of photo-Hall effects in which
both types of carrier play an important role in the
conductivity. It is not always possible to make a com-
plete separation of measured effects into these two
categories and there may well be some overlap. In the
discussion of each effect, due consideration has been
taken of the possibility of both one-carrier and two-
carrier phenomena. Those observations classified here
as one-carrier effects may be described as (1) the
determination of carrier type under conditions in which
a nearly constant Hall mobility is measured with
changes in light intensity or temperature; (2) the
measurement of an increase in Hall mobility with in-
creasing light intensity at fixed temperature, when the
dark conductivity is too large for the lower mobility to
be attributed to a two-carrier effect,? and (3) the
measurement of a variation of Hall mobility with light
intensity or temperature, under any circumstances when
the effect is inexplicable in terms of a two-carrier
analysis.

The material chosen for these initial experiments is
gallium arsenide. This choice has been motivated by the
fact that gallium arsenide is typical of many other
ITI-V and II-VT high-resistivity photoconductors, that
both #-type and p-type conductivity and photoconduc-
tivity are easily obtained and commonly observed in
gallium arsenide, and that a considerable body of basic
information on the properties of the crystals to be
examined by photo-Hall techniques had already been
established by photoelectronic analysis.?1718 The study
of the temperature dependence of photo-Hall effects in
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TEMPERATURE

high-resistivity photoconductors has been made possible
by the construction of apparatus described in a separate
publication.?®

The following measurements are now possible on a
single crystal: (1) temperature dependence of Hall
effect in the dark; (2) temperature dependence of
photo-Hall effect under constant photoexcitation in-
tensity; (3) photo-Hall effect as a function of photo-
excitation intensity at various temperatures; and (4)
thermally stimulated Hall effect, i.e., the Hall effect of
carriers freed from traps by thermal stimulation. It is
possible also to measure optically stimulated Hall
effect, optically quenched Hall effect, and all the other
Hall-effect analogs of normal photoconductivity meas-
urements. The limitations imposed by the present ap-
paratus are a minimum mobility of about 0.1 cm?/V-sec,
a maximum resistivity of about 10® Q-cm, and a
temperature range from 77 to 450°K.

The rich pattern of phenomena revealed by a detailed
study of photo-Hall effects in conjunction with photo-
conductivity analysis, can be indicated only in part by
the presentation of this paper on one-carrier effects and
its accompanying related paper on two-carrier effects.
We have attempted to sample a number of basic effects;
in doing this we have naturally been led to the concep-
tion of many other types of measurement which could
and should be done. The results described here, there-
fore, should really be considered as illustrative rather
than exhaustive. Although we have been able to answer
a number of questions about imperfections in GaAs
which were previously unanswerable, the very tech-
niques which have led to these answers have provided
us with certain other questions which the reader will
perceive for himself.

The following problems are the ones to which the
present paper is addressed :

(1) What carriers are involved in trapping effects in
“pure” high-resistivity GaAs?

(2) What carriers are involved in the photoconduc-
tivity of “pure” GaAs crystals which have exhibited a
photosensitivity increasing exponentially with increas-
ing reciprocal temperature?

(3) In GaAs:Si:Cu crystals which show high photo-
sensitivity at low temperature: (a) What carriers are
involved in the low-temperature photoconductivity?
(b) How does the carrier mobility behave in the region
of temperature quenching of photoconductivity? (c)
How does the mobility vary with light intensity at low
temperatures?

(4) How do the stepwise variations of Hall mobility
with light intensity previously observed in ‘pure”
GaAs at room temperature, vary with temperature?

(5) How do the anomalously large variations of Hall
mobility with light intensity previously observed at

B H. E. MacDonald and R. H. Bube, Rev. Sci. Instr. 33, 721
(1962)
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room temperature in certain GaAs crystals vary with

temperature?

EXPERIMENTAL

The GaAs crystals used in this investigation were of
two types: (1) “pure” as-grown GaAs crystals without
intentionally added impurities, grown either by the
Bridgman method or by floating-zone techniques,?
and (2) initially high-conductivity GaAs:Si crystals
compensated by diffused Cu to produce high-resistivity
highly photosensitive crystals. Many of the crystals
used are the very same crystals for which the photo-
electronic properties have been described in previous
publications.?17:18

The apparatus used is described elsewhere’® It es-
sentially consists of a dc method, using two Cary 31V
vibrating-reed electrometers for detection of voltage
drop in the crystal and of the Hall voltage. The crystal
to be measured is equipped with six melted-indium
ohmic contacts, only five of which are used at any one
time; two of these are large-area contacts applied to the
ends of the crystal (typical crystal dimensions: 6X2X 1
mm?), and the others are point contacts applied two
each to either edge of the crystal, at about the § points
of the crystal length. The Hall voltage is read directly,
for either polarity of applied electric field or of magnetic
field, and bucking circuits are provided to cancel out the
misalignment potential existing between the Hall probes
in the absence of a magnetic field. The crystal with its
attached leads is mounted on a Teflon block in a cryo-
stat in which it is surrounded by dry helium gas, which
acts both as an inert atmosphere and as a medium for
heat transfer. The magnetic field is supplied by a 4-in.
Varian magnet and was 6)X10? Oe for the gap used.

It is important for the experiments undertaken here
that the crystal be photoexcited homogeneously
throughout its volume. Since the spectral response of
photoconductivity in these crystals of GaAs®'" is
limited almost entirely to volume-absorbed light, i.e.,
to light with wavelengths greater than the absorption
edge, because of the high surface-recombination velocity
associated with the sand-blasted surface used, the
measurements described in this paper were made with a
broad band of excitation derived from a No. 1497 micro-
scope lamp operated at 6 V. The crystal itself provided
the effective short-wavelength cutoff of this band, and a
water filter was normally used to give a long-wavelength
cutoff at 1 u to exclude possible optical quenching effects
present in some crystals.? The use of this source pro-
vided a much higher photoexcitation intensity than
could be obtained from a monochromator; past checks
on a comparison between the effects obtained with the
broad-band source and monochromatic radiation with
weakly absorbed radiation have indicated no significant

% Samples of floating-zone grown GaAs were obtained from the
Bell Telephone Laboratories and from the Services Electronics
Research Laboratories.
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F1c. 1. Thermally stimulated conductivity and Hall effect as a
function of temperature for “pure” GaAs crystal 52T.

differences. The intensity of excitation was varied by
means of a set of neutral wire-mesh filters.

RESULTS
Trapping in “Pure’ High-Resistivity GaAs

Trap densities in “pure” as-grown high-resistivity
GaAs crystals are generally fairly low. As a result, the
conductivity of such crystals in the measurement of
thermally stimulated conductivity® usually does not
exceed 107 (Q-cm)~* over any appreciable temperature
range. The thermally stimulated conductivity at a given
temperature is proportional to the rate of trap emptying
multiplied by the lifetime of a freed electron. In a few
crystals, therefore, in which a reasonably high trap
density is combined with a fairly high free electron life-
time at the temperature of trap emptying, it becomes
possible to measure the Hall effect of the thermally
stimulated conductivity.

One of the first successful reported attempts to make
a measurement of this type is shown in Fig. 1. The
crystal was cooled to 77°K, photoexcited for a period of
minutes to steady state, and then heated in the dark at
a heating rate sufficiently slow to permit meaningful
Hall effect measurements. Figure 1 shows the tempera-
ture dependence of the thermally stimulated conduc-
tivity, contributed by the thermal emptying of traps;
at all temperatures below —10°C the dark conductivity
of the crystal is negligible compared to the thermally
stimulated conductivity. Figure 1 also shows the
measured Hall mobility corresponding to each thermally
stimulated conductivity point. The indicated result,
that only electron traps contribute significantly to the
trapping in “pure” high-resistivity GaAs crystals,

2 R. H. Bube, Photoconductivity of Solids (John Wiley & Sons,
Inc., New York, 1960), pp. 292-299.
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typical. Such a finding is to be contrasted with the
importance of hole traps in crystals subjected to an-

nealing.!

High Photosensitivity in “Pure” GaAs at
Low Temperatures

In “pure” as-grown high-resistivity GaAs crystals,
whether grown by the Bridgman or the floating-zone
method, it is commonly found that the photoconduc-
tivity increases exponentially with increasing reciprocal-
temperature. Apparently a certain minimum purity is
required before this effect is observed. In early prepara-
tions of high-resistivity crystals by the Bridgman
method,'” the effect was seen only very occasionally.
As the technique of growth of “pure” crystals by the
Bridgman method was gradually improved, the ap-
pearance of the effect has become more and more com-
mon. Every crystal grown by the floating-zone method,
which has been measured, has shown this effect. A sum-
mary of some 11 crystals exhibiting the effect is given in
Table I. The activation energy for this process appears
to be about 0.09 eV.

Photo-Hall effect measurements were made on three
of the crystals in Table I to determine the sign of the
carriers involved, and to obtain the activation energy
more accurately. Typical results for two of these
crystals are shown in Figs. 2(a) and 2(b), using an
excitation intensity of about 10® ft-c. It was found that
the conductivity was due to electron conduction; the
temperature dependence of the Hall mobility corre-
sponding to these measurements is given in Figs. 6 and
8. A plot of the density of photoexcited electrons, cor-
rected for the temperature dependence of the density of
states, as a function of 1/7 yields in each case a region

TasBLE 1. Photosensitivity activation energies in “pure’” GaAs

Dark o
300°K EAe EAn E,
Crystal (Q-cm)™1 (eV)= (eV)b  (eV)e
Bridgman
10 5X10-5 0.072
52T 2X1078 0.077 0.000 045
52-2 2%10-8 0.080
58 8% 10™® 0.100 0.095 0.38
57-2 107 0.088 0.083 0.46
52-5 108 0.091
52-5' 7X107 0.084
(52-5 annealed
in KCN at 700°C)
Floating Zone
102-Ad 108 0.095
1024 10-8 0.105
FZPe 10-8 0.105
FZP-2¢ 108 0.096
FZI° 3X10-8 0.105

2 Ao exp(EAq/kT).

b An(T /300)~3/2c exp(EAx»/kT).

° Energy of sensitizing center calculated from sharp departure from
exponential variation of Az with 1/7 with increasing 7.

d Bell Telephone Laboratories sample. Wiy |

¢ Service Electronics Research Laboratory sample.
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F16. 2. (a) Temperature dependence of density of photoexcited
electrons in “pure” GaAs crystal 58. (b) Temperature dependence
of density of photoexcited electrons in “pure’” GaAs crystal 52T.

extending over several orders of magnitude with an
activation energy of 0.09 eV. The simplest interpreta-
tion calls for the existence of centers lying 0.09 eV
above the valence band which act as sensitizing centers
for electron conductivity to the extent that photo-
excited holes may be stably held in them. This level at
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0.09 eV above the valence band may well be the same as
the level measured in GaAs:Si:Cu crystals? which were
p type and with room temperature dark conductivity
in excess of 5X10~% (Q-cm)~!. The temperature de-
pendence of photoconductivity (probably p type) in
five such crystals showed that the photosensitivity
decreases exponentially with increasing reciprocal tem-
perature with an activation energy of 0.09+40.01 eV.
That the same center which acts as a sensitizing center
for n-type photoconductivity should act as a recombina-
tion center for p-type photoconductivity is consistent.

Evidence for another level common to these ‘“‘pure”
high-resistivity GaAs crystals and to the high-resistivity
GaAs:Si:Cu crystals? is indicated by the sharp depar-
ture from an exponential variation of free electron
density with 1/7T as T increases in Fig. 2(a) and (b).
From the location of the electron Fermi level at the
point of this departure, the location of the level in-
volved, E, eV above the valence band, can be calcu-
culated 2 using a value of S,/S,=4X10* previously
determined for sensitizing centers.”® Here S, is the
capture cross section of these centers for holes and S,
is the subsequent capture cross section for electrons.

Eo=E;u+ET In(S,/Sy), (1)

where Ey, is the depth of the electron Fermi level below
the conduction band. The values of E, determined in
this way for three crystals are given in the last column
of Table I. The behavior and the energy agree well with
the presence of sensitizing centers lying 0.45 eV above
the valence band, responsible for high photosensitivity
in GaAs:Si:Cu crystals? with room temperature p-type
dark conductivity less than 5X107¢ (2-cm)~. The simi-
larity is enhanced by the observation that GaAs:Si:Cu
crystals sometimes showed an exponential region with
activation energy of 0.09 eV at low temperatures be-
yond the 0.45-eV break (e.g., see crystal ES 41, Fig. 3 of
reference 2).

The occurrence of the 0.45 and 0.09-eV levels in both
“pure” as-grown GaAs and GaAs:Si:Cu crystals in-
dicates that they are associated with (a) impurities
other than Si or Cu, common to all GaAs crystals, (b)
residual traces of Si or Cu in the “pure” crystals, or
(c) crystal defects. The last of these seems the most
probable and is discussed further in the associated
paper.!®

GaAs:Si:Cu Crystals with High Photosensitivity at
Low Temperature

The crystals investigated here are those with high
photosensitivity associated with sensitizing centers
lying 0.45 €V above the valence band, as described
above.

The temperature dependence of the photo-Hall effect
in two crystals of this type is shown in Fig. 3(a) and

2 R, H. Bube, J. Phys. Chem. Solids 1, 234 (1957).
2 R. H. Bube, J. Appl. Phys. 32, 1707 (1961).
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F1c. 3. (a) Temperature dependence of photoconductivity,
photo-Hall mobility, and dark Hall mobility for GaAs:Si:Cu
crystal 18M. (b) Temperature dependence of photoconductivity
and photo-Hall mobility for GaAs:Si:Cu crystal 10G40-4.

(b) using an excitation intensity of about 10? ft-c. Both
crystals show a high photosensitivity, relatively in-
sensitive to temperature at low temperatures, with an
abrupt thermal quenching of this photosensitivity by
about four orders of magnitude when the temperature
exceeds about —60°C at the light levels used.

The photoconductivity which is $ type at room
temperature and above, changes to # type when the
crystal is cooled below the minimum conductivity
point at about —20°C. At this point photoexcited
holes begin to become stably held in the 0.45 eV sensi-
tizing centers in appreciable densities, and as a result the
electron lifetime and the photosensitivity rise rapidly.
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The Hall mobility measured in this range, however, is
very low, of the order of 1 to 20 cm?/V-sec. The Hall
mobility reaches its maximum low-temperature value
(note that it is still relatively low, of the order of 100 to
1000 cm?/V-sec) only after the photoconductivity has
risen to its high low-temperature value.

For both samples of Fig. 3(a) and (b), it was not
possible to make continuous measurements of Hall
mobility between about —50 and 0°C. This difficulty
was not caused by the increased resistance of the
crystals, but was rather associated with a high noise
background in the Hall-voltage circuit in this particular
temperature range only. '

The low-temperature n-type Hall mobilities of these
crystals under photoexcitation are rather low, as men-
tioned previously. The mobility is also found to be a
strong function of the photoexcitation intensity.
Crystal 10G40-4, which had the higher mobility, de-
creases in mobility from 1000 to 150 cm?/V-sec when the
photoconductivity is decreased by about three orders of
magnitude by decreasing the light intensity, as shown in
Fig. 4. A still larger effect is shown by crystal 18M, for
which the mobility decreases from 200 to 4 cm?/V-sec,
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with decreasing light intensity. The lower limits to
which these measurements were taken were dictated by
practical considerations of light leakage, rather than
any intrinsic property of the material or the phe-
nomenon being investigated. There is every expectation
that the Hall mobility would approach arbitrarily close
to zero with continued reduction in photoexcitation
intensity.

Stepwise Variations of Mobility with
Photoexcitation

A variation of mobility with photoexcitation at fixed
temperature is often observed with ‘“‘pure” as-grown
high-resistivity GaAs crystals.?? It is the purpose of the
current investigation to see how this variation of mo-
bility with photoexcitation depends on the temperature.

The behavior of a crystal showing a well-defined
single step of mobility with light intensity is shown in
Fig. 5. The temperature dependence of mobility for
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F1c. 7. Dependence of Hall mobility on density of photo-
excited electrons, as varied by changing light intensity, at various
temperatures. For “pure” GaAs crystal 52T.
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photoexcitation of the highest intensity used in Fig.
5 and for the absence of photoexcitation, is shown in
Fig. 6. Above —50°C the mobility in the light varies as
T-137 and the mobility in the dark varies as 7065,
The dark conductivity has an activation energy of
0.63 eV as determined by Hall-effect measurements.
The independently measured thermally stimulated
current shows 6.5X 10" cm=® traps with depth of 0.54
eV and 5.2X10“ cm™® traps with depth of 0.63 eV.
As the temperature is increased, the effect of photo-
excitation on the mobility decreases, until above 340°K
no detectable effect remains.

Similar effects for a crystal of GaAs exhibiting a
double step are shown in Fig. 7. The temperature de-
pendence of mobility is given in Fig. 8. The effects are
qualitatively similar to those of the previous crystal.

Anomalous Variation of Mobility with
Photoexcitation

There have been a number of cases in which a very
large variation of mobility with photoexcitation has
been observed at fixed temperature, the Hall voltage in
the dark decreasing to immeasurably small values.'?
Such effects are usually observed in highly photo-
sensitive crystals with diffused impurities, such as the
GaAs:Si:Cu crystals of Fig. 4, or in highly photosensi-
tive defect-sensitized crystals, such as CdSe, par-
ticularly when operated in a range where thermal
quenching of photoconductivity is significant. Occasion-
ally anomalous variations of mobility are observed in
less sensitive crystals with diffused impurities, with
very low near-intrinsic dark conductivity. Typical
curves for such a crystal, showing the dependence of
Hall mobility on photoconductivity, are plotted in
Fig. 9, as the photoconductivity is varied by varying
the light intensity. The results show that the anomal-
ously low mobilities are removed by raising the tem-
perature sufficiently, as well as by photoexcitation at
lower fixed temperature. Figure 10 gives the tempera-
ture dependence of photoconductivity and Hall mobility
for this crystal, using the highest value of light in-
tensity used in Fig. 9.
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DISCUSSION

Dependence of Hall Mobility on Imperfections

There are several ways in which the presence of
imperfections in a crystal can affect the measured Hall
mobility.

(1) An increase in Hall mobility, corresponding to an
increase in microscopic mobility, can be caused by
photoexcitation if the charge on ionized scattering
centers is removed as a result of the capture of photo-
excited carriers. If A(1/u) is the magnitude of the
mobility change, m.* is the effective carrier mass in-
volved in the conductivity process, IV is the density of
scattering centers, and AS is the change in scattering
cross section caused by photoexcitation,?

A(1/p) =104 MTINAS. @)

If the scattering centers involved are point defects with
Coulombic scattering cross section, then AS is given to
within a factor of order unity by

AS= (10-9/K?) cm? 3)

at room temperature, for the change from a singly
charged to a neutral center, where K is the dielectric
constant.

(2) An increase in Hall mobility, corresponding to an
increase in microscopic mobility, can be caused by
photoexcitation if the charge on inhomogeneously dis-
tributed ionized centers is removed as the result of the
capture of photoexcited carriers. This case is similar to
the first except that here the scattering is associated
with space-charge regions surrounding volumes in the
crystal with differing Fermi level. Weisberg? has shown

% L. R. Weisberg, J. Appl. Phys. 33, 1817 (1962).
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how such an inhomogeneous distribution of charged
imperfections can lead to apparently huge scattering
cross sections if the observations are interpreted in
terms of point-defect scatterers.

(3) An increase in Hall mobility, corresponding to the
decrease in various effects causing a “‘spuriously” low
measured value of Hall mobility, can be caused by
photoexcitation if the degree of inhomogeneity in the
crystal is decreased. These effects are to be distinguished
from the previous two in that the measured Hall
mobility in very inhomogeneous samples does #of repre-
sent the behavior of the microscopic mobility. It would
be expected that the electric field might become
sufficiently distorted in very inhomogeneous samples so
as to result in an apparently much smaller value of the
Hall voltage than actually corresponds to the conduc-
tivity process. Alternatively, the effect of high-resis-
tivity regions limiting the current flow while the Hall
measurement is made in a relatively low-resistivity
region, is also to decrease the value of the measured
Hall voltage. If, to take a simple example, a high-
resistivity region p, extends over a fraction f of the
crystal length (assumed uniform across the cross
section), whereas the Hall probes are in a region with
low-resistivity p;, the relationship between Hall
mobility uy and microscopic mobility u is given by

“

Har== —.
1+ f(or/p1—1)

The effect of photoexcitation on such a system is to
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TEMPERATURE DEPENDENCE

decrease p down toward p;. If photoexcitation does not
change p;, then the apparent effect will be a change in
Hall mobility but no change in carrier density with
photoexcitation; this is a common characteristic of
many of the anomalous variations of Hall mobility
with photoexcitation observed to date.'?

Stepwise Variations of Mobility with
Photoexcitation

When Eq. (2) is applied to measured crystals in which
a stepwise variation of mobility with photoexcitation is
found, scattering cross sections one to two orders of
magnitude larger than the Coulomb cross section of
Eq. (3) are calculated, using a center density derived
from thermally stimulated currents. The fact that the
mobility is insensitive to photoexcitation at both very
low and very high intensities suggests that we are deal-
ing with a real scattering effect of the second type
described in the previous section, or that the density of
traps determined from thermally stimulated current
measurements is too low for one of several possible
reasons” and we are dealing with a real scattering of
the first type.

For the case of the crystal shown in Figs. 5 and 6, it
seems likely that the deeper 0.63-eV traps correspond
to compensated centers of the same type which give
rise to the dark conductivity when uncompensated.'”
It is presumably the 0.54-eV traps with which the
scattering is associated. A summary of the analysis of
the curves of Fig. 5 is given in Table I1.26 At lower
temperatures the scattering cross section calculated
from Eq. (2), using a trap density of 6.5X10* cm™3, is
approximately constant at a value of 5.3X10~1 cm?
some fifty times larger than a Coulomb cross section.
As the temperature is increased, the apparent cross
section decreases until above 330°K the observed effect
is compatible with a normal Coulomb scattering cross
section. The data show that an increase in temperature
is able to remove the scattering effect associated with
the large calculated values of AS.

% Trap densities measured by thermally stimulated currents
may be too low for one of the following reasons: (a) The free
carrier lifetime may be smaller during the thermally stimulated
current (TSC) measurement than for the same location of the
steady-state Fermi level under steady-state excitation; (b) the
TSC may be associated with the escape of one type of carriers
from traps with a shorter free lifetime than the other type of
carriers which dominate during steady-state photoconductivity;
(c) if compensated donors and acceptors are present in roughly
comparable densities, the donors behaving as electron traps and
the acceptors as hole traps, TSC will indicate the density of im-
perfections with the lower activation energy, but only a very much
reduced density, if any, of those with the higher activation energy;
this effect results from the recombination of carriers freed from the
shallower traps with carriers trapped in the deeper traps. Data on
the crystals of this investigation do not suggest the applicability
of any of these limitations.

26 Since the values of AS are determined from a rather small
mobility change, it is appropriate to indicate that limits of error
on relative values of molra)ility, as indicated by the points at low
light intensities in Figs. 5 and 7, are less than 19.
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TasLE II. Analysis of variation of mobility with
photoexcitation® (crystal 58).

A(1/w)

T (°K) T: (eV)P (volt-sec/cm?) AS (cm?)
273 0.53 4.6X107® 5.3X10u
298 0.54 4.8X1078 5.3X10™1
311 0.55 2.8X10™8 3.0X 101
322 0.57 1.4X1073 1.5X10™1
335 e ~2X10~8 ~2X10™12

s Using Eq. (2) with ms* =0.072 mo and N =6.5 X101 cm™3, as measured
by thermally stimulated currents.

b As determined from the A(1/ux)/3 value of the electron Fermi level
(reference 1). To be compared with a value of 0.54 eV from thermally
stimulated current.

It is possible to interpret these data in a number of
ways. The apparent decrease in scattering cross section
with temperature can be argued away as unreal by
proposing, for example, that the photoexcitation be-
comes less effective in removing the scattering at
elevated temperatures, either because (1) the capture
cross section of scattering centers for holes increases
with temperature, thus keeping them charged even
when they lie below the steady-state quasi-Fermi level,
or (2) there is another photo-induced scattering process
which increases with temperature, like that caused by
the capture of photoexcited holes by deep donors lying
below the Fermi level. On the basis of the least number
of specialized assumptions required, however, the
authors prefer the interpretation that a real decrease in
scattering cross section is being measured. Scattering is
due to an inhomogeneous distribution of imperfections
with the resultant development of space-charge regions
surrounding volumes with differing Fermi level.*
Photoexcitation removes the charge on these imperfec-
tions and therefore the space-charge regions as well.
Increasing the temperature drives the conductivity
toward intrinsic and by this means also removes the
effect of these scattering regions. On this view it is sup-
posed that the dark Hall mobility would have de-
creased much more rapidly with increasing temperature
than actually observed, if increasing temperature did
not act to reduce the space-charge scattering, and that
the coalescence of dark Hall mobility and light Hall
mobility at elevated temperatures results from an
increase in the dark Hall mobility. Since the mobility
under photoexcitation is still considerably less than the
lattice mobility (12,500 cm?/V-sec at 300°K ?"), it must
be assumed that scattering from imperfections with still
shallower levels is also present.

Regardless of this portion of the interpretation,
however, the possible contention that the scattering
cross sections are indeed normal Coulomb cross sections
and that the error lies in the determination of the
density of scattering centers, seems ruled out by the
large departure of the scattering from a 72 variation
with increasing temperature.

271,. R. Weisberg, F. D. Rosi, and P. G. Herkart, Metallurgical
Society Conferences 5, 25 (1959). :
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TasLE III. Analysis of variation of mobility with
photoexcitation® (crystal 52T).

Shallow trap Deep trap
T E¢ Et

(K) (V)»  a(l/u) (em?)  (eV)* A(l/w) (em?)
298 0.41 2.8X107% 1.5X10™1 0.52 9.5X10°¢ 5.7X1071
311 043 3.0X1075 1.6X10™1 0.52 1.1X107% 6.4X10™1
322 044 3.5X107° 1.9X10™t 0.52 1.5X1075 8.6X10718
335 047 2.5X1075 1.3X10™1 0.51 1.6X107% 9.0X10713
347 047 3.2X1075 1.6X10™

360 0.48 2.2X107% 1.1X10™1

372 048 1.5X1075 7.4X107

a Using Eq. (2) with me* =0.072 mo, and N =1.3 X105 cm™~3 for the shal-
low trap, and N =1.2 X106 ¢cm™3 for the deep trap, as measured by ther-
mally stimulated currents.

b As determined from the A(1/u)/3 value of the electron Fermi level
(reference 1). To be compared with a value of 0.49 eV from thermally
stimulated current.

¢ As determined from the A(1/u)/3 value of the electron Fermi level
(reference 1). To be compared with a value of 0.56 eV from thermally
stimulated current.

The analysis for the crystal of Figs. 7 and 8 is sum-
marized in Table III. It is interesting to note than in
this crystal the scattering due to the deeper trap is
within the range attributable to normal Coulomb
scattering, whereas the scattering due to the shallower
trap reaches this range only at elevated temperatures.

Anomalous Variation of Mobility with
Photoexcitation

The anomalously large variations of Hall mobility
with photoexcitation which have been reported—3
and which are described in this paper must be attributed
to gross imperfection inhomogeneity resulting in
“spurious’ Hall voltage readings. The magnitude of the
conductivity, for the crystal of Figs. 9 and 10, for
example, is such that the phenomenon cannot be simply
interpreted as a two-carrier phenomenon. At 300°K, the
simultaneous conditions pu,?=mnu,?, required for the
Hall mobility to approach zero, and np=n? limit the
conductivity to a value of about 4X 1071 (Q-cm)~. The
removal of the inhomogeneities by raising the tempera-
ture is consistent with an approach to intrinsic con-
ductivity with elevated temperature.

Likewise the behavior of the GaAs:Si:Cu crystals of
Figs. 3 and 4 cannot be described in terms of two-
carrier conductivity. Even if the electron and hole
mobilities were equal, a mechanism would be required
which would reduce botk electron and hole densities by
four orders of magnitude during the temperature
quenching. The following observations also suggest
that a true measure of the microscopic mobility is not
being obtained by Hall measurements: (1) in Fig. 3(b),
the Hall mobility drops by a factor of 50 while the
photoconductivity drops by no more than a factor of 2;
(2) the measurements from which the data for crystal
18M in Fig. 4 are derived show an approximately linear
variation of photoconductivity with light intensity, but
an extremely slow apparent variation of free carrier
density with light intensity.

BUBE AND H. E.

MacDONALD

The method of preparation of these GaAs:Si:Cu
crystals is one which makes the hypothesis of gross
inhomogeneities a reasonable one. High-conductivity
GaAs:Si crystals were compensated by diffused Cu.
It is well known in Ge, for example, that Cu diffuses in
an inhomogeneous manner as determined by disloca-
tions and similar lattice imperfections.?

Although the decrease in n-type Hall mobility with
thermal quenching cannot be associated with two-
carrier conductivity, it seems likely that the behavior
of the Hall mobility above —50°C is at least partially
associated with two-carrier conductivity. The effect is
included here rather than in the associated two-carrier
effect paper'® in the interest of continuity. This conclu-
sion is supported by the data shown in Fig. 3(a), where
the p-type dark Hall mobility is compared with the
measured Hall mobility in the light. Above 0°C, the
p-type Hall mobility under photoexcitation is less than
in the dark, and between — 350 and 0°C, the p-type Hall
mobility in the dark is actually changed to an n-type
Hall mobility in the light. The sporadic nature of the
measurements of the Hall effect in this intermediate
range are probably associated with the formation of
local p-type regions in the otherwise n-type crystal
under photoexcitation.

CONCLUSIONS

Techniques of temperature-dependent photo-Hall
effects have been applied to gain information about
one-carrier photoelectronic effects in GaAs.

Thermally stimulated Hall effect indicates that
electron trapping dominates in “pure” high-resistivity
GaAs crystals.

The exponential increase in photosensitivity with
increasing reciprocal-temperature observed in ‘“pure”
high-resistivity GaAs crystals, is associated with elec-
tron conductivity. The free-electron lifetime is de-
pendent upon the concentration of photoexcited holes
stably held at sensitizing centers located 0.09 and
0.45 eV above the valence band.?® Similar levels have
previously been identified in GaAs:Si:Cu crystals.

Stepwise increases in Hall mobilityas a result of photo-
excitation in ‘“‘pure” GaAs crystals are removed by
increasing temperature and are attributed to scattering
by space-charge regions in the crystal associated with
inhomogeneous imperfection distributions. When such
effects are analyzed in terms of point-defect scattering,
effective cross sections are calculated which are some
fifty times larger than Coulomb cross sections.

Anomalously large variations in Hall mobility, such
as with decreasing excitation intensity at low tempera-

28 H. Reiss and C. S. Fuller, in Semiconductors, edited by N. B.
%aénnay (Reinhold Publishing Corporation, New York, 1959), p.

» J. I. Pankove has observed evidence for the existence of the
0.09 eV and 0.45-eV levels in measurements on GaAs p-» junc-
tions. See J. I. Pankove and M. J. Massoulie, Bull. Am. Phys. Soc.
7, 88 (1962).
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ture or with increasing temperature at fixed intensity
through the thermal quenching region for GaAs:Si:Cu

EFFECTS 2071

voltage. Such inhomogeneity effects are also removed
by elevating the temperature.

crystals, or with decreasing excitation intensity at
room temperature for a variety of photosensitive
crystals which are in the process of quenching, must be
associated with gross inhomogeneous imperfection dis-
tributions which result in “spurious” readings of Hall
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Analysis of photoelectronic properties of high-resistivity photoconductors by means of the temperature
dependence of photo-Hall effects has been applied to a number of problems in GaAs crystals involving two-
carrier conductivity. Such problems include: (1) the identity of the carriers involved in trapping processes
in GaAs:Si:Cu crystals; (2) the influence of optical quenching of photoconductivity on the photo-Hall
effect in photosensitive GaAs:Si:Cu crystals; and (3) an understanding of the imperfection centers present

in densities up to 10 cm™ in annealed crystals of GaAs.

INTRODUCTION

PREVIOUS paper! discussing the application of

the temperature dependence of photo-Hall effects

to high-resistivity GaAs crystals in which one-carrier
conductivity dominates, has described the potentialities
and the incentive for this investigation. The effects to be
described in this paper as two-carrier effects are those
involving a change in the sign of the Hall constant with
variations in light intensity or temperature. It is not
meant to imply that none of the scattering effects
described in the previous paper on one-carrier effects
plays a role in the phenomena discussed here, but rather
that the major effects are those dependent upon the
simultaneous conductivity by both electrons and holes.
In some respects the ability of the Hall effect to
detect changes in conductivity type with changes in
photoexcitation intensity and/or temperature provides
an even more dramatic illustration of the utility of sup-
plementing photoconductivity analysis with photo-Hall
measurements than that provided by its use in one-
carrier scattering effects. The Hall mobility is quite
sensitive to changes in conductivity type, or to the onset
of two-carrier conductivity where one-carrier conduc-

* The research reported in this paper was sponsored by the
Electronics Research Directorate, Air Force Cambridge Research
Laboratories, Office of Aerospace Research, U. S. Air Force, under
Contract AF19(604)8353.

1 Present address: Stanford University, Stanford, California.

T Present address: California Institute of Technology, Pasadena,
California.

!R. H. Bube and H. E. MacDonald, preceding paper [Phys.
Rev. 128, 2062 (1962)7].

tivity had previously been dominant. The Hall mobility
for two-carrier conductivity in the low magnetic field
range can be expressed as:

pr= (p pp’—n )/ (P pp+n pn), 1)

where p and # are the concentrations of holes and elec-
trons, respectively, and u, and u, are the hole and elec-
tron mobilities, respectively. In this simple formulation
we have assumed that the correlation factor between
Hall mobility and microscopic mobility, dependent
upon the band structure and the type of scattering, is
unity.

The following problems are the ones to which the
present research is addressed :

(1) In GaAs:Si:Cu crystals, what type of carrier is
involved in trapping effects?

(2) In GaAs:Si:Cu crystals which show high photo-
sensitivity at low temperature, what is the nature of
optical quenching of that photosensitivity?

(3) In GaAs crystals which have been annealed to
produce high trap densities, what is the nature of these
traps? Specifically, (a) what carriers are involved in the
photoconductivity at room temperature and above, in
the range in which the deeper of these traps is filled by
photoexcitation? (b) What carriers are involved in the
photoconductivity at lower temperatures? (c) What
carriers are involved in trapping effects in these crys-
tals? (d) Can a unified level scheme be proposed which
takes into account the high densities and the results of
these photo-Hall effect measurements?



