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The thermalization time of hot photoexcited holes in p~type germanium has been investigated.
This was accomplished by studying the mobility and recombination properties in a series of
copper-doped-germanium samples, in which the carrier lifetime was systematically varied.
Recombination-center densities were varied over five orders of magnitude, so that the transi-
tion from a thermalized to a hot photocarrier distribution was observed as the carrier lifetime

became shorter.

The carrier lifetime was measured directly from the photoresponse signal

decay, for several samples, to establish the recombination cross section. A theory, assum-
ing energy loss via optical- and acoustic-phonon emission, correctly predicts the increase in
the average photoexcited-carrier energy as the recombination-center density is increased.

I. INTRODUCTION

Many experiments, as well as several practical
devices, rely on the photoexcitation of excess
carriers in semiconductors, either from impurity
states, or directly across the energy gap. These
carriers are often injected with energies many
times larger than the thermal equilibrium energy,
so that, at least initially, they can be considered
“hot” carriers. In the absence of a large electric
field, the injected carrier will lose energy until
it is in thermal equilibrium with the lattice. This
thermalization time can be relatively long, com-
pared with the carrier lifetime, especially at low
temperatures. In those cases where the carrier
lifetime is shorter than the time required for the
carrier to thermalize, the photoexcited-carrier
distribution will be hot. Several papers have re-
ported the properties of such distributions, 1=8 put
in most cases it is difficult to compare experiment
with theory when such a situation occurs. In order
to compare theoretical predictions which are based
on an assumed thermal distribution with experi-
ments based on photoexcited carriers, it is neces-
sary that the carriers spend nearly all of their
lifetime in a thermalized state. The purpose of
this present paper is to report the thermalization
time for photoexcited holes in p-type germanium.
The thermalization time was measured by system-
atically varying the carrier lifetime, so that the
transition from a thermal to a hot distribution could
be identified as the carrier lifetime decreased. At
the transition, the thermalization time will be
about equal to the carrier lifetime. A measure-
ment of the carrier lifetime at the transition is
then a good approximation of the thermalization
time.

We choose to measure two properties of the pho-
toexcited carriers which are quite sensitive to the
carrier-energy distribution. The first of these

properties is the average carrier mobility. At the
low temperatures at which our measurements were
made, the mobility of the carriers is strongly in-
fluenced by the presence of ionized impurities.

The ionized-impurity-scattering time depends on
the carrier energy to the 3 power,” plus a slowly
varying logarithmic factor, so that the carrier
mobility is a sensitive measure of the carrier en-
ergy. The analysis of mobility for nonhydrogenic
acceptors such as copper in germanium has been
discussed in detail for the case of thermally gen-
erated carriers.® However, in treating the situa-
tion of photoexcited carriers, when the thermaliza-
tion time is longer than the carrier lifetime, the
distribution of carrier energies is unknown. In
order to make a quantitative comparison between
the mobility data and the calculated mobility, we
have had to assume a distribution function. We
chose a 8 function for simplicity. This is unrealis-
tic but it is a convenient device to characterize the
average carrier energy.® For a §-function distri-
bution, the mobility is given by

L= (e/m*)7(€) 1)

and differs from the expression for a thermal dis-
tribution in that 7, the scattering time, is not aver-
aged over the distribution. We must still calculate
T separately for each band, including acoustic-
phonon, ionized-impurity- and neutral-impurity-
scattering contributions. As with the analysis of
thermally generated carriers, interband scattering
was only included for acoustic-phonon scattering,
following the approximations of Bir, Normantas,
and Pikus. !°

The second property of the photoexcited carriers
which we chose to study was the temperature de-
pendence of the carrier lifetime. Carrier lifetime
in germanium under extrinsic illumination is
governed by the capture (recombination) of free
carriers at ionized-impurity centers.!* The prob-
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ability for capture at an impurity center is also a
function of the average carrier energy. If the
carriers are in thermal equilibrium with the lattice,
the average carrier energy will be $kT. For car-
riers in thermal equilibrium with the lattice, the
average lifetime will follow the corresponding
change in capture probability as the temperature
is varied. On the other hand, the average energy
of a hot distribution will not vary directly with
temperature. Therefore the carrier lifetime will
not show as strong a temperature dependence for
a distribution of hot carriers.

II. EXPERIMENTAL DETAILS

The carrier lifetime was systematically varied
in a series of copper-doped-germanium samples.
This was done by varying the density of recombi-
nation centers, which for low temperatures and
weak illumination is equal to the density of com-
pensating donors N,. Compensation densities
ranged from 4x10'° to 6x10'° cm™, and were de-
termined by analysis of the carrier concentration
and mobility as a function of temperature.® The
photo-Hall effect was used to measure the mobility
and carrier concentration as a function of tempera-
ture between 3 and 20 K. Carriers were excited
with 300-K background radiation, from which all
photon energies greater than 0. 23 eV had been re-
moved by the use of cooled InSb filters. This pre-
vented double ionization of the copper centers by
the light (the second ionization level is 0. 32 eV)!?
as well as excitation into the split-off valence band.’®

Experimental data were taken in a random-tem-
perature sequence, to eliminate the possibility that
a drift in the illumination intensity would imply a
temperature dependence. It was found that only a
slight drift of a few percent occurred in the course
of a measurement. Since only about 10° or less
carriers were excited per cubic centimeter, a
high-input-impedance electrometer (Keithley
model 310B) was used to measure the Hall voltage.
Both the photo-Hall and Hall measurements were
made on the same sample by changing the radiation
shields. However, even when the sample was re-
moved and remeasured after several months, the
reproducibility was excellent. The electric field
applied to the sample was kept very weak to pre-

vent carrier heating due to the presence of the field.

The magnetic field was chosen to satisfy the high-
field limit so that the Hall mobility could be set
equal to the drift mobility. 1*

The carrier lifetime was measured from the de-
cay of a photoexcited-carrier population, when the
lifetime was sufficiently long to permit measure-
ment. For this measurement the carriers were
excited with a CO, laser, modulated by an external
GaAs crystal.!® The details of this measurement
will be the subject of a future paper.

Copper-doped germanijum was selected for this
experiment over shallow acceptors and other deep
acceptors for several reasons. It has an activation
energy about four times larger than the shallow
acceptors. As a consequence, with copper-doped
germanium we have been able to study the tem-
perature dependence of the photoexcited-carrier
mobility and lifetime over a much wider range
(3-20 K) than would have been possible with shallow
group-III acceptors. Another benefit of the larger
activation energy of copper acceptors is that the
hot photocarriers cannot impact ionize neutral-
copper centers as easily as shallow acceptors.

This is because carriers with enough energy to im-
pact ionize copper centers will lose energy very
rapidly via optical-phonon emission. Shallow ac-
ceptors would not be shielded from impact ionization
by the optical-phonon-emission process, since the
optical-phonon energy is greater than the activation
energy of shallow acceptors. Although other deep-

“acceptor levels, such as mercury, could have been

used, it is often very difficult to remove trace
amounts of copper from germanium. Compensated
copper centers in mercury-doped germanium could
act as traps and cause extraneous phenomena which
we wanted to avoid. The residual concentration

of shallow-acceptor impurities was apparently

quite low in our copper-doped samples, as indicated
by the analysis of mobility, ® so that trapping by
these levels was very likely unimportant.

III. EXPERIMENTAL RESULTS

Photo-Hall data taken in the course of this work
canbe put into two categories. Thefirst group of sam-
plesdiffused at 800 °C with copper concentrations
around 1.5x10'® cm™ all showed appreciable ef-
fects of impurity-hopping conduction'® while the
second group, having lower concentrations of cop-
per impurities, did not show any evidence of im-
purity conduction. Figure 1 shows the temperature
dependence of the mobility and carrier concentra-
tion of sample N5g, which did not show any evidence
of impurity conduction. As can be seen, there is
very little temperature dependence of the photo-
carrier concentration. The mobility of the carriers
excited with the 300-K background is clearly en-
hanced, as can be seen by the increase in mobility
around 20 K for the photo-Hall case.

The interaction of impurity conduction can cause
very unusual behavior of the photo-Hall coefficient.
Figure 2 shows the inverse Hall coefficient of
sample N5e with 300-K background illumination at
various magnetic fields as a function of tempera-
ture. As can be seen, the Hall coefficient reverses
direction twice. At 22 K this is caused by the
usual impurity-conduction interaction with thermal-
ly generated carriers. As the temperature de-
creases, the density of thermally generated car-
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FIG. 1. Thermal and photoexcited carrier concentra-

tions and mobility at low temperatures for copper-doped
sample N5g. This sample did not show any impurity-
hopping conduction.

riers continues to freeze out. Soon, however, the
density of thermally excited carriers becomes
negligible compared with those photoexcited. With
the population of carriers thus stabilized, the Hall
coefficient begins to level out, only to increase
again as the impurity-conduction mechanismfreezes
out at still lower temperatures.!” To analyze these
data, one needs only to consider a very simple
model. We define the conductivity due to impurity
conduction as o;=e(nu);=1/p;.*® This quantity
can be measured directly, by measuring the sam-
ple resistance without illumination in the low-tem-
perature region. From the behavior of such mea-
surements between 10 and 15 K, it seems reason-
able to extrapolate the conductivity due to the
hopping process to higher temperatures in the vi-
cinity of 20 K, since the hopping conduction in this
region is relatively temperature independent. One
more experimental result permits us to carry out
a relatively direct analysis. The conductivity due
to hopping has been found to show only a very weak
magnetoresistance, with changes of less than 5%
between zero and 20 kG. ' Hence the impurity
conduction can be viewed as a shorting resistance,
its value depending only on temperature and not
magnetic field. The appropriate result for the Hall
coefficient is then given by

_ (1/e)pu®
&= (Pu+ (nu))P+ (nu) wH? @)
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where p is the concentration of holes in the valence
band, and p is their mobility. By restricting this
equation to the high-field-limit region, the de-
generacy of the valence band can be ignored. Mea-
suring the Hall coefficient at two magnetic fields,
and the resistivity, both with and without illumina-
tion, allows us to calculate u and p:

= [pu+ (nu), (®Ra, - Rarp)
(nu) R, H;-®u H)’

3)

b= W/uh Gy eflbns )P+ ()i uiEHY, @)
where
[pu+@u)l=1/ep1am (5)
(i) = 1/epan . (6)

Using the above result, the carrier concentration
and mobility of the photoexcited carriers were
calculated for sample N5e. Measured resistivities
and the Hall coefficient were taken from Fig. 2 for
4 and 8 kG. The result is given in Fig. 3. We now
see the same characteristic behavior shown by
sample N5g in Fig. 1.

Earlier measurements of photo-Hall data for
copper-doped germanium neglected the effects of
impurity conduction. Measurements on a copper-
doped sample containing 1. 3X10'®-cm™ copper and
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FIG. 2. Resistivity and inverse photo-Hall coefficient
for sample N5e. This sample showed very strong im-
purity-hopping conduction.
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about 10'°-cm™ compensation were reported by
Rollin and Rowell.! We felt that the bump in their
curve of carrier concentration as a function of
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FIG. 4. Inverse photo-Hall coefficient for sample N5e
with increased illumination (for comparison see Fig. 2).
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FIG. 5. Temperature dependence of the photocarrier
concentration for six samples having different compensa~-
tion densities. The vertical scale has been arbitrarily
adjusted to facilitate comparison.

temperature near 15 K might have been caused by
the same effect seen in Fig. 2. To check this, we
remeasured sample N5e with increased illumina-
tion. A filtered Nernst glower was used to give
about an order-of-magnitude increase in the photo-
excited-carrier concentration. Figure 4 shows

the results of this measurement at two magnetic
field strengths. These curves are very similar to
the curve published by Rollin and Rowell. Although
we agree with the conclusion of these authors that
the carrier distribution is hot, we will show later
that the cross section does not have a 7™ depen-
dence as they claim, An alternative explanation of
the bump has been proposed by Barker and Hearn, 20
who suggest that it is due to a variation in the Hall
factor, caused by a non-Boltzmann carrier distri-
bution,

The influence of impurity conduction on the photo-
Hall measurements was seen in samples with cop-
per concentrations greater than 10'® cm™, Al-
though we have demonstrated the possibility of ex-
tracting the photoexcited-carrier concentration and
mobility in this case, we have preferred to use
samples with no apparent impurity conduction for
examining the temperature dependence of these
quantities. This has been possible because the
transition region sought in this experiment has
been found in the range covered by samples having
copper concentrations below 10'® cm™. As was
seenin Figs. 1 and 3, the temperature dependences
of samples N5g and N5e are identical once the ef-
fects of impurity conduction are taken into consid-
eration. Therefore, no important change in the
temperature dependence is seen to occur in the
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Hall mobility for the six samples shown in Fig. 5.

range of donor concentrations between 2x10%* and
6x10"° cm™,

The temperature dependence of the photocarrier
concentration as a function of compensation is
illustrated in Fig. 5. An arbitrary adjustment of
the vertical scale was made to facilitate compari-
son., The change in the temperature dependence
of the photocarrier concentration is seen to be con-
siderable and systematic as N, is varied from 4. 3
%10 up to 2.2x10 ¢cm™, The lowest donor con-
centration, 4.3x10'° cm™, gives the strongest
temperature dependence. This can be roughly
approximated as proportional to T'15 Even in
this region of very low compensation, there is a
perceptible change of slope with compensation.

We can see this by comparison with sample 145. 1,
having a donor concentration of 1,9x10 c¢m™,
Below 10 K, sample 145.1 seems to show a slightly
weaker temperature dependence than sample
143.13. The temperature dependence becomes
weaker as we go up to a donor concentration of
2.5%10'% cm™, as seen in sample 146.1. Very
little change occurs as we increase the donor con-
centration to 1. 7x10% ¢m™, evident in sample
N10b. A dramatic shift to a virtually temperature-
independent photocarrier concentration occurs as
N, is increased further. This is seen in samples
N12h and N5g where the donor concentration is
1.1x10* and 2. 2x10 cm™, respectively. It is
also observed in the calculated results of sample
Nb5e shown in Fig. 3. The change toatemperature-
independent carrier concentration is the result of

o

nonthermalization of the photoexcited carriers.

There were significant changes in the mobility
of photoexcited carriers as we varied the compen-
sation, At the lower values of N,;, from 4.3x10'°
up to 1,7x10% cm™, the photo-Hall mobilities
were identical to Hall mobilities in the region of
overlap of the two measurements. This is good
evidence that the photoexcited carrier population
had a thermal distribution in these samples, at
least in the overlap region. Figure 6 shows the
Hall and photo-Hall mobility from 3 to 100 K. For
samples with higher donor concentrations, there
is a marked increase in mobility as the population
of carriers shifts from thermal to optical excita-
tion. This discontinuity was seen for all heavily
compensated samples. A few relatively pure sam-
ples showed discontinuities in this same region,
but it is believed that the cause of this behavior
was non-uniformity in the impurity distribution.
For this reason, we have not included these sam-
ples in this presentation.

A complete description of the lifetime measure-
ments will be given in Paper III of this series. *
We will use the measured result of the recombina-
tion cross section for this presentation. The cross
section is defined in the usual sense: o= (N,7 @)™,
where we have assumed that p <N,, the density
of compensation, and where 7 and (v) are the car-
rier lifetime and average thermal hole velocity,
respectively. This equation is obviously only valid
in the range where the carriers are in thermal
equilibrium with the lattice. The cross section was
measured for samples 143,13, 145.1, and 146.1,
and was found to be 2, 5x1074(T/20)™ cm?, where
n varies from 1.6 to 1. 0 for compensation between
4.3%10' and 2. 5x10' cm™,

IV. COMPARISON OF EXPERIMENT WITH THEORY

The experimental results indicate that photoex-
cited carriers have higher mobilities than ther-
mally excited carriers when N, is greater than
about 5x10'® cm™, This was seen qualitatively in
Fig. 6. In order to estimate the carrier energy
from the mobility, a series of calculated mobilities
were graphed as a function of temperature, with
an assumed carrier energy. We used the 8-func-
tion distribution to define the carrier energy. This
was then compared directly with the measured mo-
bility, as illustrated in Fig. 7. The parameters
used to calculate the mobility are: N,, copper con-
centration per cubic centimeter; N,, donor con-
centration per cubic centimeter; p, carrier con-
centration per cubic centimeter; A, correction
factor multiplying the neutral-impurity-scattering
time, to account for the nonhydrogenic nature of
the copper impurity; and G, geometrical error factor
multiplying the calculated mobility, to account for
the error in measuring sample dimensions. These
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10° A '.'o;' T required by the Born approximation. However,
the photoexcited carriers in such samples are not
in thermal equilibrium and consequently have mo-
mentum values large enough to recover the validity
of this approximation. For a typical case, sample
s N5a has a value of |ka| =6, with the conservative
4 estimate of a 30-K effective carrier temperature
02 N and using the most stringent case of the light-hole
2 10*|- VALUE OF € effective mass.
5 F sampLe Nioa To show that no significant systematic error
a 4 HALL MOBILITY arose in the analysis, we have evaluated the effec-
[ O ATES oIy FOR CARRIER ENERGY € | tive energy at 20 and 30 K using the Hall-mobility
Ng = 2.13X10'6/cm3 values. Results of this analysis are listed in
Ng = 4.60X10'%/cm? Table 1. No variation comparable to that found for
L PARAMETERS{ A = 6.43 :
G =105 the photo-Hall mobility is evident. This indicates
P =1X108/cm3 that the 6-function analysis did not show any un-
10 35 a6 8% 20 40 60 oo expected bias as the scattering mechanism changed
TEMPERATURE (K) from predominantly lattice to predominantly ioniz-
FIG. 7. Hall and photo-Hall mobility of sample N10a, ed-impurity scattering. 9,23

compared with the mobility calculated for a §-function
distribution of carrier energy ¢.

parameters were determined by computer fitting
the Hall-mobility data for the samples, under ther-
mal excitation of the carriers.® Figure 8 shows
the photoexcited-carrier energy determined at

four temperatures, as a function of the compensa-
tion density. At the lowest values of N,;, the en-
ergy is quite close to %kT, and rises to about 15
meV as the compensation reaches 10'® cm™, There
is also a notable loss of any temperature depen-
dence of the photocarrier energy for N, greater
than 10" cm™,

Two remarks are in order on these calculations.
The ionized-impurity-scattering formula is inap-
propriate at low temperatures for the heavily com-
pensated samples, when the distribution is ther-
mally generated.?*'?® This is because under these
conditions |ka | is not much greater than unity as

As can be seen in Fig. 8, the effective carrier
energy begins to deviate from 2 kT at compensations
between 10'% and 10'® cm™ for a temperature of 4
K. For temperatures of about 15 K, the increase
in effective energy occurs for compensations
slightly above 10'® cm™. Before comparing this
conclusion with theory, a few remarks are in order
on the carrier-injection process.

Photoionization of neutral-copper impurities re-
quires a minimum photon energy of 42. 86 meV.
This is much less than the average photon energy
from a 300-K source, which is on the order of
100 meV. Since the excess energy on the average
is about 60 meV, the carrier will typically emit
one or more optical phonons (37 meV), until the
carrier energy is less than the optical-phonon en-
ergy. Optical-phonon emission takes place in
about 1072 sec, 2 so that after a very short time
the carriers will all have energies less than 37
meV. The consequences of this fact are that car-
riers injected with energies of €+ 0, 03"z, where

2

FUNCTION
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CARRIER ENERGY (e V)

L

FIG. 8. Effective photo-
carrier energy at four tem-
peratures as a function of the
compensation density. Energies
are determined from evaluating
the photo-Hall mobility as in
Fig. 7.
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n=0, 1, 2, ..., will all have energy € in about 10"  for E,. Consequently, thermalization of hot holes
sec or less. Thus the carrier energy after about in the light-hole band will proceed through scatter-

10" sec will be a repetitive ramp function of the-
photon energy. For clarity we illustrate this in
Fig. 9. For a broadband source, such as 300-K
background radiation, the average carrier energy
will therefore be about 20 meV, at a short time
after injection. Since the optical-phonon-emission
process is very much faster than the carrier life-
time, even for quite heavily compensated samples,
we can ignore the distribution of carriers with
energies greater than 37 meV.

The thermalization time can be conveniently
calculated by considering the rate of energy loss,

de/dt, via acoustic-phonon emission. The formu-
la for the rate of energy loss is?~?"
2, 44,3
e Emty ™
dt mpht

where E, is the deformation potential constant, v

is the carrier velocity, and p is the crystal density
(g/cma). For a parabolic band we find v%= (2¢/

m *)3’2. We wish to determine the time (7,.) re-
quired for a carrier injected with energy €, to lose
its excess energy. With the integration of time
from 0 to 7,, and energy from €, to 3~7T we find

1.7x101° 1 1
E%m*5/2 (%kT)I/Z €g.)/Z ’ (8)

where E;, kBT, and €, are in electron volts. A
plot of the thermalization time vs carrier-injection
energy for the heavy-hole mass is shown in Fig.
10. A value of 10 eV was assumed for E,.2® At

4 K, thermalization of carriers injected with ¢,
equal to 20 meV requires about 10 sec. The
light-hole thermalization time is about 150 times
longer using this same formula and the same value

Tac =

ing into the heavy-hole band in the range of tem-
perature above 1 K. This is because the interband
scattering time for light holes is'®

(9)

T1o =1.83X%107(Te!/ 3 sec |

where T is the absolute temperature, and € is in
electron volts. For temperatures above 1 K, the
light holes will scatter into the heavy-hole band
faster then they thermalize within the light-hole
band.

To compare this theory with experiment, we
must compute the average carrier energy as a func-

TABLE I. Average carrier energy evaluated from Hall
mobility using an assumed §-function distribution.

§-function carrier energy (meV)

Sample N4 (cm™) 20 K 30 K
143.13  4.3x 1010 3.0 4.8
145.1 1.9x 10! 3.2 4.6
146.1 2.5x 1012 5.5 6.0
N10b 1.7x 108 2.8 3.0
N10a 4.6x 10" 2.8 5.5
N12h 1.1x 10 4.2 5.5
N5h 1.4x101 3.6 5.0
N5g 2.2x 101 4.2 5.5
N5a 2.4x 101 3.8 5.5
N11i 7.0 x 101 4.0 6.0
N5e 6.0x101° cee 7.02

2The very slight increase in the average energy with
increasing N; is explained by considering the change from
lattice-dominated to ionized-impurity-dominated scatter-
ing. Because these mechanisms have different energy
dependencies, the average over the thermal-energy dis-
tribution will peak at slightly different energies. This
point has been made by Blatt (Ref. 23).
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the spread in carrier lifetimes, and concern our-
selves only with average values. Let us first cal-
culate the average carrier energy over its lifetime.
The extremely short time spent at energies greater
than 37 meV is ignored. The average carrier en-
ergy € is then given by the following expression:

12 e(t)dt+ 3RT(T - 740)
7r' ’

E: .‘[_'?Tuc

T
=f°—€,_ft)-d—t, T ST, (10)
where 7 is the average carrier lifetime. The first
term is the average carrier energy during the
thermalization process. The second term is the
average energy of the Boltzmann distribution. Each
term is weighted by the amount of time a carrier
spends at a particular energy. To evaluate the in-
tegral term we use

€(t) = [(E2m**/2/1.1x10% ¢+ /22 | (11)

With this, we find the average energy to be

€= 3RT {e [(eo/3RT) 2= 1])(rac/T), T2 Ta
= €1+ EIm*//1,1x107%) e}/2 7] Ts1,,.
(12)

In order to use this solution, we must now ask how
the average carrier lifetime varies with carrier
energy. For broadband radiation, the average
effective input energy will be about 20 meV (see
Fig. 9). Experimentally we have found a lifetime
dependence of €'’ 2 in agreement with other
workers, ©2%3% paged on the electric field depen-
dence of the lifetime. The average lifetime can
then be written

This expression must be averaged over the distri-
bution of carrier energies. We ignore this and
set €=€, which is justified for the approximate ac-
curacy we are seeking. It is now possible to con-
struct a plot of € as a function of N;, the compen-
sation density. We assume a value of 7 and €,
calculate € from Eq. (12), and then find N, from
Eq. (13). Figure 11 shows the result for €,=20
meV, at both 4 and 15 K. This calculation is in
remarkable agreement with the data obtained from
the 8-function mobility analysis. It is also inter-
esting to plot 7 as a function of N, from this same
calculation. This done in Fig. 12 and the numbers
used in this calculation are listed in Table II for
reference,

The model we have just developed gives good
agreement with the change in the average photocar-
rier energy which was deduced from photo-Hall-
mobility measurements. What we have assumed
about the lifetime dependence on photocarrier en-
ergy does not give results completely consistent
with our data. Let us compare the temperature
dependence of the photocarrier concentration of
sample N5g (Fig. 1) with Fig. 12, Experimentally
we find no temperature dependence of the photo-
carrier concentration. Since the photocarrier con-
centration is proportional to the carrier lifetime,
assuming the photoionization process is independent
of temperature, our experiment indicates no tem-
perature dependence of the lifetime. However, our
calculation indicates a slope of T°%2, This error
is not thought to be serious, consideringthe approx-
imations used in treating the problem. Extrapola-
tion of the cross section is done without regard to
the overlap of excited states, which is more pro-
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nounced at high values of N;. Considering the
rather crude use of averages of the energy and
lifetime in some cases, the experimental and
theoretical agreement is considered good.

V. COMPARISON WITH OTHER EXPERIMENTS

Supporting evidence of carrier heating for com-
pensation levels greater than about 10* cm™ is
found in the results of oscillatory photoconductivity
measurements. This affect was first reported in
extrinisc InSb, 3!'%2 and has been observed in ger-
manium doped with various impurities. 3 The
theory for the electric field dependence of this ef-
fect has been discussed. %% We consider here
only the low-field limit, where the carrier gains
no appreciable energy from the electric field, In
this case, the oscillations in the photoconductive
signal arise from the energy dependence of the
mobility and carrier lifetime., In the case where
the lifetime is sufficiently long, the injected car-
rier will thermalize, and its average energy will
be independent of the injection energy. Therefore,
there should be no oscillations in the photoconduc-
tive signal. However, when the lifetime becomes
equal to or shorter than the thermalization time,
the average energy of the carrier will be a function
of its injection energy. Since the injection energy
will follow the pattern of Fig. 9, the signal will
oscillate in the same pattern. The oscillations
will become more pronounced as the lifetime de-
creases with increasing compensation. Six copper-
doped-germanium samples were studied by
Besfamil’naya et al. ,®" and the relative depth of
the oscillations was measured from the spectral
response at 8 K. They reported a threshold of
about 6 x10%-cm™ compensation for the oscillatory
effect, with the effect increasing rapidly for higher

compensation densities. Although their threshold
occurs at higher compensations than ours, this
may be due to differences in determining the com-
pensation density. 3 Since the recombination cross
sections used by Besfamil’naya ef al. are also
about an order of magnitude smaller than ours, it
might be attributed, in part, to a difference in Hall
analysis. Godik® has reported oscillations in cop-
per-doped germanium at 10 K for a compensation
level of 1.6x10' cm™, This is in agreement with
our conclusion that the average carrier energy has
begun to increase above $RT at this compensation
density.

Quist®® has measured the photoresponse of three
copper-doped germanium samples for a range of
Ny from 10" to 10'° cm™. The photoresponse
showed the same variation as our measurements of

———-15K
—— 4K

6k NS 4
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=
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) 1 1 ) 1
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FIG. 12. Calculated average photocarrier lifetime as

a function of compensation at 4 and 15 K, taking carrier
thermalization into account.
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TABLE II. Calculated average carrier energy and
compensation density for a model based on acoustic-pho-
non thermalization of hot carriers and an energy~-depen-
dent carrier lifetime.

4K } 15 K
T (sec) € (meV) N, (cm™) € (meV) N, (cm™3)
10-8 0.52 2.3x 1010 1.94 6.4x10%
3x 1077 0.53 7.6x 1010 1.94 2.1x10l
1077 0.54 2.3x 101 1.94 6.4x101
3x 108 0.61 8.3x 101 2,00 2.2x10%
10-8 0.78 2.8x 1012 2.14 6.7x10%
3x 10 1.42 1.3x10% 2.58 2.5x10%
10-° 3.22 5.7x 108 3.88 9.1x108
3x10-10 7.4 2.9x 101 7.4 4.2x 101
10-10 12.8 1.1x10% 12.8 1.7x 101
3x 101 17 4.4x10¥% 17 6.4x10%
10-11 19 1.4x10% 19 2.0x 1016

Values assumed

4K 15K
Tee=1%10" sec To=4.5% 107 sec
3pT=5.17x10"1 eV 3pT=1.94%10"% eV
(v)=2.2x10% cm sec™! w)=4.2x10° cm sec™!
0=2.0% 10" cm? 0=3.7%10"1 cm?
€7=0.02 eV €9=0.02 eV

carrier concentration as a function of temperature.
Since the copper concentration was about 7x 10'®
cm™ for all three samples, we can expect the mo-
bility to be relatively independent of temperature
for the three samples measured by Quist. This is
because the sample with lowest compensation
should have a mobility dominated by neutral-im-
purity scattering below 20 K. The intermediate
sample is similar to our sample N10b, while the
heaviest compensation will produce very hot photo-
carriers, whose energy, and hence mobility, will
be relatively temperature independent. Thus, the
temperature dependence of his measured photo-

response should be proportional to the carrier
lifetime. Although Quist did not feel that his data
agreed with any of the usual theories of transport
or recombination, our study shows that a consis-
tent interpretation is possible by taking into ac-
count the carrier thermalization time,

A number of theoretical papers have dealt with
the problems of hot photocarriers.3"40% we
have not tried to compare our experiments with
any of these treatments, since none of them dealt
with the important conditions for p-type germanium
at low temperatures. The overwhelming impor-
tance of the role played by optical phonons cannot
be neglected in constructing a theory of hot photo-
excited carriers in p-type germanium. Under
some conditions, such as temperatures below 1 K,
it may be essential to include the degenerate nature
of the valence band structure. Perhaps a calcula-
tion using the method of Barker and Hearn®® would
provide a convenient approach to this problem.
Such a calculation, based on a Monte Carlo simula-
tion of the injected-carrier life cycle, could also
be extended into the region where the carrier life-
time approaches the time required for optical-
phonon emission,

V1. SUMMARY

The thermalization time of a hot photoexcited
carrier in germanium is about 10” secat4K. This
is in agreement with the assumption of energy loss
via acoustic phonons. Interband scattering is very
likely responsible for the thermalization of light
holes, since this occurs much faster than the time
required for a light hole to thermalize.
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