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Several new properties which are characteristic of energy-band-tail states have been mea-
sured by transient photoluminescence in samples of GaAs heavily doped with silicon and par-
tially compensated. Their dependence on temperature, doping and excitation intensity, and
geometry has been determined. The primary results are the wide range (~ 100:1) of lumi-
nescent rise and decay times within the single emission kand found at low temperatures,
these times increasing monotonically with decreasing energy. These results are ascribed
to the localized nature of band-tail states and to the necessary spatial separation of states
in the tails of the valence and conduction bands. These observations also lead to the con-
clusion that thermalization times of the deeper band tails are very long — exceeding the car-

rier lifetimes, which reach several microseconds in some cases. Therefore, quasiequi-
librium conditions do not develop in any of these experiments.

I. INTRODUCTION

Optical measurements have become very power-
ful aids to our understanding of both the intrinsic
character of solids and the properties of defects
within them. The present work is concerned with
the nature of the luminescence associated with the
presence of high concentrations of charged impu-
rities in semiconductors. For this purpose, it has
been found that GaAs: Si provides an interesting
system. We regard it, however, as a convenient

prototype; most of the conclusions reached here
should apply to other cases of heavily doped semi-
conductors and certain disordered materials.

It is generally accepted that high concentrations
of impurities in semiconductors create “tails” in
the distribution of allowed states as a function of
energy, these band tails extending into the normal-
ly forbidden gap. !=® The conditions which must be
met for this description to be appropriate are (i)
low binding energy of the impurities and (i) im-
purity concentration high enough so that the spatially
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varying potentials arising from the charged impurities
are sufficiently great to cause the associated energy
levels to lose their original discrete character.
Furthermore, it is believed that the impurities are
usually nearly randomly distributed, so that clus-
ters of various sizes will occur, leading to irreg-
ular fluctuations of the electrostatic potential with
position. In the case of ordinary shallow donors
(i.e., positively charged ions), a cluster forms a
region of abnormally low potential in which there
may exist states which are neither the original im-
purity states nor the crystal-band states. Such a
state may be localized by the potential well, or only
quasilocalized if there is some direction in which
the potential barrier drops below the energy level
of the state. The situation is thus qualitatively that
which has been discussed at length in connection
with noncrystalline systems7; it appears that the
present results should be relevant to such materi-
als.

All our measurements were made on solution-
grown wafers of silicon-doped GaAs. Silicon is
amphoteric in GaAs and can introduce shallow do-
nors and relatively shallow acceptors, but the site
distribution depends on the growth method.® The
conditions of sample preparation make it highly
probable that all our samples had a significant de-
gree of compensation. This influences the above
considerations in two ways. First, the amount of
mobile charge available to screen the ion fields is
reduced, thus increasing the magnitude of the po-
tential fluctuations. Second, the presence of both
positive and negative ions causes the potential fluc-
tuations to be larger than with a single type of ion.

On the basis of these considerations, we take as
a model for our samples that shown in Fig. 1. For
all practical purposes, the shallow donor and shal-
low acceptor states have lost their identity by mix-
ing with the respective conduction- and valence-
band states, forming band-tail states. The spatial
average of the density of states shown on the right
displays these tails. The left side indicates how
the potential actually varies with position, creating
the “localized” states of the band tails. Also shown
schematically are a set of deep acceptor states
which are so strongly bound as to retain their iden-
tity and merely shift their total energy along with
the potential. Previous studies®® in GaAs: Si grown
from Ga solution have shown evidence for such a
deep acceptor level (~ 0.1 eV) when high Si con-
centrations are present (> 10'®* cm ™). These are
presumed to arise at some complex, possibly a
Siga- Sias pair. 810

The transitions indicated in Fig. 1 will be dis-
cussed in detail below; for the present, only one
further aspect of this diagram is emphasized; that
is, the conduction-band-tail states are formed at
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regions of low potential and the valence-band-tail
states at high potentials so they always ave spa-
tially separated from each other.

Our principal experimental approach to the study
of this system has been time dependence of photo-
luminescence. Related photoconductivity measure-
ments, ! as well as steady-state photolumines-
cence, ® have been reported on the samples of the
present study.

II. EXPERIMENTAL PROCEDURES
A. Samples

To investigate the above model, samples that are
both highly doped and highly compensated are de-
sired. Silicon-doped GaAs grown from Ga solution
was chosen for the measurements for the following
reasons: (i) The solubility of Si in GaAs is high
enough (~1%) to permit high doping levels without
precipitation of the impurities. (ii) The donor
states produced by Si substituting for Ga are very
shallow (~5 meV). (iii) Si on As sites creates
relatively shallow (~30-meV) acceptors. Thus 7~
and p-type and highly compensated material can
be used. The measurements reported here were
made on materials whose characteristics are shown
in Table 1.2

Some samples heavily doped with Zn and Te were
also examined. However, in these the lumines-
cence was much weaker, and the response times

N(E)
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FIG. 1. (a) Schematic representation of the variation
of the electrostatic potential within the crystal due to the
charged impurities. The singularities at the ions have
been omitted. In the approximation used, the valence-
and conduction-band-state energies follow the potential
fluctuations, as do the deep localized acceptor-state en-
ergies. Wave functions for electrons localized at po-
tential fluctuation extrema are indicated. Eg is the gap
energy in pure material and E, the acceptor-conduction—
band energy. Transitions connecting valence- and con-
duction-band-tail states and conduction-band-tail and
deep acceptor levels are also shown., (b) The energy
dependence of the density of states resulting from this
model.
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TABLE I. Properties of GaAs:Si samples studied.

Majority Free carrier Total impurity

Sample  carrier type density (cm™) density (cm™)
CM79-As n 1.6x10% 5.2x10'®
CM79-Ga n 5.6x10% >1018
S-4 2 6 x101 ~ 1018

were unresolvable with our apparatus. The
strengths of the fluctuating potentials in the Zn-Te
material are expected to be much weaker than in
the Si-doped samples, as the solubility of Te in
GaAs is much lower than that of Si, and precipi-
tates form when too high (>3x10*-cm™) Te con-
centrations are used.

Photoluminescence at 77 °K was observed with
both etched* and unetched material. The spectra
and transient behavior were identical; the only ob-
served difference wasintheluminescence intensity,
where etched samples gave a somewhat stronger
signal. Therefore, the samples were generally
etched at the start of each set of runs.

B. Equipment

A schematic diagram of the basic experimental
setup is shown in Fig. 2. The photoluminescence
was excited using injection lasers, mounted either
in close proximity to the sample within a common
Dewar, or in an auxiliary Dewar, in which case the
laser beam was focused onto the sample with a
suitable large-aperture lens. Injection laser pump-
ing was chosen to provide very short turn-on and
turn-off times, so that the transient photolumines-
cent response would not be distorted by the excita-
tion pulse shape. Injection lasers present diffi-
culties, however; it is hard to obtain a long flat-
topped pulse at high drive levels (heating often
leads to a decrease inoutput at the end of the pulse),
and there are usually frequency-shift effects dur-
ing the pulse, again due to laser heating. Through-
out the experiments reported herein, we have
striven to eliminate or minimize these effects; we
believe that our conclusions have not been influ-
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enced by any residual effects which could not be
suppressed completely.

The pump lasers were generally grown by liquid-
phase epitaxy on highly doped GaAs substrates. 15
Because we experienced difficulties with laser sub-
strate luminescence after the drive pulse, we used
lasers from which the substrate had been removed.
The (Al,Ga,_,)AS lasers, with output centered at
1.6 eV, had observable output in a “tail” extending
into the spectral range of interest. This was weak
compared to the sample fluorescence over most of
the range; however, it may have distorted inten-
sities somewhat at 1. 4 eV and above.

At 77 °K, measurements were made with both
sample and excitation laser immersed in liquid
nitrogen. For temperatures above 77 °K, the sam-
ples were mounted in a vacuum on a copper cold
finger with high thermal conductivity paste. The
temperature of the finger was monitored with a
copper-constantan thermocouple. Below 77 °K, a
variable-temperature Dewar was used in which the
sample was mounted on a copper block in (atmo-
spheric-pressure) helium gas. The temperature
at the position of the sample was measured with a
germanium resistance thermometer.

In measuring the transient photoluminescent re-
sponse, the laser current pulse was carefully ad-
justed to be long enough that a steady-state lumi-
nescent condition was attained by the end of the
pulse. Pulse lengths and pulse-top flatness were
monitored after each change by tuning the spectro-
meter to the laser wavelength. This also per-
mitted the response time of the system to be re-
peatedly checked: The system response so deter-
mined was usually about 10 nsec, and never was
more than 15 nsec. As all measured response
times were larger than this, the reported data are
not biased by system response times.

In the transient measurements, the luminescent
signal was often so weak that no light pulse could
be discerned on the sampling oscilloscope. To en-
hance the signal-to-noise ratio, a PAR Waveform
Eductor was driven from the vertical output of the
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MATOR PLIER AMP. FIG. 2. Block diagram of apparatus.
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sampling oscilloscope. This permitted signal inte-
gration with time constants up to 100 sec in 100
channels across one sweep of the oscilloscope. The
Eductor output was then recorded on an X-Y chart
recorder.

C. Measurements

Three types of measurements, indicated sche-
matically in Fig. 2 by the three possible signal
paths, were made: (i) transient response, both
rise and decay, to pulsed photoexcitation; (ii)
“time-resolved” spectra taken during and at spe -
cific delay times after an excitation pulse; (iii)
“steady-state” spectra, taken with a long excitation
pulse and conventional lock-in techniques. Since
the signal levels varied over more than an order
of magnitude across the spectrum, a logarithmic
converter was used when taking the time-resolved
and steady-state spectra. Cnly when the steady-
state spectra were being taken was the beam chop-
per shown in Fig. 2 used.

III. RESULTS
A. Steady-State Spectra

The steady-state photoluminescence of the three
GaAs: Si samples shown in Table I has been report-
ed in the literature® at temperatures between 77
and 300 °K. Kressel et al. interpret these data in
terms of three transitions. At 77°K, the dominant
transition in all these materials is from conduction-
band-tail states to deep (~ 100-meV) acceptor states
introduced by the silicon. This transition gives
rise to a broad luminescence band centered about
100 meV below the “band gap.” Kressel ef al. also
report additional transitions. One is interpreted as
band-tail-to-band-tail recombination and is only
seen at temperatures above ~ 100 °K. This grows
in strength relative to the main transition as the
temperature increases. Another, seen only in the
p-type sample (S-4), is interpreted as a transition
from conduction-band-tail states to a very deep
acceptor level about 220 meV above the valence
band. These results are to be contrasted with
those of Hill'® which show luminescence bands in
uncompensated melt-grown GaAs to peak near the
band gap regardless of doping level. Hill also ob-
served peaks about 100 meV below the band gap in
Si- and Ge-doped samples. It should be noted that
in all our samples (heavily Si-doped compensated
solution-grown GaAs) there is no luminescence at
energies near the band gap, and all that is seen at
77 °K is a single broad luminescence band about
90 meV wide, centered at about 1. 38 eV, 130 meV
below the gap energy E;, as illustrated in Fig. 3.

The steady-state spectra we have taken on the
samples are in basic agreement with those report-
ed by Kressel ef al. However, we have observed
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a slight dependence upon excitation intensity that
has not previously been reported: As the inten-
sity of the exciting radiation is increased, the en-
ergy of maximum luminescence remains essen-
tially unchanged, but there is a reduction in the
relative amount of low-energy fluorescence and an
increase in the high-energy fluorescence. This

is also shown in Fig. 3.

B. Response Times
1. Nature of the Response

When a sample was illuminated by a “rectangu-
lar” pulse of laser light, the luminescence built
up rapidly at first and then flattened off to a steady-
state value, if the pulse were sufficiently long.
(Care was taken to always use pulses of adequate
length.) After the pulse, the fluorescence decayed
roughly exponentially. However, a careful exam-
ination of many rise and decay curves showed that,
in general, neither the rise nor the decay was truly
exponential. A power law of the form Icct™ also
did not accurately represent the data, where Iis
the luminous intensity at a given wavelength, ¢ is
the time after the pulse, and » is a constant. In
fact, occasionally “S-shaped responses” were ob-
served, with a (quite short) “latency period,” ei-
ther at the beginning or at the end of the lumines-
cent pulse.

An illustration of a typical luminescent decay is
given in Fig. 4. It is seenhere that while the curve
shows a slower-than-exponential tail, the early part
of the decay can be approximated by a simple ex-
ponential. Because of the complexity of the lumin-
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FIG. 3. Steady-state fluorescent spectra taken at
two excitation levels. Both curves have been normal-
ized to unity peak intensity. At this temperature Eg
=1.51eV.
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FIG. 4. Typical fluorescent decay curve showing an
initial quasiexponential decay, followed by a slowing of
the decay rate. Similar curves are obtained for the
fluorescent buildup during the excitation pulse.

escent system, as discussed in detail below, no
theoretical explanation of the details of the pulse
shape seems feasible. To permit a semiquantita-
tive discussion of our data, we therefore fit a
“best” exponential to the early portion of both rise
and decays (neglecting any latency period that may
appear), and arbitrarily define the luminescence
response times as the associated (exponential)
time constants.

2. Spectral Dependence of Response Times

The luminescence shows a strong dependence of
response time on photon energy across the lumi-
nescence band. ' This is shown in Fig. 5 for the
77 °K behavior of the closely compensated CM79-
Ga sample. It is seen that the high-energy side
of the band has very short rise and decay times,
approaching those of the instrumental response.
However, as the photon energy decreases, be-
tween 1.45and 1. 35 eV, the responsetimes length-
en over two orders of magnitude, becoming over
a microsecond at the lower energies. The behav-
iors of the n- and p-type samples were qualitatively
the same, although the n-type sample (CM79-As)
exhibited somewhat shorter response times at low
photon energies (~ 200 nsec for rise and ~ 350 nsec
for decay) than did the highly compensated and p-
type samples.

A significant feature of these curves is that the
rise and decay response times are roughly equiv-
alent in all cases. We note further that although

the rise times are shorter at the lower energies,
they become somewhat longer than the decay times
at high energies.

3. Time-Resolved Spectra

While in principle the same information is con-
tained in the transient response data, it is instruc-
tive to consider spectra taken at fixed times after
an excitation pulse. An example is shown in Fig.
6; note the logarithmic intensity scale. The upper-
most curve was taken 200 nsec before the end of
the pulse, and shows the “steady-state” response.
After the pulse, the very rapid fluorescent decay
at high energies is clearly seen, asistherelatively
slow decay at lower energies, resulting in large
shifts of the luminescence peak to progressively
lower energies as the decay proceeds.

4. Dependence on Excitation Intensity

Within the available range and accuracy of our
measurements, there was no dependence of re-
sponse times, eithev rvise or decay, upon the in-
tensity of the exciting radiation.

5. Temperature Dependence

There is a marked dependence of response times
upon temperature, as shown in Fig. 7. Note that
here the energy scale has been referred to the
(temperature-dependent) band-gap energy E,. Be-
low 77 °K, the dependence is weak, with slight in-
creases in response times occurring as the sample
is cooled to liquid-helium temperatures. However,

77°K
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FIG. 5. Energy dependence of the rise and decay re-
sponse times for a highly doped highly compensated
GaAs:Si sample. Similar curves were obtained for both
n- and p-type compensated samples.
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above 77 °K, there is a marked decrease of the low-
energy response times, the times dropping by over
an order of magnitude as the sample is heated to
about 200 °K. Throughout all the temperature range,
only the low-energy fluorescence was affected, the
high-energy response times remaining essentially
temperature independent. Note also that the rise
times remain approximately equal to the decay
times at all temperatures.

6. Dependence on Enevgy of Exciting Radiation

No dependence of the response times upon ex-
citation energy was observed. Three different
kinds of injection lasers were used in our studies.
We first used a Ga(As,P,_,) laser with an energy
of 1.9 eV, well above the band gap of E;=1.51 eV
at 77 °K. As some trouble was experienced with
luminescence of the GaAs substrate on which the
laser was grown, we switched to (Al,Ga,_,)As
lasers at 1.6 eV. The substrates on which these
lasers were grown were carefully lapped off before
laser fabrication. Finally, we used some GaAs
lasers whose output energy could be tuned ther-
mally over the range 1.41-1. 44 eV to study the
effects of penetrating excitation radiation within
the luminescent band itself. (Unfortunately, we
could not lower the minimum available excitation
energy in this way sufficiently to examine fluores-
cence at energies above that of the exciting radia-
tion. )

7. Dependence on Excitation Geometry

Only a small area of the sample was normally
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FIG. 6. Time-resolved spectra, showing the spectral
shape of the fluorescence in the steady state (near the
end of a long excitation pulse) and at various times after
the end of the pulse.
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FIG. 7. Temperature dependence of the decay times
for a highly doped highly compensated GaAs:Si sample.
The temperature dependence of the rise times is very
similar. Note that the zero of the energy scale is taken
at the (temperature-dependent) band gap of pure material.

excited, and most measurements were made with
1. 6-eV radiation that is absorbed in about a micron
from the surface. Moreover, the spectrometer
“sees” a slit-shaped area that includes some un-
illuminated portions of the sample. Thus, the
possibility existed that some, if not all, of our ob-
served response times were associated with spa-
tial carrier diffusion phenomena.!® To eliminate
this possibility, two sets of experiments were per-
formed. The first has been mentioned above, and
consisted of exciting with penetrating radiation
from a thermally tuned GaAs laser. Here the sam-
ple, only ~0.014 cm in thickness, was excited
throughout the bulk, over depths long compared to
diffusion lengths. No changes in response times
were observed with this penetrating excitation ra-
diation.

In the second set of experiments, the spacing of
the excitation laser from the sample was varied
from 0.04 to 0. 18 cm, while the laser intensity
was varied to keep the peak excitation intensity at
the sample constant. Thus the relative sizes of the
sample area excited and “looked at” by the spectro-
meter were changed. Again, no effect on the re-
sponse times were observed. Thus, geometrical
effects do not seem to play a significant role in the
observations.

C. Photoluminescent Efficiency

No measurement was made of the absolute lumi-
nescent efficiency. However the temperature de-
pendence of the relative efficiency was determined
and is shown in Fig. 8. This represents a plot
of the total steady-state luminescent power, in-
tegrated over the entire luminescent band, versus
sample temperature. To make these measure-



1836

60

I3
o
I

I

D
o
T

|

n
o
T

|

REL ATIVE FLUORESCENT EFFICIENCY
5 3
T T
| |

0 | ! ! | 1
80 100 120 140 160 180 200

TEMPERATURE(°K)

FIG. 8. The relative fluorescent efficiency of the
entire luminescent band (integrated over the spectrum)
as a function of temperature.

ments, the sample was mounted on a variable-
temperature cold figure in the same Dewar as the
excitation laser, which was mounted nearby on a
cold finger nominally kept at 77 °K. However,
because of radiative coupling, thelaser coldfinger
increased slightly in temperature as the sample
was heated., This did not significantly alter the
laser wavelength, but its intensity did fall off by
about % (at the highest sample temperature ).

A correction for this effect has been made assum-
ing a linear dependence of sample fluorescence on
laser intensity; the (peak) luminescent intensity
increased slightly sublinearly with excitation
intensity.

IV. DISCUSSION

Of the foregoing results, the major ones are the
spectral dependence of both the rise time and de-
cay time within the single emission band and the
temperature dependence of those response times.
This discussion offers an interpretation of these
effects in terms of the model of Fig. 1, which ap-
pears consistent with the other results. We have
been unable to find any alternate interpretation with
this consistency.

A . Spectral Dependence of the Decay Times

The sharp drop in decay times with increasing
photon energy shown in Fig. 5 follows directly from
the diagram on the left-hand side of Fig. 1, and its
prediction was the original motivation for the pres-
ent work. It is a direct consequence of the two
salient features of band-tail states: (i) quasi-lo-
calization and (ii) spatial separation of the conduc-
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tion- and valence-band-tail states. A low-energy
transition (%Zw < E;) necessarily involves initial and
final states whose wave functions overlap only in
classically forbidden regions in which they are
strongly damped. Furthermore, the lower the en-
ergy of the transition, the greater must be the spa-
tial separation of the initial and final states, hence,
the greater is the damping. ' Thus the matrix ele-
ment for the transition gets (roughly) exponentially
smaller at lower emission energies, thus increas-
ing the lifetime. This is the central feature of our
interpretation.

Several further remarks should be made concern-
ing the model. First, these same considerations
apply irrespective of whether the final state is a
valence-band-tail state or a discrete deep acceptor
state as indicated by the unperturbed transition
energy E, of Fig. 1. This follows from the fact
that both are localized and both have smaller en-
ergy differences from the initial state (i.e., Zw
<E,) when they are far separated from it. There-
fore, the presence of the deep levels is not essen-
tial to the model although it may be that its exist-
ence in our GaAs: Si samples caused a shift of the
range of response times into a measurable regime.
[This conjecture is based on two factors: (i) The
luminescent decay times of samples doped with im-
purities other than Si were too fast to measure.

(ii) It has been observed qualitatively that deeper
levels in GaAs are associated with longer lumines-
cent response times. 2]

The essential similarity of the decays from »n-
type, p-type, and closely compensated samples
also follows from the model since the same types
of states are present in all three. The somewhat
shorter response times of the n-type sample may
be a consequence of screening of the potentials by
the large number of free electrons.

It is clear that there is a very close similarity
between our interpretation of these luminescent
decays and the corresponding features of donor-
acceptor pair recombination. ®® The differences
are that in our case we have continuous distribu-
tions of energy levels and of spatial separations of
initial and final states. The analysis of the kinet-
ics of recombination involving low-energy transi-
tions is, therefore, analogous as long as the initial -
final-state overlap integrals are dominated by ex-
ponentially damped wave functions. In the discrete
case it is known?? that the transition probability as
a function of the initial-final-state distance » has
the form

W) =W,e " , (1)

where W, is a constant and R is a measure of the
attenuation factor governing the overlap of wave
functions. Our model invokes the statistical de-
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pendence of the emission photon energy on this
distance; lower energy corresponds to greater
mean distance and, by Eq. (1), an exponentially
reduced transition probability.

This analogy to pair recombination suggests that
the time dependence be analyzed for possible ¢

behavior which characterizes some pair decay. As
mentioned in Sec. III B1, however, we were un-

able to fit the data in this way. The continuum
nature of the band-tail system may be responsible
for this difference from the case of discrete donor-
acceptor pairs.

All of the foregoing arguments to explain the en-
ergy dependence of the radiative lifetime can be
applied to other types of recombination processes
as well., I, for example, decay occurs with pho-
non assistance, the attenuation of the electron and
hole wave functions would also reduce greatly the
net transition probability even though the matrix
element contains a very different interaction op-
erator. By the same arguments, a general non-
radiative transition should be similarly affected.
This point will appear again in the discussion of the
temperature dependence.

In addition to the analogy with pair recombination,
the present results and interpretation have rele -
vance to at least two other previously reported ob-
servations. First is the stepwise excitation of
luminescence in GaAs samples of just the type used
here.?® That result was ascribed to deep band-tail
states which must have had relatively long life-
times. Second is the demonstration that the opti-
cal absorption edge in such materials is associated
with the electrical state of charge of impurities
present. ** Here, too, the penetration of the wave
functions into classically forbidden regions was in-
voked to explain the exponential shape of the ab-
sorption edge.

B. Spectral Dependence of the Rise Times

In contrast to the spectral variation of the decay,
the observed wide range of luminescent 7ise times
was unexpected and has led to rather surprising
conclusions. We had expected that a degenerate
quasiequilibrium condition would develop in a time
much shorter than our observation times. If this
were so, however, all the lowest electronic states
would be filled “instantly” and would, therefore,
begin to radiate immediately. The results for the
rise times shown in Fig. 5 show that this is far
from the case. On the contrary, the lowest-energy
states have the slowest luminescent rise times.
Furthermore, the closeness of the rise and decay
times at all photon energies is striking.

Thus, none of the states involved in the lumines-
cence saturate under the conditions of these experi-
ments, even during the very long times (~5 usec)
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required for establishing some of the steady-state
conditions. This nonsaturation of the low-energy
states is equivalent to nonquasiequilibrium of the
system because an equilibrium distribution of our
photoexcited carriers should be highly degenerate,
as we now show. A typical excitation pulse of ~0. 1
W (optical) is absorbed in a region ~10 ™ cm thick
by ~5 X 10"*-cm?® area, thus generating ~10% car-
riers/cm?® sec. The resulting steady-state popu-
lation density for carriers having a lifetime of 100
nsec (the measured value near the emission peak)
is then ~10'® cm™. This concentration of electrons
in a GaAs conduction band is known to be degener-
ate even at room temperature.

This conclusion that quasiequilibrium does not
prevail is supported by several other observations.
First, the decay of a degenerate equilibrium gas of
carriers should progressively drop the quasi- Fermi
level, leaving the lowest states full until all the
higher ones are empty. This would cause a delay
in the onset of the decay of low-energy emission
while the lowest states are full. Such a delay has
not been observed under any of our experimental
conditions. Furthermore, the rise and decay times
are independent of excitation intensity. This re-
quires that the states are never saturated, as they
would be in a degenerate quasiequilibrium situation.
The studies on various excitation geometries de-
scribed in Sec. III B7 also support the present in-
terpretation.

It should be added that the present observations
are incompatible with a nondegenerate quasiequi-
librium as well. In that case, all of the excited
carriers would have to decay at a single common
rate regardless of their energy level.

For these reasons, we do not believe that quasi-
equilibrium conditions existed at any time during
our measurements. The deeper band-tail states
do not thermalize readily — an effect that is less
surprising when one considers the localization and
spatial separation of different states at approxi-
mately the same energy. Thus, the thermaliza-
tion time for deep tail states must be longer than
the carrier lifetimes, which we have observed to be
as long as several microseconds. Indeed, quasi-
equilibrium conditions do not develop even in the
steady state with continuous excitation. Such a
condition has been suggested previously on the ba-
sis of indirect evidence, %5 put appears not to have
been demonstrated directly. Also, these results
provide new information on the processes which
may have contributed to the stepwise excitation of
luminescence referred to earlier?®: The first ex-
citation step places electrons in tail states having
a much longer lifetime than previously expected,
and the electrons excited out of such states do not
readily trickle back down to them, but decay from
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some intermediate levels. (There, the low-energy
excitation directly into the tail states appears to
have saturated them.)

C. Relation of Rise and Decay Times

With the foregoing explanations of the rise and de-
cay times, we cannow also explain their close similar-
ities and the fact that rise times are nearly the
same in n-type, p-type, and closely compensated
materials, just as the decays are. The close
equality of the rise and decay times is a direct
consequence of the nonsaturation of the lumines-
cent states: Consider the kinetics of a single class
of states which are optically excited. If this set
of nonsaturating states has a mean lifetime 7, the
differential equation for the occupation number »
is well known to be
where g is the generation (optical excitation) rate.
It is well known that the solution of such an equa-
tion has both rise- and decay-time constants equal
to 7 because the rise curve simply reflects how the
decay reduces # below the linear generation num-
ber. Thus, the nonsaturation uncovered in the
rise-time studies results in simplifying the re-
lation between rise and decay.

In Sec. IV A we showed that the decay times on
n-type, p-type, and compensated samples should
be about equal. Now it follows that the rise times
should also be essentially the same in all samples.

D. Temperature Dependence

There are two distinguishable aspects of the ob-
served temperature dependences, one familiar and
one new. First, we recognize in Fig. 8 the general
result that the integrated luminescent efficiency
declines rapidly as the temperature increases above
~80°K. (We have not extended this measurement
to lower temperatures, but there are reasons to
expect a much weaker temperature dependence
there.) As with the other observations of this be-
havior, we ascribe this to some (unspecified) non-
radiative transition having an increasing probability
at higher temperatures. The detailed nature of
this nonradiative effect has not, to our knowledge,
been established. From its temperature depen-
dence, we seethatitis phonondominated, not of the
Auger type. There is some evidence that surface
effects may be responsible for reduced efficiency
at higher temperatures. 28

The new feature of the temperature dependence
is that it has a spectral variation as shown in Fig.
7 for the response times. That is, raising the
temperature above ~80 °K causes a marked de-
crease in the (longer) response times at low en-
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ergies, but has a progressively smaller effect on
the (shorter) times at higher energies. There is,
in fact, virtually no temperature dependence to the
response times near the highest energy (1.43 eV)
we can measure. An empirical analysis of the
central portion of Fig. 7 indicates that for tempera-
tures between 80 and 160 °K, the data can be ap-
proximately described by an Urbach rulelike for-
mula:

T=Ty expla(1.43 - w)/kT], (3)

where 7y~ 25 nsec, a ~0. 2, and Zw and 2T are in
electron volts. It is interesting to note that, as
with Urbach’s rule for absorption, the tempera-
ture dependence disappears below ~ 80 °K.

The temperature dependence of the response-
time spectrum has an important effect on one as-
pect of the interpretation of the present data. This
is because there should be no temperature depen-
dence for a simple radiative transition between
states which overlap in the energy gap as displayed
in Fig. 1. Therefore, the variation with tempera-
ture of the response time at fixed energy requires
the participation of some other process, e.g., pho-
non assistance. This is consistent with the fore-
going discussion of the efficiency and, as discussed
in Sec. IV A, the localization and separation of the
initial and final states will lead to a spectral vari-
ation of response times regardless of the detailed
nature of the recombination mechanism.

One process which may explain these results is
that at higher temperatures electrons are ther-
mally excited from deeper to shallower states of
the tail. From there they can recombine more ra-
pidly either radiatively or by nonradiative recom-
bination centers to which they can move more eas-
ily because of the reduced localization of excited
states. The latter is more likely here because we
could find no evidence of enhanced emission at
higher energies as the temperature was raised.

It should be remarked in this connection that the
response time measured by luminescence is not
just that of the radiative component, but rather the
total excitation lifetime, which is given by

(4)

-1 _ el -1
Ttot = 7"x'ald + Tpers
where we have lumped in 7,_, all recombination
processes other than the observed radiative one.
The emitted radiation is just a convenient tool by
which we can determine 7.

V. SUMMARY AND CONCLUSIONS

The technique of time-dependent photolumines-
cence has provided new information on properties
of energy-band-tail states. By the choice of GaAs:
Si prepared by solution growth we have been able
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to observe the independence of these properties on
doping type (i.e., n type, p type, or nearly com-
pensated). The central feature of the results is
the range of luminescent rise- and decay-time con-
stants for different wavelengths within the single
luminescence band. Together with the other ob-
servations, these results lead to the following in-
terpretation: The spectral dependence of the de-
cay times arises from the localization and spatial
separation of valence- and conduction-band-tail
states in a continuum analog to discrete donor-
acceptor pair recombination. The corresponding
range of the rise times shows that states deep in
the band tails do not saturate under any intensity of
optical excitation and, therefore, quasiequilibrium
is not attained, even in the steady state. Thus, the
thermalization times for deep tail states is longer
than the recombination time. The temperature de-
pendence of the results requires the participation
of phonons in nonradiative recombination, at least
for temperatures above ~80 °K and for energies
below 1.43 eV. At lower temperatures or at 1.43
eV, the absence of temperature dependence could
indicate either a dominance of the radiative pro-
cess or a change to temperature independence of

the nonradiative process. The available evidence
does notprovide a basis for making this distinction.
We can, however, compare the 7= 25 nsec we ob-
served with various previous estimates of radiative
recombination time of ~ 1 nsec for presumably
band-to-band transition in GaAs, 27-%°

[As this paper was being prepared for publica-
tion, we learned of somewhat similar measure-
ments at 1. 8 °K on a sample compensated to about
the same extent as our CM79Ga (but with different
doping) by Leite, Shah, DiGiovanni, and Whelan.
In spite of several differences in method, their
primary results and conclusions agree with those
presented here. ]
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