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The effects of microwave electric fields on the photoluminescence (PL) from binary III-V semiconduc-
tors are compared to those of fields applied directly via Ohmic contacts. Significant differences are seen
between the electric-field dependences of luminescence intensity changes for microwave and directly ap-
plied fields, particularly in cases where the directly applied fields lead unequivocally to impact ioniza-
tion. Hence, in contrast to previously published reports, it appears that mechanisms other than impact
ionization are significant in the microwave-PL coupling. We have also performed Monte Carlo simula-
tions. These calculations indicate that the energy dependence of the cross sections for capture of pho-
toexcited carriers into competing radiative and nonradiative processes plays an important role.

INTRODUCTION

In a previous paper we reported that in a set of III-V
semiconductors which exhibits a propensity to form an
ordered structure the coupling between an applied mi-
crowave electric field and an ongoing photoluminescence
(PL) process is predominantly the result of simple lattice
heating.! In the majority of samples we have investigated,
however, including binary and ternary III-V’s, II-VD’s,
and quantum wells, the coupling mechanism is not
thermal, i.e. it is not the result of the fact that different
competing luminescence processes have different depen-
dences of PL intensity on temperature in a spectroscopy
where the sample temperature is being modulated by the
application of a microwave electromagnetic field.! Over
the years there have been numerous reports of changes in
PL spectra induced by microwaves.?” ' In many cases
the effects of microwaves on PL intensity have been as-
cribed to impact ionization,>”® although the energy
dependence of the cross section for capture of free car-
riers into bound states,”'® heating,® and effects involving
applied static magnetic fields>® have also been mentioned
as explanations. We have previously discussed heating
effects in considerable detail.! Because many experimen-
tal configurations, including the one to be discussed
below, contain no applied static magnetic field, the fol-
lowing discussion will focus primarily on mechanisms in-
volving impact ionization and the energy dependence of
capture cross sections.

The attribution to impact ionization of changes in
luminescence intensity in materials subjected to mi-
crowave electric fields was originally based on the fact
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that in Si a plot of luminescence intensity changes as a
function of applied microwave powder did not extrapo-
late to the origin but rather to a relatively large mi-
crowave power,”3 suggesting that a minimum electric
field is required for an observable effect, as is the case in a
conventional impact ionization mechanism.!! Also in
one sample of GaAs the PL intensity decreased super-
linearly as a function of applied microwave power.* In
this paper we investigate the plausibility of impact ioniza-
tion as the dominant cause of changes in PL intensity by
presenting a detailed comparison of PL changes in sam-
ples subjected to microwave electric fields with changes
resulting from electric fields generated by applying a po-
tential along the epilayer via Ohmic contacts.

In this work impact ionization refers to inelastic
scattering of an energetic free carrier by a shallow bound
center wherein sufficient energy is transferred to the
bound center to ionize it. Such phenomena are well
known.!! Their presence is recognizable by the existence
of a strongly superlinear dependence of sample current
on applied voltage. The current avalanches as a function
of applied electric field as a result of carriers being impact
ionized from excitons (under photoexcitation) and shal-
low donors. It is important to note that a precondition
for the observation of this avalanche process is the
freezeout of carriers. It is equally important to note that
the inverse of the previous statement is not true; i.e.,
failure to observe an avalanche in the current-voltage (I-
V) characteristics of a material does not preclude a reduc-
tion in the concentrations of neutral donors and excitons
via impact ionization when an electric field is applied.
Impact ionization of shallow excitons and neutral donors
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by electrons accelerated in an applied electric field may
occur in cases where only a relatively small fraction of
donors are neutral, even at low temperatures. However,
in these cases, a causal assignment cannot be definitively
made from the associated I-V curve, which does not show
the characteristic avalanche.

In contrast to the results just discussed in which the
effect of microwave fields on PL are attributed to impact
ionization, Booth and Schwerdtfeger®!© rejected the im-
pact ionization explanation on the grounds that the
amount of energy an electron could gain from the mi-
crowave electric field in the scattering time appropriate
for dephasing a cyclotron resonance signal is an order of
magnitude too small (0.5 meV) to impact ionize shallow
donors and excitons (typically 3—5 meV in III-V semi-
conductors). Unfortunately this argument is flawed for
two reasons. The dephasing time associated with cyclo-
tron resonance is typically an elastic scattering time;
hence electrons would continue to gain energy even after
being scattered. Furthermore, even if the scattering were
inelastic, it is an average time. Some members of the en-
semble could still gain enough energy to impact ionize
despite the fact that on average they cannot. Booth and
Schwerdtfeger®!° argue instead that the influence of the
microwaves on the PL process is via the energy depen-
dence of capture cross sections for free carriers into the
bound states involved in radiative recombination. This
conclusion is based on their observation of a linear de-
crease in PL intensity with microwave power, as predict-
ed by a reciprocal dependence of capture cross section on
free-carrier energy. Clearly there is no general agreement
in the literature concerning the mechanism whereby a
microwave electric field influences ongoing photolumines-
cence processes.

Investigations of the effects of electric fields on photo-
luminescence date back at least to the work of Schairer
and Stath,'? who observed a shift from donor-acceptor
pair to band-acceptor recombination in GaAs as increas-
ing current was passed through an epilayer in which PL
was being monitored. Coincidence of an avalanche in the
current-voltage characteristics with a sharp decrease in
luminescence intensity from processes associated with
bound states as well as transfer of luminescence to free
carrier processes supports their explanation of the cou-
pling in terms of impact ionization. Decreases in the in-
tensity of optical emission associated with excitonic and
donor-acceptor recombination resulting from an electric
field being applied via contacts to the sample have been
reported in GaAs by Bludau and Wagner,!* in InP by
Skromme and Stillman,'# and in Si by Weman, Zhao, and
Monemar.!>~!7 Because changes in PL intensity can be
directly correlated to the avalanche behavior in the I-V
curves, the assignment of the rapid decrease in PL inten-
sity with increasing electric field to impact ionization can
be made, in these cases, with a relatively high degree of
certainty.

In addition to the experimental work described above,
Smith, Pan, and McGill'® have calculated the effect of an
applied electric field on the concentration of excitons at
low temperatures. They found the critical field for im-
pact ionization to be about 2 V/cm in Ge and 20 V/cm in
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Si. It is noteworthy that if one calculates the energy
gained by a free electron within the scattering time asso-
ciated with the mobility appropriate for the extremely
pure Ge and Si assumed by Smith, Pan, and McGill the
resulting values correspond to the exciton binding ener-
gies in these materials, to within no worse than a factor
of 3.

Changes in PL intensity may also be effected through
the application of microwave electromagnetic fields.
Well-understood examples include magnetic resonance
spectroscopies such as optically detected magnetic reso-
nance!” (ODMR) and optically detected cyclotron reso-
nance.” Unfortunately, despite the clear understanding
of changes in PL intensity in terms of resonant effects in
the presence of a strong magnetic field, a nonresonant
effect exists that remains even in the absence of an ap-
plied dc magnetic field. In some cases this nonresonant
effect can be definitively identified as simple heating of
the lattice by the microwaves.! In cases where thermal
effects appear not to be relevant, Wang, Monemar, and
Ahlstrom* attributed the change in PL intensity to im-
pact ionization of bound centers by free carriers ac-
celerated in the microwave electric field. Their evidence
for impact ionization was a superlinear dependence of PL
intensity reduction on applied microwave power.* Oml-
ing has recently applied the technique as a modulation
spectroscopy to investigate exciton trapping at mono-
layer steps in GaInAs/InP quantum wells,® based on the
interpretation of the coupling between the PL and mi-
crowaves as via impact ionization. In a similar study Lin
et al.?! arrived at similar conclusions despite the fact
that they interpreted the PL changes in terms of a
thermal coupling. Although in these cases the outcome
was independent of coupling mechanisms, we have seen
other examples?? where the microwave modulated PL
(MMPL) spectra are very different for the thermal and
non-thermal coupling mechanisms. If the spectra depend
on the coupling mechanism, then using those spectra to
obtain insight into the underlying physical processes cer-
tainly requires a knowledge of which coupling mecha-
nism is operating.

A number of explanations for the effect of electric
fields on PL in addition to impact ionization and heating
have been put forth. In the case where direct contacts
were used, Bludau and Wagner13 also considered Stark
effect ionization, changes in radiative lifetime, and field-
induced enhancement of nonradiative processes. Field
ionization of excitons can easily be excluded by simple
calculations which show that the required electric fields
are three orders of magnitude larger than experimentally
used. Changes in the matrix elements determining
recombination rates (and hence lifetimes) will be of the
same order as those for field ionization and hence will
also be too small to explain the observed effects. Redis-
tribution of carriers among the various competing radia-
tive and nonradiative processes will be discussed at length
below.

In earlier work on microwave induced effects, Wang
and Monemar,’ working in an ODMR geometry (i.e.,
where the sample is placed in the microwave magnetic-
field maximum and electric-field minimum), cited four
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different mechanisms as dominating under different ex-
perimental conditions. These include cyclotron reso-
nance and magnetically enhanced surface recombination
at high magnetic fields, in addition to lattice heating and
enhanced impact ionization. In many cases microwave
effects on PL take place under conditions of essentially
zero static magnetic field.

In this work we report on changes in PL intensity in-
duced by microwave electromagnetic fields as well as
from the application of low-frequency pulsed dc electric
fields generated via direct electrical contact. Although
impact ionization is certainly a factor in modifying PL
spectra in the presence of a microwave field, our results,
including numerical modeling, suggest that the energy
dependence of capture cross sections for trapping carriers
plays an important role.

EXPERIMENTAL PROCEDURE

Two pairs of samples were used in this work. One was
very high-purity InP grown by organometallic vapor
phase epitaxy (OMVPE) at American Cyanamid using
tertiary butyl phosphine. The epitaxial layer, having a
thickness of about 5 um, was grown on a semi-insulating
substrate. Analysis of variable temperature Hall effect
measurements gave total electrically active donor and ac-
ceptor concentrations of Np=9.9X10"/cm® and
N,=5.1X 10"/cm?, respectively. Photothermal ioniza-
tion spectroscopy measurements indicated that the dom-
inant residual donor species were S and Si. The max-
imum electron mobility occurred at 62.5 K and was
78000 cm?/V's. Impact ionization measurements on the
sample at 4.2 K with no illumination gave a breakdown
voltage of 2.2 V. The I-V characteristic showed a nega-
tive resistance, with the sustaining voltage switching back
to 1.5 V and remaining at this value for currents from
low values up to as high as 80 pa. The sample to which
an electric field was directly applied via Ohmic contacts,
to be described in detail below and referred to as
DCMPL, had a cloverleaf geometry appropriate for Hall
measurements. In its application here, the two alloyed In
contacts on adjacent corners of one side were tied in
parallel and a voltage applied between opposite sides. Be-
cause of the indentations cut to generate the cloverleaf
geometry, the actual electric field is difficult to calculate.
The values plotted below were determined by dividing the
applied voltage by the diagonal dimension of the wafer
surface. The error introduced by this simplification will
be a constant shift in all field values and is inconsequen-
tial to the functional dependences which are of most in-
terest to us here. This sample evidences carrier freezeout
below approximately 20 K as well as an avalanche in I-V
characteristics at low temperature. The avalanche in the
I-V characteristics is unequivocal evidence of impact ion-
ization of neutral donors in the absence of photoexcita-
tion.

The second pair of samples investigated was nominally
undoped 6-um-thick n-type GaAs epilayers grown on a
p-type substrate by the National Renewable Energy Lab-
oratory using atmospheric pressure OMVPE. The p-n
junction restricted current flow to the epilayer. Gold
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contacts with a separation of 1 mm were electroplated
onto one member of the pair and leads attached with
silver paint. The room-temperature carrier concentration
was estimated to be 5X 10'°/cm3, assuming a mobility of
8500 cm?/Vs. (The sample width was also 1 mm.) In
this case the carriers did not freeze out at low tempera-
ture. In fact the conventionally measured resistance be-
tween the contacts changed by less than a factor of 2 be-
tween room temperature and 1.8 K.

Conventional photoluminescence was performed using
a mechanically chopped 514-nm Ar' laser. The il-
lumination intensity for the measurements reported
below was 1.0-mW unfocused light apertured to 2 mm di-
ameter, equivalent to approximately 30 mW/cm?. This
level of illumination was chosen to be high enough to give
adequate signal so that modulation spectroscopy could be
performed over many orders of magnitude in applied
electric field yet the illumination was weak enough to per-
mit significant carrier freezeout in the InP samples at low
temperature. PL was dispersed with a Spex 0.75-m spec-
trometer and detected with an S-1 photomultiplier. Spec-
tra are not corrected for system response. This fact is
particularly relevant in the case of MMPL, where astig-
matism induces small apparent shifts in energy resulting
solely from the fact that the microwave cavity is located
off the optical axis of the system. These small energy
shifts are not important to the objective of this research.

For the DCMPL measurements optical excitation was
continuous while a unipolar dc voltage was applied paral-
lel to the epilayer via Ohmic contacts. The applied volt-
age was gated at 500—1000 Hz. Phase sensitive detection
was referenced to the gating signal. The gated dc mea-
surements were designed to cause electric field-induced
PL changes similar to those reported and associated with
unequivocal impact ionization phenomena.!’”" IV
characteristics were measured quantitatively with a pair
of Keitley 177 digital multimeters while attached to a
constant current supply and observed semiquantitatively
with a Tektronix 575 transistor curve tracer.

For MMPL the sample was mounted on a Teflon hold-
er in the electric field maximum of a rectangular TEy,,
mode 16-GHz microwave cavity. Photoluminescence
was excited continuously using a small prism mirror and
collected at 180° through a slot along one of the four cav-
ity edges where the microwave fields and currents are all
zero. The microwave electric field was parallel to the sur-
face of the sample films. The microwaves were gated
with a solid state switch driven by a function generator,
which was also used for the lock-in reference signal. The
maximum microwave power delivered to the cavity was
projected to be 400 mW (measured to be 4 mW at 20 db
attenuation).

EXPERIMENTAL RESULTS AND DISCUSSION

In the previous paper! criteria were formulated which
unequivocally establish the presence of a thermal cou-
pling between microwaves and PL, i.e., a situation in
which changes in PL intensity result primarily from
changes in the lattice temperature. The presence of a
thermal microwave-PL coupling is established by the fact
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that the time dependence (frequency response) of the
MMPL amplitude is determined by the heat transfer
properties of the system: if the interaction is thermal one
observes that (a) in He gas at 5 K the roll-off frequency
for the MMPL amplitude is on the order of 20 Hz and (b)
when the sample is immersed in superfluid He the
MMPL amplitude decreases 1—-2 orders of magnitude but
is frequency independent over the range 10 Hz-100 kHz.
Neither of the samples investigated in this work showed
such properties. Although work is ongoing to determine
the circumstances under which the microwave-PL in-
teraction is thermal or nonthermal as well as the underly-
ing physical cause of the distinction, there is no current
model for our observations.

The current-voltage characteristics of the two samples
at 1.8 K are shown in Fig. 1, referenced to the right axis
(solid symbols). Multiple data points at the same voltage
refer to repeated measurements and give some idea of
reproducibility and uncertainty. Because of the sharp
avalanche in current over a narrow range of voltage, it is
reasonable to conclude that impact ionization is occur-
ring in the case of the InP. That the avalanche behavior
disappears at temperatures greater than about 20 K,
coincident with the I-V characteristics becoming Ohmic,
is also supportive of the impact ionization interpretation.
The behavior of the GaAs is nearly Ohmic.

Changes in the amplitude of the PL peak associated
with excitonic recombination are also plotted as a func-
tion of applied voltage and referenced to the left axis.
The quantity being plotted on the left vertical axis (open
symbols) is the magnitude of the ratio of the DCMPL to
PL signals, both being measured at the energy of the exci-
ton peak. In all cases the excitonic recombination is
quenched. Hence the MMPL amplitude is negative and
the quantity being plotted is the negative of the MMPL
to PL amplitude ratio. (The actual spectra are shown in
Figs. 7 and 8 and will be discussed in a later section.) Be-
cause the relative change in PL intensity for the InP sam-
ple is also a sharp function with the same turn-on voltage
it is also reasonable to conclude that the decrease in exci-
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FIG. 1. Current (right axis, solid symbols) and relative PL in-
tensity change AT /I (left axis, open symbols) resulting from ap-
plication of a potential difference across epilayers of GaAs with
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FIG. 2. Relative change in excitonic luminescence intensity
as a function of applied microwave power for the samples re-
ferred to in Fig. 1.

ton concentration is due to impact ionization of excitons
by free carriers accelerated in the electric field. The slope
of a straight line approximating the linear portion of the
GaAs curve describing the relative change in lumines-
cence intensity is approximately 1.7. Because carrier
freezeout is not observed in the GaAs sample, no
definitive conclusions may be drawn about the mecha-
nism whereby the exciton concentration is reduced. Cer-
tainly impact ionization cannot be excluded.

Figure 2 shows the corresponding dependence of
MMPL amplitude on the microwave power applied to the
cavity when samples nominally identical to the previous
pair are used. (Note that power is the quantity controlled
in MMPL experiments, voltage in DCMPL. Hence as
long as sufficient power is available in the DCMPL case,
it is not surprising that the current can avalanche. Al-
though the effect of limiting power in the MMPL case is
not obvious, it is certainly reasonable that one may not
observe an avalanche even if impact ionization is taking
place.) It is immediately obvious that, below saturation,
the InP sample has a linear dependence of MMPL inten-
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FIG. 3. Relative change in excitonic luminescence intensity
as a function of applied pulsed dc power for the samples re-
ferred to in Figs. 1 and 2. Data are those of Fig. 1 plotted as a
function of applied power.
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sample is slightly sublinear.

For a better comparison between the MMPL and
DCMPL, the |AI/I| (Ref. 23) data from Fig. 1 are re-
plotted as a function of applied pulsed dc power (Fig. 3).
Below saturation the GaAs curve may be reasonably well
fitted with a straight line whose slope is approximately
0.87; the slope of the corresponding portion of the curve
in Fig. 2 is indistinguishable from this value. Note that
both the MMPL and DCMPL curves achieve saturation
at powers on the order of 10 mW, with slightly higher
power required for MMPL. That higher power is re-
quired to achieve saturation via MMPL is expected. The
measured power is that delivered to the microwave cavi-
ty, not that actually dissipated in the sample. Some frac-
tion of the microwave power will definitely be dissipated
in the cavity walls. This fraction will be somewhat
dependent on the applied microwave power since the
sample properties will change with power.

Below the knee at AI /I =0.1, the InP curve in Fig. 3
has a superlinear slope; above that value it is sublinear.
Clearly the two curves in Fig. 2 depicting AI /I as a func-
tion of applied microwave power resemble each other
much more strongly than either resembles the unambigu-
ous impact ionization case depicted in Fig. 3 for InP.
For the case of InP, which shows carrier freezeout, the
luminescence intensity still has a strongly superlinear
dependence on applied power in the low frequency case
for AI/I <0.1. The same is definitely not true for the
MMPL in the same sample. The strong difference in
functional dependences of the changes in PL intensity on
applied power in the cases of microwave and low-
frequency directly applied electric fields may be due to
frequency dependent details of the impact ionization
mechanism. They may also be due to an entirely different
mechanism, either acting alone or in concert with impact
ionization. At the very least the impact ionization model
must be modified to explain these results. Consequently,
previously published reports attributing changes in PL
intensity in the presence of microwaves solely to impact
ionization®~® should be reevaluated.

The nearly linear dependence of AI/I on microwave
power is neither restricted to the two samples on which
we have performed DCMPL nor to excitonic recombina-
tion nor to MMPL in the E-field maximum of the cavity.
In fact a nearly linear dependence of Al /I on microwave
power is observed in all samples we have investigated.
This set of samples includes a high-purity GaAs epilayer
containing approximately 10'* donors/cm® and definitely
expected to show carrier freezeout and hence convention-
al impact ionization. In the case of this high-purity sam-
ple we were able to measure a linear dependence of AI /I
on microwave power down to a level of 0.2 uW.?* A simi-
lar linear dependence on applied power is also observed
in CdS, where the binding energy of hydrogenic donors is
32 meV. A linear dependence of AI/I on applied mi-
crowave power has also been reported for InP:Zn where
the same sample was investigated in both our E-field
maximum cavity and a conventional ODMR cavity
where the sample is located in the B-field maximum.?
The only significant difference observed between the two
cavities was that approximately 1.5 orders of magnitude

more power was required to achieve the same value of
AI/I in the case where the sample was located in the B-
field maximum. This result supports the expectation that
it is the microwave electric field which is ultimately re-
sponsible for the effects observed.

NUMERICAL MODELING AND DISCUSSION

In addition to our experimental investigations of the
correlation between excitonic PL intensity changes and
applied microwave or pulsed dc power, a numerical study
of the effect of an electric field on the dynamics of
conduction-band electrons, patterned on the method de-
scribed by Jacoboni and Reggiani,?® was performed.”> In
particular, the impact ionization rate of neutral donors
(for which material parameters are better known than for
excitons) was studied as a function of the applied power
(electric field squared), the frequency of the electric field,
the donor concentration (neutral and ionized), and the
energy dependence of the capture rate. Where possible,
values of modeling parameters were chosen to be ap-
propriate for the samples used in our experiments. Be-
cause the decrease of luminescence by bound carriers is
expected to be monotonically related to the rate of im-
pact ionization of neutral donors, the latter was moni-
tored in the numerical modeling. In our experiments the
dependence of AI/I for donor-acceptor pair (DAP)
recombination generally followed that for excitonic
recombination, but in some cases the DAP peak was
strongly influenced by the associated band-acceptor peak
of opposite sign, leading to problems in quantifying the
intensity change. Hence, although the decrease in exci-
ton intensity was the quantity monitored experimentally,
the comparison of experimental results and the Monte
Carlo simulation is still quite valid. Because the impact
formation rate for excitons has a weak dependence of ap-
plied field,'* similar to that found at low energies for
donors in our calculations, and because the binding ener-
gies of excitons and shallow donors are quite comparable
in III-V’s, the Monte Carlo simulation can be expected to
describe either of the qualitatively similar excitonic and
donor-related processes.

The Monte Carlo simulation assumed free carriers
(conduction-band electrons with effective-mass ratio
m, /m,=0.067) were subjected to a sinusoidal 16 GHz or
1 kHz electric field. The initial magnitude and direction
of a seed electron’s velocity were chosen stochastically
from the velocity distribution of a free-electron gas in
thermal equilibrium at 2 K. There are obvious depar-
tures from equilibrium in a system undergoing photoexci-
tation by 2.54-eV photons in which photoelectrons ini-
tially have energies of about 0.5 eV above the band edge.
However, for carrier energies above the LO-phonon emis-
sion energy, kinetic energy is dissipated on the pi-
cosecond time scale through LO-phonon emission.
Indeed, one of the results of the Monte Carlo simulation
is to show that the hot photocarriers thermalize to within
an LO-phonon energy of the band edge within a few pi-
coseconds. The exact energy distribution below the LO-
phonon emission threshold then depends on the exact na-
ture of the inelastic-scattering mechanisms present.?’
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Hence a thermal equilibrium distribution serves only as
an approximation.

The simulation allowed for scattering of electrons by
acoustic and optical phonons®® (inelastic) as well as
scattering by ionized and neutral impurities?® ~3? (elastic).
Of critical importance is the fact that both the energy
dependences of the scattering rates and the rate of cap-
ture by ionized donors®3* were included in the Monte
Carlo simulation. Not included in the calculation were
the energy dependences of any recombination channels
that compete with the ionized donors, although this com-
petition is likely to be important in many details of the
spectra. Neutral donor scattering was considered inelas-
tic when a scattering event took place in which the elec-
tron energy exceeded the neutral donor binding energy (5
meV). In this event the neutral donor was impact ionized
and an additional free carrier was created. The new elec-
tron was included in subsequent calculations, allowing for
the possibility of avalanche. When the electron was cap-
tured by an ionized donor the electron history, including
lifetime, initial, and final energies, etc., was recorded.
Lifetime is defined here as the time interval between
launch or creation by an impact ionization process and
capture by an ionized donor, the only final outcome al-
lowed in the simulation. The loop was repeated for
remaining free electrons until all were captured. A new
seed electron was then launched. The life histories of
5000 seed electrons and their progeny were simulated for
each condition. The impact ionization rate was then cal-
culated to be the number of impact ionization events di-
vided by the product of the average lifetime and the total
number of seed electrons and their progeny. If, during
the simulation, the population of free carriers was found
to increase by more than a factor of 20, avalanche was
deemed to have occurred. (No significant difference was
found in avalanche electric field if the cutoff criterion was
set at a 200-fold increase.) For simplicity scattering was
assumed to be isotropic and the neutral and ionized
donor concentrations under photoexcitation were con-
sidered constant throughout the simulation. Donor con-
centrations of 10'* and 10'® cm ™3 were chosen to model
our InP and GaAs samples, respectively. To simulate
cases where carrier freezeout was and was not observed it
was assumed that 10% of the donors were ionized and
neutral, respectively. It is important to note that since
the ionized and neutral donor concentrations are as-
sumed constant, the simulation cannot be valid for im-
pact ionization rates approaching the radiative recom-
bination rate (1/73 where 7 is the radiative lifetime,
=~ 1 ns for excitons and 1-3 orders of magnitude longer
for impurity-related processes). The material parameters
used in the simulation were taken from the properties of
GaAs since it is the best characterized binary semicon-
ductor. However, since GaAs and InP have similar op-
toelectronic properties, errors resulting from modeling
one by the other are expected to be small compared to
those resulting from other assumptions (e.g., constant
neutral and ionized impurity concentrations).

The impact ionization rate R; was calculated as a func-
tion of electric field for the various combinations of pa-
rameters described above. Figure 4(a) shows the results
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at high and low frequency for a sample with an ionized
donor concentration of 10'%/cm® and no carrier
freezeout, similar to our GaAs sample. The computer
simulation showed no avalanche for electric fields below
100 V/cm. Extension to higher fields is meaningless for
the calculations because the impact ionization rate would
exceed the radiative recombination rate and is meaning-
less experimentally because the luminescence process
would already have been completely quenched at 10
V/cm, as shown in Fig. 1. Lack of avalanche behavior is
attributed to enhanced ionized impurity scattering of free
carriers. The greater the rate of isotropic elastic scatter-
ing, the lower the probability that a carrier will randomly
walk down the electric field far enough to acquire
sufficient kinetic energy to impact ionize a neutral donor
within one inelastic-scattering time. Hence, for example,
in our GaAs sample, an avalanching current and corre-
sponding reduction in PL intensity due to impact ioniza-
tion is not a viable process and is not observed either ex-
perimentally or in the Monte Carlo simulation.

A second system was modeled to have 10'> neutral
donors/cm> and 10'? ionized donors/cm?, similar to our
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FIG. 4. Computer simulation of impact ionization rate as a
function of applied electric field squared (power). Fields are
modulated at 1 kHz (solid symbols) and 16 GHz (open symbols).
Donors are assumed to be in (a) primarily ionized at 10'/cm?
and in (b) primarily neutral at 10%/cm?®. Arrows signify
avalanche behavior at the associated electric fields.
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InP. Figure 4(b) shows the results. The onset of
avalanche in the impact ionization rate, occurring at elec-
tric fields of 0.1 V/cm at low frequency and 1 V/cm at
high frequency, is indicated by arrows in Fig. 4(b). In our
experiments the onset of avalanche at low frequency was
determined to be at a field of about 2 V/cm. In previous
dc work the onset of avalanche was found experimentally
to occur at electric fields of about 2.5 V/cm in InP (Ref.
14) and 1.5 V/cm in GaAs.'"> Hence our Monte Carlo
calculations predict the correct avalanche electric field
within an order of magnitude. This underestimation of
the field required for avalanche in the impact ionization
rate is probably the result of having assumed a fixed con-
centration of neutral donors. A more realistic model
would include the dynamics of neutral and ionized im-
purity concentrations and hence allow for a decrease in
the neutral donor concentration, thereby providing a neg-
ative feedback mechanism in the impact ionization rate.

As mentioned earlier, no avalanche was experimentally
observed in the microwave case. This may be reconciled
with the prediction of avalanche by the Monte Carlo
simulation if one accepts, based on the calculations, that
the required microwave electric field is an order of mag-
nitude larger than in the case where the field is applied
via leads. Such a field, approximately 20 V/cm, is com-
parable to the microwave electric field we estimate to be
associated with a power of approximately 10 mW. Ex-
perimentally, at 10 mW the neutral centers are nearly ful-
ly ionized and the luminescence almost completely
quenched, and hence no avalanche can occur.

An important feature of our model is the inclusion of
the carrier energy dependence of the capture cross sec-
tion. The capture of electrons by ionized donors can be
described in a cascade model, e.g., a chain of successive
one-phonon transitions along a ladder of excited levels
with the continuous reduction of the electron energy.’*3
In this model, the process of carrier capture by a center
consists of two stages. First, the moving carrier, while
crossing the center, emits a phonon as a result of a single
collision and ends up in a highly excited bound state of
the donor. Second, by absorbing or emitting phonons,
the carrier changes its energy and either escapes or
thermalizes to the ground state, thereby neutralizing the
center. The trapping rate for free carriers by ionized
donors R,(g) can be written as**~

R,(e)=Ngo(e)v(e) (1)

where € is the free-carrier kinetic energy, N, g is the ion-
ized donor concentration, o(g) is the capture cross sec-
tion, and v(g) is the free-carrier velocity. In GaAs at a
temperature of 2 K and subject to the assumption of a
fixed ionized donor concentration the capture rate R, was
found®® to obey a power-law dependence on free-carrier
energy:

R,(e)=R € . ()

The exponent was found to be x = —1/4 for € <0.1kzT
and to be x=—3 for €>0.2kzT, where kg is the
Boltzmann constant and T is the absolute temperature.
The results of this calculation are shown in Fig. 5. If the
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FIG. 5. Capture rate by ionized donors at 2 K as a function
of free-carrier energy for a material with 10 jonized
donors/cm® as determined using methods outlined in Refs.
30-32.

carrier energy increases linearly with applied electric field
and the trapping rate decreases with the third power of
the carrier energy, then the trapping rate is expected to
decrease with the third power of the applied field or the 2
power of the applied electrical power.

This analysis has several important implications for
free carriers in an electric field. The trapping rate de-
creases rapidly and smoothly with increasing electron en-
ergy, emphasizing the importance of low-energy carriers
in the luminescence process. Hence, as the free carriers
are heated by the microwaves, a process widely agreed to
be the immediate consequence of applying a microwave
electric field, the probability of capture into ionized
donors (or binding into excitons) is reduced. Radiative
recombination processes depending on this capture rate
are consequently also reduced.

In order to estimate the effects of the energy depen-
dence of the capture rate on the impact ionization rate,
we also performed Monte Carlo simulations with a con-
stant capture rate (chosen to be the capture rate at an en-
ergy of 1.5kz T, with T=2 K) at 16 GHz, both for cases
where the carriers were assumed to freeze out and where
they did not. Shown in Fig. 6 are the results of calcula-
tions including and excluding the corresponding energy-
dependent capture rate (EDCR). As seen in Fig. 6(a), in-
clusion of EDCR enhances the impact ionization rate at
low electric fields (or microwave powers) for the case of a
relatively high concentration of carriers which do not
freeze out. This is due to the increase in free-carrier life-
time and hence the probability that a carrier can acquire
sufficient energy to participate in an impact ionization
process. At higher electric fields, particularly in the case
of a relatively low concentration of carriers which freeze
out, Fig. 6(b), the onset of avalanche, marked by arrows,
is shifted to a higher field (or power) when the effects of
EDCR are included. In this case, where the material has
a high mobility (long scattering time) impact ionization
will be a major source of low-energy free carriers, since
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the process will typically occur as soon as the carrier ac-
quires the minimum required energy. The enhanced
probability of these low-energy carriers to be captured
into donors and excitons has a generally retarding effect
on the avalanche behavior associated with impact ioniza-
tion. .

In a more realistic model where several radiative and
nonradiative processes compete with each other for free
carriers, the branching ratios for these various processes
would also be affected by the change in free-carrier ener-
gy distribution. Specifically, the increase in free carrier
lifetime prior to trapping will enhance the probability
that those carriers can migrate to nonradiative recom-
bination centers. Experimental evidence for the impor-
tance of such an effect is provided by the observation, as
seen in Figs. 7 and 8, that PL quenching is significantly
more common than enhancing, i.e., the negative peaks
are more prominent than the positive ones. Alternative-
ly, the enhanced free-carrier lifetime also increases the
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FIG. 6. Computer simulation of impact ionization rate as a
function of applied electric field squared (power). Capture rate
into ionized donors is assumed to be energy dependent (open
symbols) or independent (solid symbols). The value chosen for
the energy-independent rate was that of the energy dependent
rate at 2 K. Donors are assumed in (a) primarily ionized at
10'®/cm? and in (b) primarily neutral at 10'*/cm®. Open sym-
bols in this figure are identical to corresponding symbols in
Figs. 4(a) and 4(b).
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probability that a carrier will remain free long enough to
acquire sufficient energy to participate in an impact ion-
ization process. This mechanism is particularly impor-
tant at fields (or microwave powers) significantly lower
than those required for avalanche.

The general conclusion of our numerical modeling is
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FIG. 7. (a) PL and (b) and (c) MMPL spectra from high-
purity InP sample used previously to study the effects of applied
dc and microwave electric fields. Spectrum in (c) is expanded by
a factor of 50 compared to (b) to show detail of processes not
seen in conventional PL. Negative peaks at 1.418 and 1.377 eV
correspond to decreased emission from excitonic and donor-
acceptor pair recombination, respectively. Positive peak at
1.426 eV probably results from enhanced free excitonic recom-
bination.
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that the observed changes in PL intensity in a microwave
electric field are strongly affected by the energy depen-
dence of the capture cross sections for the various com-
peting radiative and nonradiative processes. The energy
dependences of capture cross sections are doubtless
present but display no identifying signature in the case
where the electric field is applied via leads. This situation
is analogous to that of impact ionization in the GaAs
sample with 10'® donors/cm?, which is also present but
not easily observed experimentally.

APPLICATIONS

Despite the complexity of the mechanism of MMPL, it
still constitutes a potentially useful spectroscopy and
promises to be even more important when the mecha-
nisms are fully understood. As an illustrative example,
Fig. 7 presents spectra for cases where the optical pro-
cesses are well understood: high-purity InP. The 2-K PL
spectrum with 300-mW/cm? laser excitation intensity is
shown in Fig. 7(a). All spectra presented in Figs. 7 and 8
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containing approximately 10'® donors/cm’. Negative peaks at
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peak at 1.494 eV corresponds to enhancement of band-acceptor
recombination under application of microwaves.
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were taken in conjunction with the directly applied elec-
tric field (via Ohmic contacts) and microwave power
dependences of PL intensity shown in Figs. 1-3. Impuri-
ty concentration, lifetime, and illumination intensity pa-
rameters appropriate to these samples were also used in
the numerical modeling calculations.

The very high quality of the InP sample is attested to
by the fact that the PL spectrum, Fig. 7(a), is dominated
by excitonic recombination (1.417 eV), with only a small
donor-acceptor pair peak (1.378 eV). Figure 7(b) shows
that the dominant effect of the microwaves is to decrease
the rate of excitonic recombination. The same spectrum
is shown in Fig. 7(c), expanded by a factor of 50. The
most prominent new features are small negative shoul-
ders on the high-energy side of the DAP peak and the
low-energy side of the exciton peak (also visible in the
PL) and the surprising positive peak on the high-energy
side of the main exciton band. The positive sign corre-
sponds to an increase in PL amplitude, suggesting that
the peak, completely unresolved in the normal PL, is as-
sociated with free exciton or band-to-band recombina-
tion. Hence it is most likely that the high-energy PL
emission in this InP sample consists of both bound and
free excitonic recombination.

Another example of the utility of the technique is
shown in Fig. 8, which shows the PL spectrum of the
GaAs sample referred to above. The high-energy peak
(1.514 eV) is due to excitonic recombination, the low-
energy one (1.490 eV) is impurity related. The associated
MMPL spectrum is shown in Fig. 8(b). This spectrum is
typical of many nominally undoped, relatively high-
purity semiconductors. The high-energy peak is nega-
tive, again signifying a decrease in the intensity of exci-
tonic recombination under the influence of the applied
electric field. In this case the impurity peak splits into a
pair of peaks, the one at higher energy positive, the one
at lower energy negative. The negative peak corresponds
to a decrease in the neutral donor concentration in a
donor-acceptor pair process. The positive peak corre-
sponds to an increase in free-electron concentration in
the associated band-acceptor process. After the process-
es have been identified, further insight may be gained by
curve fitting the spectrum. Once experience is gained by
applying the technique to materials where the optical
processes are well understood, it may be used with con-
siderable benefit in new materials to help identify the op-
tical processes.

CONCLUSIONS

Presented here are the results of a comprehensive com-
parison of the applied electric-field dependence of pulsed
dc and microwave modulated PL. It is most likely that
the direct effect of MMPL is to raise the temperature of
the free-carrier gas (electron and hole). This can occur
both as a result of accelerating carriers and inhibiting
photocarrier thermalization to the band edge. The pre-
cise mechanism whereby this new, more energetic collec-
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tion of carriers impact ionizes neutral donors and exci-
tons and is itself distributed among various recombina-
tion processes is still not thoroughly understood. Numer-
ical modeling shows that impact ionization and the car-
rier energy dependence of the capture cross sections of
shallow donors and excitons play significant roles in
changing the relative intensities of competing lumines-
cence processes in the presence of applied electric fields,
specifically the electric fields in a microwave cavity.
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