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We report photoluminescence-lifetime studies of nitrogen-bound excitons in

GaAs~ „P„:Nat low excitation power for 0.22&x &1.0. Temperature was varied from
T=1.8 to 200 K. A time resolution of 400 psec was obtained with the use of time-

correlated single-photon counting. At low temperatures, a short ( & 10 nsec) nonexponential

decay and a longer matrix-element-determined exponential decay are observed. Results

prove that earlier 77-K phase-shift measurements gave information regarding only the

nonexponential component. We report here on the true exponential luminescence lifetime.

Luminescence-lifetime quenching as the temperature is raised from 1.8 to 40 K demon-

strates that both A (J=1) and B(J=2) bound-exciton states exist in alloys with minimal

strain mixing. Radiative lifetimes of both exciton spin states are obtained across the alloy

for the first time and are compared with earlier theories. Both lifetimes show a band-

structure enhancement of 2 orders of magnitude, with A-state radiative lifetimes varying

from about 100 nsec in GaP to 1 nsec for x =0.23. When the bound exciton is near reso-

nance with the direct edge (for x =0.22), the radiative lifetime approaches but does not fall

below the direct-edge luminescence lifetime, thus showing that the recombination rate does

not diverge with resonance. For T ~40 K, two distinct thermal processes occur, one of
which (hole release) increases the luminescence lifetime, while the other (electron detrap-

ping) decreases the lifetime and quenches the luminescence intensity. Observation of hole

release confirms the Hopfield-Thomas-Lynch model of N isoelectronic traps, and proves for
the first time that isolated N binds a bare electron.

I. INTRODUCTION

Lifetimes of excitons bound to N traps in
GaAs& „P„:Nalloys (N» excitons) have been inves-

tigated both experimentally and theoretically. In
particular, a decrease (of orders of magnitude) in the
N» radiative lifetime has been predicted' under
conditions where the bound-exciton level becomes
resonant with the direct conduction-band edge. Al-
though Chevallier et al. observed a decrease of a
factor of 4 in the N» luminescence lifetime at 4.2 K
as X varied from 1.0 (GaP) to 0.59, the complete
band-structure enhancement as the Nz level ap-
proaches degeneracy with the direct edge has never
been fully confirmed experimentally. This band-
structure enhancement' (BSE) occurs because the
modulus of the wave function of the trapped elect-
ron near k =0 in the Brillouin zone increases in the
presence of the direct conduction-band edge. The
hole wave function is always concentrated near
k =0; thus the exciton recombination rate increases

due to the increased electron-hole overlap in k
space. The reason for an order-of-magnitude
enhancement across the GaAs& „P„alloyis that the
energy separation between the direct conduction-
band edge and the N» level varies from 0.5 eV in
GaP to zero for x =0.22, as may be inferred from
the alloy diagram in Fig. 1. (A calculation of the
enhancement is shown in Fig. 9.) Previous lifetime
measurements ' have covered only a limited range
of the alloy, and each report was for a single tem-
perature. In addition, Chevallier et al. (x &0.59,
T=4.2 K) used a high-power nitrogen laser source
(although no heating effects were observed). The
work of Lee et al. and Nelson et al. (x&0.35,
T=77 K) used the phase-shift method with a 140-
MHz mode-locked laser pulse train, and therefore
assumed simple exponential decays with decay times
limited to & 10 nsec.

This work presents a study of the actual bound-
exciton lifetime throughout the entire range of the
alloy where the N~ state of isolated N lies within

2294 1983 The American Physical Society



27 LUMINESCENCE DECAYS OF N-BOUND EXCITONS IN GaAs, „.. . 2295

the energy gap (x & 0.22). In addition, temperature
dependence of the Nx lifetime was measured from
1.8 to 200 K. Such a temperature study was neces-
sary to understand the lifetime results because of
various thermal processes which occur. The experi-
mental technique used was time-correlated single-
photon counting, which allowed direct measure-
ment of luminescence lifetimes greater than 400
psec. Our direct observation of luminescence decays
shows significant deviations from single-exponential
behavior at short times ( & 20 nsec). Previous
phase-shift measurements resolved only this nonex-
ponential part and were unable to measure the
longer radiative (i.e., matrix-element-determined)
lifetime. The nonexponential decay, which we be-
lieve results from exciton diffusion within the
alloy-broadened N~ band, will be the subject of a
later paper.

Our results for low temperatures ( &40 K) verify
the band-structure enhancement in the transition
matrix element: The matrix element increases by
about 2 orders of magnitude as x is varied from
x=1.0 (GaP) to x=0.23 (where the exciton level
becomes degenerate with the direct-band edge). This

enhancement is in qualitative agreement with the
calculation of Kleiman. The low-temperature life-
time dependence also confirms that distinct
(J= 1) and 8 (J=2) states of the bound exciton ex-
ist throughout the alloy. These levels, obscured by
inhomogeneous alloy broadening in ordinary photo-
luminescence spectra, have been reported in resonant
excitation experiments. Despite alloy-induced
strain, we find the A-state transition matrix element
remains much larger than that of the 8 state
throughout the alloy.

At temperatures greater than 40 K, two distinct
thermal detrapping processes become important.
For deeply bound N» excitons (0.4&x &0.6) and
temperatures up to about 100 K, the excitonic hole
is thermally released, leaving behind a trapped elect-
ron. This hole release verifies the Hopfield-
Thomas-Lynch (HTL) model of N traps and recent
theoretical models' in which the central-cell poten-
tial is believed to be electron-attractive and respon-
sible for binding. The binding of a bare electron by
isolated N has been questioned in several papers, "'
and, while near-neighbor nitrogen pairs in GaP have
been shown to bind electrons, ' ' this is the first re-
port for isolated N. For other alloy compositions,
and for temperatures greater than 100 K for deeply
bound N& excitons, hole and electron are both de-
trapped, with resulting recombination of the pair at
the band gap.

2.2 II. EXPERIMENTAL
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The principal method used in this study was
time-correlated single-photon counting. The setup
is shown in Fig. 2. The laser source was a cw
mode-locked argon laser operating at 5145 A (above
the band gap throughout the alloy). Pulses from the
70-MHz train were acousto-optically selected at a
convenient repetition rate (typically 350 kHz). The
switched 1SO-psec pulses contained about 1 nJ of en-

ergy. Half of each switched pulse was focused onto
150-psec risetime photodiode; the remainder was
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FIG. 1. Energy diagram for the nitrogen exciton Nz
level in GaAs~ „P„:Nalloys at 5 K. I is the direct

( k =0) conduction-edge minimum, X is the [100]
minimum, and L is the [111] minimum. The energy
reference is the valence-band maximum. The binding en-

ergy of the exciton is the smaller of Er —EN and
X

E~—EN, and is largest around x =0.45. (After Ref. 5.)
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FIG. 2. Block diagram of time-correlated single-

photon counting apparatus.
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focused onto the sample with a spot size of about
100 pm. Samples, mounted to copper heatsinks,
were placed in a Janis immersion Dewar for the
1.8-K measurements, and a Janis Super Varitemp
Dewar equipped with a silicon diode temperature
sensor and controller for the other measurements.
Sample luminescence was collected through a Spex
1401 double monochromator and focused onto an
RCA C31034 photomultiplier. The single-photon
pulses from the phototube were amplified and sent
to a constant fraction trigger. The trigger produced
the stop pulse for a time-to-amplitude converter
(TAC). The start pulse for the TAC was the photo-
diode output. The varying-amplitude pulses from
the TAC were collected as a histogram on a pulse-
height analyzer. Provided the photomultiplier count
rate was much less than the pulse repetition rate, the
histogram built up over several minutes gave the
luminescence decay directly. As shown in Fig. 3,
the response of the system at the laser wavelength
was a 400-psec-wide [full width at half maximum

(FWHM)t histogram, which sets the system resolu-
tion. This resolution is limited by the transit-time
dispersion in the photomultiplier.

With the laser pulse energy of 1 nJ, no heating ef-
fects were observed when varying either pulse repeti-
tion rate or pulse energy. To link our results with
the previous work of Chevallier et al. ,

3 lumines-
cence decays were measured at 4.2 K using 10-kW
10-nsec pulses from a nitrogen laser (A, =3371 A).
This emission was collected through the monochro-
mator and phototube. The phototube signal was
averaged with a boxcar integrator. The resolution
limit of this system was the 10-nsec laser pulse
width.

The GaAsl „P„crystalsused in this work were
prepared by conventional halide-transport vapor-
phase epitaxial (VPE) techniques. ' Samples were

prepared on bulk (100) GaP substrates for x )0.5,
and on (100) GaAs for x & 0.5. Compositional grad-
ing between the substrate and the final layer was

used to reduce misfit dislocations. The epitaxial

layers were -50 pm thick and either nominally un-

doped ( —10' cm n-type) or intentionally Te
doped ( —10'7 cm ). The final 10—20 pm of
growth were N-doped by the addition of NHs to the
H2 carrier gas. Incorporated nitrogen concentra-
tions are estimated to be in the range 10' —10'
cm, as deduced from comparisons of the photo-
luminescence spectra of these VPE samples to the
spectra of nitrogen-implanted samples. '

III. TEMPERATURE STUDY ON ONE SAMPLE

In this section, detailed lifetime measurements on
a particular sample of composition x =0.39 will be
discussed. Systematics of the results across the alloy
are considered in the next section. Figure 4 shows
the luminescence decay of the sample at the peak
(1.91 eV) of the Nx luminescence at various tem-
peratures. We note two distinct regimes, which be-
come especially clear at low temperatures. At the
shortest times there is a rapid ( &10 nsec) nonex-
ponential decay of the luminescence intensity. This
decay, which will be the subject of a later paper, re-
sults from exciton diffusion within the alloy-
broadened impurity band. The exponential decay
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FIG. 3. Response {solid line) of the time-correlated
photon-counting system to 150-psec 5145-A pulses. For
reference, a 430-psec decay (dashed line) measured with
the system is also shown.

FIG. 4. Bound-exciton luminescence decays at various
temperatures at the luminescence peak of a sample with
alloy composition x=0.39; The amplitudes have been
scaled simply to separate the curves. The nonexponential
short-time decay is especially evident in the 1.8-K curve.
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which appears at longer times represents the bound-
exciton decay lifetime rq. The exciton luminescence
band has a FWHM =-80 meV at this alloy composi-
tion, and we find that r~ increases with exciton
binding energy typically -20% across the exciton
band, as shown in Fig. 5. This increase may be due
to both a decreased BSE and to residual transfer
within the band. Our results disagree substantially
with the phase-shift measurements of Lee et al. and
Nelson et al. , which suggested a lifetime varying
strongly across the band and always less than 10
nsec at 77 K. We believe that these earlier measure-
ments resulted from the fast nonexponential transfer
and do not represent the Nx radiative lifetime.

The lifetime at the N» luminescence peak as a
function of temperature for this sample is shown in
Fig. 6(a). The lifetime curve can be separated into
three regions:

Region 1. For temperatures less than 40 K we
find a.strong monotonic quenching of r~ with tem-
perature which begins at the lowest T. This result
agrees with the well-known temperature variation
for isoelectronic traps, ' and specifically N in GaP.
The quenching results froin thermalization between
the A (J=l) and the lower-energy 8 (J=2) state
with the N~ band. From these two distinct exciton
spin states at each N site with respective radiative
lifetimes r„and rJI, and separated by an energy
Ez —Ez ——hzz, the observed decay time should vary
according to the expression'

rJI [ 1 —g exp( —b,z JJ /k T )]d=
[1—yg exp( &~JJ lkT)]—

where g is the ratio of the degeneracies of states A

and 8, and y =HAJJ Irz. This expression is valid pro-
vided the thermalization time between the levels is
much less than both ~z and ~~, and no other relaxa-
tion processes are important. We could not observe
any difference in the decay kinetics of the A and B
lines in GaP, so the thermalization time must be
short in GaP. We will assume it is also short in
GaAs& „P„.In alloys, because the Nx lumines-
cence is an inhomogeneously broadened band, the A
and B levels cannot be resolved in conventional pho-
toluminescence spectra. Nonetheless, they have been
detected as a discrete substructure with the alloy-
broadened Nx band in resonant excitation spectra.
Supporting the observation, we can apply Eq. (1) in
the alloy, giving the solid theoretical curve of Fig.
6(a), obtained for b,„JJ=0.8 meV, g=0.6, viI =550
nsec, and vz ——9.6 nsec. In this alloy, however, hzz
may not represent the splitting Ez —Ez ——5 meV
previously deduced from resonant excitation. If an
exciton can transfer from the B level on one nitrogen
site to the A level on another site, then hzz may
represent the activation energy for this process. As
seen in Fig. 6(a), the data clearly do not fit a curve
for b,qIJ Eq E——~. In an—y case, the fitted values rg
and ~z should correspond to actual A- and B-state
radiative lifetimes. In the limit kT «bqJJ, all the
excitons will be in the lower-energy B state, so that
rd =7JI as in Eq. (1). For kT»b~JJ, all states are
equally populated, so that, again as in Eq. (1)
rd =rJJ(1—g)I(1—yg). The assumption that
g=0.6 throughout the alloy is reasonable provided
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FIG. 5. Time-integrated luminescence-intensity spec-
trum (solid line, below) for the sample of Fig. 4. The
dashed line is an approximate fit to the actual N~
luminescence line obtained assuming linear phonon cou-
pling as in Ref. 8 E p and 8',

p are the peak energy and
width (FWHM) of the fitted zero-phonon line. The data
above give the luminescence lifetime measured at 5 K vs
photon energy.
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FIG. 6. (a) N~ luminescence lifetime vs temperature
for the same sample as in Fig. 4. The curves are plots of
Eq. (1) with ~& ——550 nsec, vz ——9.6 nsec, g =0.6, and hzz
as indicated. (b) Time-integrated luminescence at the
bound-exciton peak vs temperature for the same sample.



2298 KASH, COLLET, WOLFORD, AND THOMPSON

the J=1 and J=2 states are still largely unmixed.
Our deduced rq and r~ are physically reasonable for
allowed A- and forbidden 8-state transitions associ-
ated with each N site, confirming that the analog of
the A and 8 states of isolate N in GaP are still large-
ly unmixed in GaAsi „P». The existence of
separate A and 8 states on a single site in the alloy
requires that the N~ exciton energy on a single site
be well defined. However, the exciton energy varies
from site to site, so that the exciton band is inhomo-
geneously broadened by alloying 8, is

Region 2. As the temperature is raised above 40
K, other thermal processes begin to dominate the
measured lifetimes. For the region from 40 to 100
K, the luminescence lifetime increases by a factor of
50. Cuthbert and Thomas have previously observed
this behavior for excitons bound to 0 isoelectronic
traps in ZnTe. '

In the HTL model9 of the isoelectronic N bound
exciton, the electron is bound to the short-range
central-cell potential of the nitrogen impurity, and
the hole is then bound in the Coulomb field of the
electron. If the electron is bound tightly to the ni-
trogen site, then it will be possible to thermally
release the hole, leaving the electron still bound to
the impurity. The hole remains in the valence band
until it is retrapped on the same (or another) bound
electron. As a result, the hole is separated from the
trapped electron for a large fraction of its lifetime,
so the measured luminescence decay time will in-
crease proportionately. Provided there are no other
recombination processes, the time-integrated
luminescence intensity will not change significantly
in this region, as seen in Fig. 6(b).
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Regiori 3. Above 100 K, the luminescence life-
time falls rapidly. Thermal energy is now sufficient
to detrap both hole and electron, which now recom-
bine radiatively or nonradiatively at the band gap.
The time-integrated exciton luminescence intensity
thu." falls rapidly with temperature [Fig. 6(b)], while
the N» luminescence decay time approaches that of
the band-edge processes. (We find the band-gap
luminescence lifetime remains constant at about 0.5
nsec as the temperature is varied. ) Thus, at high
temperatures recombination kinetics are controlled
by band-gap recombination.

IV. SYSTEMATICS ACROSS THE ALLOY
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Measured luminescence decays for various alloy
compositions at 4.2 K are presented in Fig. 7, which
illustrates the large BSE across the alloy. Lumines-
cence lifetimes of bound excitons versus temperature
for a series of alloy compositions are shown in Fig.
8. %e note that the region-1 behavior is similar
throughout the alloy, and we may extrapolate A- and
B-state lifetimes as explained in the previous section.
These extrapolated lifetimes, along with the mea-
sured luminescence lifetimes at 4.2 K, are shown in
Fig. 9. The theoretical calculation is due to Klei-
man. %e have corrected the exciton binding energy
from that previously assumed to the recent data for
the N» exciton, (shown in Fig. 1) and also corrected
the x=1.0 (GaP) radiative lifetime. We assume
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FIG. 7. N& luminescence intensity decays for a series
of alloy compositions at 4.2 K. Amplitudes have been
scaled to separate the curves.

FIG. 8. N~ luminescence lifetime vs temperature for a
series of alloy compositions. Dashed lines are drawn
through the data for clarity.
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FIG. 9. Extrapolated A- and B-state lifetimes (filled
circles) and measured 4.2-K N~ lifetime (open circles) vs

alloy composition. Data are connected by dashed lines for
clarity. Solid curves are from the corrected theory of Ref.
2, as explained in the text.

that the calculation is valid for both A and 8 states.
This assumption implies that A and 8 states on a
given nitrogen site are not mixed strongly by micro-
scopic alloy strain or misfit-induced strain; the de-
duced relation ~~/rz &&1 confirms this assumption
except possibly for x & 0.25. The lifetimes of both A

and 8 states decrease by about 2 orders of magni-
tude as the alloy composition is varied from x =1.0
to x =0.22. This band-structure enhancement is in
general agreement with the theory. In no case is the
Nz radiative lifetime shorter than the band-gap
luminescence lifetime. Thus the band-gap recom-
bination seems to pose a limit on the Nz radiative
rate, in contrast to some earlier suggestions. "

As seen in Fig. 8, the measured effective activa-
tion energy [b,q~ in Eq. (1)] remains roughly con-
stant throughout the alloy with value 6&~=-0.8
meV in our samples. The dependence of hq~ on ni-
trogen concentration has been investigated in a series
of nitrogen-implanted samples' (implanation depth
—=3500 A) with alloy composition x=0.46. No
variation in b,q~ was seen as the concentration was
varied from 10' to 10's atom/cm 3. This result is
perhaps not surprising for the thermally activated
process discussed in the previous section, in contrast
to a tunneling process which should be concentra-
tion dependent. However, the fact that the mea-

sured value of h~~ throughout the alloy corresponds

to Ez —Ez in GaP may not be simply fortuitous,
and further investigations continue.

The results of our measurements at T=4.2 K are
in reasonable agreement with the previous results of
Chevallier et a/. The lifetimes we report are
10—20% longer than the previous results. Measur-
ing luminescence lifetimes with a nitrogen laser as
described in Sec. II gave results nearly identical with
those of Chevallier et al. when the nitrogen laser
pulse was attenuated to about 1-W peak power. For
laser powers of 10 kW, lifetimes dropped by about a
factor of 2, corresponding to a temperature increase
of about 5 K.

Region 2, where the lifetimes increase with tem-
perature, is found only over a limited range of the
alloy, 0.4&x &0.6. Assuming the hole is trapped in
the Coulomb field of the electron, the hole binding
energy remains roughly constant at about 40 meV
(Ref. 3) throughout the alloy. The electron binding
energy to the nitrogen site, on the other haad, must
then vary strongly across the alloy. Only where the
electron binding energy is large can the hole be
released separately, leaving the electron still trapped.
Large binding energies occur just where region 2 is
observed (compare with Fig. 1). This observation of
hole release demonstrates that the electron is the
principal particle bound to N (as in the HTL model)
and that its separate thermalization to the band edge
controls ultimate quenching of the Nz exciton
luminescence.

From an Arrhenius plot of luau~ against, T ' in
region 2, it is possible to deduce an approximate
value for the hole binding energy EH. For the data
in Fig. 6, we estimate E~-30 meV. This value fur-
ther confirms the THL model, as it is characteristic
of the 40-meV hole binding energy' in excitons
bound to near-neighbor nitrogen pairs in GaP. Our
measured binding energy is much larger than the
-5-meV binding energy found for free direct-gap
excitons at this alloy composition, thus showing
that the hole is bound to a well-localized electron.

The observation of hole release only shows that
isolated N can bind a bare electron for alloy compo-
sitions 0.4 &x &0.6. However, near-neighbor nitro-
gen pairs in GaP have been shown to bind a bare
electron' and, under pressure, the N~ exciton level
has been observed to emerge from the direct-band
edge in GaAs. ' Taking all these observations to-
gether, it seems very likely that the HTL model is
valid throughout the alloy in that the interaction re-
sponsible for binding the exciton to isolated N is be-
tween the electron and N alone via the central-cell
potential. ' The previous suggestion that the exciton
binds because of an interaction between the entire
exciton and N through the impurity-induced strain
field" is not borne out by these observations.
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At higher temperatures, both time-integrated
luminescence intensity and luminescence lifetime de-
crease sharply in all alloys as both holes and elec-
trons are thermally detrapped. Activation energies
deduced from Arrhenius plots of lnr~ vs T ' in this
temperature region correlate well with exciton bind-
ing energies shown in Fig. 1. Arrhenius plots' ' of
lnI against T ' where I is the time-integrated
luminescence also correlate well with binding ener-

gy. Furthermore, in direct-gap materials, we can
measure the free carrier lifetime directly by measur-
ing the band-edge luminescence lifetime. At high
temperatures, we find that the exciton lifetime ap-
proaches the free-carrier lifetime. (Experimentally,
the free-carrier lifetime is nearly independent of
temperature. ) Thus, the exciton lifetimes in all these
alloys are limited by free-carrier recombination at
high temperatures.

V. CONCLUSIONS

ton bound to nitrogen. Both lifetimes decrease by 2
orders of magnitude as x decreases, which agrees
with earlier calculations of the band-structure
enhancement. A- and B-state lifetimes remain signi-
ficantly different throughout the alloy, pointing out
that despite alloy-induced strain, allowed A and for-
bidden 8-state transition are associated with each N
site. The thermal activation to A states from 8
states as the temperature is increased to 40 K
remains to be fully characterized. As the tempera-
ture is raised from 40 to 100 K, luminescence life-
time increases for those alloy compositions in which
the electron binding energy is large. The lifetime in-
crease provides further support for the Hopfield-
Thomas-Lynch model of isoelectronic traps, as it is
due to thermal release of the hole, leaving the elect-
ron still trapped. At sufficiently high temperatures,
both hole and electron are detrapped, so that the
luminescence intensity is quenched and the exciton
lifetime decreases to that of the free carriers.

We have measured A- (J=1}and 8- (J=2} state
radiative lifetimes of excitons bound to N traps in
GaAsi „P„alloysfor 0.22 &x &1.0, thus covering
for the first time the entire range of the stable exci-

ACKNOWLEDGMENTS

This work was supported in part by the Office of
Naval Research under Contract No. N00014-80-C-
0376.

J. C. Campbell, N. Holonyak Jr., M. G. Craford, and D.
L. Keune, J. Appl. Phys. 45, 4543 (1974).

G. G. Kleiman, J. Appl. Phys. 47, 180 (1976).
J. Chevallier, H. Mariette, D. Diguet and G. Poiblaud,

Appl. Phys. Lett. 28, 375 (1976).
4M. J. Lee, N. Holonyak Jr., R. J. Nelson, D. L. Keune,

and W. O. Groves, J. Appl. Phys. 46, 1290 (1975); R. J.
Nelson, N. Holonyak Jr., W. O. Groves, and D. L.
Keune, ibid. 47, 3625 (1976).

5D. J. Wolford, B. G. Streetman, R. J. Nelson, and N.
Holonyak, Jr., Solid State Commun. 19, 741 (1976); D.
J. Wolford, W. Y. Hsu, J. D. Dow, and B. G. Street-
man, J. Lumin. 18.19, 863 (1979).

L. M. Bollinger and G. E. Thomas, Rev. Sci. Instrum.
32, 1044 (1961); Vaughn J. Koester and Robert M.
Dowben, ibid. 49, 1186 (1978).

7J. H. Collet, J. A. Kash, D. J. Wolford, and J. Thomp-
son, J. Phys. C (in press).

D. J. Wolford, B. G. Streetman, and J. Thompson, J.
Phys. Soc. Jpn. 49, 223 (1980).

J. J. Hopfield, D. G. Thomas, and R. T. Lynch, Phys.
Rev. Lett. 17, 312 (1966).

~OM. Jaros and S. Brand, J. Phys. C 12, 525 (1979);
Harold P. Hjalmarson, P. Vogl, D. J. Wolford, and
John D. Dow, Phys. Rev. Lett. 44, 810 (1980).
J. W. Allen, J. Phys. C 4, 1936 (1971).

M. Sternheim and E. Cohen, Phys. Rev. B 22, 1875
(1980).
E. Cohen and M. D. Sturge, Phys. Rev. B 15, 1039
(1977).

M. D. Sturge, E. Cohen, and K. F. Rogers, Phys. Rev.
B 15, 3169 (1977).

'5M. George Craford and W. O. Groves, Proc. IEEE 61,
862 (1973).
D. J. Wolford, R. E. Anderson, and B. G. Streetman, J.
Appl. Phys. 48, 2442 (1977).
J. D. Cuthbert and D. G. Thomas, Phys. Rev. 154, 763
(1967).

H. Mariette, J. Chevallier, and P. Leroux-Hugon, Phys.
Rev. B 21, 5706 (1980).
C. B. Duke, D. L. Smith, G. G. Kleiman, H. M. Mack-
sey, N. Holonyak Jr., R. D. Dupuis, and J. C. Camp-
bell, J. Appl. Phys. 43, 5134 (1972).
R. J. Nelson, N. Holonyak, Jr., and W. O. Groves,
Phys. Rev. B 13, 5415 (1976).
D. J. Wolford, J. A. Bradley, K. Fry, J. Thompson, and
H. E. King, in Proceedings of the IOth International
Symposium on GaAs and Related Compounds, Albu-

querque, 1982, edited by J. A. Revill (IOP, London,
1982).

D. J. Wplfprd, Ph.D. thesis, University pf Illinpis,
(1979) (unpublished).


