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We report results of a detailed temperature dependence study of photoluminescence lifetime and continuous
emission properties in silicon-doped GaAs. The primary focus is on a defect-related emission at 1.269 eV
(T520 K!. GaAs crystals were grown using molecular-beam epitaxy with most of the experiments conducted
on a sample having a carrier concentration of 4.931018 cm23. The intensity is seen to decrease above 100 K,
with no corresponding decrease in the measured lifetime of 9.6360.25 ns. The intensity decrease implies an
activation energy of 1962 meV, which is approximately one order of magnitude smaller than what was
previously obtained for similar defects in Czochralski-grown GaAs with other dopants. We interpret our results
in terms of a configuration coordinate model and obtain a more complete picture of the energy-level structure.
The experiments indicate that the upper level in the recombination process is about 20 meV below the
conduction-band continuum, with the lower state approximately 300 meV above the valence band. Our results
are consistent with the identification of the corresponding defect complex microstructure as being a silicon-
at-gallium substitution, weakly interacting with a gallium vacancy second-nearest neighbor, known as the Si-Y
defect complex.

I. INTRODUCTION

Defects and defect complexes, which occur in heavily
doped GaAs~and other semiconductors!, have been given
much long-term attention, due to their technological rel-
evance and the scientific questions they raise. High dopant
concentrations~.1018 cm23! produce defects and defect
complexes in sufficient quantity to be significant and to be
observed. Most research has focused on isolated point de-
fects and on nearest-neighbor point-defect pairs. Much less
has been done on defect complexes involving second-
nearest-neighbor point-defect pairs. Recently, two specific
defect complexes have been discussed, which appear in mod-
erately to heavily silicon-doped GaAs.1 These complexes
have been put forth as being partially responsible for the
reduction of free-carrier concentrations when doping levels
exceed'1019 cm23.2

The first complex currently receiving discussion is de-
noted Si-X, which is believed to involve a silicon-at-arsenic
substitution~SiAs! and a gallium vacancy~VGa!, possibly sta-
bilized by an arsenic antisite~AsGa!.

1 The second defect
complex involves a silicon substituting for a gallium~SiGa!
and a gallium vacancy second-nearest neighbor. This is
known as the Si-Y defect.3 Recent contributions have been
made using infrared absorption~local-mode! spectroscopy to
deduce local structure.1 Photoluminescence~PL! emission
studies are also important for examining the influence of
defects on optical properties, and how they effect states in-
volved in transport. PL studies can also be used to deduce
aspects of the microstructure based on their energy levels, as
we do here.

The Si-Y defect appears to describe a class of complexes,
which all exhibit similar physical properties.4,5 Specifically, a
deep level is common, which gives rise to a PL band near 1.2

eV. This emission is observed in GaAs doped with germa-
nium, tellurium, and tin, as well as silicon.1 The identifica-
tion of the defect-related, sub-band-gap PL emission near 1.2
eV as stemming from a vacancy related complex, specifically
SiGa-VGa in Si-doped GaAs, was first made by Williams.4

Recent hydrostatic pressure investigations on heavily
silicon-doped GaAs, focused on the 1.2 eV emission band.6

The pressure measurements showed that the radiative recom-
bination process involves an electronic transition from near
the conduction band to the defect level in the gap. Those
results are consistent with the Si-Y identification, as the
source of this band. The purpose of the current work is to
further examine and understand the fundamental nature of
the near conduction band to defect-level recombination pro-
cess. To accomplish this, we studied the temperature depen-
dences of the PL intensity in conjunction with recombination
lifetime temperature dependence. Our main goal in this paper
is to provide more information on the microscopic properties
of the defect complex responsible for the emission, and to
test for consistency with previous identifications. By corre-
lating the temperature dependence of lifetime and intensity
measurements, our results provide a more detailed profile of
the energy-level structure and configuration-coordinate dia-
gram, and argue for a self-activated luminescence process.

II. EXPERIMENTAL DETAILS

The samples studied were grown by molecular-beam epi-
taxy ~MBE!. Heavily Si-doped GaAs layers were grown
~with varying silicon dopant concentrations! on undoped
GaAs buffer layers with a substrate temperature of 580 °C.
There was no post growth anneal. The substrate was pure
liquid encapsulated Czochralski GaAs. The thickness of the
doped region varied from sample to sample, ranging from
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approximately 2000–6500 Å. Varying the silicon concentra-
tions resulted in free-carrier concentrations ranging from
3.931017 to 8.631018 cm23. The latter were determined by
Hall measurements and confirmed with Raman measure-
ments of phonon-plasmon energies.7 We report here our re-
sults from the 4.931018 cm23 sample only. This sample was
singled out because both the band-gap and the defect-related
emissions were readily observable.

For all PL measurements, the sample was placed in a
closed cycle He refrigerator, with a temperature range of 15
K to room temperature. No attempt was made to shield the
sample from outside light during the cooling process, and
experiments began from the lowest temperature, while under
laser excitation. All continuous-wave~cw! photolumines-
cence data were recorded using HeNe laser excitation with
photon energy 1.96 eV~632.8 nm! and output power of 4
mW. Spectra were dispersed by a 1/4-m double monochro-
mator. An infrared sensitive InxGa12xAs photomultiplier
tube was used for detection of the signal. All spectra were
corrected for the wavelength-dependent system response.
Time-resolved~TR! spectra were excited using aN2-pumped
dye laser at 2.03 eV~610 nm!. Pulse duration was 500 ps,
with an average power of 100–150mJ per pulse at a rate of
10 Hz. A 640 nm cutoff filter was used to eliminate scattered
excitation light. The output from the detector was directed to
a wave form digitizer and signal averaging was employed
~fast analog technique!. We used the same spectrometer and
detector for both the continuous and time-resolved measure-
ments. Our typical spectroscopic bandpass was 7 meV in the
range of the defect emission.

III. RESULTS

A. Temperature dependence of the continuous
photoluminescence intensity

We show in Fig. 1 cw spectra taken with the sample at
three representative temperatures. In the 20-K spectrum in
Fig. 1, three distinct features are seen, denotedA,B, andC
for convenience. As shown, all three bands are observable up
to 250 K, withB appearing as a weak shoulder. The focus of
our current work is bandA at 1.269 eV (T520 K!. We will
first discuss the origins of bandsB andC. BandB ~1.480 eV
at 20 K!, appearing only as a shoulder on bandC, may be
due to band-gap recombination from the GaAs buffer/
substrate layer and is not discussed further in this paper.
Band C is the band-gap related emission from the doped
GaAs. The position and linewidth of this band depend
strongly on carrier concentration, due to the Burstein-Moss
shift.8 Our measurements of these bands are consistent with
similar MBE-grown GaAs studies.9

For examining the temperature dependence of bandC in
the 4.931018 cm23 doped sample, no formal peak fitting or
line shape analyses were carried out. This band-gap related
luminescence has received much attention in the literature,
both in theory and in experiment~for example, see Ref. 10!
Since this band is not the primary focus of this work, the
peak energy position was estimated, and simple analysis is
reported as an overall measure of consistency. BandsB and
C, as shown in Fig. 1, downshift in energy with increasing
temperature, as expected from the shifting of the band gap in
pure GaAs.11 The estimated peak shifts for bandC are

graphed versus temperature in Fig. 2~lower!. The tempera-
ture dependence for this emission energy is fitted well by a
quadratic function:

EC5E01aT2, ~1!

with E051.55060.001 eV and a52~8.9160.20!31027

eV/K. This gives, at 300 K,

FIG. 2. Temperature induced shift of the estimated peakC
maximum for the band-gap related emission~lower!, from the ex-
trapolated zero-temperature value of 1.550 eV. The curve is a
quadratic fit to the data, Eq.~1! in the text. The upper portion of the
graph shows the temperature shift of the defect emission~bandA!
from theT520 K value of 1.269 eV. Values are taken from Gauss-
ian fits to the data with an error better than65 meV.

FIG. 1. Three spectra of silicon-doped GaAs, at three represen-
tative temperatures, showing the main features discussed in this
paper. PeakA is the defect related emission, whileB andC stem
from band-gap emission of the substrate/cap layer and doped re-
gion, respectively.
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520.534650.012 meV/K, ~2!

which compares well with20.50 meV/K, reported for pure
GaAs.12 Differences arise because of the altered band struc-
ture, due to the doping in the GaAs:Si layer and because the
position of the Fermi level is temperature dependent.

BandA, the subject of this work, has been identified as
near conduction band to defect level recombination.6 We find
that bandA exhibits a Gaussian line shape, in agreement
with previous studies.13,14 Fit related errors are approxi-
mately61 meV, which is quite likely smaller than the actual
precision of our results, but provides some confidence in the
overall trends we report. It should be noted here that our
measurements of the peak energies differ slightly from those
reported elsewhere. Spectra have been corrected for experi-
mentally obtained instrument response. While this has little
effect in the energy range of the near-band-gap emission, we
found that it is critical when precisely positioning the defect
emission, due to the changing response of our system in this
energy range. Although a part of this may be due to the
quality of the MBE-grown material, the correction of the
instrument response also contributes to the difference in
emission energy. Our low-temperature linewidths are compa-
rable to those reported by Nguyenet al.14

Examining the linewidth of the defect emission band, we
observe a very weak increase with temperature. Previous
analyses of emissions from closely related defects13 show
that this can be described by a configuration coordinate
model.15 According to this model, the linewidth varies as

FWHM5A@coth~\v/2kT!#1/2, ~3!

where\v represents vibrational energies of the excited state
in the emission process. Our results are consistent with this
analysis, withA50.10360.001 eV and\v54465 meV
5350640 cm21 from a fit of Eq.~3! to our data. This vibra-
tional energy is higher than what was observed in Te- and
Sn-doped GaAs by a factor of'2.4 Since silicon local vibra-
tional modes are known to be in this range,3,16,17 a vibra-
tional energy near 350 cm21, as implied by our results, is
quite reasonable. We will return to this point later.

The peak energy position of bandA blueshifts weakly
over the temperature range studied, as shown in Fig. 2~up-
per!. Most of the shifting occurs below 100 K, above which
the peak position seems fixed. This behavior has been ob-
served for the related defect emission in both heavily Sn- and
Te-doped GaAs.4 The primary point is that this emission up-
shifts with temperature, while the band gap is downshifting.
This indicates a difference in the effect of temperature on the
energy levels responsible for the two emission processes.
From our measurements, we estimate the position of the de-
fect ground state level above the valence band shifts from
'280 meV at 20 K to'204 meV at 250 K.

From analysis of the integrated intensity of bandA ~from
Gaussian fits!, we see that the defect-related emission inten-
sity is approximately constant below 100 K, after which it
gradually diminishes by a factor of'8 by 250 K. The trend
is analyzed by plotting ln~I ) vs 1/T, as suggested in the
literature.4,18 In Fig. 3, we can see the intensity behavior
described above for the defect. Above'100 K, the intensity
follows an exponential decrease:

I ~T!5I 0 exp~DE/kT!, ~4!

where DE represents an activation energy for thermal
quenching processes. From a least squares fit of the data
using Eq.~4!, we findDE51962 meV. This activation en-
ergy is an order of magnitude smaller than the analogous
energy reported for this type of emission in GaAs with Sn
and Te dopants.4 However, our value agrees well with the
activation energy found in temperature dependent PL studies
involving neutron-transmutation-doped GaAs.19

B. Temperature dependence of the defect-emission lifetime

Analysis of the pulsed photoluminescence data was per-
formed by using an iterative reconvolution method, which is
described in detail elsewhere.20 Decay curves were best fitted
with the sum of two exponential decays. No improvement
was seen by choosing a three life-time fit. The two lifetimes
for the measured decay were.0.5 ns and.9.6 ns~20 K!.
The short lifetime component stems from the tail of bandC.
Because we measured the defect lifetime at 1.3 eV~due to
detector response considerations!, bandC still has sufficient
intensity to contribute to the total signal measured. Time-
resolved measurements at the peak of the band-gap related
emission confirmed this analysis.

The longer lifetime component is ascribed to the defect-
related emission. We, therefore, focus our attention on this
lifetime. Data obtained over the 20 to 200 K temperature
range are shown in Fig. 3~upper!. Beyond 200 K, extremely
weak intensities prevented accurate deconvolution of the de-
cay curves. We see that the lifetime of the defect-related
emission is constant, with an average value of 9.6360.25 ns
over this entire temperature range. This is surprising, since
the defect-emission intensity is observed todecreaseabove
100 K.

FIG. 3. Temperature dependences of the defect-emission inte-
grated intensity~from Gaussian fits! and total lifetime. The curve in
the I vs T portion of the graph shows the exponential decrease
above 100 K, as described by Eq.~4! yielding a thermal activation
energy of 1962 meV. Intensity precision is ten percent or better.
The upper portion shows that the lifetime is approximately constant
over this temperature range with an average value of 9.6360.25 ns.
A typical error bar is shown.
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IV. DISCUSSION OF THE RESULTS

The main question to address at this point is the apparent
inconsistency between the temperature dependences of the
defect-emission intensity and lifetime. The cw integrated in-
tensity of the defect-related emission decreases over the ex-
plored temperature range by a factor of'8, with most of the
decrease taking place above 100 K. The lifetime remains
constant over the same range. In a two-level system, the total
~i.e., measured! lifetime is given by

1

t tot
5

1

t rad
1

1

tnonrad
, ~5!

wheretrad andtnonradare lifetimes for radiative and nonradi-
ative processes, respectively, corresponding to competing re-
combination avenues,within the described system. From Fig.
3, we see that the measured lifetime does not change with
temperature.

Continuous-wave intensities are proportional to the num-
ber of electron-hole pairs available to participate in the re-
combination, times the ratio of the total lifetime to the radia-
tive lifetime. Therefore, along with the decrease in cw
intensity, one would expect a corresponding decrease in the
observed lifetime. Decreases in the observed lifetime with
temperature are generally attributed to increasing competi-
tion from nonradiative transitions between the initial and fi-
nal levels. This observation, in light of Eq.~5!, suggests that
the temperature-dependent nonradiative processes@repre-
sented bytnonrad in Eq. ~5!# are not competing on the same
time scale with the radiative process responsible for the de-
fect emission. Considering more complicated processes~e.g.,
a three-level system! does not clarify the analysis.

Evidently, the observed decrease in the cw intensity of the
defect emission over this temperature range stems from a
decrease in the number of available electron-hole pairs. This
decrease in the number of available carriers may be due to
thermal activation of electrons from the upper level~into the
conduction-band states! or holes out of the defect-level
ground state~into the valence-band state!, or a combination
of both, competing with the thermalization of carriers. The
activation energy,DE51962 meV, associated with the ther-
mal quenching of the cw intensity is more than one order of
magnitude smaller than the energy spacing between the
ground state of the defect complex and the valence-band
maximum ~over the entire temperature range studied!. This
suggests that depletion of holes from the defect level to the
valence band is not the primary cause of the decrease in the
available electron-hole pair population. Rather, the decrease
is a result of the thermal activation of electrons from a level
that is discrete and lies;DE below the conduction-band
states. These two processes, i.e., thermalization and reactiva-
tion of electrons, are very fast processes taking place on the
same time scale~;ps!, so they compete with each other,
effectively reducing the number of electrons trapped in the
upper level of the defect complex. The defect recombination,
which is much slower than these two processes, still takes
place in the same manner as at lower temperatures without
any competing processes on its time scale. The excess holes
trapped on the vacancies may recombine with excess con-
duction band electrons subsequently via nonradiative transi-
tions, which are slower than the defect recombination. Since

these transitions are slower, they do not affect the lifetime of
the defect recombination process according to Eq.~5!.

The close proximity of the upper defect level to the con-
duction continuum is in agreement with what was observed
under pressure: the direct to indirect crossover occurs at 4
GPa.6 This is the pressure at which the conduction-band
minima cross~direct to indirect!, making transitions from the
X point energetically favorable for radiative recombination.
Even though it is still present for pressures higher than 4
GPa, the defect excited state has shifted above theX mini-
mum. Electrons will favor thermalizing into theX well mini-
mum before radiatively decaying into the lower defect level.
A crossover pressure appreciably higher~lower! than 4 GPa
would signal an upper state well below~above! the lowest
conduction-band states, but that is not the case here.

At this point,we need to put our results into context with
the prevailing defect microstructure associated with this
subband-gap emission, and test for consistency. This defect
complex is believed to consist of a gallium vacancy~accep-
torlike! interacting with a substitutional silicon at gallium
~donorlike!. In GaAs, the isolated silicon donor level is lo-
cated 5.8 meV below the conduction band.21 From the ther-
mal quenching of the photoluminescence intensity data, we
propose that the upper~photoexcited! state of the defect
complex appears to lie.20 meV below the conduction-band
continuum. This 20 meV value does not take into account
any offset, due to zero-point vibrational motion. The ground
state of the defect would, therefore, consist of an electron
wave function, which is spatially shifted toward the gallium
vacancy, since it is slightly positive. This is approximately
1.2 to 1.3 eV below the conduction band or 0.2 to 0.3 eV
above the valence band. This is close to the deep level asso-
ciated with an isolated VGa

2 in GaAs.22

In our case, several factors alter the energy levels associ-
ated with the isolated point defects. The primary factor is the
Coulomb interaction between the vacancy and the silicon
atom, and the resultant distortion surrounding the complex.
The excited state then corresponds to the first excited state of
the defect complex for which the single-electron wave func-
tion is spatially biased toward the SiGa atom. This corre-
sponds loosely to the isolated silicon donor level. This is also
consistent with the pressure studies, since shallow donors
~acceptors! are known to shift rigidly with the conduction
~valence! band.23,24 Both the VGa and SiGa will be approxi-
mately neutral in the excited state of the complex. In the
ground state of our emission process, thenet complex is
charge neutral and is best approximated by VGa

2 and SiGa
1

for representing the charge distribution. This picture implies
consistency between our results and the SiGa-VGa defect.

The entire photoluminescence picture proposed here is as
follows. Holes are first produced in the defect complex by
one of two processes. Incident photons are absorbed by pro-
moting electrons out of the defect complex ground state@pro-
cessA in Fig. 4~a!# or out of the valence band~not shown!.
In the latter, holes can thermalize into the defect level. In
either case, the defect complex becomes positively charged.
Second, processB in Fig. 4~a! shows the defect complex
capturing an electron, most likely from the ample number of
electrons present in the conduction band due to doping. This
leaves the defect neutral, but in its first excited state, which is
a silicon donorlike level. The step observed is the radiative
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transition of the excited electron back into the ground state,
represented by stepC in Fig. 4~a!. Finally, the defect com-
plex relaxes causing a volume deformation. This type of
‘‘self-activated’’ luminescence has been reviewed by Shion-
oya for defects in ZnS~Ref. 25! and later extended to defects
in III-V compounds.~For example, see Ref. 4.!

We believe this recombination process to be essentially
‘‘molecular,’’ which can now explain the temperature depen-
dences of the lifetime and cw intensity. The lifetime is con-
stant, because it corresponds to an intradefect electron re-
combination @step C in Fig. 4~a!#. This suggests that the
defect only interacts weakly with the surrounding lattice. The
weak temperature dependence of the cw emission linewidth,
which implied a vibrational interaction energy of 4465 meV
5350640 cm21 supports this point. This value is in approxi-
mate agreement with a previous report.19 Although the value
obtained from our analysis should not be overinterpreted, it
does make sense, as it spans a range corresponding to silicon
local-mode vibrational energies. These vibrational modes can
serve to promote electrons from the weakly localized upper
level of the defect complex into the conduction-electron con-
tinuum, which appears to be 20 meV away. The cw intensity
of the defect emission decreases above 100 K, due to the
close proximity of the first~neutral! excited state with the
conduction states. As temperature increases, local-mode vi-
brations become more plentiful and eventually serve to pro-
mote electrons upward making them unavailable for thein-
tradefect PLprocess. The nonradiative thermalization and
reactivation processes are extremely fast, corresponding to
phonon lifetimes~'ps!. Once liberated into the conduction
band, the electron can then lose its excess energy. This can
happen by band-gap recombination or nonradiative pro-
cesses. Nonradiative transitions are enhanced by the exist-
ence of a nonzero density of states throughout the gap, a
result of the presence of defects. The electron then no longer
plays a role in the defect emission process. This accounts for
the decreasing intensity that we observe for the defect lumi-
nescence above 100 K without a decrease in total lifetime.

Previous analysis of the defect-emission process relied on

configuration coordinate~CC) diagrams~see Ref. 15!. In
Fig. 4~b!, we show a schematic of theCC model as applied
to our interpretation of the current results. We observe emis-
sion, due to the transition of an electron from point 3–4 in
the figure. It has been proposed that the activation energy
inferred from the intensity measurements was representative
of the energy of the avoided crossover point of the upper
~excited! and lower~ground! CC curves, relative to the mini-
mum of the upper curve@shown asEQ in Fig. 4~b!#. In this
interpretation, given an amountEQ of thermal energy, an
electron will transfer from the ‘‘upper’’CC to the ‘‘lower’’
CC at point 5 in Fig. 4~b!. These electrons will then nonra-
diatively work their way to point 1 of the diagram. The result
is thermal quenching of the intensity with an activation en-
ergy ofEQ . This previous interpretation also implies a tem-
perature dependence of the lifetime, since this nonradiative
process would be on a similar time scale, and involve the
same intradefect initial state, as the radiative process. The
measured lifetime would depend on temperature according
to15

1

t~T!
2

1

tL
5Se2EQ /kT, ~6!

where tL is themeasuredlifetime at a temperature below
which thermal quenching is negligible~here>100 K! andS
is a temperature-independent prefactor, which is typically de-
termined by fitting Eq.~6! to the data. The lifetime that we
measured for the defect-related emission does not exhibit
this temperature dependence.

As mentioned, previous estimates ofEQ were approxi-
mately one order of magnitude larger than ourDE.20 meV.
The much larger values were obtained for GaAs, with dop-
ants other than Si, such as Sn and Te,4 the chemical tenden-
cies of which differ from those of Si. The positions of the
energy levels, which form in the gap due to a defect com-
plex, may shift for different dopants, while still producing
the observed luminescence band at'1.26 eV. Crystal quality
of the samples used in the previous studies could be critical,
along with the fact that other species imply a variety of local
environments. All of these factors may contribute to differ-
ences in the temperature dependence of the emission. This
difference needs to be examined further, and motivates ex-
periments on MBE grown GaAs with high concentrations of
these dopants. Our results do not invalidate theCCmodel as
applied to defect complexes, especially when applied to de-
fects for which both ground and excited states are deep
within the energy gap. However, the lifetime model@Eq. ~6!#
developed based on the previous determination ofEQ , when
applied here, results in a temperature dependence we do not
observe. We believe, as discussed, that the 20 meV value
corresponds to the depth of the first excited state from the
conduction continuum states. We point out that the
temperature-dependent lifetime studies, which provide a dif-
ferent approach to the analysis of these processes, have
proven to be instrumental in developing a more complete
picture.

We address now the possibility that the defect emission
that we study is related to other defects, which may be
present in doped GaAs. Especially tempting is any possible
link with the DX center. This link is suggested by the fact

FIG. 4. Energy band schematics~not to scale! deduced from our
results. Part~a! shows the simplest photoluminescence process re-
sponsible for the observed bandA ~transitionC). In ~b!, we show
the configuration coordiate diagram, which describes our results for
the self-activated photoluminescence of the defect complex. The
intensity reduction seen in Fig. 3 stems from thermal activation of
electrons out of the defect upper energy level into the conduction
continuum states.
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that sub-band-gap emission, near 1.26 eV, has been observed
in n-type GaAs when doped with Si, Sn, Te, S, and Se,4 each
of which has exhibitedDX behavior ~under the correct
conditions!.26 Since the material that we investigate allows
for a variety of defect structures, includingDX, we must
recognize that other defects may play a secondary role in the
intensity decrease we observe above'100 K. However, the
circumstances in which we place our samples for the current
studies are not favorable for formingDX centers, so that we
do not expect it to play a role. Further experiments, possibly
in Al xGa12xAs, aimed at linking the 1.25 eV band and the
existence ofDX behavior, would be necessary to establish
any such connection.

Finally, some mention of the charge capture volume de-
formation is in order. The~absolute! pressure coefficient of
the defect level has been shown to be useful for estimating
the net volume deformation of point defects upon charge
capture~Vc! or emission.

27 For this defect complex, similar
analysis yieldedVc512.760.63 Å3.6 This value for volume
deformation is comparable to that for theEL2 defect~upon
charge capture! in GaAs, reported by Samaraet al.,27 and for
DX center~upon emptying! in Sn- and Si-doped GaAs, re-
ported by Cargillet al.28 However, the meaning of charge
capture is somewhat obscured, because we now view the
emission process as involving the intradefect transfer of an
electron abbreviated by~SiGa

02VGa
0!→~SiGa

12VGa
2!. The

complex as a whole remains charge neutral. Charge capture
in this case is the removal of an electron from the neutral
SiGa to the vacancy. The above volume deformation corre-
sponds to the expansion of the entire defect complex volume,
due to the emission process@point 4–1 in Fig. 4~b!#. If we
consider the defect volume to be'1/4 the unit cell volume,
this implies a linear deformation of approximatelyDa.0.1
Å. The value ofDa should be on the order of the displace-
ment reflected in theCC diagram in Fig. 4~b!. A similar
value is obtained using the analysis laid out in Ref. 29, by
using parameters obtained in fitting the temperature depen-
dence of defect-emission linewidth.30 Our value forDa is
appropriate for weak defect-lattice interaction. Theoretical
studies of second-nearest-neighbor defect complexes involv-
ing SiGa are consistent with our conclusion of a weakly in-
teracting point defect-host system.31 Further exploration of
this type of analysis is needed to develop its power for de-
termining characteristics of defect microstructures.

V. SUMMARY

By correlating the measured temperature dependences of
the cw intensity and lifetime of the vacancy related emission
near 1.269 eV, we construct a more complete picture of the
energy-level structure of the process. Results are summarized
in Fig. 3 and the energy-level andCC diagrams are depicted

in Fig. 4. The integrated intensity is seen to diminish by a
factor of'8 in the 20 to 250 K range, with nearly constant
intensity to 100 K. However, the lifetime remains constant at
an average value of 9.6360.25 ns to 200 K. This tells us that
there are no intradefect nonradiative processes competing on
the same time scale with the observed emission. This implies
that the intensity decrease must be due to thermal depletion
of electrons or holes from the levels that participate in the
observed radiative recombination.

The temperature dependence of the cw emission inte-
grated intensity implies a thermal activation of 1962 meV.
This is consistent with previous hydrostatic pressure experi-
ments on the same samples.6 Our activation energy is ap-
proximately one order of magnitude smaller than those ob-
tained in earlier studies on Czochralski grown GaAs with
other dopants.4 We believe this to be attributable, in part, to
the crystal quality obtainable using MBE growth. We inter-
pret our activation energy as a signature of the depth of the
upper defect level from the conduction levels, rather than of
a crossover to the lower curve of the CC model@Fig. 4~b!#.
Evidently, depletion~reduced cw intensity! is a consequence
of a competition between thermalization and reactivation of
electrons out of the upper defect level, which is located'20
meV below the conduction continuum states. The excess
holes subsequently recombine with the excess conduction-
band electrons nonradiatively.

We analyze our results in the context of the Si-Y defect,
plausibly identified as a SiGa-VGa second-nearest-neighbor
complex. The defect appears to interact only weakly with the
lattice, as evidenced by the very small temperature depen-
dence of the linewidth. Furthermore, the silicon and vacancy
comprising the complex only weakly influence each other:
the lower state closely resembles the isolated gallium va-
cancy and the upper state is close to an isolated silicon donor
level. Recombination is intradefect or self-activated and is
consistent with the measured constant lifetime.

It would be important at this stage to conduct the comple-
mentary excitation spectroscopy measurements to attempt to
precisely determine those optical excitations, which are re-
sponsible for this emission@1–2 in Fig. 4~b!#. This would
permit a better construction of theCC diagram through de-
termination of the Franck-Condon shift. These measurements
are currently in preparation.

ACKNOWLEDGMENTS

The authors wish to thank R. C. Newman for helpful dis-
cussions and critical reading of this manuscript. T.S. grate-
fully acknowledges that this material was supported by the
National Science Foundation. C.P.P. was supported~in part!
by Texas Tech Center for Energy Research.

*Present address: University of Oregon, Eugene, OR 97403.
1R. C. Newman, Semicond. Sci. Technol.9, 1749~1994!.
2J. Maguire, R. Murray, and R. C. Newman, Appl. Phys. Lett.50,
516 ~1987!.

3S. A. McQuaid, R. C. Newman, M. Missous, and S. O’Hagan,
Appl. Phys. Lett.61, 3008~1992!.

4E. W. Williams, Phys. Rev.168, 922 ~1968!.

5H. Shen, G. Yang, Z. Zhour, W. Huang, and S. Zou, J. Appl. Phys.
68, 4894~1990!.

6M. Holtz, T. Sauncy, T. Dallas, and S. Massie, Phys. Rev. B50,
14 706~1994!.

7A. Mooradian and G. Wright, Phys. Rev. Lett.16, 999 ~1966!.
8E. Burstein, Phys. Rev.93, 632 ~1954!; T. S. Moss, Proc. Phys.
Soc. London Sect. B76, 775 ~1954!.

53 1905LIFETIME STUDIES OF SELF-ACTIVATED . . .



9Jiang De-Sheng, Y. Makita, K. Ploog, and H. J. Queisser, J. Appl.
Phys.53, 999 ~1982!.

10A. Haufe, R. Schwabe, H. Fieseler, and M. Ilegems, J. Phys. C.
21, 2951~1988!.

11M. D. Sturge, Phys. Rev.127, 768 ~1962!.
12J. I. Pankove,Optical Processes in Semiconductors~Dover, New

York, 1971!.
13H. Barry Bebb and E. W. Williams, inTransport and Optical

Phenomena,edited by R. K. Willardson and A. C. Beer, Semi-
conductors and Semimetals Vol. 8~Academic, New York, 1972!,
Chaps. 4 and 5.

14Nguyen Hong Ky, L. Pavesi, D. Arajo, J. D. Ganie´re, and F. K.
Reinhart, J. Appl. Phys.69, 7585~1991!.

15C. C. Klick and J. H. Schulman, inSolid State Physics: Advances
in Research and Applications,edited by F. Seitz and D. Turnbull
~Academic, New York, 1957!, Vol. 5, p. 97.

16W. M. Theis and W. G. Spitzer, J. Appl. Phys.56, 890 ~1984!.
17M. Holtz, R. Zallen, A. E. Geissberger, and R. A. Sadler, J. Appl.

Phys.59, 1946~1986!.
18T. Koda and S. Shionoya, Phys. Rev.136, A541 ~1964!.
19M. O. Manasreh and S. M. Mudare, Semicond. Sci. Technol.4,

435 ~1989!.

20C. P. Palsule, S. Gangopadhyay, A. Kher, and W. Borst, Phys.
Rev. B47, 9309~1993!.

21S. M. Sze,Physics of Semiconductor Devices~Wiley, New York,
1981!, p. 21.

22H. Xu and U. Lindfelt, Phys. Rev. B41, 5979~1990!.
23D. J. Wolford and J. A. Bradley, Solid State Commun.53, 1069

~1985!.
24A. Zylberstejn, R. H. Wallis, and J. M. Besson, Appl. Phys. Lett.

32, 764 ~1978!.
25S. Shionoya, inLuminescence of Inorganic Solids,edited by P.

Goldberg~Academic, New York, 1966!, pp. 225–286.
26P. M. Mooney, J. Appl. Phys.67, R1 ~1990!.
27G. A. Samara, D. Vook, and J. F. Gibbons, Phys. Rev. Lett.68,

1582 ~1992!.
28G. S. Cargill, A. Segmu¨ller, T. F. Kuech, and T. N. Theis, Phys.

Rev. B46, 10 078~1992!.
29R. K. Watts,Point Defects in Crystals~Wiley, New York, 1981!,

pp. 86–106.
30We use a nominal phonon frequency of 300 cm21 to derive an

order of magnitude force constant for this calculation.
31R. Jones and S. O¨ berg, Semicond. Sci. Technol.9, 2291~1994!.

1906 53SAUNCY, PALSULE, HOLTZ, GANGOPADHYAY, AND MASSIE


