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Lifetime studies of self-activated photoluminescence in heavily silicon-doped GaAs
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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
(T=20 K). GaAs crystals were grown using molecular-beam epitaxy with most of the experiments conducted
on a sample having a carrier concentration ob419'® cm™3. The intensity is seen to decrease above 100 K,
with no corresponding decrease in the measured lifetime oft9063 ns. The intensity decrease implies an
activation energy of 192 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 a¥ the Si-
defect complex.

[. INTRODUCTION eV. This emission is observed in GaAs doped with germa-
nium, tellurium, and tin, as well as silicdnThe identifica-
Defects and defect complexes, which occur in heavilytion of the defect-related, sub-band-gap PL emission near 1.2
doped GaAs(and other semiconductgrshave been given €V as stemming from a vacancy related complex, specifically
much long-term attention, due to their technological rel-SicsVcain Si-doped GaAs, was first made by Williarhs.

evance and the scientific questions they raise. High dopant Recent hydrostatic pressure investigations on heavily
concentrations(>10'® cm™3) produce defects and defect Silicon-doped GaAs, focused on the 1.2 eV emission Band.

complexes in sufficient quantity to be significant and to be! he pressure measurements showed that the radiative recom-

observed. Most research has focused on isolated point d@ination process involves an electronic transition from near
fects and on nearest-neighbor point-defect pairs. Much les§€ conduction band to the defect level in the gap. Those
has been done on defect complexes involving second€sults are consistent with the $i-identification, as the
nearest-neighbor point-defect pairs. Recently, two specifi§ource of this band. The purpose of the current work is to
defect complexes have been discussed, which appear in mof'ther examine and understand the fundamental nature of
erately to heavily silicon-doped GaAsThese complexes the near conduction band to defect-level recombination pro-
have been put forth as being partially responsible for the&€ss. To accomplish this, we studied the temperature depen-

reduction of free-carrier concentrations when doping levelglénces of the PL intensity in conjunction with recombination
exceed~10 cm 32 lifetime temperature dependence. Our main goal in this paper

The first complex currently receiving discussion is de-is to provide more information on the microscopic.properties
noted SiX, which is believed to involve a silicon-at-arsenic ©f the defect complex responsible for the emission, and to
substitution(Sixe) and a gallium vacanc{V,), possibly sta-  test for consistency with previous identifications. By corre-
bilized by an arsenic antisitéAss,).! The second defect lating the temperature dependence of lifetime and intensity
complex involves a silicon substituting for a galliui8ig,) Measurements, our results provide a more detalleq proﬂlg of
and a gallium vacancy second-nearest neighbor. This ithe energy-level structure and_ conﬂgurquon-coordmate dia-
known as the SK defect® Recent contributions have been 9ram, and argue for a self-activated luminescence process.
made using infrared absorptiglocal-mode spectroscopy to
dedqce local strupturJe.PhotquminesqencéPL) gmission Il EXPERIMENTAL DETAILS
studies are also important for examining the influence of
defects on optical properties, and how they effect states in- The samples studied were grown by molecular-beam epi-
volved in transport. PL studies can also be used to dedudaxy (MBE). Heavily Si-doped GaAs layers were grown
aspects of the microstructure based on their energy levels, &with varying silicon dopant concentrationen undoped
we do here. GaAs buffer layers with a substrate temperature of 580 °C.

The SiY defect appears to describe a class of complexesThere was no post growth anneal. The substrate was pure
which all exhibit similar physical propertiés. Specifically, a  liquid encapsulated Czochralski GaAs. The thickness of the
deep level is common, which gives rise to a PL band near 1.8doped region varied from sample to sample, ranging from
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approximately 2000—6500 A. Varying the silicon concentra-
tions resulted in free-carrier concentrations ranging from GaAs:Si
3.9x10' to 8.6<10' cm™3. The latter were determined by 4.9x10%cmr
Hall measurements and confirmed with Raman measure-
ments of phonon-plasmon energledle report here our re- (x6)
sults from the 4.%10' cm™2 sample only. This sample was 0K

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-wavéw) photolumines-
cence data were recorded using HeNe laser excitation with 20K |
photon energy 1.96 e\632.8 nm and output power of 4 A B C
mW. Spectra were dispersed by a 1/4-m double monochro- - —
mator. An infrared sensitive [6a,_,As photomultiplier 1.10 1.30 1.50 1.70
tube was used for detection of the signal. All spectra were
corrected for the wavelength-dependent system response. Energy (eV)
Time-resolved TR) spectra were excited using\g-pumped
dye laser at 2.03 eV¥610 nm. Pulse duration was 500 ps, FIG. 1. Three spectra of silicon-doped GaAs, at three represen-
W|th an average power Of 100_15@ per pulse at a rate Of tative temperatures, ShOWing the main features discussed in this
10 Hz. A 640 nm cutoff filter was used to eliminate scatteredP@per. Peald is the defect related emission, whiizand C stem
excitation light. The output from the detector was directed to™om band-gap emission of the substrate/cap layer and doped re-
a wave form digitizer and signal averaging was employed?/On. respectively.

(fast analog technigueWe used the same spectrometer and
detector for both the continuous and time-resolved measurd@raphed versus temperature in Fig(l@wer). The tempera-
ments. Our typical spectroscopic bandpass was 7 meV in thélre dependence for this emission energy is fitted well by a

(x3)

Intensity

range of the defect emission. quadratic function:
lll. RESULTS Ec=Eo+aT?, @
A. Temperature dependence of the continuous with E,=1.550+0.001 eV and a=—(8.91+0.20x10""
photoluminescence intensity eV/K. Tohis é]ives :’;lt 300 K . .

We show in Fig. 1 cw spectra taken with the sample at
three representative temperatures. In the 20-K spectrum in 20
Fig. 1, three distinct features are seen, dendtddl, andC
for convenience. As shown, all three bands are observable up oag® Y Defect
to 250 K, withB appearing as a weak shoulder. The focus of 0
our current work is band\ at 1.269 eV T=20 K). We will
first discuss the origins of ban@sandC. BandB (1.480 eV
at 20 K), appearing only as a shoulder on babdmay 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® Our measurements of these bands are consistent with
similar MBE-grown GaAs studies.

For examining the temperature dependence of band
the 4.9<10' cm 2 doped sample, no formal peak fitting or
line shape analyses were carried out. This band-gap related Temperature (K)
luminescence has received much attention in the literature,

both in theory and in experimefifor example, see Ref. 10 FIG. 2. Temperature induced shift of the estimated p&ak
Since this band is not the primary focus of this work, themaximum for the band-gap related emissitower), from the ex-
peak energy position was estimated, and simple analysis igapolated zero-temperature value of 1.550 eV. The curve is a
reported as an overall measure of consistency. BEndad  quadratic fit to the data, EqL) in the text. The upper portion of the
C, as shown in Fig. 1, downshift in energy with increasinggraph shows the temperature shift of the defect emisgiandA)
temperature, as expected from the shifting of the band gap ifiom the T=20 K value of 1.269 eV. Values are taken from Gauss-
pure GaAs! The estimated peak shifts for bar@ are ian fits to the data with an error better thars meV.

Energy Shift (meV)

Band gap
(Band C)

0 100 200 300
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—_— =—0.534-=0.012 meV/K, (2)
oT |
T=300 K - 10_ .
which compares well with-0.50 meV/K, reported for pure g }. e
GaAs?? Differences arise because of the altered band struc- © 9L o

ture, due to the doping in the GaAs:Si layer and because the
position of the Fermi level is temperature dependent.

Band A, the subject of this work, has been identified as .
near conduction band to defect level recombinafi¥e find o et
that bandA exhibits a Gaussian line shape, in agreement
with previous studie$>* Fit related errors are approxi-
mately =1 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 0 1(‘)0 2(')0 300
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 o
found that it is critical when precisely positioning the defect ~FIG. 3. Temperature dependences of the defect-emission inte-
emission, due to the changing response of our system in thyated mtensﬂ;(from Gaussian fifsand total lifetime. Th(_e curve in
energy range. Although a part of this may be due to théhe ! vs T portion of the graph sho_ws_the exponential _dec_rease
quality of the MBE-grown material, the correction of the above 100 K, as described l?y He) 3_/|§Id|n_g a thermal activation
instrument response also contributes to the difference iﬁnergy of 182 meV. Intensity precision is ten percent or better.
emission energy. Our low-temperature linewidths are compaacgrﬁﬁg etrefnorgf;j:'eoﬁsntiaivti['he;',:e;'&lf;Sf@g{fg'g;fggﬂzﬂam
rable to those reported by Nguyenall* Aty peratu 9 9 '

. . . L ypical error bar is shown.

Examining the linewidth of the defect emission band, we
observe a very weak increase with temperature. Previous
analyses of emissions from closely related defécshiow 1(T)=1o expAE/KT), 4

that this can be described by a configuration coordinate L
model?® According to this model, the linewidth varies as Where AE represents an activation energy for thermal

quenching processes. From a least squares fit of the data
FWHM= A[ coth(7iw/ 2k T)]¥2, (3)  using Eq.(4), we find AE=19+2 meV. This activation en-
o _ ) ergy is an order of magnitude smaller than the analogous
in the emission process. Our results are consistent with thigng Te dopant$.However, our value agrees well with the

analysis, withA=0.103-0.001 eV andiw=44+5 meV  activation energy found in temperature dependent PL studies
=350+40 cm * from a fit of Eq(g) to our data. This vibra- invo'ving neutron_transmutation_doped Gaﬁs

tional energy is higher than what was observed in Te- and
Sn-doped GaAs by a factor ef2.* Since silicon local vibra-
tional modes are known to be in this rantj&,!’ a vibra-
tional energy near 350 cm, as implied by our results, is Analysis of the pulsed photoluminescence data was per-
quite reasonable. We will return to this point later. formed by using an iterative reconvolution method, which is
The peak energy position of bamil blueshifts weakly —described in detail elsewhef®Decay curves were best fitted
over the temperature range studied, as shown in Figp2  with the sum of two exponential decays. No improvement
pen. Most of the shifting occurs below 100 K, above which was seen by choosing a three life-time fit. The two lifetimes
the peak position seems fixed. This behavior has been olfer the measured decay we#0.5 ns and=9.6 ns(20 K).
served for the related defect emission in both heavily Sn- and@he short lifetime component stems from the tail of b&hd
Te-doped GaA&.The primary point is that this emission up- Because we measured the defect lifetime at 1.3(@\e to
shifts with temperature, while the band gap is downshifting.detector response consideratiprizandC still has sufficient
This indicates a difference in the effect of temperature on théntensity to contribute to the total signal measured. Time-
energy levels responsible for the two emission processesesolved measurements at the peak of the band-gap related
From our measurements, we estimate the position of the demission confirmed this analysis.
fect ground state level above the valence band shifts from The longer lifetime component is ascribed to the defect-
~280 meV at 20 K to=204 meV at 250 K. related emission. We, therefore, focus our attention on this
From analysis of the integrated intensity of bahdfrom lifetime. Data obtained over the 20 to 200 K temperature
Gaussian fits we see that the defect-related emission intentange are shown in Fig. @pped. Beyond 200 K, extremely
sity is approximately constant below 100 K, after which it weak intensities prevented accurate deconvolution of the de-
gradually diminishes by a factor e$8 by 250 K. The trend cay curves. We see that the lifetime of the defect-related
is analyzed by plotting Ii) vs 1T, as suggested in the emission is constant, with an average value of €625 ns
literature®!® In Fig. 3, we can see the intensity behavior over this entire temperature range. This is surprising, since
described above for the defect. Abowl00 K, the intensity the defect-emission intensity is observedd&creaseabove
follows an exponential decrease: 100 K.

[= T

Intensity

Temperature (K)

B. Temperature dependence of the defect-emission lifetime
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IV. DISCUSSION OF THE RESULTS these transitions are slower, they do not affect the lifetime of

The main question to address at this point is the apparergpe defect recomplnf'mon process according 1o ).
inconsistency between the temperature dependences of t eThe close_ prox'”_“tY of the upper d_efect level to the con-
defect-emission intensity and lifetime. The cw integrated in-dUction continuum is in agreement with what was observed
tensity of the defect-related emission decreases over the eyndeﬁr pressure: the direct to indirect crossover occurs at 4
plored temperature range by a factor-e8, with most of the ~GPa’ This is the pressure at which the conduction-band
decrease taking place above 100 K. The lifetime remain§linima crosgdirect to indirec}, making transitions from the
constant over the same range. In a two-level system, the tot% pOint enel’getically favorable for radiative recombination.

(i.e., measuredifetime is given by Even though it is still present for pressures higher than 4
GPa, the defect excited state has shifted abovextimeini-
1 1 1 mum. Electrons will favor thermalizing into thé well mini-

—=—* ©) mum before radiatively decaying into the lower defect level.

)
Ttot Trad  Tnonrad

A crossover pressure appreciably higllewer) than 4 GPa
where 7,4 and 7,5 ag@re lifetimes for radiative and nonradi- would signal an upper state well beloi@bove the lowest
ative processes, respectively, corresponding to competing reonduction-band states, but that is not the case here.
combination avenuesyithin the described system. From Fig. At this point,we need to put our results into context with
3, we see that the measured lifetime does not change wittihe prevailing defect microstructure associated with this
temperature. subband-gap emission, and test for consistency. This defect

Continuous-wave intensities are proportional to the num<complex is believed to consist of a gallium vacanagcep-
ber of electron-hole pairs available to participate in the retorlike) interacting with a substitutional silicon at gallium
combination, times the ratio of the total lifetime to the radia-(donorlike. In GaAs, the isolated silicon donor level is lo-
tive lifetime. Therefore, along with the decrease in cwcated 5.8 meV below the conduction baddsrom the ther-
intensity, one would expect a corresponding decrease in thmal quenching of the photoluminescence intensity data, we
observed lifetime. Decreases in the observed lifetime wittpropose that the uppeiphotoexcited state of the defect
temperature are generally attributed to increasing competeomplex appears to lie=20 meV below the conduction-band
tion from nonradiative transitions between the initial and fi-continuum. This 20 meV value does not take into account
nal levels. This observation, in light of E€p), suggests that any offset, due to zero-point vibrational motion. The ground
the temperature-dependent nonradiative proceg$esme- state of the defect would, therefore, consist of an electron
sented byr,,,aqin EQ. (5)] are not competing on the same wave function, which is spatially shifted toward the gallium
time scale with the radiative process responsible for the devacancy, since it is slightly positive. This is approximately
fect emission. Considering more complicated proceésegs, 1.2 to 1.3 eV below the conduction band or 0.2 to 0.3 eV
a three-level systejrdoes not clarify the analysis. above the valence band. This is close to the deep level asso-

Evidently, the observed decrease in the cw intensity of theiated with an isolated ¥, in GaAs??
defect emission over this temperature range stems from a In our case, several factors alter the energy levels associ-
decrease in the number of available electron-hole pairs. Thiated with the isolated point defects. The primary factor is the
decrease in the number of available carriers may be due tGoulomb interaction between the vacancy and the silicon
thermal activation of electrons from the upper letiato the  atom, and the resultant distortion surrounding the complex.
conduction-band statesor holes out of the defect-level The excited state then corresponds to the first excited state of
ground stateinto the valence-band stafeor a combination the defect complex for which the single-electron wave func-
of both, competing with the thermalization of carriers. Thetion is spatially biased toward the ggiatom. This corre-
activation energyAE=19+2 meV, associated with the ther- sponds loosely to the isolated silicon donor level. This is also
mal quenching of the cw intensity is more than one order oftonsistent with the pressure studies, since shallow donors
magnitude smaller than the energy spacing between th@cceptors are known to shift rigidly with the conduction
ground state of the defect complex and the valence-bant/alence band??* Both the \j;, and S, will be approxi-
maximum (over the entire temperature range stugliechis  mately neutral in the excited state of the complex. In the
suggests that depletion of holes from the defect level to thground state of our emission process, thet complex is
valence band is not the primary cause of the decrease in theharge neutral and is best approximated ky, Vand Si,"
available electron-hole pair population. Rather, the decreader representing the charge distribution. This picture implies
is a result of the thermal activation of electrons from a levelconsistency between our results and thg;Sig, defect.
that is discrete and lies-AE below the conduction-band The entire photoluminescence picture proposed here is as
states. These two processes, i.e., thermalization and reactiviallows. Holes are first produced in the defect complex by
tion of electrons, are very fast processes taking place on thene of two processes. Incident photons are absorbed by pro-
same time scalé~ps), so they compete with each other, moting electrons out of the defect complex ground dtaie-
effectively reducing the number of electrons trapped in thecessA in Fig. 4(a)] or out of the valence banghot shown.
upper level of the defect complex. The defect recombinationin the latter, holes can thermalize into the defect level. In
which is much slower than these two processes, still takesither case, the defect complex becomes positively charged.
place in the same manner as at lower temperatures witho@econd, procesB in Fig. 4a) shows the defect complex
any competing processes on its time scale. The excess holeapturing an electron, most likely from the ample number of
trapped on the vacancies may recombine with excess comlectrons present in the conduction band due to doping. This
duction band electrons subsequently via nonradiative transleaves the defect neutral, but in its first excited state, which is
tions, which are slower than the defect recombination. Sinca silicon donorlike level. The step observed is the radiative
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5, configuration coordinatéCC) diagrams(see Ref. 1b In
LANB L CBYX AR Fig. 4(b), we show a schematic of tf@C model as applied
—_ w"tAE 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-
t\-;, mum of the upper curveshown asEq in Fig. 4b)]. In this
\ \ \\\ interpretation, given an amourif, of thermal energy, an
electron will transfer from the “upperCC to the “lower”
(a) (b) CC at point 5 in Fig. 4b). These electrons will then nonra-
diatively work their way to point 1 of the diagram. The result

FIG. 4. Energy band schematiasot to scalg deduced from our is thermal quenching of the intensity with an activation en-

results. Parta) shows the simplest photoluminescence process re€'@Y Of Eq . This previous interpretation also implies a tem-
sponsible for the observed baad(transitionC). In (b), we show  Perature dependence of the lifetime, since this nonradiative
the configuration coordiate diagram, which describes our results foProcess would be on a similar time scale, and involve the
the self-activated photoluminescence of the defect complex. Théame intradefect initial state, as the radiative process. The
intensity reduction seen in Fig. 3 stems from thermal activation ofmeasured lifetime would depend on temperature according
electrons out of the defect upper energy level into the conductioio*

continuum states.

1 1
. . . __:Se*EQ/kT’ (6)
transition of the excited electron back into the ground state, o(T) 7

represented by steP in Fig. 4(a). Finally, the defect com-
plex relaxes causing a volume deformation. This type ofwhere 7, is the measuredifetime at a temperature below
“self-activated” luminescence has been reviewed by Shionwhich thermal quenching is negligiblbere=100 K) andS
oya for defects in Zn$Ref. 25 and later extended to defects is a temperature-independent prefactor, which is typically de-
in IlI-V compounds.(For example, see Ref.)4. termined by fitting Eq(6) to the data. The lifetime that we
We believe this recombination process to be essentiallyneasured for the defect-related emission does not exhibit
“molecular,” which can now explain the temperature depen-this temperature dependence.
dences of the lifetime and cw intensity. The lifetime is con- As mentioned, previous estimates Bf, were approxi-
stant, because it corresponds to an intradefect electron renately one order of magnitude larger than =20 meV.
combination[step C in Fig. 4@)]. This suggests that the The much larger values were obtained for GaAs, with dop-
defect only interacts weakly with the surrounding lattice. Theants other than Si, such as Sn and*Tee chemical tenden-
weak temperature dependence of the cw emission linewidtlgies of which differ from those of Si. The positions of the
which implied a vibrational interaction energy of #8 meV  energy levels, which form in the gap due to a defect com-
=350+40 cm ! supports this point. This value is in approxi- plex, may shift for different dopants, while still producing
mate agreement with a previous reptralthough the value the observed luminescence bandkt.26 eV. Crystal quality
obtained from our analysis should not be overinterpreted, iof the samples used in the previous studies could be critical,
does make sense, as it spans a range corresponding to silicalong with the fact that other species imply a variety of local
local-mode vibrational energies. These vibrational modes caanvironments. All of these factors may contribute to differ-
serve to promote electrons from the weakly localized uppeences in the temperature dependence of the emission. This
level of the defect complex into the conduction-electron condifference needs to be examined further, and motivates ex-
tinuum, which appears to be 20 meV away. The cw intensityperiments on MBE grown GaAs with high concentrations of
of the defect emission decreases above 100 K, due to thhese dopants. Our results do not invalidate@t@ model as
close proximity of the firstineutra) excited state with the applied to defect complexes, especially when applied to de-
conduction states. As temperature increases, local-mode Miects for which both ground and excited states are deep
brations become more plentiful and eventually serve to prowithin the energy gap. However, the lifetime mog@Ej. (6)]
mote electrons upward making them unavailable forithe developed based on the previous determinatioBpf when
tradefect PLprocess. The nonradiative thermalization andapplied here, results in a temperature dependence we do not
reactivation processes are extremely fast, corresponding tbserve. We believe, as discussed, that the 20 meV value
phonon lifetimes(~ps). Once liberated into the conduction corresponds to the depth of the first excited state from the
band, the electron can then lose its excess energy. This caonduction continuum states. We point out that the
happen by band-gap recombination or nonradiative protemperature-dependent lifetime studies, which provide a dif-
cesses. Nonradiative transitions are enhanced by the exiderent approach to the analysis of these processes, have
ence of a nonzero density of states throughout the gap, proven to be instrumental in developing a more complete
result of the presence of defects. The electron then no longgmicture.
plays a role in the defect emission process. This accounts for We address now the possibility that the defect emission
the decreasing intensity that we observe for the defect lumithat we study is related to other defects, which may be
nescence above 100 K without a decrease in total lifetime. present in doped GaAs. Especially tempting is any possible
Previous analysis of the defect-emission process relied ofink with the DX center. This link is suggested by the fact
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that sub-band-gap emission, near 1.26 eV, has been observiedFig. 4. The integrated intensity is seen to diminish by a
in n-type GaAs when doped with Si, Sn, Te, S, and'8ach  factor of =8 in the 20 to 250 K range, with nearly constant
of which has exhibitedDX behavior (under the correct intensity to 100 K. However, the lifetime remains constant at
conditions.?® Since the material that we investigate allows an average value of 9.63.25 ns to 200 K. This tells us that
for a variety of defect structures, includiigX, we must there are no intradefect nonradiative processes competing on
recognize that other defects may play a secondary role in thitne same time scale with the observed emission. This implies
intensity decrease we observe abev200 K. However, the that the intensity decrease must be due to thermal depletion
circumstances in which we place our samples for the currentf electrons or holes from the levels that participate in the
studies are not favorable for formingX centers, so that we observed radiative recombination.
do not expect it to play a role. Further experiments, possibly The temperature dependence of the cw emission inte-
in Al,Ga, _,As, aimed at linking the 1.25 eV band and the grated intensity implies a thermal activation of1® meV.
existence ofDX behavior, would be necessary to establishThis is consistent with previous hydrostatic pressure experi-
any such connection. ments on the same sampfeQur activation energy is ap-
Finally, some mention of the charge capture volume deproximately one order of magnitude smaller than those ob-
formation is in order. Théabsolut¢ pressure coefficient of tained in earlier studies on Czochralski grown GaAs with
the defect level has been shown to be useful for estimatingther dopant§.We believe this to be attributable, in part, to
the net volume deformation of point defects upon chargehe crystal quality obtainable using MBE growth. We inter-
capture(V,) or emissiorf’ For this defect complex, similar pret our activation energy as a signature of the depth of the
analysis yielded/.=+2.7+0.63 A3® This value for volume  upper defect level from the conduction levels, rather than of
deformation is comparable to that for tB.2 defect(upon a crossover to the lower curve of the CC moffly. 4(b)].
charge captungn GaAs, reported by Samaed al,?” and for ~ Evidently, depletionreduced cw intensiyis a consequence
DX center(upon emptying in Sn- and Si-doped GaAs, re- of a competition between thermalization and reactivation of
ported by Cargillet al“® However, the meaning of charge electrons out of the upper defect level, which is locatetDd
capture is somewhat obscured, because we now view theeV below the conduction continuum states. The excess
emission process as involving the intradefect transfer of aholes subsequently recombine with the excess conduction-
electron abbreviated b{Sis —Vs.))—(Sics’ —Vea )- The  band electrons nonradiatively.
complex as a whole remains charge neutral. Charge capture We analyze our results in the context of theYSdefect,
in this case is the removal of an electron from the neutraplausibly identified as a §i-Vg, second-nearest-neighbor
Sig, to the vacancy. The above volume deformation correcomplex. The defect appears to interact only weakly with the
sponds to the expansion of the entire defect complex volumdattice, as evidenced by the very small temperature depen-
due to the emission procefsoint 4—1 in Fig. 4b)]. If we  dence of the linewidth. Furthermore, the silicon and vacancy
consider the defect volume to bel/4 the unit cell volume, comprising the complex only weakly influence each other:
this implies a linear deformation of approximately=0.1  the lower state closely resembles the isolated gallium va-
A. The value ofAa should be on the order of the displace- cancy and the upper state is close to an isolated silicon donor
ment reflected in theCC diagram in Fig. 4b). A similar  level. Recombination is intradefect or self-activated and is
value is obtained using the analysis laid out in Ref. 29, byconsistent with the measured constant lifetime.
using parameters obtained in fitting the temperature depen- It would be important at this stage to conduct the comple-
dence of defect-emission linewid¥.Our value forAa is  mentary excitation spectroscopy measurements to attempt to
appropriate for weak defect-lattice interaction. Theoreticalprecisely determine those optical excitations, which are re-
studies of second-nearest-neighbor defect complexes invohsponsible for this emissiofii—2 in Fig. 4b)]. This would
ing Sig, are consistent with our conclusion of a weakly in- permit a better construction of tH@C diagram through de-
teracting point defect-host systethFurther exploration of termination of the Franck-Condon shift. These measurements
this type of analysis is needed to develop its power for deare currently in preparation.
termining characteristics of defect microstructures.
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