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We determined the Gibbs free energy of formation—i.e., the formation enthalpy and entropy—as well as the
charge state of Ga vacanciesriftype GaAs by directly probing the vacancy concentration as a function of
annealing temperature, arsenic vapor pressure, and doping concentration using positron annihilation. The Ga
vacancy concentration increases with doping concentration and arsenic vapor pressure, but decreases with
temperature. Using equilibrium thermodynamics, we obtained 3® charge state of the Ga vacancy in
n-doped GaAs as well as a formation enthalpy of ¢3®5) eV and a formation entropy of (26l )kg for the
uncharged vacancy state.
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I. INTRODUCTION mationandthe corresponding charge state of the Ga vacancy
is needed.

Point defects govern to a large degree the properties of In this work, we determine the Gibbs free energy of for-
semiconductors by introducing localized electronic states irmation and the charge state of the Ga vacancy in GaAs by
the band gap, which were the focus of intense research ovélirectly probing the vacancy concentration with positron an-
the years. However, the degree to which point defects cafihilation (PA) as a function of doping concentration, tem-
affect semiconductors depends primarily on the defect conPerature, and chemical potentialr stoichiometry.
centration. In thermal equilibrium the concentration is deter- [N order to avoid the difficulties of previous measure-
mined by the Gibbs free energy of formatiofs{ of the ments p_rc_;bmg the formation of_vacanues in seml_conduct_ors,
defect: i.e., the sum of the formation enthalpyi;] and we modified the methodology in a few but significant poin-

formton entopy §) mutpied by te temperaured 1% ), Posron snniaton alovs us o denly simute
=H;—T &). Thus, for a quantitative understanding and Y yp

wal dicti f th . " f theﬁresenf’, unlike diffusion experiments where the defects are
eventual prediction of the macroscopic properties ot e, ,, directly probed(ii) By using a modified annealing pro-

semiconductor, it is crucial to determine the thermodynamlccedure, we avoid PA measurements at high temperatures,
quantities governing the concentration of defects, in addition yjcp yielded divergent results for other semiconduct8re.
to the electronic properties of the defect. In our experiments we generate the equilibrium concentra-
Unfortunately, the determination of the Gibbs free energyion of Ga vacancies by annealing the GaAs samples in a
of formation of defects in semiconductors turned out to beyo-zone furnace, which allows us to separately control the
rather difficult as shown exemplarily for one of the most thermodynamic variables arsenic vapor pressyrg)(and
investigated cases, the Ga vacancy in GaAs: On the expersample temperature. According to the Gibbs phase rule, this
mental side, mostly diffusion experiments have been used testablishes a defined equilibrium concentration of defects in
extract the enthalpy and entropy of formatfohHowever,  the compound GaA¥3The control of only one variable—
these experiments do not probe directly the vacancies, bu.g., temperature—would not result in a defined thermody-
rather the diffusion mediated by vacancies, making thenamic equilibrium. The vacancy concentration is preserved
analysis very sensitive to the diffusion model used. Indeedihrough quenching, which allows us to perform PA measure-
large deviations resulte.g., 2 vs 4 eV for the formation ments at low temperaturesii) We choose primarily Te-
enthalpy). On the theoretical side, with exception of Ref. doped GaAs for our investigations, because Te is only incor-
3, only formation enthalpies have been addressed, thus neoerated on the As sublatti¢&!® Therefore, annealing of Te-
glecting the contribution of the entropy. Moreover, doped GaAs results only in Ga vacanciéésf) and Ga-
theoretical and experimental resultsleviate significantly. In  vacancy—Te-dopant Mg, Tes) complexes without the
addition, the electronic properties of the defect—namely, itformation of additional dopant-related defects as in, e.g., Si-
charge state—contribute significantly to the Gibbs free endoped GaAs%’
ergy of formatiori This is especially critical considering the Preliminary investigations have shown that the experi-
still debated charge state of the Ga vacancy-tgpe GaAs.  mental procedure yields a defined equilibrium concentration
Calculations predict a charge ef3e (Refs. 57, while re-  of vacancies in GaAs:Te, demonstrating the validity of our
cent diffusion experiments suggest a charge-@e (Ref. 2 approacH®® In the present work, we extend and complete
or —le (Ref. 8 (eis the elementary chargdn view of this  the investigation of vacancies in Te-doped GaAs. The analy-
situation, a determination of the enthalpy and entropy of forsis of the data by means of equilibrium thermodynanfié%
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then allows us to determine the Gibbs free energy of formadetermined with an independent reference method. This will
tion of Ga vacancies. be shown foVg- Teas complexes in Sec. I B.

The paper is organized as follows: Section Il describes The positron lifetime depends mainly on the electron den-
the experimental details. Section Il deals with the identifi-sity at the annihilation site and provides thus information on
cation and quantification of the Ga vacancies in GaAs:Te aghe open volume of a defect. Further information can be
the foundation of the further investigations and with the deyptained by studying the electron-positron annihilation mo-
pendence of the vacancy poncentration on annealing timeq%entum distribution. At high momentum, the momentum
vapor pressure, and doping. It is shown that the annealingjstihytion is dominated by annihilation with core electrons.
results in the equmbrlum concentration of Ga vacancies. Th%hape and intensity of the momentum distribution can there-
results are analyzed in Sec. IV where we determine the, o e ysed to study the chemical surrounding of defécts.
Gibbs free energy of formation of Ga vacancies. We observed the annihilation momentum distribution by co-

incidence spectroscopy using a setup of two Ge detettors.
Il EXPERIMENT The intensity of the core annihilation was quantified by the

We investigated melt-growm-doped GaAs bulk crystals line shape parametaf, defi[lg)ed as t_he intensi_ty in the mo-
having Te concentrations from K10 to 6x 108 cm~3. ~ Mentum range (15-26)10 "moc with m, being the rest
The dopant concentration was determined by secondary-iofiass of the electron and positron andhe speed of light.
mass spectroscop§BIMS) and the carrier concentration by MeasuredW parameters are normalized to the valué
Hall effect measurements at room temperature in selected 0.0074 of a Zn-doped GaAs reference free from positron
samples. trapping at vacancied. In combination with positron life-

In order to obtain the equilibrium concentration of vacan-time spectroscopy, the measurements of the momentum dis-
cies, the samples were annealed together with metallic atribution allow us the identification of the vacancies
senic in evacuated quartz-glass ampoules in a two-zonebserved>?°
furnace!®'® The two-zone furnace allowed us to indepen-
dently control the sample temperature and As vapor pressure

Pas, Which is determined by the temperature of the metallic IIl. DEFECTS IN ANNEALED GaAs:Te
As source, but independent of the sample temperatusé. o _
ter annealing, the samples were fast quendfedling rate A. Identification of Ga vacancies

60 K/s) to room temperature, Jwhere Ga vacancies form  As the base of our investigations, it is necessary to iden-
stable complexes with donofs? wWe found that slower ity and quantify the vacancies with positron annihilation.

quenching with a cooling rate down to 10 K/min had nowe start with the identification of Ga-vacancy—Te-donor
influence on the resulting vacancy concentration. Prior to theomplexes by a combination of positron lifetime spectros-

measurements, a layer 6f30 um was etched from each copy and measurements of the annihilation momentum dis-
sample surface in order to measure exclusively bulk effectsyiption.

The vacancy concentration was determined by positron | Fig. 1, the averagdframe (b)] and defect-related
lifetime spectroscopy using a conventional fast-fast coinci{frame (a)] positron lifetime is shown as a function of the
dence system with a time resolutifinll width at half maxi-  measurement temperature, as it is typically found in annealed
mum (FWHM)] of ~250 ps. Measurements were performedGaAs:Te. The different As vapor pressutés? and 5.6 atin
at temperatures between 20 and 600 K. The positron lifetimgapresent the range of pressures used in our experiments. Al
spectra were analyzed with the trapping model after Sourcgamples have a,, above that in bulk GaAs determined in a
and background correctiofls. Here 2< 10°P~5x 10° events  GaAs:Zn reference. This shows clearly the presence of va-
were collected in each lifetime spectrum. cancy defects.

A positron lifetime spectrum consists qf a sum _of eXpo- A temperature dependence of, in GaAs:Te as observed
nential decay terms, characterized by their intensitiend i Fig. 1 indicates that positrons are trapped at negatively
lifetimes 7; . A simple and statistically robust way to charac- charged vacancies and acceptor-type e ions trap
terize the spectrum is the average positron lifetimg  positrons only at low temperature and have a positron life-
=317 with X1;=1. In a defect-free sample, positrons an-time close tor,, (Ref. 27. With increasing temperature, a
nihilate with a characteristic single lifetima,, [229 ps at  |arger fraction of positrons annihilates in vacancies, causing
300 K in GaAs(Ref. 24], which corresponds te,, in that  the increase inr,, between 100 and 200 K. The decrease in
case. If positrons are trapped in vacancies, a second defe:,:;v at T>200 K indicates positron trapping at negative va-

specific lifetimer, , always longer tharr,,, is present. cancies: trapping at neutral vacancies would be indepen-
From the positron lifetime measurement, the trapping ratejent of temperatur® The solid lines in Fig. 1 are obtained
K, of positrons into vacancies can be obtained by from a fit to the data considering competing positron trap-
ping and detrapping from negative ions and vacancies as
1 (7ay Touw) described earlier??® We obtained a binding energy of (65
Kv_Tbqu (7,— Tay) = MGy @) +20) meV of positrons to the shallow potential caused by

the negatively charged ions, in agreement with previous
Here «, is related to the vacancy concentration via the  results®?°3° Acceptor-type ions detected by PA are attrib-
trapping coefficientu, . The trapping coefficient must be uted to intrinsic defect$e.g., Ga>~) (Refs. 27 and 2Por
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Measurement temperature (K) for all GaAs:Te samples investigated. Different data points
for a given doping concentration correspond to different an-
nealing conditions: i.e., As vapor pressures and/or anneal-
ing temperaturesr,, depends linearly on th&/ parameter,
"Showing that the same defect type is present in all GaAs:Te
samples independent of the annealing procedure. The linear
fit contains also the annihilation parameter determined earlier
extrinsic impurities® However, PA alone does not allow for VgsTeas (W=0.76, 7=254 ps, Ref. 2B Therefore, the
their identificatio”?’ The nature of the ions will be dis- vacancy defects in annealed GaAs:Te are ®igg Texs com-
cussed in Sec. llID. plexes, regardless of the particular dopant concentration and

The decomposition of the positron lifetime spectra yieldsthermal treatment.
a defect-related positron lifetime, of (254=5) ps at room
temperature. This value is typical for monovacancies in
GaAs. In fact, it is the same positron lifetime as found earlier
for Ga-vacancy—Te-donor complex&@sThus we attribute On the basis of the identification above we can now dis-
the vacancies in annealed GaAs:Te alsoVig Te,s. Evi-  cuss the quantification of the vacancies. The vacancy con-
dently, the average positron lifetime—i.e., the vacancy concentrationc, can be obtained from the positron trapping rate
centration[Eq. (1)]—depends on the doping concentration, «, at 550 K with Eq.(1). The data at 550 K are used because
but is also influenced by the As vapor pressure. These effecgnly vacancies, but no defects without open volume—i.e.,
will be analyzed in detail below. acceptor-type ions—trap positrons at higher temperattite.

In order to confirm the assignment above, we use addiThe determination of absolute vacancy concentrations re-
tional information from the annihilation momentum distribu- quires exact knowledge of the trapping coefficigitin Eq.
tion. Positron annihilation characteristics are the superposil). Therefore, we determined the trapping coefficient by
tion of contributions from the different annihilation sites. The quantifying the electrical compensation throuifa, Teas
average positron lifetime depends therefore linearly ovithe complexes in samples having a low concentration of
parameter as long as only the vacancy concentration variegceptor-type ions: i.e., where the compensation is domi-
and the defect type is the safie’ In Fig. 2, theW param-  nated by the vacancies. Then the concentration of compen-
eter is shown as a function of the average positron lifetimesated carriers rgomp=[Te]—ne) is given by Qcomp

FIG. 1. Defect-related positron lifetime, (a) and average pos-
itron lifetime 7,, (b) vs the measurement temperature in GaAs:Te
with different Te concentrations, annealed for 24 h at 1100 °C at a
As vapor pressurg,g of 5.6 atm(solid symbol$ or 0.2 atm(open
symbolg in comparison to a GaAs:Zn referen@mlid squares

B. Trapping coefficient of V ga-Teas

235207-3



J. GEBAUEREet al. PHYSICAL REVIEW B 67, 235207 (2003

: , . TS ——————
(Vs -Te, ") in GaAs:Te
¢ e | p,.=5.6 atm
1017 +
10° F E 'h y + " i H p
B : & | $ ¢ :
o ] s | \ ]
= . B I \ ]
5 g \
o 2 \
g 10k - 8 \E:l 1
g S p,=0.1 atm -
= =
Ny GaAs:Te[2x10" cm?], 1100°C
105 - lJ\1=Z>((1'3i0'2)x10 cm-s - 1016 nnl Laannl Ll L aanunl 2
F 10' 10° 10° 10*
ol L a1l L
10" 10" Annealing time (min)

-3,
Compensated electrons ., (om") FIG. 4. Vacancy concentration in Te-doped GaAdd]=2

. . . x10* cm%) as a function of the annealing time at 1100 °C for

. FIG. 3. Positron trgppmg rate 'nMGa'_TeAS at550 K as a fun_c- _arsenic vapor pressures of 5@) and 0.1(0J) atm. The lines are
tion of the concentration of compensating acceptors. The solid I'n%irawn guide the eye. The error bars reflect the uncertainty in the
is a linear fit to the data to determine the positron trapping Coerﬁ'measurement of the average positron lifetime as in all following
cient u, (see text The data are from GaAs doped withxd0® figures unless otherwise noted

(), 4X10Y (0), 2x 108 (@), and 6% 10* (A) cm™3 Te, respec- '
tively. We obtain the trapping coefficieni,=zX(1.3+0.2)

x 1078 cm? s~ wherez is the charge state of the isolated Ga va-
cancy.

tion as a function of the annealing time at 1100 °C under two
different As vapor pressurd®.1 and 5.6 atm For the high
As vapor pressure the vacancy concentration is constant at
~10 cm™3. Annealing at the lower As vapor pressure re-
=2 [VgaTens]) where[Te] is the Te concentration deter- duces the vacancy concentration withil20 min to 2.2
mined by SIMS andn, is the carrier concentration deter- x 10 cm 3. The samples annealed for long timespat
mined by Hall effect measuremenisis the chargdin units ~ =0.1 atm showed an increase in the carrier concentration,
of e) of the isolated Ga vacancy because eadgy’ com-  compatible with a reduction of the compensation through a
pensateg singly positively charged Tg" donors when as- reducedVg, concentration. This excludes the influence of
suming that the charge of the complex is the sum of theinwanted impurities on our results. Obviously, annealing for
charges of the single defecs® a sufficiently long time establishes stationary conditions.

In Fig. 3, the positron trapping rate, is shown as a Further annealing of the samples with low vacancy concen-
function of the concentration of compensated carriers. Therations at higher As vapor pressure again restores the va-
solid line is a linear fit with f,=ncompe,) iNvolving the  cancy concentration of 30cm™3. Thus the vacancy con-
above assumption that the compensation is caused exclgentration can be reversibly adjusted by changing the As
sively by Ga vacancy donor complexes. The linear depenvapor pressure and the annealing indeed allows us to reach
dence between trapping rate and concentration of competthe thermal equilibrium concentration of Ga vacancies.
sated carriers strongly supports this assumption. From the fit, Figure 4 demonstrates that the vacancy concentration de-
we obtainedu,=2zx(1.3+0.2)x10 8 cm®s! [equivalent pends sensitively on the external As vapor pressure, raising
to u'=2x(5.8=1.0)x 10" s in atomic unit3. In the fol-  the question as to which mechanism leads to various defect
lowing, we use,uit=1.74>< 10" s corresponding t@=3,  concentrations. Since we probe the bulk by positron annihi-
although the vacancy charge is not known at this stage. Itiation, we need to consider indiffusion and outdiffusion of
determination will be described below. Our valugigfis in -~ point defects from the surface to the crystal interior. The
good accordance with previous results, but is more acctiratediffusion timet, (120 min and the average diffusion length
On this basis we are now able to determine the vacanclp of 275um (corresponding to the half of the sample thick-
concentrations of all samples subjected to different annealingess yields a diffusion coefficienD of 2.6x 1078 cn?s™!
conditions. at 1100°C usingLp=2(D tp)Y2 This value is in good
agreement with the diffusion coefficient of Ga vacancies at
1100°C,D(Vg)=1.5x10 8 cn?s ! (Ref. 33. This indi-
cates thatsolatedGa vacancies and ndt; - Teas coOmplexes

In this section, we show that the annealing procedure inestablish the equilibrium with the As vapor pressure at el-
deed yields reproducibly and reversibly the vacancy equilibevated temperatures, because diffusion ofMhg Te,s com-
rium concentration. Figure 4 shows the vacancy concentrgplexesis expected to be much slower, as it requires corre-

C. Equilibrium concentration of Vg,
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FIG. 5. Vacancy concentration in Te-doped GaAs as a functionbs 1, The Te concentrations are indicated.

of the As vapor pressure during annealing at 1100 °C for 24 h. The
Te concentrations are indicated. Open diamonds [f6e]=2  |aw, the equilibrium concentration &fg, must then be pro-
x10®cm™® are from samples previously annealed phs  portional top<. Indeed, all data sets can be fitted well by a
.=O.2 atm, confirming the reyerelblllty of the annealing. Lines arepower lawc, ~ p(A)\-525:¢0-02 (solid lines in Fig. 3. Thus our data
fits to a power lawc, ~pp;, yielding n=(0.25+0.02). support the reaction model above. This result also corrobo-
rates the interpretation in terms of Ga vacancies: further-
lated jumps on both sublatticd$The presence of isolated More, it is in accordance with the conclusion that the va-
Ga vacancies at high temperatures implies thaMggTe,, ~ CaNcy concentration has reached thermal equilibrium. Figure
complexes are dissociated. This is conceivable in view of a? &S0 shows that the vacancy concentration increases with
expected binding energy between donors ¥agof about 1 the doping concentration for all As vapor pressures.
eV (Ref. 32. Irradiation-induced Ga vacancies in GaAs an-
neal around 300 KRefs. 34 and 3k implying that Ga va-
cancies are mobile already at low temperatures. Thus, upon At this stage, we need to address the occurrence of
cooling to 300 K, the isolatelfs, migrate until they reach acceptor-type ions in our samples. Native acceptor-type ions
available sinks. The most numerous sinks are the positivel#l® freq%ezgtzl - 3gound in  GaAs by positron
charged Tg, donors, which attract the negatively charged@nnihilation===“"“**"However, they can not be directly
V¢, due to their Coulomb interaction. Indeed, the vast ma_ldentlfled because the annlhlla_tlon parameters are close to
jority of vacancies will be trapped at room temperature at thé;he bulk values. Acceptor-type ions could have an influence

dopant atoms, because these have an average distance (el HICT SRR B 0 s SRR P
only 46 nm compared to distances of at least a0 for y 9 Y

t | surf d dislocatiofs dislocation density of tronic part of the Gibbs free energy of formation. We address
ex ernf\ su_rzaces and dislocatio Islocation density of -~ yheqe guestions by determining the concentration of negative
5X 10" cm “ was measured by scanning cathodolumines

. ; " . ~>lons as a function of doping and As vapor pressure.
cence microscopy Ga interstitials cannot act as recombina- — a¢ very low temperature¢~25 K), positrons cannot es-

tion centers either, because the As vapor pressures We apape once they are trapped by the ions. Then the concentra-
plied yield As-rich GaAqRef. 39, where Ga interstitials are tjon of the ions,c;,n, can be determined from a two-defect

not expected to occur. Therefore, we conclude that the conrapping model without considering detrapping. The trapping
centration ofVg;Texs complexes measured at room tem- rate «,,,, of the ions is then

perature by PA is equal to that of isolatéty, present in
equilibrium at high temperatures, as all vacancies will be - (25K)= 25K) Ty~ Ta 25 K) _ -1
trapped at dopant atoms. Kion( =Cp ity Tad 25 K)— mour DUk

Figure 5 shows the vacancy concentration as a function of
the As vapor pressure for different doping concentrations af- = Hion(25 K)Cion, &)
ter annealing at 1100 °C for 24 h. First, for all doping con-wherepu,, is their trapping coefficient We use the common
centrations the vacancy concentration increases with As vaassumption that the positron lifetime at the ions is equal to
por pressure: i.e., when the material becomes more As richy . The trapping coefficients at 25 K arexd 0'® s~ for
This dependence on the As vapor pressure can be understog ions and 1.5 10'6 s~ for the vacancies, respectively.
when considering that Ga vacancies are formed by the incor- Figure 6 shows that the ion concentration extracted from
poration of As from the Asgas phase following the reaction the PA data is independent of the As vapor pressure and the
3 AsP?% Vgt Asys (Ref. 33. According to the mass action particular doping concentration. Intrinsic defects such as

D. Acceptor-type ions
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Gay’~ antisites or As interstitials can thus be ruled T(°C)
out: _the|r concentration .would vary with the external 1000 800 600
chemical potential—i.e., with the As vapor pressure. There- 10" .

T T T ' 4
fore, the acceptor-type ions detected by us are extrinsic im- 3
purities. Based on these and earlier results which allowed a
clear identification by a reference methtfdye suggest that

all native acceptor-type ions detected by PA are extrinsic
impurities. A likely assignment for our samples args ©r
Cus, acceptors. These acceptors might have been
unintentionally® introduced during annealing, the concentra-
tion of acceptor-type ions in the as-grown material was con-

GaAs:Te[2x10" cm™)]

: 8

Vacancy concentration (cm®)
3,
S
1

siderably lower €10 cm 3 than in the annealed Pas 2 gg :m
samples®23 '

The ion concentration in Fig. 6 is constant at3 w0
X 10 cm™3. This is lower than the vacancy concentration 10 07 08 09 10 1.1
for high doping concentrationd Te]=4x 10" cm %) and 1
the As vapor pressure of 5.6 atm. For the lowest doping 1000/T (K)

cpn_(l:enttratL(r)]n? %R/X 101_”?m ), tthe |(_)n Concentratlo? 1S FIG. 7. Temperature dependence of the vacancy concentration
simiiar 16 that Ol Vg,. Th€ negauve 10ns COmpensale an;, rq_goped GaAs[(Te]=2x 108 cm™2) for As vapor pressures of

equal amount_Of ‘?'O”OVS- Consequently, we ConSide'f their ir]5.6 and 2.5 atm. The solid line is a calculation for a vacancy charge
fluence by adjusting the absolute donor concentration to ags _ 3¢ (see text

effective value in the following calculations. This effective

value is given by the difference between the total donor con- | band edae. Th in the bracket i is th
centration and the concentration of negative ions calculatey@/ence-band edge. The term In the bracket in @yis the

for a given sample. It is shown below that the negative ion%ectronic energy gained by binding electrons in the vacancy

have no influence on our result for the Gibbs free energy ofSVE!S: This energy gain is largest if the Fermi level is close
formation of the Ga vacancy. to the conduction band. With increasing temperatiie

moves, however, toward the middle of the band gap due to
the increasing concentration of intrinsic carriers, thus in-
creasing the formation enthalpgy; . Therefore, the equilib-
Before we are able to determine the Gibbs free energy oflum vacancy concentration described by E8) can de-
formation we first need to develop a model with help of thecrease under certain circumstances with increasing
measured temperature dependence of the vacancy concenti@mperature, because; increases”° This is what we ob-
tion. For the determination of the temperature dependencégrved and we provide here experimental proof for such a so
the samples were first annealed at 1100 °C to establish congalled “negative temperature dependence” predicted in Ref.
mon starting conditions, slowly coole@0 K/h) to the de-  20.
sired temperature, and then annealed. We investigated two We can now model the dependence of the vacancy con-
different As vapor pressuré®.5 and 5.6 atmto ensure the ~Centration on temperature and doping concentration using
reproducibility of the results. Figure 7 shows that the va-EQs.(3) and (4). Herec, is calculated for a given electron
cancy concentratiodecreaseslightly with increasing tem- concentration n. using the relation c,(ng)/c,(n;)
perature. At first sight this observation is surprising as one= (Ne/n;)%, wheren; is the intrinsic carrier concentraticfi.
may expect the opposite effect—i.e., an exponential increasdhe vacancy concentratiory,(n;) in intrinsic GaAs is ob-
according toc, ~exp(—G;/kgT) wherekg is the Boltzmann tained by using the intrinsic Fermi lev&e(n;) in Eq. (4).
constant. At a closer look, this can be understood as folAll dopants are assumed to be electrically active and the
lows: The equilibrium concentration of Ga vacancies inionization levelsE, ; vary with the temperature proportional

IV. GIBBS FREE ENERGY OF FORMATION

GaAs ig22° to the band gajEg (Ref. 20. The temperature dependence
of the band gap, the intrinsic Fermi levEk(n;), and the
C,=(Pas/Bas) " exd — (Hi—T $)/kgT]. (3) intrinsic carrier concentration; are taken from Ref. 38. The

concentration ofVg, in all charge stategi.e., from 0 to
—3e) is summed up. We restrict the analysis in such a way
that the formation enthalph; for the charged/s, [given by
Eq. (4)] in intrinsic GaAs agrees with the valug ("""
=1.9 eV obtained from the analysis of diffusion experi-
ments.H""" for Vg, is given by the difference between

Hi=H%—(zE-—3E,)), (4)  the migration enthalpy of 1.8 elRef. 39 and the activation

’ enthalpy of 3.7 eV of Ga self-diffusion in undoped G&A&s.

with H? being the formation enthalpy of the uncharged Ga From the simultaneous analysis of doping and tempera-
vacancyEg is the position of the Fermi level arig}, ; theith  ture dependence of thés, concentratior{solid lines in Figs.
ionization level of Vg, (ie{0toz}), both relative to the 7 and 8, respectively we obtain the formation entrop$;

Bas=(135.1T°?) atm is the gas pressure constant for, As
vapor in equilibrium with the GaAs at the temperattirand
(H{—T &) is the Gibbs free energy of formation of the Ga
vacancy. The formation enthalpy; of a Ga vacancy with a
charge—zeis given by
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el T T ] =0.4%; as calculated in Ref. 6. We note that information
t GaAs:Te, 1100°C, p, =5.6 atm ] about the exact positions of the ionization levels cannot be
] obtained from our data because only the sum dugr is
relevant in Eqg.(4). More recent calculations obtained shal-
lower ionization levels than those aboveéHowever, experi-
mental values obtained in electron-irradiated GéRsfs. 41
and 43 or from the analysis of Schottky barrier heidtits
support our assignment of deeper-lying levels. Agreement
with the experimental data could not be obtained if the third
ionization level is omitted: i.e., iVg, were only twofold
negatively chargefdotted line in Fig. 8: the ionization levels
are those obtained in Ref).ZTherefore, our results are only
compatible with a—3e charge ofVg,. This agrees with
theoretical expectatio”s’ and experimental results on non-
stoichiometric GaAs layer¥, but disagrees with the interpre-
tation of recent diffusion experiments in Si-doped GaAs
A B (Ref. 2, where a— 2e charge was obtained. We attribute this
Donor concentration (cm") discrepancy to the omission of Si acceptors and Si clus-
ters present in the Si- but not Te-doped GdRsfs. 14-1Y

FIG. 8. Equilibrium Ga vacancy concentration at 1100 °C in.

Te-doped GaAs as a function of the doping concentration. calculd! the data analysis in Ref. 2.

tions usingpa="5.6 atm andT=1100°C are shown for a vacancy A formation enthalpyH Frnee of 4 eV and a formation
charge of—2e (dashed lingand —3e (solid line). The error bars ~ €ntropy of 32.85 has been estimated earlier fuf, from
for the Te concentration are due to uncertainties imposed by neganterdiffusion of Si-doped AlGaAs/GaAs heterostructures
tive ions(see text Note that these uncertainties are smaller than the(no attempt to determinbl? and the charge state separately
symbol size for doping concentrations abové i 3. was undertakent These values are larger than the currently
accepted valueH""™°=1.9eV and our resultS;=(9.6
—(9.6+1)ks and the formation enthalpyH?=(3.2 *+1)kg. Tflls is presumably caysed by the low temperatures
+0.5) eV of the uncharged Ga vacancy. The val f th (6_300—@50 G used, Where/Ga—Sl(;?complexes should not bg
+0.5) eV of the uncharged Ga vaca ©Y. € Values o tGissociated. Hence a reduced diffusivity and a larger activa-
formauon_enthalpy of charged _vacancme‘é, , can be de-  tjon enthalpy for diffusion can be expected. More recently,
duced using Eq(4) as a function ofEg. The agreement \itev et al*® have obtained a formation enthalpy of (1.8
between the fit and experimental data is very good with ther 0.5) eV and a formation entropy of (5:5.7)kg from in-
exception of the two lowest temperatures in Fig. 7. We sugterdiffusion on AlGaAs/GaAs heterostructures. The param-
gest that these samples have not fully reached thermal equiters were not properly defined according to Egsand(4),
librium because, at these considerably low temperatures, thgnd a relationship to doping and charge stat¥gf was not
formation of vacancy complexes and slow Ga self-diffusionestablished, making these results difficult to compare to ours.
will delay the establishment of equ|||br|um .Con.dItI.OI”IS. Moreover, the very IOWVGa equi“brium concentration
Therefore, the measured vacancy concentration is in thaistimate® (only 5.2< 10" cm™2 in highly n-doped GaAs
case a lower limit of the true equilibrium concentration. Thejs at variance with our resultée.g., Fig. 8. Recent self-
error ranges are estimated by a systematic sampling of thgffusion experiments in isotopically controlled GaAs layers
various fit parameters. Note that the donor concentration ifgye shown that Ga self-diffusion is not adequately de-
Fig. 8 is the effective value, defined in Sec. IlID as thescribed by Ga-Al interdiffusion, which might explain the
difference between Te concentration and concentration dfiifference<’® On the other hand, Bockstedte and Schetfler
acceptor-type ions. The error for the donor concentration ijetermined the Gibbs free energy of formationves, using
Fig. 8 corresponds to the measured ion concentration. Thigt.principles calculations. They obtainét=2.8 eV and
uncertainty Is significant only at doping concentrations beg _ 7 3. " in good agreement with our experimental results
low 10'" cm~3 (horizontal error bars in Fig.)8 For these of HY=(3.2+0.5) eV and S;=(9.6=1)kg. Other first-

low doping concentrations, however, the carrier concentra- . . . . 0 .
tion at the annealing temperature of 1100 °C is determine&)rInCIpIes calculations yieldeH; =3.5 eV (Ref. 32, also in

by the intrinsic carrier concentratiop~10"® cm 2 (Ref. reasonable agreement with our experiments.
38)]. Thus the equilibriunV, concentration is constant and
does not depend on the Te doping concentration. The uncer-
tainties imposed by acceptor-type ions have clearly no influ- We investigated equilibrium Ga vacancies frdoped
ence on our results. GaAs:Te by positron annihilation. From a simultaneous
A separate analysis is performed for2e- and analysis of the doping and temperature dependence of the Ga
—3e-chargedVg,. Good agreement with the experimental vacancy equilibrium concentration, we obtained the Gibbs
data is only obtained for & 3e charge(solid lines in Figs. 7 free energy of formation of the Ga vacancy to [
and 8. In the analysis, we use the ionization lev&lg(0/  =[3.2 eV—(z Er—3XE,;)—TXx9.6kg]. Our results point to
1-)=0.1Fg, Ex(1-/2—)=0.3%FEg, and Ey(2—/3-) a —3e charge of the Ga vacancy inrdoped GaAs, with

Vacancy concentration (cm'g)

10" 107 10" 10"

V. SUMMARY
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