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Microscopic identification of native donor Ga-vacancy complexes in Te-doped GaAs
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Native vacancies in Te-dopegBx10'°~5x10®cm3) GaAs were investigated by means of positron life-
time and Doppler-broadening coincidence spectroscopy. The experimental data were related to theoretical
calculations of the positron lifetime and the annihilation momentum distribution. Monovacancies were ob-
served in all Te-doped GaAs samples under study. It will be shown that they can directly be identified to be
Ga-vacancy—Tg-donor complexes. These complexes are the dominating type of vacancy defects in the
doping range under observatidis0163-18209)07327-0

Vacancies may determine important properties of semiof the momentum distributiol’ The coincident detection of
conductor materials like GaAs. They mediate, e.g., dopanboth 511-keV+y quanta from single annihilation events al-
diffusion® or reduce the density of free carriér$The de- lows the observation of the high momentum annihilation dis-
tailed microscopic identification of vacancies and vacancytribution due to a strong reduction of the disturbing
complexes in GaAs was, however, found to be difficult.background®® Ga vacancies in highly Si-doped GaAs
Most theoretical calculatioiS as well as diffusion studiés were identified using that Doppler-broadening coincidence
indicate a dominating role of negative Ga vacancies irtechniquet’ The experiment could, however, not decide
n-doped GaAs. In contrast, a recent calculation showed thavhether the vacancies are isolated or a part of a complex
also the As vacancy could be an abundant defect in highlpecause the §j donor on the second nearest site is not ex-
n-doped GaAs due to a low formation enefgjoreover, pected to contribute much to the annihilatidnThus, the
pairing of acceptorlike vacancies with positive donors is exddentification of dopant-vacancy complexes in GaAs by pos-
pected due to Coulomb attraction. Evidence for such comitron annihilation is still an open question.
plexes is based on photoluminescehaefrared absorptioR, Tellurium is incorporated in the As sublattice orilyf
and theoretical considerations of the doping behatig@e-  pairing with neighboring Ga vacancies occurs, a measurable
cently, scanning tunneling microscof8TM) directly iden-  contribution to the annihilation is expected, i.e., an identifi-
tified Sigdonor—Ga-vacancy complexes on cleavage planesation of this complex could be possible. However, the mo-
of highly Si-doped GaAgRef. 8 later shown to be present mentum distribution for the vacancy cannot be undoubtedly
with the same density in the bufkTo our knowledge no determined when the fraction of trapped positrénsis un-
such direct identification has been obtained so far for ather known. Therefore we use correlated positron lifetime mea-
dopants, e.g., tellurium. Positron annihilation, however, issurements to obtaim.** The experimental results are com-
directly sensitive to vacancies. Positron lifetime spectrospared with theoretical calculations of the annihilation
copy indeed showed the existence of native vacancies inharacteristics to obtain a safe interpretation.
n-doped GaAs’'?However, the positron lifetime measure- ~ The samples studied were cut from Te-doped GaAs crys-
ment (which probes mainly the open volume not alone tals grown by the liquid encapsulated Czochralski technique.
able to identify the defects as a given isolated arsémic ~ The carrier concentration was=5x10', 5x10', 1.5
gallium'! vacancy, or as a vacancy-impurity compiéx. X 10'® and 5<10"cm 3. The crystals were investigated

One possibility to overcome the difficulty mentioned as-received as well as annealed at 1100 °C under (&Gigh
above is the investigation of the positron annihilation mo-bar arsenic pressure. The annealing conditions were chosen
mentum distribution. The high momentum part of this distri-to maintain arsenic-rich stoichiometry and result in a maxi-
bution can be used to identify the chemical surrounding ofnum vacancy density for a given crystiiThe material with
the annihilation sité®~'This is based on the fact that tightly n=5x 10**cm 2 was not annealed. Highly Si-doped GaAs
bound core electrons with high momenta retain their([Si]=1x 10'° and 4x 10'°cm™3) was investigated for com-
element-specific properties even in a solid. This allows thearison since ¥, Siz, complexes were identified by STM in
identification of vacancies and vacancy-impurity complexessamples from the same wafér®ositron lifetime spectros-
especially when measurements are correlated to calculatiom®py was performed using a conventional systéme reso-
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0 100 200 300 400 500 linear fits to the respective data. The annihilation parameters are
Measurement temperature (K) indicated for the vacancies in GaAs:TW=0.76,7= 254 ps and

for Vg4 Sigacomplexes in GaAs:3W=0.73,7=262 p3 according
FIG. 1. Average positron lifetime,, (a) and defect-related life- to the trapping model.

time 74 (D) vs measurement temperature in Te-doped GaAs com- . .
pared t(:) a GaAs:Zn reference. Some samples were anr@alaadd would be independent of temperatGPeWe fitted the data

5% 10 cm 3 at 1100 °C for 1 h, 5 10 cm~23 at 1100 °C for 24 h considering positron trapping and detrapp_ing at the shallow
under 5.6 bar As-vapor pressure. The other samples are as receivétlydoerg states around ions and vacancies as well as the
Spectra decomposition was not reliable for-350K for the 5 1 -~ dependence for positron trapping at negatively charged
% 10" cm™2 doped samplér,, is close tor,). Lines are fits accord- defects'®?° A good agreement to the data is obtairjides
ing to the trapping modelsee text in Fig. 1(a)]. The parameters describing the temperature de-
pendence of positron trapping are similar in all samples, e.g.,
lution 250 p3$. The spectra were analyzed with the positronthe binding energy of positrons to the Rydberg states was
trapping model after source and background corrections. ThE,= (65:+ 20) meV as was found earliét? only the concen-
annihilation momentum distribution was observed by coinci-trations of the ions and vacancies relative to each other
dence spectroscopy at 300 K using two §eletectors in  change. Note that the decreasergf with decreasingr in
collinear geometry® The intensity of the core annihilation the highest doped sample can be similarly describedy E,,
was characterized by the line-shape paramétedefined as was fixed in the fit Positron trapping at vacancies is practi-
the integrated intensity in the region (15—200 3myc cally saturated here. Thus,, reflects the slight decrease of
divided by the total. Measured/ parameters are normalized the defect-related lifetimery with temperaturgFig. 1(b)].
to the valueN=0.0074 of a Zn-doped GaAs reference show-This might be attributed to lattice expansion too, although
ing no positron trapping at vacancies. the effect is larger than in the reference. The important result
First, the positron lifetime was measured as a function ofor this study is that-y=(254+ 3) ps at 300 K is the same in
temperaturéFig. 1). About 4—5x 10° counts were collected all samples and exhibit the same temperature dependence.
in each spectrum. The average positron lifetimg)(in the  This points towards a similar nature of the vacancies, as-
GaAs:Zn reference increases slightly with temperature. Thisigned to be monovacancies due to the lifetime of 25% .
is typical for annihilation in the defect-free bulk and can be We then have to answer the question whether the vacan-
attributed to thermal lattice expansibhThe lifetime of cies observed in GaAs:Te do indeed all have the same mi-
(229+ 1) ps at 300 K agrees with previous results for thecroscopic structure. This can be achieved by checking the
bulk lifetime (r,) in GaAs!®?9 7, in the Te-doped linearity betweenr,, and W parameter. The fraction of pos-
samples is above,, indicating positron trapping at vacan- itrons annihilating in vacancies is given by=(W,

cies. The temperature dependencergfin GaAs:Te is typi- —W)/(Wp—Wy) = (70— 7)/ (79— 7). Thus, the measured
cal when positrons are trapped at negatively charged vacai¥ depends linearly om,, if the defect density changése.,
cies and ions. The iorvith a lifetime close tar,) trap 7) and not the defect typéi.e., 74 or W).!® The W-7,,

positrons in their shallow potential only at low temperature.analysis is shown in Fig. 2. The data for differently doped
Negative ions are attributed to intrinsic defects.g., GaAs:Te show a linear behavi@indicated by the solid line
Gaxs? )™ or extrinsic impurities, however, positron annihi-  within the errors. Thus, the vacancy type is identical in all
lation alone does not allow their detailed identification. With Te-doped samples. Moreover, only one type of vacancies
increasing temperature positrons are detrapped from the iorexists in all samples since the line runs through the bulk value
and a larger fraction annihilate at vacancies, causing the inr,=229 ps,W,=1).1° The presence of negative ions does
crease ofr,, between 100 and 200 K. The decreasergfat  not influence this result because their annihilation parameters
T>200K in the medium doped samples indicates positroragree with that of the bulk. The characterisiitparameter
trapping at negative vacancies, trapping at neutral vacancider the vacancy in GaAs:Te can be determined frem



1466 BRIEF REPORTS PRB 60

1.0 i o ] (Z=31).2 The As-3 electrons Z=33) are more tightly

[ (a) Experiment

bound, i.e., the momentum distribution is broader and the
intensity of the core annihilation is reduced. Positron annihi-
lation at the Si Vg, complexes in GaAs:Si occurs mainly
with 3d electrons from As. Thus, the momentum distribution
should be broader compared to the bulk. This is, in fact,
observed in Fig. &). In contrast, at As vacancies the mo-
mentum distribution should be narrower and more intense
because annihilation occurs mainly with the Ga-8lec-
trons.

In tellurium the main contribution to the core annihilation
comes from 4 electrons that are less strongly bound than
the As-3d electrons in GaAs. They contribute therefore to
the core annihilation more at lower momenta and have a
steeper momentum distribution. A similar difference has
been noted earlier by comparing results from bulk InP,
) . : _ GaSbh, and GaAs$Ref. 149 and for Zn-impurity P-vacancy
10 15 20 o5 30 complexes in InP3 The shape of the momentum distribution
measured in GaAs:Te therefore indicates that the vacancies
are neighbored by Te atoms. Because Te resides on the As

FIG. 3. (a) High momentum part of the positron annihilation Sublattice, the vacancy must be on the Ga sublattice. Thus
momentum distribution(normalized by taking the ratio to a we identify the vacancies in GaAs:Te to be Ga-vacancy—
GaAs:Zn referenodor the vacancies in GaAs:Te and GaAs:Si. The Te,s complexes. This assignment explains also the reduced
spectra(total area 3.%10° county were brought to unity and positron lifetime at the vacancies in GaAs:Te since the large
scaled to full trapping at the vacancies before normalization. Line§'e atom is expected to decrease the open volume of the
result from smoothing and serve to guide the eye offidyRatio of neighboring Ga vacancy compared to that in the;Sig,
the momentum density to bulk GaAs for different vacancies incomplex.

GaAs from theoretical calculations. The curves fag\Mexs and To support our experimental findings, theoretical calcula-
VeaSica cCOmplexes are highlighted to emphasize the good agreerjons of the annihilation characteristics were performed with
ment to the respective experimental data in GaAs:Te and GaAs:St'he method introduced in Refs. 13 and 14, shown to give
The theoretical curves are not accuratepr 15X 10™° moc (Ref. 1o mentum distribution and positron lifetime in GaAs in rea-
14) and hence are omitted. sonable agreement with the experim&hihe momentum
distribution is calculated within the independent particle
=(254=3) ps to beWy=0.761). A similar linear variation model for each core electron state using free atomic wave
as for GaAs:Te is found for GaAs:Si, but the slope is slightlyfunctions. The final distribution is obtained by summing up
different for the different dopants. The characteristic annihi-the contributions from each state weighted by the partial an-
lation parameters for the §V g, complexeS are 74=(262 nihilation rates calculated within the generalized gradient ap-
+2) ps andW,=0.731), different from the values found in proximation (GGA) of positron annihilatiof* The GGA
GaAs:Te. This indicates a different defect type. The detailedcheme is also used to calculate the positron lifetimes. All
observation of the annihilation momentum distribution calculations were performed without taking lattice relaxation
shown below allows to relate the differences to the presencmto account. The theoretically calculated momentum distri-
of a Te atom close to a Ga vacancy in GaAs:Te. butions for different defects and defect complexes in GaAs

In Fig. 3@ the high-momentum part of the annihilation (normalized to the bulk distributiorare shown in Fig. (),
momentum distribution is shown for the vacancies incalculated positron lifetimes and/ parameters are given in
GaAs:T¢5x10%cm %] and GaAs:§i4x10cm 3]. The Table I.
data are normalized by taking the ratio to a GaAs:Zn refer- The lifetime calculated for the ¥ Sig, cOmplex(267 ps
ence since the momentum distribution itself spans severas slightly longer than experimentally observé®62 ps.
orders of magnitude, making a detailed comparisorHowever, the discrepancy is rather small and reflects the
difficult.>!® The core annihilation is more intense in similar difference between the measured and calculated bulk
GaAs:Te than in GaAs:Si in the momentum ramge= (10  lifetimes of 229 and 232 ps, respectively. Moreover, the
—22.5)x10 3myc. Note that the high vacancy concentra- shape of the calculated momentum distribution and hence the
tions in our samples are necessary to obtain this result, sind& parameter are in good agreement with the experimental
the high fraction(>90%) of trapped positrons allows the results. Since the ¥.Sig, complexes were undoubtedly
estimation of the momentum distribution with small uncer-identifiec® we can use the respective data as a reference state,
tainties. The momentum distribution at the vacancies irfocusing on relative changes in the following.

Ratio to bulk GaAs

3
Electron momentum p, (10™ mc)

GaAs:Te differs also in shape, it decays stedperequiva- The core annihilation is more intense agMhan at \i,
lent, it is narrower than that in GaAs:Si. This results in a according to the calculation&ig. 3(b)], reflected in the high
crossover ap, ~22.5x 10 3 myc [Fig. 3a)]. calculatedW parameteiV(V )=0.91 (Table )). This is ex-

The observations of the momentum distribution can bepected from the qualitative arguments above. It should, how-
explained as follows. In bulk GaAs, the dominating contri- ever, be noted that the calculation overestimates the intensity
bution to the core annihilation comes from Gd-8lectrons of the annihilation with Ga-8 electrons, discussed in more
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TABLE |. Theoretically calculated positron lifetime aMl pa-

rameter(relative to the bulk for different vacancies and vacancy

complexes in GaAs.

Vacancy 7(p9 Wil
GaAs bulk 232 1
Vs 266 0.92
Via 267 0.74
Vs Sica 267 0.72
VeaTens 261 0.75
VrGans 267 0.80
Vs Tens 265 0.91
VasVaa 332 0.62
VerTersVaa 272 0.67
Vas-VesTens 328 0.62

detail in Ref. 14. Therefore, a slightly too higi parameter

may result for the As vacancy. However, the calculated pos
itron lifetime at V¢ (which is less influenced by the difficul-

ties of the calculation mentioned abgus similar to that of

V1 Siga Whereasry measured in GaAs:Te is lower. The
calculations give thus no support to identify the vacancy in

GaAs:Te to be Y. Similar arguments apply for thdaypo-

thetica) TeasV as cOmplex which could be formed if As va-

cancies were present. Divacancies or divacancgytem-

plexes, on the other hand, have higher calculated positron |, summary

lifetimes than \§Sig, (Table ).
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tal results. Moreover, the momentum distribution calculated
for the Vg;Teas complex is very similar to the distribution
measured in Te-doped GaAs: the intensity is increased in the
momentum range, = (10— 22.5)x10 3myc and a cross-
over with the momentum distribution ford4Sig, occurs at
about 23nyc. Thus, the theoretical calculations strongly
support the identification of the vacancies in GaAs:Te to be
Ga-vacancy—Tg-donor complexes.

Finally, we address the correlation between doping and
vacancy concentration suggested by this identification. The
vacancy density can be most reliably estimated frogat
high temperatures where the influence of negative ions is
negligible. Using the relation [VggiTeas]|=(7ay
) ymo(Tq—7p)] and a trapping coefficientu,
=10'(T/300K) ¥?s7* (Refs. 9, 12, and )9we obtain in-
creasing vacancy densities of 0.2-0.4; 0.8-1; 3-4; and
10—-20< 10" cm™2 with increasing doping concentration.
The last value is a lower limit estimation due to saturated
positron trapping. With the exception of the lowest doped
sample, the ratio between vacancy and electron concentra-
tion is almost about...;. The same relation between doping
and vacancy concentration in GaAs:Te has been found
earlier’? In that work, the carrier compensation commonly
observed in GaAs:TéRef. 3 was interpreted as being to a
large part due to dopant-vacancy complexes. The present
work confirms this interpretation by the direct identification
of Vg Teas complexes.
we applied positron lifetime and Doppler-
broadening coincidence spectroscopy to study vacancies in

The calculated momentum distribution of isolated Ga Va‘l’e-doped GaAs. We showed that the native vacancies in

cancies has the same shape as thg g, complexeqFig.

GaAs:Te can directly be identified to be Ga-vacancy—

3(b)] only with slightly increased intensity. Moreover, the Tey-donor complexes. This assignment is strongly sup-

calculated positron lifetime of Y, agrees with that of this

ported by theoretical calculations. No other type of vacancies

complex (rq~267 ps). For these reasons we exclude isolatedq1g pe detected for carrier densities between18'® and

Ga vacancies as the ones detected in GaAs:Te. It is thegh 18cm3
interesting to look for the ¥.—Ga-antisite complex which
could, according to theory, be an abundant defect in Ga-rich,
n-type GaAs! However, the shape of annihilation momen- s

tum distribution as well as the lifetim&@67 pg calculated
for this defect disagrees with the experimghigs. 3a) and
3(b)].

The last defect to be discussed is thg;\Te,s complex.
The calculated lifetime for this comple261 ps is 6 ps
lower, whereas th&V paramete(0.75) is higher than that of

, i.e., dopant-vacancy complexes rather than
isolated vacancies are the dominating ones in sufficiently
igh n-doped, As-rich GaAs. It was demonstrated that even
mall differences in the positron signals can be used to ob-
tain a direct and unambiguous identification of vacancies or
vacancy complexes in GaAs thus helping to resolve former
conflicting interpretations.
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