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We use positron annihilation to study vacancy defects in GaAs grown at low temperatures
(LT-GaAs. The vacancies in as-grown LT—GaAs can be identified to be Ga monovacangies,
according to their positron lifetime and annihilation momentum distribution. The charge state of the
vacancies is neutral. This is ascribed to the presence of positively chargeamisite defects in
vicinity to the vacancies. Theoretical calculations of the annihilation parameters show that this
assignment is consistent with the data. The densitygfis related to the growth stoichiometry in
LT-GaAs, i.e., itincreases with the As/Ga beam equivalent pre$B&® and saturates at210'8

cm 2 for a BEP=20 and a low growth temperature of 200 °C. Annealing at 600 °C remdygs
Instead, larger vacancy agglomerates with a size of approximately four vacancies are found. It will
be shown that these vacancy clusters are associated with the As precipitates formed during
annealing. ©2000 American Institute of Physid$§0021-897@0)02812-7

I. INTRODUCTION PAS showed the existence of vacancy defects in LT-GaAs
(see, e.g., Refs. 9—L1However, the earlier studies lack a
GaAs layers grown by molecular beam epitdd4BE) at  rejiable identification of the vacancies detected, making
low temperatures(LT) (i.e., at 200-350°C instead of quantitative interpretations difficult. In a previous wdfkwe
600°C) exhibit unique properties like ultrashort carrier rg|ated the vacancies in LT—GaAs s, by comparing the
lifetimes" and high resistivity after annealing. This can be annihilation parameters to that of Ga vacancies in highly
attributed to the incorporation of up to 1% excess As duri”QSi-doped GaAs. It was shown that thig, density measured
growth? through the formation of native defects such as theOy PAS can quantitatively account for the compensation of
Asg, antisite, the Ga vacancygg) and the As interstitial At 13 The defect concentrations of both, thegAsind the
(As;). The dominant defect species in LT-GaAs is theAs v/~ were found to increase with decreasing growth tem-
antisite found in high concentrations of up to*iem™3.%~ perature, i.e., if the composition becomes more As rich. It
Antisites can account for the nonstoichiometry as well as fofya5 also shown that the concentration ofAantisites is
the observed lattice expans.|6.ﬂ'he well-known existence of gjrectly related to the As/Ga flux ratio or beam equivalent
positively (?harged A§, antisites implies the presence of pressurdBEP) ratio during MBE growth. It is an open ques-
compensating acceptofS. It was assumed that Ga vacan- tjon whether the Ga vacancies exhibit a similar behavior. A
cies, Via, account for the compensation of &s Vea IS girect relation between th® g, concentration and the el-
expected to be a triple acceptor from thdqayud should be e mental flux ratio would confirm the above picture, i.e., the
favored in As-rich GgAs. If the Ga vacancies are indeed th%ompensation of A, by Ga vacancies. Another interesting
dominant acceptors in LT-GaAs, the density\ed, must 4 estion is whether the Ga vacancy is part of a defect com-
track that of the positively charged antisites. However, thablex. This could not be decided from the previous positron
was difficult to prove due to the lack of suitable experimentalexperimems_
methods for the detection of vacancies. _ Annealing of LT—-GaAs layers at temperatures of about
Positron annihilation spectroscopPAS) using slow  504_g00 °C yields highly resistive layetghis property has
positrons is one of the few techniques to monitor type andracted much attention for device applications. During an-
concentration of vacancies in thin epitaxial lay®isdeed, nealing, the density of the Ag antisites decreas¥s® and
the excess arsenic form precipitaté<’ It is still under de-
3E|ectronic mail: gebauer@physik.uni-halle.de bate whether the semi-insulating properties of annealed LT—
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GaAs are due to the precipitatéscting as buried Shottky In addition to the LT-GaAs layers, bulk reference
barriers or due to residual point defects which pin the Fermsamples were studied to obtain information about the anni-
level X The role vacancies may play in annealed LT—GaAshilation characteristics of different defects. Highly Si-doped
is even more unclear. The formation of As precipitates hassaAs was used as a reference for Ga vacariéig€he exis-
often been explained in terms ofVg, mediated diffusion of tence of Ga vacancies in bulk GaAs is known to be related to
Asg, antisites”® Positron annihilation results indicate the the doping due to the Fermi-level effectdoping enhances
formation of defects larger than monovacancies duringhe equilibrium concentration of acceptor-type Ga vacancies.
annealing %1t has been suggested that positron trapping inThis is the reason for high concentrations\tf, in highly
annealed LT—-GaAs is related to As precipitdleshereas Si-doped GaA$? On the contraryp-type doping with, e.g.,
other authors interpreted their results in terms of isolated&n decreases the concentration of acceptor-type Ga vacan-
vacancy cluster¥ cies. In addition, it is expected that As vacancies are posi-
The use of LT—GaAs for different applications requirestively charged inp-GaAs and thus invisible for positrofs.
a proper understanding of the defects which determine th&herefore, Zn-doped GaAs is expected to be free from pos-
properties of the material. Our main goal is thus a reliablejtron trapping at vacancies. This is indeed commonly
detailed defect identification. In the present work we com-observed?® Therefore, GaAs:Zn is a suitable reference for
plete and extend our previous positron annihilation studieshe GaAs lattice. A semi-insulating GaAs sample containing
on vacancies in LT—GaAs. It turns out that we have to applyacancy clusters after plastic deformation is used as a refer-
all available positron annihilation techniques. This includesence for vacancy clusters in GaA42% deformation at
standard Doppler-broadening measurements, also as a fur@90 °C in(100) direction with a rate of 1.6410 % s %].2
tion of temperature, and positron lifetime spectroscopy usingvietallic, polycrystalline As was observed as a reference for
a pulsed positron beam. A major methodical improvement islefects in the pure material. The samples were obtained from
the use of Doppler-broadening coincidence experimentsinterig 5 N As powder in a closed quartz ampoule at
which can be used to identify the chemical surrounding of600 °C.
the annihilation site. In addition to samples grown at differ-
ent temperatures, we investigate samples grown with vari-
able composition due to different As/Ga beam equivalenB. Positron annihilation

_pressgre(BEP) ratios. The defects in all as-grown samples During diffusion in a crystal positrons may be trapped
investigated are found to be Ga monovacancies. _They A%y a vacancy. This results in an increase of the positron
most probably part of a neutral defect complex WitheS  |ifetime and a narrowing of the 511 keV annihilation peak

antisites. The density of the Ga vacancies increases with & nnared to material free from trapping at vacancies. These
BEP ratio and with decreasing growth temperature, i.e., if theytacts can be used to determine concentration and type of

composition becomes more As rich. Moreover, vacancies iacancy defectd Positron annihilation in thin LT—GaAs lay-

annealed LT-GaAs are investigated. Of particular impor can only be observed by using slow, monoenergetic pos-
tance will be the use of Doppler-coincidence experiments

itrons with a well-defined penetration depth. Here, usually

The dominant vacancy defects in annealed LT-GaAs arg,e poppler broadening of the annihilation peak is observed
identified to be small vacancy clusters associated with the A§¢ 5 function of incident positron energy. The annihilation

precipitates. Ga monovacancies, however, appear not 10 ba was characterized by the lineshape paramstns\W.
present in annealed LT-GaAs in significant concentrations g js the fraction of annihilation with low momentum valence
electrons having a longitudinal momentysp<< 3.2x10°3
myC (Mg is the electron rest mass andhe speed of light
1. EXPERIMENT W is the fraction of annihilation with high momentum elec-
trons with 10.& 102 myc<p, <15.5x 10" 2 myc. Positron
trapping in vacancies results in an increadecreasgin S
The samples investigated in this study were grown by(W) since annihilation with low momentum valence electrons
MBE in a Varian Gen-ll system equipped with a diffusive is increased at vacancis he absolute values & and W
reflectance spectroscopy DRS system for precise low growtdepend on the definition of the momentum windows. There-
temperature measurement. The growth rate was about fbre, S and W are normalized to the value,,, and Wy
pm/h and the layer thickness was 1. All samples were  found in a GaAs:Zn reference showing no positron trapping
nominally undoped. The growth temperatur€c§ varied at vacancies. Even the normaliz8dand W depend slightly
from 200 to 350 °C for samples grown with a BEP ratio of upon the special experimental arrangem@nbst important
20. An additional series with a BEP varying from 11 to 37 the resolution of they detectoy. One has to consider this fact
was grown at 200 °C. The BEP ratio can be determined wittwhen comparing Doppler-broadening d&ta.
an accuracy oft 2. A good crystalline quality was confirmed Each defect type exhibits, in principle, its own spec8ic
by high resolution x-ray diffraction measurements indicatingand W parameter Syetect aNd Wyeteer: A measuredS (or W)
pseudomorphic growth. Some samples of the growth temparameter is a superposition of contributions from different
perature series were proximity annealed at 600 °C with th@nnihilation states. These contributions cannot be indepen-
sample covered by another GaAs wafer to prevent As loss. Alently determined. Therefore, an identification of the va-
temperature of 600 °C was chosen because this is the ususdncy which trapped the positron is not possible usingShe
temperature for epitaxial overgrowth in device applications.parameter alone. If only one type of vacancy defects trap

A. Sample material
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positrons, the fraction; of positrons annihilating in vacan- In addition to vacancies, positrons may be trapped in the
cies can be written as attractive potential of negatively charged ions at low tem-
peratures T<150 K).3! Also, positron trapping at negatively
7= (S= Spur)/ (Sefeci™ Spui) charged vacancies increases with decreasing temperature but
= (Wouk= W)/ (Whui— Waetect - (1) isindependent on temperature for neutral vacartigere-

fore, PAS measurements as a function of temperature can be
Therefore, the measur&idepends linearly ofV if only the  used to derive information on the charge state of vacancies as
defect density changége., ), but not the defect typ@.e.,  well as on the presence of negative ions.
Sgefect ANA/Or Wyeree) - 22 Such a linealS—W variation is de-
fect specific and can be used to identify a given vacancy
defect by comparing the data with a reference. However, &. Techniques

certain probability remains to obtain different defect types Doppler-broadening experiments were performed using

with similar annihilation parameters &-W data lying on 5 continuous slow positron beam. The incident positron en-
the same line. In order to exclude such uncertainties, posﬂrogrgy was varied between 0.1 and 40 keV corresponding to a
lifetime measurements and Doppler-broadening coincidenc&epth of~0-2.5 um. The temperature could be varied be-

spectroscopy were used in addition to the conventi8RW  yeen 30 and 350 K using a closed-cycle helium cryocooler.

analysis. About 6—-8x 10° events were usually collected in each spec-

Provided only one type of defects traps positrons, th&,m puring the course of the present work two different
vacancy concentration can be obtained from the meassired yaotactors were used. The first ofwsed in our first study?

parameter by has a full width at half maximuniEWHM) of the resolution
(Sustect—S) function of 1.45 keM(measured as the width of tfeSr-peak

Ngefecti defec KZAD(Sife%, (2  at 514 keV, better than the seconq with a FWHM of 16

ulk keV, used for the samples grown with variable BEP ratio.
where\,=4.4x 10° s~ 1 is the annihilation rate in defect-free The positron lifetime as a function of depfite., incident

GaAs® The trapping coefficienfugereq relates the positron POSitron energy was measured on some samples using a
trapping ratex to the absolute vacancy concentratigec. pulsed positron bearit.In this experiment, the incident pos-
The value wgeree=1X 1015 571 is commonly accepted for itron energy was varied from 1 to 20 keV at room tempera-
negative monovacancies in semiconductors at roonure- About X10° events were collected in each lifetime

temperaturé’ Defect densities can also be estimated fromSPectrum with a time resolution of 230 ps. Some bulk refer-

the positron diffusion length , via ence samples were investigated by conventional positron
lifetime spectroscopy. A standard fast—fast spectrometer
D, having a time resolution of about 230 ps was used. About

NdefectM defect K = Lz —Ap, () 4-6x10° events were collected in each spectrum.

Doppler-broadening coincidence spectroscopy was per-
whereD , =1.8 cnf/s is the positron diffusion coefficient in formed on selected samples utilizing a setup of two Ge
GaAs.L, is ~200 nm in GaAs free from positron trapping detectors with a system resolution of 1.1 keV and a peak to
at defect&® background ratio~10° (compared to %10° with one

The positron lifetime depends mainly on the electrondetectoy.* In this experiment the incident positron energy
density and provides direct information on the defect §ize.was fixed at 11 keV corresponding to a depth~a3.35 um
Therefore, positron lifetime spectroscopy gives additional into detect only annihilation from the LT-GaAs layer.’10
formation on defects in comparison to Doppler broadeningcoincident events were recorded for each spectrum. The in-
which is sensitive to the momentum distribution. A positrontensity of the annihilation with high-momentum core elec-
lifetime spectrum consists of a sum of exponential decayrons was characterized byVa parameter calculated in the
terms characterized by their respective intensitjemd pos- momentum range (15—28)10 3 mqc.
itron lifetimes 7;. In defect free material a single lifetime Theoretical calculations of the annihilation characteris-
Thulk 1S found (m,, =1/, =230 ps in GaAk If positrons are  tics were performed with the method introduced in Refs. 29
trapped in a vacancy, a second lifetime compone, and 35. The high momentum distribution is calculated using
always longer tham,,, is present. Therefore, an increase inthe independent particle model within the generalized gradi-
the average positron lifetime,,= 31,7, abover,, is a sign  ent approximation of positron annihilatiGh Lattice relax-
for positron trapping at vacancies. ations were not taken into account. Theoretldgbarameters

Conventional Doppler-broadening spectra are dominatedre obtained from the calculated momentum distribution also
by background in the high momentum range mt=15 in the range (15—-20310 % myc. Positron lifetimes were
X 1072 myc. Doppler broadening coincidence spectroscopycalculated using the local density approximatiérA bulk
i.e., the coincident detection of both annihilation quanta, dralifetime of 225 ps for GaAs was obtained. The theoretical
matically reduces the background in Doppler-broadenindifetimes are therefore scaled to the experimental bulk life-
spectre>3° This allows the observation of annihilation with time of 229 ps®

high momentum core electrons up | ~40-50x10 3 The density of positively charged Asantisites was de-
moC which can be used to identify the chemical surroundingtermined via the magnetic circular dichroism of absorption
of the annihilation sité® (MCDA)® in the samples grown with variable As/Ga flux
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Mean implantation depth (um) clearly the presence of vacancy defects. No vacancies were
0 0.25 0.5 0.75 detected in samples grown at temperatures higher than
1.07 y T y ~300 °C, neither as-grown nor annealed at 600 °C.
i LT-GaAs ] Solid lines in Fig. 1a) are fits to the positron diffusion
1.06 - 200°C ® asgrown O annealed T equation done with the&EPFIT program®® A homogeneous
5 105 L 275°C @ asgrown O annealed ] vacancy distribution in the layer according to the cons&nt
‘aE‘> T | is assumed. In the reference sample the positron diffusion
S o4l OOW OOan 5o, i length WasL+=1§0(t 10) nm in agreement with th_e value
s | mu 00o0op og g og 9. L. =200 nm obtained by othefé.L, was shorter, i.e., 37
T 1.03 | i and 70 nm, in the 200 and 275°C grown samples, respec-
= 5 1 tively. Similar values ofL , in LT-GaAs were reported by
g 1.02 | . Fleischeret al*° The decrease df, is directly visible in the
z 1 S(E) variation at low energies: the faster the transition from
1.01 - L | surface to bulk annihilation is, the shorterlis. . A short
i 1 diffusion length is indicative for a high density of positron
1.00 - l(a) . ' . . traps[Eq. (3)]. Sincreases with decreasing growth tempera-
wo LT+t Tt T+t T | e Ts. This suggests an increasing density of vacancy
L X% O GaAs:Zn, reference ] defects with decreasingg in accordance to the decrease of
a5 L %" 4 GaAssSi4x10™ cm 3]_3 i L. . Sis low in the as-grown sampleS{ 1.005—1.02) but
g - g vV GaAs:Si2.7x10 " cm’] increases after annealin§{ 1.04). This indicates defect re-
g 350 - = gag 1 actions due to the thermal treatment.
3 - = ef g o 1 Figure Xb) shows the average positron lifetime,,,
c ¥ a4 ,X°888g3s SS8goog, | measured in the same LT-GaAs samples in comparison to
'7:7;; 300 i e X o °o0oo ] the standard Doppler-broadening measurements in k. 1
e | a ° 6a An | The positron lifetime in LT-GaAs behaves very similar to
2 asL % "aa : § ¥y Abaassanpas ] the S parameter. A decrease of, is observed at low ener-
o | %o, v8 5 § H e | gies due to the transition from annihilation at the surface to
< 250 | 00000 vese ¢ annihilation in the layer. This allows a rough estimation of
L 0000000000000 the positron diffusion length which follows similar trends as
225 | ,(b) ) ! ) ) ) L ) L estimated from thé& parameter measurements. In particular,
0 5 10 15 20 L. islonger(~90 nm in LT—GaAs grown at 270 °C than in

Incident positron energy (keV) LT—GaAs grown at 200 °G~40 nm. The average positron
FIG. 1. (a) Sparameter as a function of incident positron energy for LT— “f?::n(;e n the. L-_II-__GagS Lay?.:cs t_)eha_ves IIE(;T?]‘.’ |rr1]cre_ases
GaAs grown at 200 and 275 °C, as-grown and annealed in comparison to\glt ecreasinglg and the litetime Is muc igher In an-

Zn-doped GaAs reference free from positron trapping at vacancies. Soliflealed LT—GaA$~325 pg compared to as-grown material
lines are fits to the positron diffusion equation assuming a homogeneous~270 ps.

defect density in the LT-GaAs layeth) Average positron lifetime as a In addition to LT—GaAs the positron lifetime was also
function of incident positron energy for the same samples as in Fag. lh

. . . 1 8
addition, the positron lifetime is shown for two GaAs samples highly dopedMeasured in highly S_I-dOped GaAESi]=2.7x 10" and 4
with Si. X 10'° cm™3). GaAs:Si serves as a reference for Ga vacan-

cies becaus¥ g, Sig, complexes were identified in samples
from the same wafers. The annihilation parameters of the

ratio. Structural investigation of As precipitates in annealeccomplexes are theoretically and experimentally known to be
LT-GaAs were performed using a JEOL 4000FX electronclose to the ones of isolatads,.>®*! We must note that,,

microscope operating at 400 kV. measured at high incident energies in GaAs:Zn and in
GaAs:Si is 10-15 ps longer than observed by conventional
IIl. RESULTS positron lifetime spectroscopy in the bulk of the same

samples. However, the results obtained with the lifetime
beam exhibit the same relative changes gf Therefore, we
attribute differences in the absolute lifetimes to differences
Figure Xa) shows the normalize8 parameter as a func- between the two experimental setups. In addition, a long,
tion of incident positron energy, as it is typically found in  surface-related positron lifetimeg-400 ps was detected in
LT-GaAs!? The samples are grown at 200 and 275 °C andhe positron beam lifetime experiments. The spectra for the
were also investigated after annealing at 600 °C. The changBaAs:Zn reference were decomposed in two components
in S(E) at low energiesE<5-10 ke\j corresponds to the and a bulk lifetime of 235 ps was found. This is in reason-
transition from positron annihilation at the surface to annihi-able agreement with the value 230 ps found in conventional
lation in the layer. The flat plateau of tf&parameter ob- positron lifetime experiments.
served at higher energies is characteristic for the LT-GaAs In the higher Si-doped samplg, is known to be close
layer. The plateau values are well above the reference value the saturation value for annihilation g, due to the high
measured in GaAs:Zfopen diamonds This demonstrates trapping ratg~1.4x 10** s™%).2! 7 is slightly lower in the

A. Detection of vacancies by Doppler broadening and
positron lifetime spectroscopy
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LT-GaAs sample grown at 200°C. The short diffusion ' ' ' ' ) !
length indicates a high trapping rate also in this sample
(~0.8x 10" s71). That means, the vacancy-related lifetime  1.04 |
(74ep In as-grown LT—GaAs is in the same range than in
GaAs:Si. Because monovacancies were detected in GaAs:S_
the vacancies in LT-GaAs must also have an open volumeg 1.03 -
like monovacancies. Positron trapping at defects larger tharg
a monovacancyhaving a largefrq4e) would result in a larger
value of r,, in LT—GaAs according to the high trapping rate. & 1.02 |
A decomposition of the lifetime spectra was performed with &
a fixed defect-related lifetime of 262 ps, typical for a mono-
vacancy in GaA% because an unconstrained decomposition2 4 o1 L
of the lifetime spectra in LT—-GaAs exhibited considerable
statistical fluctuationé? The fit yielded a good variance, the
intensity of the defect-related lifetime was in the order of 4
85% in accordance with the high trapping rate obtained from
the L, analysis. The positron beam lifetime measurements
show that the vacancies in as-grown LT—GaAs have an opel
volume like a monovacancy. Similar positron lifetime results
in LT-GaAs were obtained in the positron beam lifetime rig. 2. S parameter vs thaV parameter in LT-GaAs as-grow(]) and
study of Stomer et al*® annealed at 600 ° (M) in comparison to highly Si-doped GaA#() which

rav s about 325 ps n amnealed LT-GaAs with small sShes 2 eime o 5 s, e foe el s
dlﬁerepcgs between material grown at 200 and 275 °'Cdata point correspond to a different sample. ’ :
very similar to theS parameter. A two-component analysis
of the lifetime spectra yielded a defect-related lifetime of
about 345 psintensity 85% according to a trapping rate of |attice, i.e., to be Ga monovacanciésThe independent de-
~2-3x10"s"%. The large value of the defect-related pos-tection of monovacancies by the positron lifetime experi-
itron lifetime in annealed LT—-GaAs indicates positron anni-ments supports this conclusion. The density \Gf, was
hilation in an open volume larger than that of a monova-found to increase with decreasing growth temperature and

cancy. . reaches values of2x 10'® cm™2 at the lowest growth tem-
Itis interesting to note that the surfaBparameter and perature(200 °C) 12

positron lifetime both converge to a similar point in most
samples. However, the surfac® parameter is somewhat
lower thanS in the annealed LT—GaAs layer, whereas the — T T T T T
lifetime is distinctly higher at the surface than in the layer. A LT-GaAs

positron lifetime of 450—500 ps is generally associated with ~ 1:04 [ 7]
positron annihilation at surfacéddowever, theS parameter i W
is more sensitive to the specific chemical environment. It is oo T,=200°C, annealed
known that positron annihilation at oxygen-related defects

LT-GaAs, as grown
GaAs:Si —
LT-GaAs, annealed 600°C

[ X Jul

S pa

rmal

. 1 ) ] . ]
0.7 0.8 0.9 1.0

Normalized W parameter

leads to a reduction d® albeit with high positron lifetimé? 108
Therefore, one might speculate that the differences are due t% : ]
the thin oxide layer formed on GaAs when exposed to air. £
s 1.02[ .
o
B. Identification of Ga vacanciesbya S—W analysis § - L ™ []
In order to check more closely for the defect type and g 101 F Te=200°C i
the number of different positron traps we performef-an 3 .____.____.__._4__.—0——.——.—.
analysis as explained earliggq. (2)]. The results are shown ® L T =275°C

in Fig. 2 for a number of LT—-GaAs samples grown at dif-
ferent temperatures and for some samples annealed ¢ 1.00 | Q-—OWO i
600 °C. The respectiv& and W parameters were obtained

from the plateau values between 10 and 15 keV incident GaAs:Zn, reference

positron energysee Fig. 1a)]. For as-grown LT-GaAs, all PR S PR RSN NI R
the S—W data fall on the same straight line, indicating that 0 50 100 150 200 250 300
only one defect-type traps positrons. The values agree witt Measurement temperature (K)

the values measured in highly Si-doped GaAs. This indicates

; - 1EIG. 3. S parameter as a function of the measurement temperature in as-
the same defect type to be present in both types of mate”algfown and annealed LT—-GaAs in comparison to a GaAs:Zn reference. The

Becaus_eVGa_S-ba comp_lexgs were identified in GaAs:Si, samples are indicated within the figure. Solid lines serve to guide the eye
we attribute the vacancies in LT—GaAs also to the Ga subenly.
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The S—W data in annealed LT—GaAs also show a linear Mean implantation depth (um)
dependence. However, the linear variation is clearly different 0 0.1 0.5 1 2
from that in as-grown material. Thus, the defects are differ- T ' " T ' T T
ent from the Ga vacancies in as-grown material. This is con-  1.04 | O GaAs:Zn; reference LT-GaAs, T,=200°C
sistent with the high positron lifetime ar®parameter which & BEP=11
indicates a larger open volume than that of monovacancies [ A BEP=20
Such defects are only detected in samples grownT at 1.03 ® BEP=26.5

<300 °C. The samples grown above that temperature appe
to be free of positron trapping after annealing, iandW
are close to the bulk values. The linear variation in annealedy,
LT—GaAs also contains the bulk values. This was confirmed§

by aS—W analysis for each individual sample where all data &
points were found to be at the same line as shown in Fig. 2.5 101
Thus, in annealed LT—GaAs only one type of vacancy de-%
fects is present which dominates positron trapping. If a sec-

o
arameter

p

1.02

ond defect type, i.e., Ga monovacancies, would be present, . 1.00

deviation from the linealS—W variation is expected. An

upper limit of ~10' cm™2 for the Vg, concentration in an- 0 10 20 30 40
nealed LT—GaAs can be estimated. At this stage, it is not Incident positron energy (keV)

possible to estimate the concentration of the dominating va-

cancy defect in annealed LT—-GaAs because the microscopfdG: 4- S parameter as a function of the incident positron energy in LT—
GaAs grown with variable stoichiometrfindicated by the BEP ratjoat

nature and thus the trapp!ng coeff|C|e_nt are not known. Ir'200°C in comparison to a GaAs:Zn reference. Solid lines are fits to the
order to get more information about this defect we need thositron diffusion equation assuming a homogeneous defect density in the

coincidence experiments shown in Sec. Il E. LT-GaAs layer.
C. Revealing neutral Ga vacancy complexes by order of some 1¥ cm 3. This is not enough to completely
temperature-dependent measurements screen the Coulomb interactiéhThus, screening by a ho-

. mogeneous distribution of positively charged antisites can

Measurements as a function ?f temperature Were pelyq axplain our results. It follows that the vacancies are neu-

formed on as-growr{200 and 275°C) and annealed LT— 51 On the other hand, we demonstrated that the density of
GaAs. The result$S parameter in the LT—GaAs layer as 8Ga vacancies correlates with the 1/3 of the As

function of measurement .tempefrat)Jme. shown in 'I:'Igﬁ |3 concentratiort® This shows tha¥/, indeed act as acceptor
and compared to a GaAs:Zn referen@ancreases slightly e, compensates As. To resolve this puzzle, we have to

with increasing temperature in the reference. Here, positrop . de that the Ga vacancies in LT—GaAs are not isolated
annihilation takes place from the delocalized bulk state. Th \+ <\ ,rrounded with positively charged antisites, i.e., they
slight increase of th& parameter is therefore related to ther- behave like a neutral defect complex. This explains the lack

mal lattice expansiofi.The same weak temperature depen-o¢ o temperature dependence of positron trapping as well as
dence is found in all LT-GaAs samples, only the absolute[he compensation of Ag

values of S are different. Thus, we attribute the slight in-

crease ofS with temperature in LT—GaAs to lattice expan-

sion too, i.e., positron trapping at vacancies is independent rﬁuxvgﬁjndes In LT-GaAs grown with variable As  /Ga

temperature in as-grown and annealed LT—GaAs. This i
similar to the findings of Hautojai et al° The results indi- In the following, investigations of LT-GaAs grown at
cate also that positrons are not trapped by ion-type acceptorg00 °C with variable As/Ga BEP ratio are presented. An in-
The annihilation parameters for such defects are close to therease of the BEP ratio is equivalent to a more As-rich com-
bulk values but they can trap positrons only at low temperaposition. In Fig. 4a), the S parameter is shown versus the
tures (T<150 K) in their shallow potential* The presence positron energy for three representative samples of the BEP
of such defects would be detected as a strong decreaSe ofseries. These measurements were performed with angther
towardsS, with decreasing temperature. This is not found.detector than the earlier measurements. Due to the poorer
Therefore, ion-type acceptors should not have a significantesolution of the new detector, the quantities of the annihila-
influence on the electrical properties of undoped LT—GaAstion parameters are not directly comparablélowever, the
According to theoryand experiment® Ga vacancies are results are qualitatively very similar to those obtained on
negatively charged in GaAs when the Fermi level is close tsamples grown at different temperaturB&xhibits a plateau
midgap. One would therefore expect a strong temperatureharacteristic for the LT—GaAs layer and is higher than in
dependence of positron trapping in LT—GaAs. The lack ofthe reference sample. According to the earlier results, this is
such temperature dependence indicates a neutral charge stedtes to positron trapping at Ga vacancies. The decreaSe of
of the vacancie& There is also the possibility that the nega- at higher incident energies is due to an increasing fraction of
tive charge is screened by the large density of positivelypositrons annihilating in the substrate. Note tBatoes not
charged antisites. However, the Aoncentration is in the reach the bulk value even at the highest incident positron
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parameter only. They are thus a measure for the comparabil-
ity of the PAS measurements. The true error for the vacancy
concentration is larger due to systematic uncertainties which
apply for all results. First, these are uncertainties of the
vacancy-related and bull parameterS, and S, respec-
tively. Second, the trapping coefficieat . is known with an
accuracy of a factor of 2 only. This includes also the fact that
the charge state of the vacancy should be neuse¢ ear-
17 lier). Therefore, a systematic error of at least a factor of 2
may apply for[ Vg,]. Note that the relative accuracy as indi-
\ | ) \ , \ cated by the error bars is better.
In addition to the vacancy concentration, the density of
19 positively charged As, antisites[As¢,] was determined us-
ing MCDA® in samples from the same wafers. The results
are shown in Fig. ). For the determination ofAst,] a
systematic error of about 50% must be considered due to
uncertainties imposed by the calibratijcf‘r{Asga] increases
- 1  with the BEP and saturates s’ ] ~5x 10 cm™3 for a
5 i BEP=20. With the exception of the data point for BER3,
[Asg,] is three times of theVg, concentration within the
10" experimental errors. This is in agreement with the results in
. L L L : — Ref. 13 where the same relationship betweeg A81d Vg,
concentration was found for samples grown at different tem-
BEP Ratio peratures. The results demonstrate a distinct relationship be-
FIG. 5. (a) Concentration of Ga vacancies in LT—GaAs grown at 200 °C astween As/Ga flux ratio and vacancy concentration in accor-
a function of the BEP ratio during growttb) Density of positively charged ~dance with the variation of the Asconcentration.

As¢, antisites determined by MCDA in samples from the same wafers. Solid
lines are to guide the eye only.
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E. Doppler-broadening coincidence measurements

energies, indicating the presence of vacancies in the substrafe G&-vacancy complexes in as-grown
too. The reason is the use of highly Si-doped GaAs substrat%T_GaAS

([n]=10' cm™3). GaAs doped with Si by such amount is In this section, we describe Doppler-broadening coinci-
known to containVg.— Sig, complexes at a level of-10Y  dence experiments to study the microscopic nature of the
cm2.2! One could imagine that outdiffusion of Ga vacan- vacancies in as-grown LT—GaAs in more detail. In Fi)6
cies from the LT—GaAs layer increases the vacancy concerthe high momentum part of the annihilation momentum dis-
tration in the substrate too. However, we found the sameribution is shown for the Ga vacancies in as-grown LT—
vacancy concentration in the substrate also for LT-GaA$5aAs in comparison to that &f;.— Sig, complexes in highly
samples containing no vacancy defects due to a high growtBi-doped GaAs. The data are normalized by taking the ratio
temperature Tg>350°C). In that case, th8 parameter in to a GaAs:Zn reference because the momentum distribution
the layer was even below the value in the substrate. Theratself spans several orders of magnitude, thus making a de-
fore, defect diffusion appears to play only a minor role. tailed comparison difficult.

In Fig. 5(a) the vacancy concentratioV s,] is shown as The ratio curve forVg,—Siz, complexes increases at
function of the BEP ratio for all samples grown with variable high momenta |, >12x10"2 myc), i.e., the momentum
BEP.[ Vg, was determined from th8 parameter in the LT—  distribution decays less steeper than in the Holk equiva-
GaAs layer by using the trapping coefficiepte.=10" lent, it is narrowey. This can easily be explained: in GaAs,

s 1in Eq.(3).2” A Sparameter of 1.017 fo¥ g, was used for the main contribution to the high momentum distribution
the calculation. This value is lower than that one of 1.024comes from annihilation with As and Gal®lectrons. In As

determined earlier using the olg detector? The actual (Z=33), the 3l electrons are stronger bound than in Ga
vacancy-relateds parameter has been obtained from a re-(Z=31). Thus, the As 8 electrons have a broader momen-
newed measurement on the highest Si-doped GaAs referentiam distribution with lower intensity. Because high momen-
sample([Si]=4x 10'° cm™3). Similar differences foB(Vg,) tum annihilation at Ga vacancies occurs mainly wittd 3

have been found earlier for different experimental setupselectrons from the neighboring As atoms, the momentum
see, e.g., Refs. 45 and 46. distribution should be broader than in the bulk. This is in-

The Vg, concentration increases with the BEP ratio anddeed observed in Fig. 4 for the gg+Vg, complexes. The
reaches a valugVg,]~1-2x10"® cm 3 at a BER=20. opposite behavior is expected for As vacancies, i.e., a mo-
[Veal is in good accordance to our earlier findings onmentum distribution narrower than in the bulsorrespond-
samples grown at 200 °C with a BEP of #0The error bars ing to a decreasing ratio curveue to the annihilation with
in Fig. 5a) are due to the statistical uncertainties of 8e 3d electrons from the surrounding Ga atoms.
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FIG. 6. (@) High-momentum part of the positron annihilation momentum ) . o
distribution (normalized by taking the ratio to a GaAs:zn refererfce Ga  Of isolated Ga vacancies. Therefore, the momentum distribu-

vacancies in a LT-GaAs sampl&{=200 °C, BER=20) and forVe~Sksa  tion was calculated for the isolated Ga vacancy and for de-

complexes in highly Si-doped GaAs. The measured spéttal area 10 fect complexes Consisting of a Ga vacancy neighbored by
countg were brought to unity area and scaled to full trapping at the vacan-

cies. The fraction of trapped positrons was 0.95 in LT-GaAs and 0.9 inl_3 Asa gntis_ites (denOted asVga—X Asg, with X
GaAs:Si. Solid lines are from data smoothirig) High-momentum part of =1—3). W is slightly higher forVg, (W=0.74) compared

the annihilation momentum distribution according to theoretical calculationstg Vga—Siga (0.72), i.e., the momentum distribution has a
for different vacancies and vacancy complexes in GaAs. The spectra are nﬂtigher intensity However. the shape is practically the same
accurate fop, < 15X 10 % myc (see Ref. 35and hence, are omitted. . L ' .. . )
With increasing number of Ag antisites in aVg,—X Asg,
complex, the intensity of the momentum distribution de-
creases slightlyFig. 6(b)] but is close to that oV g,. The

grown LT—GaAs agrees with that of thés,— Sie, complex changes are in the same order than the experimental uncer-

within the experimental errors. This confirms independentlyta'ntIeS n '.:'g' 1a). Thergfore, It Is not poss_lble to distin-
the assignment to Ga vacancies. TWe parameter isw guish definitely between isolated Ga vacancie¥ g—Asz,
—0.73(1) for theVg,Sis, complexes and 0.72) for the complexes in as-grown LT-GaAs from the momentum dis-

Ga vacancy in LT—GaAs. Note that these values are different{ibmion' However, the calculations S.hOW that. the "’.‘SS‘g”'
from those obtained in the conventional Doppler experimenténent toVeg related defect complexes is compatible with the

due to the different experimental conditions and momentun%a)(pem.nental data. Other vacancy defects can be rqled_ out
Windows. according to shape and intensity of the momentum distribu-

The theoretical momentum distributions for Ga monova-'°"" €..,Vas Or larger defects likeVe—Viss divacancies

cancies and related complexes are shown in Fig). &fhe [Fig. (b)),

calculation of the momentum distribution is reliable only at

p. > 15x 10 2 myc due to the use of atomic electron wave 2. Positron trapping at As-precipitates in annealed

functions instead of the actual on€sCorresponding/V pa- LT-GaAs

rameters and positron lifetimes are given in Table I. The In this section we show the results of Doppler-

shape of the theoretical momentum distribution for thebroadening coincidence spectroscopy on the vacancy defects

Ve Siga complex is in good agreement with the experimentin annealed LT—-GaAs, performed to get more information

and the theoreticalV parameter W=0.72) is similar to the about their chemical surrounding. The positron lifetime and

experimental valueW=0.73). The calculation yields also conventional Doppler-broadening measurements discussed

very good agreement for the positron lifetime, i.e., 260 psearlier provide only the information that these positron traps

was calculated foVg,—Sis, instead of the experimental have an open volume comparable to small vacancy clusters,

value 262 pg! This is a good test for the reliability of the i.e., they are not Ga monovacancies. It has been suggested

theory because thég,— Sig, complexes were independently that these defects are associated with As precipftabes it

identified?? has often been assumed that these are just isolated vacancy
The results of the temperature-dependent measurementiisters-%*

suggest the existence of neutral complexes rather than In Fig. 7, the annihilation momentum distribution mea-

The momentum distribution for the vacancies in as-
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sured in annealed LT—GaAs is compared with that of differ.TABLE I Th(_eoretically calculatedv paramete(relative to bulk GaAsand

ent reference samples. The momentum distribution in angeositron lifetimes for monovacancies, monovacancy-related defect com-
’ 3 . . plexes, vacancy clusters in GaAs, and for defects in metallic rhombohedral

nealed LT-GaAs ap; >15X 10 ° myc is broader than in  as. The lifetimes are scaled by a factor of 1.018 in order to mimic the

the bulk, i.e., the ratio in Fig. 7 increases. Interestingly, thesxperimental bulk lifetime of GaAs.

shape is very similar to that &fg, found in as-grown mate-

rial [Fig. 6(a)]. However, the intensity of the core annihila- Defect 7 (P9 Wee
tion is reduced according to the increase of the open volume. GaAs bulk 229 1
The measuredlV parameter is 0.58). Vas 260 0.92
The shape of the momentum distribution in annealed xGa_S.b ;2; 8:;‘2‘
LT—-GaAs indicates annihilation with electrons from As as it V:—AS; 262 0.73
is the case foW g,. This finding highlights the importance of Va2 Asa 262 0.72
correlated measurements because an unambiguous defect Vea—3 Assa 262 0.71
identification in LT—GaAs carithereforé not be obtained Vas—Vea 315 0.62
from the momentum distribution alone. For that purpose, we ig’?g;”z()v% ig; 8'22
need also th&-W analysis and the positron lifetime results As-V, 243 0.59
as shown earlier. The fact that the momentum distribution As-V, 279 0.47
shows annihilation exclusively with As atoms also in an- As-V3 312 0.41
nealed LT—GaAs is a somewhat unexpected result. At a va- As—V, 335 038

cancy cluster, necessarily consisting of a similar number of
both As and Ga vacancies, positron annihilation is not ex-

pected to occur preferentially with electrons from only one

element. Thus, the shape of the annihilation momentum disps, Table ). Spectra decomposition gave two lifetime com-
tribution for vacancy clusters should be very similar to thatponents, i.e.7;=192 ps(intensity 32% and 7,=395 ps(in-

in the bulk but with reduced intensity due to the large openensity 68%. The first lifetime is in good agreement with the
volume. This is supported by theoretical calculations. Theheoretical result for the bulk lifetime whereas the lifetime of
shape of the momentum distributions foVg.—Vas diva- 395 ps must be attributed to larger vacancy clusters. These
cancy[see Fig. )] and that of a cluster consisting oN2;,  results are similar to those obtained in other metals after
and 2V, are similar to that in the bulk, i.e., the ratio is sintering?’ The first lifetime is attributed to annihilation in-
constant. Such behavior is also experimentally found in &ide grains, i.e., in material which is mostly free of defects
semi-insulating GaAs sample which contains vacancy cluswhereas the long second lifetime is due to large open volume
ters after plastic deformatidit.The average positron lifetime associated with grain boundaries. According to the theoreti-
was high(356 pg and a defect related lifetime of 490 ps was cal calculationgTable |), the lifetime corresponds to an open
found according to large vacancy agglomerates. The momemolume of at least four vacancies in As. Thus, the momen-
tum distribution in deformed GaAs has the same shape thatum distribution measured in the As sample is rather that of
the bulk distribution as expected from the earlier argumentsa larger open-volume defect in As than that of the bulk.
However, it disagrees clearly with the momentum distribu-Shape and intensity of the momentum distribution as well as
tion in annealed LT—-GaAs. This suggests a different natur¢he average positron lifetime are very similar in annealed
of the positron traps, i.e., in annealed LT—GaAs positrons areT-GaAs and in the pure As sample. Therefore, the defects
not trapped by isolated vacancy clusters but rather by opeshould be also similar. We conclude that in annealed LT—
volume associated with or even inside the As precipitates. GaAs positrons detect open volume defects with a size of

At this stage, it would be desirable to have theoreticalabout four monovacancies, but this open volume is associ-
calculations of the annihilation parameters for As precipi-ated with As precipitates.
tates in a GaAs matrix. However, this would require detailed  The existence of As precipitates in our samples was con-
knowledge of all atomic positions within such a precipitate,firmed by transmission electron microsco@EM). Figure 8
especially for the interface. At present, this is not knownis a TEM bright-field image of the LT-GaAs layer annealed
with the necessary accuracy. Therefore, the discussion is rat 600 °C. A homogeneous distribution of precipitates is ob-
stricted to qualitative arguments. served displaying Moire-fringe contrast. The precipitates

To support the assignment of the vacancy defects in anwere identified to consist of rhombohedral As by means of
nealed LT—GaAs to As precipitates, we investigated metalliquantitative evaluation of the Moire fringes. The average
polycrystalline As as a reference. The measihgplarameter  particle size is 3.7 nm, determined from high-resolution elec-
is W(As)=0.621). The shape of the momentum distribu- tron micrographs. The density of the precipitates was deter-
tion in As is remarkably close to that in LT-GaAs, i.e., it is mined from bright-field images obtained under two beam
also similar to that inVg,. This is in agreement with the imaging conditions. The local sample thickness was deter-
expectation that the shape of the momentum distribution demined from the extinction contours. The density of the pre-
pends only on the chemical environméht® cipitates was 18 cm™2 with an error of about 20%.

The As sample was also investigated by conventional It is known that the specific trapping rate scales linearly
positron lifetime spectroscopy at room temperature. Wewith the size of a vacancy clustére., it should be about
found an average positron lifetime of 330 ps, much higheifour times larger for the As-precipitate-related vacancy clus-
than the theoretical bulk lifetime in rhombohedral M489 ters than for a monovacancif Thus, a positron trapping
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vacancy complexes im-doped GaAgl® Such similarity
was also suggested by Hurle in a recent reviéw.

Our previous studies show that thés, concentration
increases with decreasing growth temperatarghis can be
understood as being related to the layer composition because
LT—GaAs becomes more As-rich with decreasing. In the
present work, th&/s, concentration is additionally found to
be related to the elemental flux ratio. TWg, density in our
samples saturates at a BERO. Similar, it was found that
4 the Agz density increases with the BEP and saturates at BEP

100inm ~2023 It is expected that, i¥/g, is the dominant acceptor in
" LT-GaAs, the density should track that of thedAantisites.
The present work and the results in Ref. 13 provide direct
experimental evidence that this is indeed the case for a wide
variety of growth conditions.

The temperature-dependent measurements show that
. 0.1 ) ion-type acceptors are not detected in significant concentra-
rate in the order of 210'° s™* is expected, in good agree- y,n<'in | T_GaAs, It appears possible that such defects form
ment with the observation in annealgd LT_G"‘?’Q&?C' neutral defect complexes too as discussed earlieVfgy.
”'A?' T herefore, the assumption of po.5|tron trapplng. at,AS'However, with the knowledge that the electrical compensa-
preupltgte-rel_ated vacancy clusters is also quantltatlvel)(ion of Asi, can be quantitatively explained by the Ga
compatible with the experiments. vacancies? we can conclude that negative ions do not play a
significant role for the electrical compensation in undoped
LT—GaAs. Negative ions acting as shallow positron traps are
normally attributed to impuriti€s or to intrinsic G&;

Our combined positron annihilation data, i.e., standarcantisites’™ The concentration of impurities is low in our
Doppler-broadening spectroscopy, positron lifetime, andMBE-grown layers whereas Gaantisites are not expected
Doppler-broadening coincidence spectroscopy reveals theith the strongly As-rich stoichiometry of LT-GaAs. In a
existence of Ga monovacancies in as-grown LT-GaAs. Thisecent theoretical study, Landma al>> found a low for-
is in accordance to the assumptions in the earlier PA$nation energy for a split As interstitial which could, there-
studies’ +4%4°Dye to the combination of different tech- fore, be an abundant defect in the strongly As-rich LT—
niques in conjunction with theoretical calculations in the GaAs. Indeed, the excess As in LT-GaAs is sometimes
present study, the identification &, can now be consid- related to interstitial-type defecfsalthough a direct and un-
ered to be well established. Positron lifetime spectroscopygmbiguous experimental evidence for their existence is still
showed that the defects are monovacancies, whereas the cdaeking. According to theory, the split interstitial should be
ventional S-W analysis shows that they belong to the Gaan acceptor with a 6/ ionization level below that of the
sublattice. This identification was independently confirmedAsg, antisite>® Thus the defect should be negatively charged
by Doppler-broadening coincidence spectroscopy in conin LT—-GaAs where the Fermi level is pinned at thegAs
junction with theoretical calculations. level. Since we found no sign of ion-type acceptors, either

Ga vacancies in electron irradiated GaAs are known tdhe position of the ionization level is not correct or such
be mobile even below room temperatdfeherefore, a high interstitial defects does not exist in large concentrations in
concentration of vacancies such as in our samples would natccordance to Ref. 6.
be expected, unless defect complexes are formed which are From a technological point of view, the detailed identi-
known to be more stabfé.Indeed, the measurements as afication of vacancy defects in LT—-GaAs opens up the possi-
function of temperature indicate the formation of neutral de-bility for future applications, e.g., to monitor growth and
fect complexes, probably with one or more Asantisites.  quality of similar layers by positron annihilation. This might
Theoretical calculations of annihilation parameters forbe especially important fan situ characterizatiofi.

Ve ASga complexes are close to the experimental results. In After annealing at 600 °C, a positron trap different from
a recent study, Korornasuggested a spatial correlation be- Ga monovacancies is found. The hi§tparameter and pos-
tween Ag, antisites and negative acceptors in LT—GaAsitron lifetime indicate defects having a relatively large open
based on a numerical analysis of electron mobility data. Noteolume. This increase of open volume during annealing was
that such defect correlation is sufficient to explain our result®ften simply interpreted in terms of vacancy clusterfigt
because the long range Coulomb interaction between posHowever, in order to form stable vacancy clusters, it would
trons and vacancies would be effectively screened, evehe necessary to supply As vacancies in addition to the al-
without the formation of closely bounded defect complexesready existing/g,. It is not obvious which mechanism could
This result supports our interpretation. In a very recent studyproduce As vacancies in the strongly arsenic-rich LT-GaAs
Laine et al>3 came to similar conclusions. It is interesting to layer because this would result in the formation of additional
note that the assignment vf;, in LT—GaAs to defect com- defects, i.e., Ag, antisites or As interstitials. Indeed, the re-
plexes has some analogies with the presence of donor-Gaults in Sec. Il E 2 show clearly that positron trapping is not

FIG. 8. TEM bright field image of As precipitates formed in a LT-GaAs
layer (Tg=200 °C, BER=20) after annealing at 600 °C.

IV. DISCUSSION
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