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Observation of compensating Ga vacancies in highly Si-doped GaAs
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Positron annihilation experiments have been performed to study the type and concentration of compensating
defects in highly Si-doped GaAs grown by molecular-beam epitM8E). The results show the presence of
both Ga vacancies and negative ion defects, each of which act as acceptayp@GaAs. The concentrations
of both types of defects increase strongly for Si concentrations exceedin@'8 cm~3. At [Si] =5x 10°
cm™3, the concentrations of Ga vacancies and negative ions are comparable, and their sum represents a
substantial fraction of the total concentration of Si itself. The results provide direct evidence that Ga vacancies
play an important role in the electrical deactivation of highly Si-doped MBE-grown GaAs.
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Doping GaAs with Si efficiently yields free donor carriers ied, determinefl by combining Hall measurements with
so long as the doping level is loWWhen concentrations of X-ray-absorption, aréin units of 13% cm~3) approximately
Si exceed 5 10'® cm~2, however, a strong deactivation is 2, 3, 9, and 50. Following Ref. 7, the samples are referred to
observed. This phenomenon is often attributed to autoconf€re as “low” (L), “medium” (M), “high” ('H), and
pensation, whereby high Si concentrations lead to occupation’ery high” (VH), respectively. The strong electrical deac-
of Si in both group-lll and group-V lattice sitésThe tvation was seen only in thd andVH samples. SK near-

Siae~ acceptors compensate thesSi donors, resulting ina €d9¢  x-ray-absorption  fine-structure (NEXAFS)
self-deactivation of electrical activity. measurementsyvere used to determine upper limits for the

; i 8 ~m—3
There is increasing evidence, however, that the autocomSIAS concentrations of aboutd10®cm * for theH sample

. . d 2<10'° cm ™2 for the VH sample. These concentrations,
g§2§§3220$?$ h,fgr'sg(:r'ﬁ&i C?:nggzzc?j%gte?rthi ogis E;[V corresponding to only 12% and 38% of the total Si, respec-

: " tively, provide direct evidence that autocompensation cannot
3% 10" cm~3, local vibration modgLVM) spectrd reveal Y. p P

. ) . . fully explain the observed electrical inactivity.
three lines, which have been attributed (ip Si acceptors, The epitaxially grown Si-doped GaAs layers of Si were
Sias (i) neutral Si donor-acceptor paifSigSiag)”, and

PlAs ' Ol ) measured using the low-energy positron beam techrifue.
(iii) Si atoms in a complex containing another point defectpgr  reference, a p-type  Be-doped (%10

(Si-X). The concentration of sudl®i-X) complexes is inher- cm~3) GaAs layer grown by MBE was also studied. The
ently difficult to determine from LVM dat&.The identity of  511-keV annihilation line was measured at 20-keV incident
this point defect also remains unclear, although some argipositron energy, which corresponds to a mean positron stop-
ments point to its being a Ga vacafcyor an As vacancy.  ping depth in GaAs of 0.&m. At this energy, the contribu-
Positron annihilation spectroscopy can be used to studsions of annihilation events at the surface and in the substrate
point defects in semiconductors, and in particular, vacanciesare negligible. Doppler broadening of the 511-keV radiation
Positrons trapped at vacancy defects are experimentally olgives information about the momentum distribution of anni-
served as an increase in the positron lifetime and a narrowingilating electrons. The momentum distribution is usually de-
of the momentum distribution of the annihilating electron- scribed in terms of the valence and core annihilation param-
positron pairs? In addition to vacancies, positron measure-eters S and W. The S parameter, defined as the relative
ments are sensitive to ion-type acceptors, since positrons asnount of annihilation events over the energy range
localized at the Rydberg state around the negative ions &11+0.95 keV around the peak centroid, represents the
low temperatured electron-positron pairs with longitudinal momentum compo-
In this work, we use positron-annihilation measurementsient p, /moc=<3.7x 102 that arise mainly from annihila-
to study the compensating defects in highly Si-doped GaAstions with valence electronsiy; is the electron mass amds
Our data reveal vacancy-type acceptors, which we identify athe speed of light The W parameter, defined as the relative
Ga vacancy complexes, and ion-type acceptors, which waumber of events in the momentum range
attribute to Sjs . The strong electrical deactivation ob- p, /myc=(15-20% 10 3, represents annihilations involving
served in this system is shown to be largely explained byore electrons of atoms surrounding a vacancy. The core
these two types of defects. electron momentum distribution at a broadgr range of
Highly Si-doped GaAs samples were grown by (10-40x10 2 can be studied in detail with coincidence
molecular-beam epitaxfMBE) on (100-oriented GaAs sub- measurements of the two 511-keV photéﬁ?:his technique
strates at 900 K. The thickness of the Si-doped overlayer was applied here to identify the sublattice of the vacancy de-
2 um. The Si-doping concentration in the four samples studfects.
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FIG. 1. The valence annihilation parameter S was measured in FIG- 2. The core electron momentum distribution in Be-doped
Be-doped GaAd(l), and in Si-doped GaAs samples wifli] GaAs (#), in electron-irradiated semi-insulating GaA®Y (from
~1x10%8 cm 3 (#), 3x10% cm ™3 (0), 9x 102 cm 2 (@), Ref. 19, and in GaAs([Si]=5x10'° cm3) (@).
and 5x 10'° cm™3 (O), all as a function of temperature between 20
and 300 K.

clearly smaller coefficient ok =0.246(2)x 103 /mqc is ob-

The valence annihilation parametsrfor the Be-doped fained in theVH sample.
GaAs layer and the four Si-doped GaAs layers is plotted The differences in the shapes of the momentum distribu-
against temperature in Fig. 1. In Be-doped GaAs it is seen t§ons are interpreted in the following way. For free positrons
be nearly temperature independent, which is typical for fredn GaAs, the dominant contribution to the measured core
positron annihilation in the bulk. In all of the Si-doped electron momentum distribution comes from thed 8lec-
samples, theéS parameter is clearly larger and it is tempera-trons of Ga atoms4=31). The 3l electrons of As atoms
ture dependent. Focusing on the magnitud&,ofve see that (Z=33) are more tightly bound, leading to a broader momen-
the increase of positron trapping at vacancies with Si contum distribution and a reduced overlap with the positrbhs.
centration is particularly strong when it exceedx B0  The broader distribution in th&’H sample therefore indi-
cm™3, behavior paralleling that of the obserVeelectrical  cates that the relative amount of positron annihilation with
deactivation. To see if there are any illumination effects onthe As core electrons is larger at the vacancy than in the
these vacancy defects, which would indicate metastabilitysaAs lattice. This implies that the vacancy in ¥el sample
related toDX centers;* the samples were illuminated for js surrounded by As atoms and is thus associated with the Ga
several hours at 20 K with 1.32-eV photons. ®parameter g pjattice.
remained unchanged during and after the illuminations. There is firmer evidence for this assignment. Positron

Coincidence measurements of core electron momenturﬁapping at Ga vacancies has been previously observed in

gistrit()jutiggiwere obltaine(z from thf Be—do;;ed a“_ghSi'h. heIectron-irradiated GaA®. The core electron momentum
ope S sampes al room temperature. 1The Nighgiqyip tion associated with irradiation-induced, has been
momentum parts of the Doppler curves, area normalized, al

r : . P ; .
plotted as filled diamonds and circles in Fig. 2. The momenf)}lo'[t("\d with open circles in Fig. 2. Its shape is essentially

tum distributionp(p) of Be-doped GaAs is characteristic of identical to that_n_weasured in théH sample._lt further yields
free positrons in a GaAs lattice and has a noticeably highef'€ SaMe coeff|C|€H§=O.248(2)>< 103/m0£:3|n an exponen-
intensity than that in the/H sample. This result ciearly t&! fit of p(p)=e " at p=(15-39x 10 *mec. Denoting
shows the effect of positrons trapped at vacancies in th&1e core annihilation parameter in the bulk latticeWdy, the
VH sample: at such defects containing more open voluméglative parametew/Ws is 0.711) for the VH sample and
the overlap between positrons and core electrons of the suf-731) for the irradiation-induced sample. The striking simi-
rounding atoms is reduced. larity in both intensity and shape leads us to conclude that
The shape of the distribution in théH sample is also the vacancy observed in theH sample is a Ga vacancy. The
different from that in the GaAs lattice. Although the differ- present data alone do not, however, tell us whether the Ga
ences are small, the momentum distributipfp) in the vacancy is isolatedy>, or associated with a Si donor,
VH sample is clearly broader than in the Be-doped referencéSigVsa)?~, because the Si atom on a second-neighbor site
sample. An exponential fip(p)<e *? in the momentum does not contribute much to the core annihilations.
range p=(15-39%10 3myc vyields a coefficient Chadi has recently calculated that, under equilibrium con-
A=0.257(2)x 10°/myc in the Be-doped GaAs, whereas a ditions, a relaxedVs-Sig, pair is an abundant acceptor in
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Si-doped GaAs and is thus a potential compensating c&nter. T T T T T
Our results indicate thatnonequilibrium MBE growth of B -} 100
Si-doped GaAs generates vacancies in the Ga sublattice
rather than the As sublattice. Earlier, we have identified As
vacancies in liquid-encapsulated Czochralski grown
n-doped GaAs crystaf€. The core momentum distribution
for the As vacancy is more narrow &0-40x10 3myc
than that obtained for the Ga vacancy in ¥kl or electron
irradiated sample¥.

The temperature dependence of hparameter in Fig. 1
is similar in all four Si-doped samples. Ti&parameter is
first constant at 10—100 K, then increases from 100 to 200 K,
and finally reaches a plateau around 300 K. The plateau lev-
els were confirmed by experiments between 300-6QAd{
shown. The S parameter decreases in all layers wheis
lowered to 20 K, a trend opposite to that observeidr 10 K SO —
positron trapping at negative Ga vacancies at BwThis 108 10%° 10%°
indicates that ano.ther de_fect m_ust k_)e competing with the Ga Si CONCENTRATION (cm™)
vacancy for trapping positrons in Si-doped GaAs at 20 K.

We attribute these competing defects to negative ions,
which have no open volume associated with thér?. The
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FIG. 3. The dopant activation, expressed as the ratio of free

. . ) carrier and Si concentrations¥(), the concentration of negative
negative ions bind positrons to shallow: 0.1 eV) Rydberg ions (A), and the concentration of Ga vacanci@)(all as a func-

statesﬁlf_3 whose z_innihilation characteristic_s are sim_ilar_ t04ion of Si concentration in four Si-doped GaAs samples,

those in the lattice due to the weak positron localization.

Below 100 K, all positrons are trapped at either Ga vacancies

or negative ions. The increase in tﬁeparameter above 100 Two results are |mmed|ate|y apparent. FirSt, i'n the Ove.ra”
K indicates that positrons are partially detrapped from thérend of values foc, andcio, there is a marked increase in

negative ions, and a larger fraction of them annihilates at th8°th as[Sil increases, particularly going from theand M
o%j’;lmples to thé&d andVH samples. Second, the magnitudes

K, only Ga vacancies trap positrons, and Beparameter of bothc, and Cion relatlve to[Si] in the respective sam_ples

' : . ' change dramatically: in the andM samples, the combined
reaches a plateau with a magnitude that depends/gyl. sum of these defect concentrationsig€5% of the Si doping

To quantify the concentration of vacancies and ions, W& oncentration, while in thel andVH samples this fraction is
have analyzed the temperature dependence oStharam- > 5004 [Si].
eter using a positron trapping modeélThe positron trapping  The effect of these defects becomes apparent when we
rate at the vacancies,, , is proportional to the vacancy con- plot as a function ofSi] the measuréedelectrical activity of
centrationc, by «,=u,c,. The positron trapping coeffi- Si, defined as the ratio of free carrier to Si concentrations,
cient u, is temperature dependent, and a value ofnJ/[Si] (see Fig. 3 It is clear that the sharp decrease in
1.4x 10 s~ 1 at 300 K is used®'*~2The positron trapping activity correlates strongly with the summed concentrations
rate at the negative ions is similarly modeled by of negative ions and vacancies in theand VH samples.
Kion= tionCo Where  the  corresponding  trapping Both types of defects compensate free carriers, and both

lone i . . must be important in describing the electrical deactivation in
coefficient® u;,,c T2 The positron detrapping rate from highly Si-doped GaAs.

. . 3/2 . .
the ions i85 wion(KT) " “€Xp(=Ep,on/KT), with Ey jon being To identify the nature of these defects and determine the

the positron binding energy at the i6hDenoting the va-  possible importance of other defects as well, we must com-
lence annihilation parameter in the bulk By, we get the bine the results of the present work with those obtained in
S parameter for the negative ionS,,=Sg, and for the Ga previous studies. Thus, as already stated, our positron data
vacancy we us&, = 1.015Sg.2* The four adjustable pa- alone cannot distinguish between the singly negative ion
rameter used in fitting the data are thep Cign, Aion, and SiA_S*_ and anzirférinsic defect Iike the d_oubly negative Ga
Epon. Details of this type of analysis have been givenantisite, Gas~ ™ nor can they distinguish between a Ga
elsewherd?520 vacancy complex, such dSig:Vg)?~ and an isolated Ga

37 . .
The solid lines in Fig. 1 are the fits to the measuged Yac&NCYVg,. However, by combining our knowledge )

parameters. Initial fits with all adjustable parameters left un—the existence of Sk monomers, (SiggSiag)” dimers,

i X X - i clusters, andSigX) complexes from LVM(Ref. 5 and
constrained consistently gave a positron binding energy oYS_“ ; ca 7
Eoon=40+10 meV. Subsequent refinements Wiy o, x-ray absorption(NEXAFS) and EXAFS’ measurements,

) . ) D, (b) the upper limit concentrations ¢86i,s | determined in
fixed at 40 meV lead to a positron trapping coefficient of et 7, and(c) the distributions(albeit under equilibrium

Mion=(4.5=1.0)x 10'°T V25! (T is in degrees of Kelvih  conditions of defect species calculated in Ref. 6, with the
Values of the remaining two parameters, namely, the conconstraints imposed by charge and mass conservation, and
centration of vacancies, and negative ions;,, are shown (e) our present findings, we arrive at the following conclu-
as a function of Si concentration in Fig23. sions. In MBE-grown highly Si-doped GaAs(i.e.,
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[Si]>5x10'® cm™3), the most likely assignment of the centrations of other electrically inactive defects, e.g.,
negative ion species is S, and of the Ga vacancy is [SiggsSias] dimers and[Si,] clusters, or of more strongly
(SigsVsa)? . These two defects are dominant for their ge-compensating defects, e.dGass® ] antisites and isolated

neric type. Together, they account for a large part of theGa vacancies[V3,], are much less important in these
observed compensation of heavily Si-doped GaAs. The corsamples.
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