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Identification and Quantification of Defects in Highly Si-Doped GaAs by Positron Annihilation
and Scanning Tunneling Microscopy
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Defects in highly Si-doped GaAs were identified and their concentration determined by combining
positron lifetime spectroscopy with scanning tunneling microscopy. We observed with increasing
Si-doping concentration an increasing concentration of a deep positron trap identified as SiGa-donor–
Ga-vacancy complex. The concentration of shallow positron traps increased with the Si concentration
too. The shallow traps are found to be SiAs acceptors and Si clusters. [S0031-9007(97)03056-1]
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Although it has been long known that point defec
govern key properties of semiconductors, it remains d
ficult to determine reliably the nature and concentration
the defects. Current techniques mostly measure signa
many defects simultaneously, thus rendering an inter
tation difficult. A combination of two different methods
each separately insufficient to provide detailed informat
about the defects present, can solve this problem. In
Letter we combine positron lifetime spectroscopy (POL
with scanning tunneling microscopy (STM) and take a
vantage of the strengths of both methods: STM will
used to provide a direct image and identification of t
defects, while POLIS will probe the concentrations of t
bulk defects. We can thus compensate on the one h
the insufficiencies of POLIS that it is in general not po
sible to relate unambiguously the observed positron sig
to the exact nature of the defect which trapped the posi
[1–4], i.e., different defects may lead to the same posit
lifetime and therefore may not be recognized as sepa
defect species. On the other hand, we avoid that the for
tion of additional defects (such as vacancies) on the sur
after cleavage obscures the exact measurement by ST
the concentration of, e.g., bulk vacancies exposed on
surface [5].

We illustrate the methodology of the combined analy
on compensating defects in highly Si-doped GaAs.
show that the positron annihilation signatures attributed
vacancies arise from SiGa-donor–Ga-vacancy complexe
and not from As vacancies or other defects as sugge
previously, whereas the signal associated with shal
positron traps arises from SiAs acceptors and Si clusters
We demonstrate that STM combined with positron a
nihilation provides an unambiguous determination of
compensating defects and their concentration presen
crystals.

We investigated seed-grown GaAs crystals with
concentrations of1 3 1018, 2.7 3 1018, 1.2 3 1019 and
s2.5 6d 3 1019 cm23. The carrier concentrations o
0.7 3 1018, 1 3 1018, 4.5 3 1018, and1.8 3 1018 cm23

at 100 K, respectively, indicate a high compensati
The positron lifetime spectroscopy was performed with
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conventional fast-fast coincidence system (time resoluti
250 ps) in a temperature range of 20 to 500 K. A22NaCl
positron source (activity8 3 105 Bq, covered with
1.5 mm Al foil) was placed between a pair of identica
samples [4]. The spectra were analyzed with the trapp
model after source and background correction. The sa
wafers were also cleaved in ultrahigh vacuum to for
clean (110) surfaces and investigated by STM. T
exposed bulk defects were identified and their concent
tions determined.

First, positron lifetime spectra were measured at roo
temperature. The average positron lifetimetav increases
with increasing Si concentration from 238 to 259 p
(Fig. 1). All measured average positron lifetimes a
well above the positron lifetime in GaAsstbd determined
to be s228.5 6 1d ps in reference samples showing n
positron trapping. This value is in good agreement wi
previous results [1,4] and theoretical expectations [6
These observations suggest an increasing concentra

FIG. 1. Average positron lifetimetav and defect related
lifetime td as a function of the Si concentration (measure
by SIMS) in Si-doped GaAs at room temperature.tb is the
positron lifetime in defect-free GaAs.
© 1997 The American Physical Society
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of vacancy defects with increasing Si concentratio
We analyzed the data using a two-state trapping mo
assuming positron annihilation in the bulk and in on
defect. We obtained a positron lifetimetd in the defect
of s262 6 2d ps. An analysis with more trapping state
did not reveal additional lifetime components. A positro
lifetime of about 260 ps in GaAs is commonly attribute
to annihilation in monovacancies [6–8]. However,
is not clear whether these vacancies are isolated
vacancies [1], isolated Ga vacancies [3], defect complex
consisting of either a Ga or As vacancy and other defe
[4], or any combination of the mentioned defects. For
detailed identification of the vacancy defect(s) we ne
the STM measurements discussed below.

The average positron lifetimetav decreases with de-
creasing temperature between 100 to 300 K (Fig. 2).
low and at high temperatures nearly constant values
reached. The average positron lifetime at high tem
peratures is close to the room temperature values d
cussed above. The low temperaturesT , 80 Kd values
are closer to the positron lifetime in defect-free GaA
The change of the lifetime cannot be due to a change
the charge of the vacancies, because in our degenera
doped samples the Fermi level remains in the conduct
band at low temperatures [1,3]. Thus at low temperatur
additional positron trapping centers act with a positro
lifetime close to that of the bulk GaAs. This indicates th
the additional traps have no open volume. Such defe
are commonly known as shallow positron traps [9], whic
cannot be detected at higher temperatures due to a th
mal detrapping of the positrons. Shallow positron tra
are mostly attributed to negatively charged ions [6,8,9
However, we cannot determine the exact nature of t
shallow traps from the positron annihilation data alone.

FIG. 2. Average positron lifetimetav as a function of the
temperature for different Si doping levels. Solid lines are fits
the experimental data with the assumption of positron trappi
at negatively charged vacancies and negative ions.
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At this stage we determine the concentration of the va
cancy defects. Since the influence of the shallow trap
is negligible at high temperatures, we analyze that part o
the data with the two-state trapping model as used abov
The concentration of the vacancy defectscy can be de-
termined using the relationcy  kyymy , with my being
the trapping coefficient andky being the trapping rate of
the positrons in the vacancies. The trapping rate has be
calculated according toky  t

21
b stav 2 tbdystd 2 tav d

[1,4]. For negatively charged monovacancies the trap
ping coefficient is1015 s21 at room temperature [10].
The vacancies are negatively charged, because if the
were uncharged (temperature independent trapping coe
ficient), the presence of the negatively charged shallow
traps would induce a continuous decrease of the positro
lifetime with decreasing temperature until the positron
lifetime of the shallow traps is reached. This is not ob-
served (plateaus at different levels from 20 to 80 K in
Fig. 2). Hence the trapping coefficient of the vacancie
must have the same temperature dependence as that o
of the shallow positron traps (proportional toT21y2 [6].
Consequently, the vacancy has the same sign of char
as the shallow trap, which has been identified to be
negatively charged ion. Uncharged or positively charge
ions would not trap positrons. Thus the vacancy defec
is negatively charged [6]. This result is consistent with
theoretical expectations for vacancies in highlyn-doped
GaAs [11]. Figure 3(a) shows that the vacancy concen
tration increases with the Si concentration. The vacanc

FIG. 3. (a) Concentrations of monovacancies from POLIS
(filled circles) and SiGa-VGa complexes determined from STM
images (open circles) as a function of the Si concentration
(b) The same for shallow positron traps (filled squares) an
SiAs acceptors observed in STM images (open squares).
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concentration for the highest doped sample is a lowe
limit estimation due to saturated positron trapping, i.e
the average lifetime is close totd.

The next step is the determination of the concentratio
cst of the shallow positron traps. Only at very low tem-
peratures the positron detrapping from the shallow trap
can be neglected. We determine their concentration fro
the data at 20 K using a three-state trapping model, whi
assumes annihilation in vacancy defects, at negative ion
and in the bulk. In order to determine the trapping rate i
the shallow trapskst  cstmi we first separate the trapping
rate of the vacancy defectssky  cymyd at 20 K. Us-
ing the temperature dependence of the trapping coefficie
[6,12] we calculated a value ofmy  1.5 3 1016 s21 at
20 K, in good agreement with Ref. [2]. Now we can de
duce the trapping rate in the shallow traps and their co
centrationcst, if we know the trapping coefficientmi of
the ions. The latter was taken to bes5 6 2d 3 1016 s21

at 20 K [8]. Figure 3(b) shows that the concentration o
the shallow traps increases over two orders of magnitu
with increasing Si concentration. We should note that th
large error bars arise mostly due to uncertainties of th
temperature dependence of the trapping coefficients, whi
cannot be measured separately and must be determined
fitting procedures to similar positron lifetime data [8,12]
Finally, we checked the model assumptions by fittingtav
as a function of sample temperature using only the bin
ing energy between positrons and shallow traps as fittin
parameter (cy and cst fixed). A good agreement is ob-
tained (solid lines in Fig. 2) showing that the analysis i
consistent. Uncharged vacancies did not provide any a
ceptable agreement with the data. The binding ener
(lowest energy level which can be reached by positron
[6,12]) is found to bes70 6 15d meV. The value agrees
well with that found for Ga antisites in electron irradiated
GaAsfs50 6 10d meVg [8] and with the calculated lowest
energy state in the Rydberg potential of a single negative
charged ion (82 meV) [12].

In order to identify the nature of the positron trap-
ping centers we performed STM investigations of the de
fects exposed by cleavage on nonpolar (110) surface
which are well suited for the identification of point de-
fects [13,14] due to their simple1 3 1 reconstruction and
the absence of surface states in the fundamental band g
In more than 900 STM imagess20 3 20 nm2d we clas-
sified all defects observed according to their propertie
(charge, localized features, etc.), time dependencies, a
concentrations. We observed five defects having signi
cant concentrations (other defects had concentrations b
low the sensitivity limit of about2 3 1017 cm23). The
five defects were identified as SiGa donor, SiAs acceptor,
Si cluster, Ga monovacancy, and SiGa-donor–Ga-vacancy
complex [5]. The SiGa donor does not trap positrons and
thus it is not relevant in the following discussion. The
two vacancy defects are candidates to be the deep posit
trap(s) and the two remaining defects (Si acceptors a
3336
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Si clusters) are candidates for the shallow positron tra
First we focus on the deep positron traps.

The Ga vacancies are formed after cleavage on
surface similar to previous observations on InP(110) a
GaAs(110) surfaces [15]. This low-temperature Langmu
desorption is driven by the Fermi-level effect: Catio
(anion) vacancies are formed to compensate then-type
(p-type) doping atoms [16]. Thus the observed conce
trations do not reflect the bulk concentrations of Ga v
cancies. In order to determine the bulk concentration
extrapolation to the cleavage time has been applied [
Within the error margins of the extrapolation we cou
not detect isolated Ga vacancies at cleavage time. T
the Ga vacancies are surface related and cannot be the
gin of the positron trapping at vacancies in the bulk.

Figures 4(a) and 4(b) show high-resolution STM im
ages of the occupied and empty states of the second
cancy defect. The concentration of this defect increas
with increasing Ga vacancy and Si concentration. The
characteristics suggest that the defect consists of a
dopant atom and a Ga vacancy. The result is corrobora
by an analysis of the STM images: One empty dangli

FIG. 4. Constant-current images of the occupied (a) a
empty states (b) of a SiGa-VGa complex. (c) and (d): Line
profiles along the atomic rows marked with the arrows
frames (a) and (b), respectively. (e) to (h): The same displa
for a Si cluster.
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bond is missing and one empty neighboring dangling bo
appears raised [Figs. 4(c) and 4(d)]. An analogous str
ture was observed for ZnGa–anion-vacancy complexes o
p-doped GaAs and InP(110) [16]. Only the sublattice
the vacancy and the charge states are interchanged.
vacancy gives rise to the missing empty dangling bo
feature, whereas the raised neighboring dangling bon
the signature of the Si atom. Because the complex is
charged on the surface (no band bending observed), th
atom and the surface vacancy have the same magnitud
charge with opposite sign. Since the isolated Ga vaca
is negatively charged, the Si atom must be positiv
charged. This is the charge state of the SiGa donor. Thus
Fig. 4 shows a SiGa-donor–Ga-vacancy complex. In th
bulk the complex is known to be negatively charged [1
On the surface the charge-transition levels are shif
compared to the bulk. We calculated from the measu
surface concentrations the bulk concentrations, assum
that uncharged defects are observed only in the top la
[5] [open circles in Fig. 3(a)]. A good agreement b
tween the concentrations of the deep positron traps
the SiGa-donor–Ga-vacancy complex is obtained. Th
the monovacancies probed by POLIS are SiGa-donor–
Ga-vacancy complexes in agreement with calculatio
[17], but in contrast to As vacancies observed in low a
undopedn-type GaAs [1]. We did not observe As vaca
cies in as grown highly Si-doped GaAs by STM.

At this stage we discuss the nature of the shall
positron traps. The only negatively charged ion observ
by STM is the SiAs acceptor. The concentration of thes
acceptors can be obtained reliably from STM imag
because dopants can be observed up to six layers be
the surface [14]. We measured the concentration for e
subsurface layer and calculated the bulk concentra
[open squares in Fig. 3(b)]. A good agreement is reac
with the POLIS results for the lower-doped sample
A significant deviation is observed only for the highe
doped sample. We suggest that the deviation is due
trapping of positrons in Si clusters, which are present
very high Si concentration [5]. The Si clusters can tr
positrons, because the band offsets at the closed Si-G
interface (the Si is an enclosed precipitate) induce a lo
potential raise. This is equivalent to a local upward ba
bending (downward attractive potential for the positro
[Fig. 4(e) to 4(h)], which has the same features
STM images as the screened Coulomb potential aro
negatively charged Si acceptors. A similar effect w
observed around GaN clusters in GaAs(110) [18]. T
image features of Si clusters and GaN clusters
identical. Thus the precipitates may also trap positro
Such a trapping does not yield an additional positr
lifetime component, because the positron lifetime in Si
only about 10–12 ps lower than GaAs [6,19]. This clo
component cannot be resolved. Therefore, two physic
different defects may act as shallow positron traps at v
high doping concentrations.
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In summary, we demonstrated that the combined ana
sis of positron lifetime spectroscopy (POLIS) and scan
ning tunneling microscopy is a powerful tool to identify
the nature of defects and to determine their concentr
tions in highly Si-doped GaAs. The vacancies probed b
POLIS are SiGa-donor–Ga-vacancy complexes. Thei
concentration increases with increasing Si concentratio
No As vacancies were found. SiAs acceptors and Si clus-
ters act as shallow traps and their concentration increa
with the Si concentration too. Analogous combination
of two complementary methods (such as positron a
nihilation and scanning tunneling microscopy presente
here) may serve as the basis for testing present theor
cal concepts of point defects and thus initiate significa
advances in the atomic-scale understanding of the mac
scopic properties of electronic materials.

The authors thank S. Eichler and A. Polity for discus
sions and K. H. Graf for technical support.

Note added.—After the initial submission of this paper
another positron annihilation study concluded that Ga v
cancy related defects exist in highly Si-doped molecula
beam epitaxy grown GaAs layers [20], corroborating ou
results.
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