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identifying and quantifying point defects in semiconductors using x-ray-absorption spectroscopy:
Si-doped GaAs
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Both the type and concentration of point defects responsible for the observed poor electrical activity
of highly Si-doped GaAs have been determined using near-edge and extended x-ray-absorption fine
structure (NEXAFS and EXAFS). The measurements were made possible using a combination of syn-
chrotron beamline features, fluorescence detection, and GaAs(311)A samples. Because Si can occupy
both n-type Ga and p-type As sites, the electrical deactivation has generally been attributed to acceptor-
Si atoms trapping free-electron carriers. However, the present NEXAFS data directly measure upper
limts on the concentration of Si atoms occupying such p-type As sites, showing that only about half of
the observed electrical inactivity is due to this autocompensation mechanism. Identification of the dom-
inant defects responsible for the additionally missing carriers is provided by the EXAFS data, which re-
veal a comparatively large number of neutral Sio,-Si&, dimers and small Si„clusters. Implications of
these findings and a comparison with local vibrational mode spectroscopy and scanning tunneling mi-

croscopy methods are discussed.

I. INTRODUCTION

Gallium arsenide is the second-most used material in
the semiconductor industry. Its direct band gap and high
electron mobility lead to many different applications
where speed and visible or ir light are involved, e.g. , fast
digital circuits and laser diodes. Despite this utility,
some still believe that ". . .GaAs is the semiconductor of
the future, and will always remain so."' Certainly the
relative cost compared with Si-based technology is a
dominant factor contributing to this view. However,
another important factor is the degraded electrical activi-
ty of GaAs at high dopant concentrations. The goal of
the present work is to investigate this phenomenon on a
microscopic, atomistic level through direct experimental
measurements.

The problem of electrical deactivation is encountered
in all semiconductors, but it is particularly severe in
GaAs doped by Si, its most common n-type dopant. As
the Si doping level increases above a critical concentra-
tion of -5X10' cm, the number of free carries first
saturates and then begins to drop off further with higher
doping. By contrast, n-doped Si, as a host, typically satu-
rates at ~10 ' cm carriers and shows no additional
reduction. This dramatic electrical deactivation in GaAs
was recognized only a few years after the discovery that
III-V compounds were semiconducting. A simple ex-
planation for the deactivation, proposed as early as
1960, has since been widely accepted: At low doping
concentrations, Si atoms substitutionally occupy Ga sites
in the host lattice, Si&„and act as donors, but at higher
concentrations the Si atoms begin to occupy As sites,
SiA„and act as acceptors. Thus the free carriers provid-
ed by Si donor atoms become trapped, or compensated,
by other Si atoms acting as acceptors, in a process called
autocompensation.

The autocompensation mechanism appears to be plau-

sible, but its importance has remained undetermined for
more than 30 years. The reason for this was not due to
lack of interest, but rather to a lack of experimental
means for identifying and quantifying such dilute concen-
trations of atoms in such similar structural environments.
For example, local vibrational model (LVM) spectrosco-
py, which probes defect-induced modes lying higher in
energy than the maximum phonon energy of the host lat-
tice, has been successful in identifying defect structures in
semiconductor-impurity systems. However, because
some defects are sensitive to the electron bombardment
treatment of the sample needed to detect these modes and
because calibrating the oscillator strengths of the modes
is not straightforward, it is dificult to quantify the rela-
tive amounts of the defects using this spectroscopy. Oth-
er techniques capable of providing microscopic structural
information from defects/dopants in semiconductors are
therefore clearly desirable.

Given the historical interest in, the dificult nature of,
and the obvious need for new methods to study this prob-
lem, it was understandably surprising when three in-
dependent groups recently published papers on the sub-
ject. ' Two of the papers reported the identification of
acceptor Be or Zn atoms and of donor Si atoms in
GaAs using cross-sectional scanning tunneling microsco-
py (XSTM). The inherent sensitivity of STM to surface-
related phenomena was overcome in those studies by
cleaving the n- or p-type GaAs crystals in Uacuo and
probing up to five layers deep into the bulklike region of
the sample edges. The third paper reported the
identification of both Si~, and SiA, sites in the same sarn-
ple as a function of dopant concentration using x-ray-
absorption spectroscopy. ' Improvements in measure-
ment sensitivity enabled the bulk region of as-prepared
samples to be probed, and from the relative amounts of
Sio., and SiA, sites the autocompensation mechanism was
shown to explain only about half of the observed deac-
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tivation.
In the present work, we expand upon these earlier

findings' and show how x-ray-absorption spectroscopy
can be used to identify other species which contribute to
the electrical deactivation of highly Si-doped GaAs. The
role of Si dimers and clusters, in particular, is discussed.
Another, more general, objective is to demonstrate the
utility of this microscopic approach for characterizing
and evaluating the importance of point defects
specifically associated with dopants. Comparisons be-
tween capabilities and limitations of x-ray-absorption
spectroscopy and those of XSTM and LVM spectroscopy
are also presented.

II. EXPERIMENT

A. General background of EXAFS and NEXAFS

The well-established technique of extended x-ray-
absorption fine-structure (EXAFS) for obtaining
geometric structure" is based on the modulation of the
photoabsorption cross section as a function of photon en-
ergy. The modulation, or fine structure, typically extends
hundreds of electron volts above the absorption edge and
arises from the interference between outgoing energetic
core-excited photoelectron waves and those waves that
have been backscattered from the core-dominated poten-
tials of neighboring atoms. Short-range structural infor-
mation, such as the distance and coordination number of

0
atoms located ~5 A around the absorbing atom, is ob-
tained from the respective frequency and amplitude of
the oscillatory EXAFS from a given coordination shell.
Additional information, such as the identity of the neigh-
boring atom(s) in that shell and the concentration of ab-
sorbing atoms in a given material, is contained in the
respective shape of the EXAFS amplitude function and
the amount of atomic absorption above and below the
edge, i.e., the so-called edge jump. Analysis of EXAFS
data is straightfoward because essentially only single
scattering from chemically insensitive core potentials is
involved. Moreover, the analysis is theory independent,
relying instead on other EXAFS data from model sys-
tems of known structure containing the same or similar
absorbing and backseat tering atoms.

The region within about 50 eV from the absorption
edge also contains structure, but of a very different kind.
Here, low-energy photoexcited electrons scatter multiply
off valence-dominated potentials, leading to structures
sometimes larger than the edge jump itself. Because this
near-edge x-ray-absorption fine structure, or NEXAFS
[also referred to as x-ray-absorption near-edge structure
(XANES) (Ref. 12)j, is sensitive to electronic/chemical
information, it can be thought of as X(ot)-EXAFS. '

Conventional EXAFS experiments, performed about
twenty years ago with laboratory x-ray sources, measured
absorption from bulk samples ( —10 atoms cm ) by
detecting transmitted signals through thin films ( 510
pm). Present day synchrotron radiation sources with) 10 intensity enhancements have reduced these earlier
EXAFS measurement times from weeks to minutes and
have enabled the study of increasingly dilute materials.

In such systems, EXAFS is measured not by transmission
(the signal-to-background ratio would be too low) but by
monitoring the radiative or nonradiative byproducts of
the absorption process, namely, the fluorescent photons
or the Auger (or secondary) electrons. The choice of
detection scheme is governed largely' ' by the desired
sampling depth. Thus, the short escape lengths of Auger
electrons ( (100 A) make that detection scheme more
appropriate for surface-related systems, while Auores-
cence detection is more suitable for measuring absorption
from atoms in the bulk.

Improvements in x-ray intensities and detection capa-
bilities have led naturally to EXAFS studies of dopants in
semiconductors. Indeed, a system very similar to that
studied here, S implanted in GaAs, was the subject of a
fluorescence EXAFS study more than eight years ago. '

This then results in the question: Why has Si in GaAs
not been investigated until only very recently?'

B. De6ning measurement difhculties
from Si-doped GaAs

(i) Unlike S in GaAs, Si is amphoteric. Therefore, a re-
liable interpretation of x-ray-absorption data in which Si
in GaAs is suspected of occupying both Ga and As sites
necessarily involves two separate model systems, one in
which Si occupies only Ga sites and one where it occupies
only As sites. The former is readily available because low
concentrations of Si almost exclusively substitute for Ga
in donor sites on GaAs(100). The latter system, however,
requires different sample preparation.

(ii) Even if both model systems are available, the first-
neighbor Si-Ga and Si-As bond lengths, and the back-
scattering amplitudes of the Ga and As neighbors (which
differ in Z by only 2) are essentially identical. This means
that the individual EXAFS from Si coexisting in two
different sites would be dificult, if not impossible, to iden-
tify or separate.

(iii) Samples called highly doped from the standpoint of
semiconductor technology are still very dilute in x-ray-
absorption measurements. For example, a Si dopant con-
centration of 5X10' cm —which is where electrical
deactivation in GaAs becomes important —corresponds
to about 100 ppm. In order to obtain reference data from
a fully activated sample, i.e., one without defects leading
to electrical deactivation, systems of still lower concen-
tration need to be studied. The sample with the lowest
concentration studied in this work is about 30 ppm.
From the effective sampling depth in these measurements
of about 0.15 pm (see below), this corresponds to a signal
of only -0.03 monolayers of Si.

(iv) The Si E edge at 1.84 keV cannot be studied with
standard x-ray monochromator crystals like Ge(111) be-
cause their 2d spacing is too small. Instead, InSb(111)
crystals must be used. The relatively poorer thermal
properties of InSb (Ref. 16) imply that temperature varia-
tions in the first monochromator crystal due to unavoid-
able changes in input beam intensity —such as those aris-
ing from the large range of scanned Bragg angles, the
large absorption features of beamline optical elements,
and the finite synchrotron beam lifetimes —are not possi-
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ble to control. These temperature variations affect the
reproducibility of the output beam energy, ' position, and
intensity on the sample, which is a particularly important
factor when averaging multiple scans from low concen-
tration samples.

(v) The Si Ir:a signal is not only very weak compared
with the intensity of host Ga and As I.a fluorescence, but
its energy at 1.74 keV is close to that of the background
I.a Auorescence at about 1.1 and 1.3 keV, respectively.
Considering the limited dynamic range of solid-state
detectors, the signal becomes even more difIicult to
discriminate from the background in this system. '

C. Gvercoming measurement dif5culties

In the order of difhculties raised in Sec. II B:
(i) Molecular-beam-epitaxy (MBE) grown samples of

GaAs can be prepared with Si predominantly occupying
As sites if low Si dopant concentrations are substrates
oriented along the (311)A direction are used. ' (The no-
tation A here refers to the Ga atoms in an AB compound
such as CxaAs. ) On the (311)A surface, there are a ma-
jority of Ga atoms, so epitaxial deposition of Si onto this
surface favors occupation of the majority of correspond-
ingly available As sites.

(ii) Since EXAFS cannot distinguish between Sio, and
Si&, sites, we focus on that part of the x-ray-absorption
data that is sensitive to differences in the electronic rather
than the geometric structure, i.e., the NEXAFS region.
High energy resolution is essential for doing this (see
below}.

(iii) and (iv) To obtain sufficient statistics from low con-
centration samples, high beam intensities and averaging
of multiple scans are used. Reproducible scans are ob-
tained as a result of the highly stable beam on the sample.
These considerations apply not only to the NEXAFS re-
gime for identifying SiG, and Si~, sites, but also to the
EXAFS region for investigating the formation of Si di-
rners and clusters. The following various design features
of the beamline ' on which the x-ray-absorption experi-
ments were conducted allow these goals to be realized.

A Pt-coated premirror located upstream of the rnono-
chromator acts as a low-pass filter, taking out the high-
energy part of the white synchrotron beam. Its cutoff en-
ergy can be changed by varying the angle of incidence on
the mirror, thereby considerably reducing the heat load
on the first of two monochromator crystals. (A side effect
is that higher harmonics are essentially eliminated. ) A
design for a strain-free thermal coupling of the first
monochromator crystal to a temperature-controlled heat
sink is also very effective in providing temperature stabili-
ty, and therefore reproducible output beam energy, posi-
tion, and intensity.

The monochromator is located upstream of the bent
toroidal focusing mirror, thereby removing the otherwise
encountered adverse effects on energy resolution.

A servo-feedback system driving a solenoid on the
second monochromator crystal provides very fine vertical
positional stabilization of the beam on the sample.

A large collection angle by the focusing mirror pro-
vides a high intensity output beam.

Figure 1 illustrates some of the inherent difticulties as-
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FIG. 1. Si K-edge x-ray-absorption spectrum from bulk
amorphous silicon, illustrating data normalization. Dividing
the x-ray-absorption intensity, I, by the incident beam intensity,
Io, removes extraneous structures due to beam instabilities,
monochromator crystal glitches, and Pt M4 & absorption edges
from Pt-coated mirrors in the beamline. Normalized data ex-
hibit a single EXAFS frequency characteristic of a-Si.

sociated with a Si K-edge absorption measurement and
the success of the above beamline features in eliminating
or minimizing their contributions in the data. While
measurement difhculties are more demanding for dilute
samples, we illustrate the effectiveness of the final result
using a bulk amorphous silicon sample because there only
a single first-neighbor shell, i.e., a single frequency, is ob-
served (EXAFS from higher-neighbor shells, which
would complicate the spectrum, is canceled due to static
disorder). The incident beam intensity Io and the absorp-
tion I (monitored here by total electron yield detection)
are seen to exhibit considerable structure. The most
prominent features are a large glitch at -2030 eV from
Bragg scattering in the InSb(111) monochromator crystal
and the Pt M4 &

absorption edges at ~ 2100 eV from the
Pt coatings of the premirror and focusing mirror. How-
ever, normalizing the data by dividing I by I0, see bottom
of Fig. 1, completely cancels these structures and clearly
brings out the single oscillation of the absorption
coefBcient arising from the nearest-neighbor scattering in
a-Si.

(v) Using a seven-element Iluorescence detector with
individual, parallel signal paths improves the dynamic
range, while a high-pass Be filter positioned between the
sample and the detectors improves discrimination be-
tween the Si Ka signal and the Ga and As L, a back-
ground. Filtering relies on the fact that the Be mass ab-
sorption coefficients pii, (Ga) and ps, (As) at the corre-
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The Si Kn signal is now clearly visible. The energy
discriminators following the main amplifiers are set to the
energy window shown in the figure.

D. Sample preparation and measurement conditions
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sponding Ga and As fluorescence energies are somewhat
larger than pa, (Si) at the slightly higher energy of the Si
fluorescence. Since the Be absorption of photons with en-
ergy E is exp[ —pB,(E)pB,ta, ], where p~, is the Be density
and t~, is the filter thickness, the improvement in signal-
to-background ratio S!B is essentially exp[[pa, (Ga or
As) —pa, (Si)]pa,ta, ]. ~e have optimized S/8, i.e. , kept
the Si signal at a reasonable counting rate, by using an in
vacuo filter wheel containing Be filters of different thick-
ness in the range 0.01—0.5 mm. Best results were ob-
tained for tB, =0. 1 mm, which gives a 5/8 improvement
by a factor of & 500 for the Ga fluorescence, & 20 for the
As fluorescence, and about & 40 overall.

Figure 2 illustrates the effect of this filtering on the
fluorescence spectrum from a low-concentration sample
( &40 ppm) taken with an incident photon energy of 1.86
keV, slightly above the Si E absorption edge at 1.84 keV.
The upper trace shows no visible sign of Si Kcx fluores-
cence because it is completely buried under the As
fluorescence and the pile-up peak resulting from the lim-
ited temporal resolution of the detector. Introducing a
0.1-mm-thick Be filter, see the middle trace, strongly
suppresses the Ga and, to a lesser extent, the As I.a
fluorescence. The barely observable Si Eo; signal is better
seen in the comparison between spectra taken just above
(h v= l. 86 keV) and just below ( h v= 1.83 keV) the Si K
edge; see the amplified region in the middle panel. The
lower trace shows the corresponding difference spectrum
with the Ga and As I.a background effectively removed.

1 2
Fluorescence energy (keg)

FIG. 2. Fluorescence spectra from a GaAs(100) sample

doped with 1.8 X 10' cm Si, illustrating the optimization of Si

Ka signal detection from the Ga and As I.n background.

Upper trace: No Be filter between sample and Auorescence

detector; incident x-ray energy just above 1.84-keV Si K absorp-
tion edge. Middle trace: As in the upper trace, but with a Be
filter. Note scale factors. Inset shows amplified spectra above

and below the Si It edge in the region of Si Ka fluorescence.
Lower trace: Result of taking the difFerence between a fu11

range of middle spectra measured above and below the Si E
edge. Note the emergence of Si Ko; fluorescence from the back-

ground.

The samples were grown by molecular-beam epitaxy
(MBE) on both (100)- and (311)A-oriented GaAs sub-

strates at temperatures of 930 K in a chamber at base
pressures of ~ 10 ' Torr. Si evaporation rates ranged
between 0. 1 —0.001 pm/h to produce Si:GaAs-layer
thicknesses of 2 pm. Samples were prepared at four
different Si concentration regimes: below, at, above, and
well above the nominal concentration of -5 X 10' cm
where the onset of electrical activation is observed. " Hall
measurements at 4.2, 77, and 300 K were performed in a
van der Pauw geometry with a magnetic field of 960 G
and a sample current of 100 pA. Ohmic contacts were
made by depositing 0.5-mm dots of In on 4X4 mm sam-

ples and annealing in forming gas at 750 K for 15 min.
The x-ray-absorption measurements were conducted

on the ATILT Bell Laboratories X15B beamline ' at the
National Synchrotron Light Source. EXAFS data were
taken from the two highest Si concentration samples at
&60 K to minimize thermal disorder effects (Debye-
Waller-like broadening). " The NEXAFS data, which are
insensitive to such effects, were obtained from samples at
room temperature. All of the samples studied showed
trace amounts (typically & 10 ppm) of SiOz which could
not be removed by chemical etching or ion sputtering.
This Si02 signal, well identified by a sharp peak about 8

eV above the Si L edge and well outside the region of
interest in this work, was subtracted from all the
NEXAFS data shown. Fluorescence measurements were
performed with the detector perpendicular to the in-

cident x radiation, i.e., along the horizontal polarization
direction of the beam, in order to minimize background
Compton scattering. The samples were oriented to 45'
with respect to the axes of the detector and the incident
beam. In this geometry, and taking into account the ab-
sorption length of —5000 A for -2-keV radiation in

GaAs, the eS'ective sampling depth probed in these mea-
surements is approximately 1500 A.

III. RESULTS AND DISCUSSION

A. NEXAFS: Sio, vs SiA, monomers

In Fig. 3 we show the Si K-edge NEXAFS data from
the Si-doped GaAs(100) and GaAs(311) A samples at four
different dopant concentrations labeled "low" (L), "medi-
um" (M), "high" (H), and "very high" (VH). The nor-
malization factors indicated at the right for each spec-
trum are given relative to the absolute Si atom concentra-
tion in the VH-(100) sample, 4.9X10' cm . This value
was determined by assuming that the L-(100) sample is

fully electrically active, i.e., the measured free-carrier
(electron) concentration of that sample, 1.8 X 10' cm
is taken to be equal to the concentration of Si atoms oc-
cupying Ga sites, [Sio,]. [Previous determinations of to-
tal Si concentrations in the "low" to "medium" regime
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FIG. 5. Comparison of the Si X-edge absorption data for Si
in five difFerent chemical environments. All spectra have been
normalized to a common edge jump, indicated by the unit tick
mark on the ordinate. The notation, coordination, and corre-
sponding samples are: Si&,=Si in Ga sites, bonded to As, from
low (L) concentration Si in GaAs(100); SiA, =Si in As sites,
bonded to Ga, from low (L) concentrations Si in GaAs(311) A;
Sis;= Si in Si sites, bonded to Si, from crystalline Si; Sio,=Si in
Ge sites, bonded to Ge, from 3% Si in Ge; Sid;„&,„,=Si bonded
to Si and H in condensed Si2H6 (at 77 K). In the first four sys-

tems, the K absorption edge shifts monotonically towards
higher energy with increasing transfer of charge from Si to its
nearest neighbors. Comparison between the data from c-Si and

Si2H6, both of which contain Si-Si bonding, illustrates how sen-

sitive the unfilled Si 3p* states are to the chemical environment.

between the photoemission and photoabsorption process-
es, however, is that in the former, the 1s core electron is
photoexcited into a dipole-allowed, high-lying, structure-
less continuum state, whereas in the latter, that state is a
low-energy unfilled level lying just above threshold. Such
a level resides in, and therefore reAects, the structure of
the unoccupied density of dipole-allowed states in the
presence of a core hole. Now for the case of a Si K edge,
the unfilled level into which the 1s electron is excited is
derived largely from antibonding Si 3p* states. The
donor Siz, atoms are ionized, so their 3p * states are more
localized, or narrow, relative to the corresponding unoc-
cupied 3p states of the Sis; or Siz, atoms. This explains
why the NEXAFS data from SiG, atoms exhibit a white
line. [A much more intense and narrow white line is ob-
served in the NEXAFS data from SiOz (Ref. 22) because
the Sio atoms are even more positively ionized, and so the
3@

* states are even more localized. ] Analogous reasoning
explains why the absorption edge in the L-(311)A sam-
ple, which almost exclusively contains negatively charged
SiA, atoms occupying acceptor sites, exhibits no white
line and is shifted to a lower energy relative to the neutral
Sis; species.

We now use these two features in the lowest concentra-
tion samples to identify the existence and determine the
relative amounts of the Si&, and SiA, species as a function
of increasing Si dopant concentration. In Fig. 3 we have
indicated with broken vertical lines the positions of peak

I
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FIG. 6. Expanded Si K-edge NEXAFS spectra from Si-doped
GaAs(100) samples as a function of Si concentration. Data have
been normalized at the peak intensity of the white line, corre-
sponding to the peak absorption of Si in Ga sites, to make addi-
tional intensity in the —1839-eV region, corresponding to ab-

sorption of Si in As sites, more apparent for H- and VH-(100)
samples.

absorption for Si occupying the corresponding Ga and As
sites at 1840.8 and 1839.8 eV, respectively. It is obvious
in the (311)A spectra that the M, H, and VH concentra-
tions exhibit an increasingly pronounced white-line struc-
ture characteristic of Sio,. Similarly, in the H- and VH-
(100) spectra a growing pre-edge structure occurs at the
position of the SiA, edge, thus pointing to the existence of
these species as well. Casual inspection of Fig 3 does not
readily reveal these latter species, however, so the edge
region has been magnified in Fig. 6. The normalization
to the peak of the white line makes not only the popula-
tion of SiA, atoms more obvious, but it also clearly shows
that the L and M spectra look very similar, indicating
that in these samples very few opposite-site Si atoms are
present and that the samples are fully activated. In
effect, this result independently proves that the L-(100)
NEXAFS data represent the pure Siz, species in GaAs.

In order to quantify the above observations for the H-
and VH-GaAs(100) samples, we have least-square fit the
NEXAFS data using the L-(100) and L-(311) samples as
models for the pure Sio, and pure SiA, species, respective-
ly. The fits were constrained over two energy regions:
below the white line, 1835—1839.3 eV, where the spectra
are most sensitive for determining the existence of SiA„
and well above the white line, 1860—1865 eV, where the
data are relatively structureless for keeping the total edge
jump constant. Note that this fitting approach provides
an upper limit to the concentration of SiA, sites, since it
implicitly assumes that Sio, and SiA, are the only constit-
uents in a H or VH sample. Other possible defects—
whose contributions to the observed NEXAFS data have
not been included —would obviously decrease the con-
centrations of both Sio, and SiA, in the fits.

The results of the fits are shown in Fig. 7. From the
concentrations of [Siz,]=12% and 29% determined in
the fits for the H-(100) and VH-(100) samples, respective-
ly, the free-carrier concentrations can be calculated as-
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FIG. 7. Determining the upper-limit concentration of Si oc-
cupying As sites in VH and H samples of GaAs(100). Assuming
that Si occupies only As and Ga sites, represented by corre-
sponding L-&311)2 and L-(100) data (dashed lines), the VH-(100)
and H-(100) data (bold lines) are fitted between 1834—1839.3 eV.
The result of the fit (solid line, labeled "Sum") gives

[Si~,]/ ([Si„,]+[Sio,])=29% and 12% for VH and H samples,
respectively. Note misfit with data between 1839.3—1845 eV in

both cases (albeit smaller for the H sample), indicating Si must
also be present in other than As and Ga sites.

suming that autocompensation is the exclusive deactiva-
tion mechanism. The so-calculated electrical activities,
namely, 88%[Sio,]—12%[SiA,]=76% and 71%[Sio,]—29%[Si~,)

=42%, are indicated in Fig. 4 by open
squares. These results carry the following implications.

(i) In Fig. 7, there are regions of obvious misfit above
the Siz, white line. There is also misfit below the Siz,
white line in the ease of the VH-(100) sample. These ob-
servations directly indicate that in both H and VH sam-
ples, a Si species other than Si&, and SiA, must be present.

(ii) In addition to and consistent with the misfitted
data, the autocompensation mechanism alone is
insufhcient for explaining the observed electrical activity.
From Fig. 4 for the VH-(100) sample, the actual mea-
sured fraction of electrically active Si atoms is only 7% of
the idealized free-carrier value. This means that at least
(42% 7%)/(100% 7%)=38% of the observed electri-
cal activity remains unexplained by autocompensation.
This value is not only substantial, but because the con-
centration of Si in As sites has been overestimated, it ac-

tually represents a lower limit. Using a more realistic
value of [SiA, ], i.e., one which also includes Si in environ-
ments other than Sio, and SiA„we estimate that in this
sample about half of the observed electrical deactivation
is unexplained by autocompensation. For the H-(100)
sample, which represents more commonly used dopant
concentrations, we arrive at a similar conclusion.
Specifically, we find from Fig. 4 that at least
(76%%uo

—65%%uo)/(100% —65%)=31% of the observed ac-
tivity remains unexplained.

We are now left with the question of which species ac-
counts for the remainder of the electrical deactivation. A
number of other point defects have been proposed in Si-
doped GaAs, but experimental evidence for their impor-
tance is generally lacking. These include the following:

(a) Si dimers, (Sio, —SiA, ) . These electrically neutral
defects are calculated to be energetically favorable ' and
have been identified by using LVM spectroscopy. A
quantitative estimate of their concentration, however, is
not possible to calculate for samples prepared under
nonequilibrium conditions, e.g. , those grown in this work
with MBE. Furthermore, the LVM data cannot reliably
determine dimer concentrations for reasons brieAy men-
tioned in the Introduction and discussed in Sec. IV.

(b) Si clusters, Si„, where n & 2. Large clusters (precip-
itates) might be expected to be the most important type
of defect in highly doped samples such as H- and VH-
(100), since their concentrations are above the solubility
limit of ~ 7 X 10' cm for melt-grown n-type GaAs at
900 K (Refs. 28 and 29). However, transmission electron
microscopy (TEM) studies of these particular samples
show no evidence of clusters within the &0.2-pm region
probed in our x-ray-absorption measurements. Given the
detection limit for TEM of —10 A, this means that any
clusters, if present, do not contain more than -25 Si
atoms. The lack of Si precipitation at doping concen-
trations well exceeding the calculated solubility limit is
another example ' of how equilibrium (thermodynamic)
concepts are inapplicable to nonequilibrium (kinetic) pro-
cesses such as MBE.

(c) Other defects, such as Si vacancy complexes,
(Sio,—Vo,), Ga vacancies, (Vo,), and DX centers.
(Sio, ) . All of these can contribute to a decrease in elec-
trical activity in n-type GaAs, since they act as acceptors.

The point defects outlined above unfortunately cannot
be quantified, or even reliably identified, in our NEXAFS
data for two reasons. First, and most im.portant, is that
an accurate model system for any one of them is unavail-
able: there is no known experimental means for preparing
a sample containing only a single type of defect in
categories (a) —(c), and there is no theoretical approach
for calculating its NEXAFS spectrum that would be
viewed sufficiently reliable for quantitative analysis. (Re-
call that NEXAFS reAects the electronic-chemical struc-
ture of the absorbing atom in the presence of a core hole,
so the model system must be identical, not just similar, to
the one under investigation. Thus, for example, the
NEXAFS from a (Sio,—SiA, ) dimer or a Si„cluster can-
not be approximated by that from Si2H6 or c-Si because
of the detailed differences in the unfilled Si 3p* states. )

Second, even if such model systems did somehow become
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monomers and dimers, only monomers and clusters, and
a random mixture. For the first distribution to be con-
sistent with our measured value of Ns; =0.8 requires that
80% of the Si atoms are dimers and 20% are monomers.
To arrive at our measured value of 7% electrical activity,
and assuming that no other point defect listed in category
(c) above plays a significant role, the monomers would be
divided up into —14% Sio,and -7% SiA, . We believe
this distribution can be ruled out based on the following
arguments. First, the fit of the NEXAFS spectrum in the
region of the Si~, species (see Fig. 7) is excellent, giving a
limit of [Si~,] ~ 29%. If 80% of the doped Si atoms were
in (SiG,—Si~, ) dimers, then that same NEXAFS region
would have to accommodate 7% of the SiA, monomers
plus an additional 40% of dimerized Si&, whose
NEXAFS data would have to be energetically unshifted
(or nearly so) from the monomer but reduced in ampli-
tude by an upper value of (29%—7% )/40% =55%. This
seems implausible. Second, according to the Fourier-
transformed EXAFS data in Fig. 8, the second- and
third-neighbor shells in the VH-(100) sample closely
resemble those in Sio 2oGeo 8O. Both are clearly reduced
in intensity relative to those in Sio o3Geo 97 because of the
Si scattering, as discussed above. If only dimers and
monomers were present in the VH-(100) sample, these
shells would not be significantly affected. Third, the
diffusion coefficient for Si dimers is about two orders of
magnitude larger than for monomers at 900 K, making
it unlikely that the dimers, after having been formed,
would not diffuse and form larger clusters.

If we assume a distribution of only monomers and clus-
ters, all the clusters would have to be smaller in size that
the detection limit of TEM, —10 A. According to an
analysis given in Ref. 22, such clusters would have an
average Si-Si coordination number Ns; of at least 2.3.
This means that at most (0.8/2. 3)=35% of the Si atoms
could be associated with those clusters. As argued above,
at least 36% would then be Sio, monomers and 29%
would be SiA, monomers. This latter value for the re-
quired minimum concentration for Siz, is right at the
upper limit established by NEXAFS, so on the basis of
our data alone we cannot completely rule out this as-
sumed distribution. In order to do that, we must rely on
LVM results from similarly doped samples, which show
clear evidence for (Sio,—Si~, ) dimers. (Of course, we
could have used these LVM results in the first place to re-
ject the assumption of no dimers. )

Finally, a random distribution of 20% Si atoms in Ge
produces (0.80) =41% monomers and predicts
(0.80) X4(0.20) =21% of the Si atoms to be in dimers.
This leaves 38% in clusters, whose Xs; value averaged
over all sizes and shapes must be less than
(0.8 —0.21)/0. 38=1.55. Such a low Si coordination im-
plies very small cluster sizes, in accord with the TEM
results. Using the results of our Hall measurements leads
to [SiG,]=24% and [Si~,]=17%%uo, compatible with our
NEXAFS data. Finally, the prediction of both clusters
and dimers in a random distribution is consistent with
the effect of Si-Si scattering in the second and third shell
of Si„clusters of our EXAFS data and with the indepeg-

dent LVM evidence for dimers from comparably Si-
doped GaAs(100). This overall consistency with the
Sio zo Geo 8o sample does not, of course, imply that the
distribution of monomers, dimers, and clusters in the
VH-(100) sample actually is or should be random, partic-
ularly since the actual Si concentrations in and the
preparations of the two samples are so very different.
Rather, it simply means that the composition of different
Si-containing point defects produced under the particular
MBE growth conditions used for preparing the VH sam-
ple turns out to resemble a distribution very similar to
that found in the So zoGeo 8O alloy.

Having identified the dominant Si-containing point de-
fects in the VH-(100) sample, it is tempting to see wheth-
er additional information about the other point defects in
category (c), which have so far been ignored, can also be
observed in our EXAFS data (recall from Sec. III A that
without identical model systems it is not possible to use
NEXAFS data for identifying these species). The most
important of these other defects is calculated ' to be
(Sio,—Vo, ), whose structure difFers from that of the
monomeric species primarily in the second-neighbor
shell. This makes a detailed evaluation, which is already
dificult due to the comparatively small concentration of
such defects, even more difficult. A similar statement ap-
plies to the DX center, (Sio, ) . Added to these practical
limitations is the fact that the [ Vo, ] defect is not even
accessible in a Si K-edge EXAFS measurement. It is
therefore apparent that extracting further information
about these minority defects is not feasible with the
present data.

Finally, we turn to the H-(100) sample. Analysis of its
EXAFS spectrum gives an average value of Xs;=0.3,
substantially lower than that for the VH-(100) sample.
This is consistent with the smaller degree of misfit in the
SiA, edge region seen in Fig. 7 and with the smaller de-
gree of unaccounted electrical deactivation shown in Fig.
4. However, the lower concentration of Si in this sample,
and the correspondingly lower concentration of SiA,
species, makes a more quantitative assessment of other
defect concentrations impractica1.

IV. COMPARISON WITH OTHER MICROSCOPIC
METHODS

There are numerous electronic, compositional, and
transport measurements available for characterizing mac-
roscopic properties of doped semiconductors in general,
and Si-doped GaAs in particular. For studying the
geometric structure of dopant-related point defects on a
microscopic level, there now exist at least three experi-
mental methods: local vibrational mode (LVM) spectros-
copy, cross-sectional scanning tunneling microscopy
(XSTM), and near-edge —extended x-ray-absorption fine-
structure (NEXAFS and EXAFS). In this discussion, we
simply refer to the latter approach as x-ray-absorption
spectroscopy (XAS), and the other two as LVM and
STM.

Apart from their common application interests, these
methods share a number of other similarities. All three
are based on well-established measurement techniques—
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tunneling, ir, and x-ray absorption —which underwent a
first round of major experimental advances—
piezoelectric-controlled scanning, fast-Fourier spectrom-
eters, and synchrotron radiation sources. To achieve a
successful application to bulk-doped semiconductors,
however, all required a second round of improvements—
sample cleaving in uacuo to probe the bulk in cross-
section, 2-MeV electron irradiation of samples to form
traps which eliminate free-carrier absorption, and stabi-
lized beam and beamline features with filtered Auores-
cence detection to enhance signal-to-background ratios.
As a result of the additional improvements, the three
techniques now also share a similar limitation to con-
venient accessibility because only relatively few facilities
and/or institutions are currently equipped to make these
specialized measurements.

Comparisons between LVM, STM, and XAS extend
beyond their broad similarities. Only XAS can study as-
prepared samples. The electron irradiation required for
LVM has been reported to have little effect on the redis-
tribution of Si atoms in n-type GaAs (Ref. 7) but to have
significant effects in p-type GaAs. The crystal cleaving
required for STM may be difficult or impractical for some
substrates of unfavorable size or surface orientation.
Both LVM and XAS are atom specific, so only the local
structures around the dopant are obtained. STM relies
on different bias voltages to distinguish between different
types of defects, so they need not be directly associated
with the dopant atoms. For examples, in addition to the
bright features in the STM images from n-type Si:GaAs
assigned to donor SiG, atoms, dark features were also ob-
served and attributed to Ga vacancies, (Vo, )

This brings up the relative capabilities of detecting,
identifying, and quantifying different dopant atom
configurations in the three different methods. As shown
in this work„XAS can observe single dopant species for
Z ~ 6 (Ref 35) at concentrations 5 10' cm, and the
same order of magnitude for dopants coexisting in other
configurations (e.g. , [Si~,] 50. 12[Si] for the H-(100) sam-
ple, where [Si]5 9 X 10' cm ). Different dopant
configurations, at least for the first three or four most
dominant species, can be readily identified empirically
[e.g. , Si&„Si~„and (Si&,—SiA, ) +Si„]. Concentrations
of single dopant species are representative and quantita-
tive, since XAS macroscopically probes the sample & 0. 1

pm deep and measures edge jumps, which are directly
proportional to atomic concentration via the mass ab-
sorption coefficient. Absolute concentrations of coexist-
ing dopants are dificult to quantify, but upper limits to
these concentrations are reliable because they are con-
strained by the magnitude of the individual edge jumps
and the independently measured free carrier concentra-
tions.

LVM detection sensitivity is comparable to XAS for Si
in GaAs, although the method is generally limited to
light dopant atoms relative to the host (as mentioned
above, p-type samples also pose difficulties). Coexisting
dopant configurations can be observed more easily than
in XAS due to its higher-energy resolution, but identify-
ing all the species is not always straightforward. '

Moreover, while the measurement does represent a mac-

roscopic average of the sample, its most serious limitation
is correlating observed peak intensities with atom con-
centrations. This requires knowledge of oscillator
strengths, and these are not well determined. It is there-
fore difficult to establish whether certain observed peaks
represent dilute species with large oscillator strengths, or
whether more important species with weak oscillator
strengths may go unobserved.

The detection sensitivity of STM is, in principle, its
greatest asset since it is the individual dopant atoms, re-
gardless of Z, that are imaged. The ability of STM to
detect coexisting dopant configurations is not possible to
assess at present because the types of dopant chosen and
the dopant concentrations studied thus far lead to only a
single configuration. There are indications, however,
which suggest there may be some difficulties. The
effective spatial extent of a single dopant atom in the
STM images is about 25 A, ' which presents no problem
at low concentrations but which at higher doping levels
leads to overlapping, smeared features that could ob-
scure minority configurations. Identifying other species
may also be problematic because of ambiguities in corre-
lating bias voltages with particular configurations. As
with LVM, a limitation is determining reliable concentra-
tions, but for different reasons. Certainly it is straightfor-
ward enough to count atoms, but if only five or so sub-
strate layers are probed, the statistics representing possi-
ble coexisting species in lower concentrations becomes in-
creasingly important. In this regard, the study of two-
dimensional 5-doped layers would appear to be even
more seriously limiting for STM because the second la-
teral dimension for averaging scanned images is absent.
However, these systems actually present a particularly
promising area for future STM studies of a different kind,
because the widths of the 5 layers and their changing
profile with temperature in studying defect diffusion and
mobility could be imaged directly.

V. CONCLUSIONS

The utility of x-ray-absorption spectroscopy —in par-
ticular NEXAFS and EXAFS—for studying point de-
fects associated with dopants in semiconductors has been
extended to include one of the most common yet chal-
lenging systems, Si-doped GaAs. A number of improve-
ments were made to overcome inherent limitations from
the GaAs background signals and the measurement tech-
nique itself. Four types of Si-related defects were
identified: donor Si atoms in Ga sites, Siz„acceptor Si
atoms in As sites, Siz„and a combination of neutral Si
dimers within the GaAs lattice, (Sio,—Si~, ), plus small

0

( & 10-A diameter) neutral Si-atom clusters, Si„. The rel-
ative concentrations of these configurations depended on
the total Si doping level and orientation of the GaAs sur-
face. From the upper-limit concentrations determined
for the different point defects in a highly Si-doped
GaAs(100) sample grown by MBE, the autocompensation
mechanism was shown to account for only about half of
the observed electrical deactivation. Finally, capabilities
and limitations of the present microscopic approach were
compared with STM and LVM spectroscopy.
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