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Limitations of electrical detection of x-ray absorption fine structure
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A scheme of capacitance detection for the x-ray absorption fine structure~XAFS! has recently been reported
@M. Ishii, Phys. Rev. B65, 085310~2002!#. The scheme was intended to expand the applicability of XAFS to
study defect centers with deep electronic states within the band gap of a semiconductor. In addition to the
proposed measurement of the steady-state capacitance, we introduce the new detection of capacitance tran-
sients. The possibilities and limits of the different electrical detection methods are discussed. Special attention
is given to the question whether XAFS detected by capacitance can selectively analyze strongly diluted defects.
The XAFS at theK edge of gallium and arsenic is measured on GaAs and AlGaAs Schottky diodes containing
donor related deep level defects~DX center! and AlGa antisite detects~EL2 center!. The oscillation in x-ray
absorption is electrically detected by monitoring~i! the photocurrent under short circuit conditions,~ii ! the
steady-state impedance, and~iii ! x-ray-induced capacitance transients. We do not find any significant differ-
ences between the electrically and conventionally detected XAFS spectra. From our experimental data and
estimates we find no evidence for a site selectivity of capacitance XAFS.

DOI: 10.1103/PhysRevB.68.125206 PACS number~s!: 61.72.Ji, 78.70.Dm, 61.10.Ht, 71.55.Eq
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I. INTRODUCTION

X-ray absorption fine structure~XAFS! ~Refs. 1 and 2!
near the absorption edges of inner atomic shells reveals
tailed information on the microscopic environment of an
ement in the solid state.3,4 Today, theory5,6 is able to model
the scattering process of the emitted electron so that f
precise experimental data, information can be obtained a
the coordination, the number and distances of atoms in
nearest-neighbor shell, the next nearest neighbor, and
higher-order neighbor shells. The technique is well est
lished and often applied to identify chemical elements in
bulk and at surfaces, and reveal the structure and the c
position of solids as well as structural phase changes.

The properties of point defects in semiconductors are
great importance in device processing, because they o
determine material properties even in concentrations as
as 1015 cm23. The method of XAFS analysis is ideall
suited to determine coordination and local structure
defects.3 Unfortunately, the x-ray absorption on highly d
luted defects is obscured by the high-absorption backgro
from elastic scattering and from photoionization at other
ements and/or higher atomic shells. So far, the improvem
in synchrotron sources as well as in detection techniq
allows one to go down to around 1018 cm23 in defect con-
centration and even lower under optimal conditions. For
ample, local structure studies have been reported for var
dopants in Si at a level of a few times 1018 cm23.7,8 A fur-
ther increase in sensitivity to reach lower concentration
highly desirable.

Alternative techniques sensitive to defect-specific prop
ties ~e.g., the charge state of a deep-level defect! are rou-
0163-1829/2003/68~12!/125206~9!/$20.00 68 1252
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tinely used in studies of semiconductors.9 Most prominent
are capacitance transient methods such as deep-level
sient spectroscopy.10 Such electrical methods applied to b
polar devices or Schottky junctions make use of therma
stimulated changes of charge states of deep-level center
a thermal spectroscopy, their spectral resolution is limi
but their sensitivity is extremely high.10 Defect concentra-
tions as low as 1010 cm23 can be detected. However, n
information beyond the electrical activity and the carrier ca
ture cross section is revealed.

On the other hand, the fine structure of the x-ray abso
tion at an inner shell of an atom depends on the electro
and geometric configuration of this atom in a solid. Atom
will give XAFS signals that are specific to their lattic
sites.11,12 If different atoms occupy different~inequivalent!
positions in a solid, the XAFS result will be a superpositi
of the absorption from all the different sites. Recently, asite-
selectivescheme of capacitance detection for XAFS has b
proposed by Ishii and co-workers.13–15 The site selectivity
allows the selection of just one of the different lattice po
tions by monitoring a signal which is related to the x-r
absorption of just this site and suppressing all other con
butions from other sites. In the case of intrinsic defects s
as antisite defects, this allows the selective measuremen
the x-ray absorption at defect atoms, and provides inform
tion which is normally hidden under the dominant absorpt
of the undisturbed host atoms.

Our study was initiated by the intriguing possibilities
the reported site-selective XAFS detection by capacita
measurements. We present here XAFS experiments on
doped AlxGa12xAs containing DX centers17,16 and GaAs
containing EL2 centers.18–20 Standard fluorescence an
©2003 The American Physical Society06-1
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transmission methods as well as different schemes for e
trical detection of the XAFS spectra are applied and the
sults compared. A detailed discussion of the electrically
tected XAFS spectra is presented. The physical proce
which give rise to the different signals are discussed in
tail.

II. EXPERIMENT

A. Sample characteristics

Our experiments were performed on two sets of samp
One set had thin layers (5mm) of AlxGa12xAs (x50.3)
grown by molecular-beam epitaxy on highly conducti
GaAs substrates doped with Se. The other set was~100!-
oriented, virtually gradient-free grown,n-type bulk GaAs
from MCP Wafer Technology Ltd., nominally undoped.

The free-electron concentration is 1.331017 cm23 in the
epitaxial layers and 2.531016 cm23 for the bulk GaAs
samples. Backside Ohmic contacts were fabricated by G
standard technology and Schottky barrier diodes prepare
high vacuum deposition of Ti/Au layers. The contact dia
eters of the diodes varied from 0.2 to 1 mm. The electri
characterization of a typical Schottky barrier diode is giv
in Fig. 1. The diodes meet the condition for impedance m
surements with a reverse leakage current smaller t
1028 A and a series resistance~determined from forward
current! of 1.2 kV. The DX center in the AlxGa12xAs layers
was found to be the dominating defect, which was distr
uted homogeneously with a density of 1016 cm23. The EL2
concentration in the bulk GaAs was 431015 cm23.

FIG. 1. Electrical properties of the AlxGa12xAs (x50.3)
Schottky barrier diode,~a! current-voltage characteristic in the dar
and ~b! shallow doping density fromCV profiling.
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B. Experimental methods

X-ray absorption spectra were measured at DESY~HA-
SYLAB!, Hamburg. The experiment was set up in the A
beamline which uses a channel-cut Si~111! crystal as mono-
chromator which covers an energy range from 3 to 17 keV21

A cryostat was installed for the in-beam photocurrent a
impedance measurements at low temperatures. All exp
mental data presented here were measured at 80 K. Con
tional XAFS was measured in transmission mode with io
ization chambers, in fluorescence mode with a five-elem
Ge detector, and with totale2-yield detection using a Kei-
thley current meter model 617. The diodes were held un
zero-bias and short circuit condition to minimize the infl
ence of dark currents for photocurrent detection. The no
level for the direct current measurement was about 0.5
well below the x-ray-induced photocurrents, which are of t
order of several 100 pA. For impedance measurements,
diodes were reverse biased and either the steady-state im
ance or the capacitance transient of the diode under irra
tion as a function of x-ray energy was measured. For
capacitance measurements we used theLCR meter
HP4194A from Hewlett-Packard. All impedance measu
ments were carried out under high-frequency conditions
avoid the admittance from deep levels, due to the in-ph
capture and emission of carriers. The high-frequency am
tude was chosen to be comparable to the thermovolt
(kT/q) keeping the distortion of the steady-state impeda
by the high-frequency voltage smaller than the spreading
the space-charge edge~Debye tailing effect!. The impedance
is usually interpreted either as a resistorRs in series to a
capacitorCs or a resistorRp parallel to a capacitorCp .9

These simple networks are an appropriate description of
Schottky barrier diode and can be easily checked by com
ing the results obtained for different measurement frequ
cies.

Capacitance transients induced by the x-ray irradiat
were recorded under fixed reverse bias in darkness.
deep-level centers within the space-charge region were fi
with majority charge carriers by reducing the reverse bias
a short time~filling pulse!. This procedure is identical to
photocapacitance measurements or minority-carrier trans
spectroscopy.22 Instead of illumination with photons with
sub-band-gap or inter-band-gap transition energies, x-r
are used here. In our experiments, the trap filling was d
under continuous irradiation because the x-ray-induced em
sion rate is negligible. The capture rate during filling is se
eral orders of magnitude larger and ensures the comp
occupation of the deep-level centers. The x-ray-induc
emission after filling is measured at sample temperatu
where the thermal emission from the traps can be neglec
For the EL2 defect this condition is fulfilled for temperatur
below 150 K.

III. RESULTS

A. X-ray absorption of GaAs

EL2 is the dominant defect in unintentionally or lo
dopedn-type GaAs. It behaves as a deep electron trap wit
6-2
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LIMITATIONS OF ELECTRICAL DETECTION OF X- . . . PHYSICAL REVIEW B 68, 125206 ~2003!
thermal activation energy ofEC2ET50.86 eV. This defect
has been characterized extensively by capacita
spectroscopy.20,19 The cross sections for both hole and ele
tron capture at the defect are well established and make
defect an ideal subject to test the capacitance-XAFS te
nique.

The ‘‘regular’’ absorption spectra at theK edge of As and
Ga were detected in transmission, by fluorescence, and
electron yield. Figure 2 shows the results for the absorp
around the AsK edge. As expected, all spectra show t
same structure with minor differences due to different ba
ground behavior. In the figure, the energy scale is adjuste
the standard AsK-absorption edge.

Capacitance transients of the GaAs Schottky barrier
odes under x-ray irradiation were recorded according to
procedure described in Sec. II B and the corresponding t
constants were determined. The sample was held at 80 K
these measurements and the x-ray energy was varied
11.852 keV to 11.880 keV in steps of 2 eV. Three individu
transients are shown in Fig. 3. The x-ray irradiation leads
a change in the charge state of the EL2 level. The varia
of the absorption at theK edge of As results in a correspon
ing variation of the emission rates indicated by a shift of
different capacitance transients on the time axis. Refere
measurements in the dark without x-ray irradiation show
no capacitance transients. This proves that thermal emis
from the deep level can be neglected and the x-ray irradia
indeed causes the observed capacitance transients.

FIG. 2. X-ray absorption spectra at theK edge of As in bulk
GaAs detected by different techniques.

FIG. 3. Capacitance transients induced by x-ray energies lo
equal, and above theK edge of As in GaAs.
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If the emission time constants of the transients are plo
against the x-ray energy, a XAFS spectrum is again obtain
The results in the near-edge region are shown in Fig. 4.

For comparison, the fluorescence spectrum is given
the same spectral region. Obviously, the same absorption
structure is measured independently of the detection te
nique.

B. X-ray absorption of Al xGa1ÀxAs

The capacitance-XAFS technique has been recently d
onstrated by Ishii on Schottky barrier diodes o
Al0.33Ga0.67As containing the DX center.15 To reexamine his
results, we selected an identical material in our experime
Figure 5 shows the XAFS spectra of the absorption as
tected by capacitance under fixed bias and of the short-cir
photocurrent of the Schottky barrier diode. As in the case
GaAs ~Fig. 2!, no significant differences in the full spectr
are observed. The XAFS functionx(k), wherek is the wave
vector of the emitted photoelectron, is obtained from t
measured absorption spectra by subtracting the smoo
varying atomiclike absorption and normalizing the net
crease at the edge following standart XAFS spectra eva
tion procedures by using the codeAUTOBK.23

r,

FIG. 4. Comparison of x-ray-induced capacitance time consta
with the fluorescence spectrum near theK edge of As in bulk GaAs.

FIG. 5. XAFS functionx(k), measured as steady-state capa
tance and as photocurrent of a Schottky barrier diode onn-type
Al xGa12xAs:Se (x50.3). The original energy spectra were tak
near the Ga absorptionK edge (V50 V, f 55 MHz). The inset
shows an enhanced fraction of the capacitance signal. The solid
was obtained with the same parameters as those used to fi
photocurrent data~Sec. IV A!.
6-3
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J. BOLLMANN et al. PHYSICAL REVIEW B 68, 125206 ~2003!
The photocurrent is a measure of the total absorpt
which is primarily due to the atoms of the host matrix. Fro
Fig. 5, it is obvious that in terms of signal to noise, pho
current measurements are highly superior. The crucial q
tion is whether the capacitance signals widely suppress
capacitance signals from regular host atoms, thus enhan
selectively the signals originating from selected sites, e
special defect configurations. From our analysis, we dem
strate that capacitance and photocurrent signals are iden
within the experimental error. The capacitance spectr
shows the expected energy of the Ga (K) edge as well as a
fine structure due to Ga atoms on undisturbed lattice site
an almost perfect AlxGa12xAs crystal~see Sec. IV A!. Our
results give no support to the work of Ishii15 who reported
clear differences between the capacitively detected XA
and the standard detection techniques.

IV. DISCUSSION

A. Conventional analysis ofXAFS spectra

Our results show that the same fine structure is obser
independent of the detection technique. For a better cha
terization of our samples on a local scale and for a m
quantitative comparison, we have fully analyzed the fluor
cence spectrum for GaAs and the photocurrent spectrum
AlGaAs as well as the capacitance spectrum following
standard XAFS spectra evaluation procedures using
FEFF8 and FEFFIT code from the University of Washingto
software package.24 In the program, theoretical standards a
calculated for the backscattering amplitudes and phase s
corresponding to the given atomic arrangements. Struct
parameters such as interatomic distances, as well as m
square displacements, and, if not known, coordination nu
bers can thereby be extracted from fits to the experime
data. Typically, the fit is performed in real space, which
obtained from Fourier transforming thex(k) function.

In the case of the mixed system AlGaAs, we have m
sured the absorption at the Ga and the AsK edge. Taking
advantage of the capability of theFEFFIT program to fit mul-
tiple datasets, we were able to fit the combined data, t
reducing the number of free parameters and substantially
creasing correlations between various variables. The ana
was done by superposing contributions from the pure s
tems AlAs and GaAs according to their nominal weightsx
and (12x), respectively. This leaves as free parameters~for
both absorption edges! all the relevant distances and corr
sponding mean square displacements, in addition to the
herent XAFS parameters~the starting energy of the photo
electronE0 and the ‘‘many-body’’ electron reduction facto
S0

2).
With Ga as the central atom, the first coordination sh

consists of tetrahedrally bound As atoms, while the sec
shell is a superposition of a Ga and an Al shell. The th
shell has been treated as a single As shell since the dista
in AlGaAs are known to be identical within our accuracy25

This procedure has been successfully applied to the m
system CdZnTe.26 The resolution of our data always allow
us to include the first, second, and third coordination sh
into our fit. In the case of distances between any combina
12520
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of Ga and As atoms, the fit results agreed with the kno
distances within our error bars (,1%). For combinations
involving the less abundant Al, the errors were around 2
again in agreement with the known values. Results of XA
function x(k) compared with least squared fits are shown
Figs. 6~a! and 6~b!, respectively, for bulk AlGaAs and GaAs
The least-squares fit reproduces precisely the w
established structure of the perfect AlGaAs and GaAs latt

In the case of the capacitance-detected absorption sp
shown in Fig. 5, the fit included in the insert was obtained
taking the parameters from the fit to the photocurrent sp
trum. This leaves as free parameters only the first- a
second-shell distances and the overall ‘‘amplitude’’ fac
S0

2. All three turn out to be in full agreement with the value
from the photocurrent spectrum. Thus, we have to concl
that the capacitance-detected absorption does not result
an enhanced signal of a selected configuration~‘‘site selec-
tivity’’ ! but rather reflects the local configurations of the G
atoms in the bulk.

In the following, we want to discuss in detail the differe
modes of electrical detection with emphasis on a poss
site selectivity.

B. Electrical detection of x-ray absorption fine structure

1. Elementary processes associated with x-ray absorption

X-ray absorption fine structure was first detected in tra
mission experiments.27,28 The elementary processes in th
interaction of x rays with material are~i! scattering~Comp-

FIG. 6. XAFS functionx(k) for the Ga edge in AlxGa12xAs:Se
(x50.3) at 80 K~a!; and for the AsK edge in GaAs~dotted: fit;
solid: experiment! ~b!.
6-4
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LIMITATIONS OF ELECTRICAL DETECTION OF X- . . . PHYSICAL REVIEW B 68, 125206 ~2003!
ton and Rayleigh scattering!, ~ii ! pair production, and~iii !
atomic absorption causing electron emission~photoeffect!
and a relaxation of the excited atom by Auger a
secondary-electron or fluorescence photon emission.
probability for fluorescence or Auger relaxation depends
the charge of the nucleus and is roughly equal forK-shell
absorption on Ga and As atoms.

The absorption process~iii ! leads to the generation of
hole in an inner shell of the absorbing atom. The energy
the hole matches the binding energy of the electron~in our
experiments about 10 keV!. The energy that is absorbed
this process is dissipated via different channels. The c
hole will relax radiatively giving rise to fluorescence or no
radiatively by an Auger process.

Near the surface, the Auger electrons and the prim
electrons are able to escape from the sample. Both the
rescence and these electrons can be used for the detect
XAFS spectra. Inside the samples the energy of the hol
dissipated mainly by impact ionization and in the e
electron-hole pairs at the energy gap of the semicondu
are formed. Roughly, for one relaxing core hole of about
keV, several thousand electron-hole pairs will be genera

2. X-ray-induced photocurrent

The detection of the x-ray absorption fine structure
induced currents in diodes is an old but seldom realized te
nique because it requires suitable space-charge struc
which can only be fabricated for semiconductor materia
Early reports on measurements of XAFS spectra on G
diodes show that the fluorescence signal and the photo
rent contain the same information if appropriate correctio
are applied.29 Furthermore, XAFS detection by x-ray stimu
lated photoconduction of bulk crystals was reported.30 Once
again the technique yields the same information if corr
tions with respect to samples thickness are taken
account.

As mentioned above, the core holes inside the sample
create electron-hole pairs. In a neutral solid these pairs
recombine quickly. In contrast, within the space-charge
gion of a diode the electric field separates and sweeps
electrons and holes before a significant recombination
occur. The photocurrent generated directly in the spa
charge region is, however, negligible, because the pene
tion of x rays is much deeper than the space-charge widt
the junction~about 1mm). The dominant part of the photo
current originates from minority charge carriers generated
the bulk, which diffuse over a diffusion length of som
10 mm to the edge of the depletion region and are drif
throughout that layer to the metal electrode.

The photocurrent is, under continuous irradiation, a dir
current. The alternating current, arising from an appl
high-frequency voltage to measure the admittance of
Schottky barrier diode, is in general independent from t
direct photocurrent. It is incorrect to associate the photoc
rent with the real part of a complex alternating current.15 The
photocurrent, which is always present whether the dire
current or alternating-current properties of the diode un
illumination are measured, is a direct current without a ph
relation to the external alternating voltage and is theref
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neither the real nor the imaginary part of the complex c
rent. Yet, the photocurrent influences the admittance by
troducing a current source into the complex two-pole n
work of the diode as discussed in the following section.

3. Changes in the steady-state capacitance
due to x-ray irradiation

As shown in Sec. III B, the x-ray irradiation not onl
induces a photocurrent, but also leads to changes in the d
capacitance. By phase-sensitive measurements of the a
nating currents at a small applied alternating bias, one e
mates the parameters of the overall sample as an elect
network with an imaginary and a real part. Such data
easily interpreted, if the sample is a passive two-pole n
work dominated by its imaginary part. The system only b
haves passive if no energy from radiation, magnetic fie
temperature gradients, pressure, or stress fields is adde
that case the reactance can be identified and interprete
the differential space-charge capacitance of the diode,
vided that small series resistorsRs arising from bulk conduc-
tivity and back contacts, as well as large parallel resistorsRp
~e.g., small leakage currents! are given. The conductance
small and cannot be used to describe the influence of ph
currents on the parameters of the network. Under these
ditions the influence of leaking currents~in the dark! to the
differential capacitance can be simply estimated. If it is
small that the network is still dominated by the reactan
(Rp@1/vC), the potential drop overRs increases, thus the
internal potential drop over the space-charge region
creases and the capacitance increases.31 Since our Schottky
barrier diodes have series resistors of about 1kV, this effect
can be neglected for currents lower than 1 nA beca
minute potential shifts of;mV are expected. The corre
sponding variations in the capacitance are much less th
nF.

Under irradiation, the Schottky barrier diode becomes
active two-pole network with a more complex behavior. F
some special cases some limits of expectations can be g

Let us first assume an ideal Schottky barrier diode. T
photocurrentj photo has to be added to the network as a c
rent source in parallel with the capacitance, and now the t
current densityj total is given by

j total5 j diode2 j photo.

Taking into account the dependence ofj diode on the ~inter-
nal! voltageU over the depletion layer,

j diode5 j 0@exp~U/UT!21#,

one obtains for the open circuit photovoltageUopen, i.e.,
j total[0,

Uopen5UTln~ j photo/ j 011!. ~1!

Note that j 0 contains all material and junction specific p
rameters as, e.g., Schottky barrier height or band-gap en
for pn junctions. From current-voltage measurements~see
Fig. 1!, this saturation current can be estimated experim
tally. From Eq. ~1!, the actual voltage over the depletio
layer is obtained as a function of the photocurrent. Th
6-5
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J. BOLLMANN et al. PHYSICAL REVIEW B 68, 125206 ~2003!
independent of the operation mode of the diode~open or
short circuit conditions!, the capacitance increases with i
creasing photocurrent because of the decreasing depl
width. The capacitance of a Schottky barrier diode of a
mogeneously doped semiconductor is given by

C0
25qNdee0/2U0 ,

whereU0 is the internal bias over the depletion layer. F
small changes in capacitance caused by bias variationDU,
that is, with

C~U1DU !2

C0
2

21>
2@C~U1DU !2C0#

C0
52

DC

C0
,

one obtains for the depletion layer

DC/C050.5S 12
1

11DU/U0
D . ~2!

For real diodes, serial as well as parallel resistors in
ence the potential variations at the depletion layer and
ways result in suppressed variations of the potential.

Under the conditions discussed above, the reverse bi
diode is dominated by the differential capacitanceC
5dQ/dU of the depletion layer. Any additional contribu
tions to the capacitance from deep-level centers, in the de
tion region and the bulk or from the modulation of stor
minority charges in bulk~diffusion capacitance!, can be ne-
glected. Indeed, the density of the deep-level centers i
least one order of magnitude lower than the doping conc
tration. Further, unipolar junctions do not have a signific
diffusion capacitance.

We also measured the capacitance of our AlGaAs sam
in the dark and under illumination. Instead of x rays, a wh
light source was used. The intensity of the light was tuned
that the stimulated photocurrents are comparable to thos
the XAFS experiments. In our Schottky diodes,j 0 was
1029 A cm22 and j photo under x-ray illumination was abou
1028 A cm22. From that, a potential change of 20 mV
expected and results in a capacitance change of up to 1%
observed in the experiment. In excellent agreement in b
experiments, the capacitance shift was determined to be
pF at about 150 pA photocurrent.

From the above discussion, we conclude that it is
photocurrent which is responsible for the changes in
steady-state capacitance. Therefore, the capacitance-X
spectrum does not contain additional information than w
is obtained from the measured x-ray-induced photocurr
Both techniques give XAFS spectra related to the bulk
sorption of x rays. This conclusion is in agreement with o
experimental finding that, within the experimental erro
both techniques give identical XAFS spectra.

Ishii and co-workers13–15give another explanation for th
change of the steady-state capacitance. They claim tha
photoionization of the defect centers is responsible. As t
note, the defects are already ionized inside the space-ch
region and cannot emit electrons anymore. However, in
bulk, any ionized trap will be immediately refilled. In the
argument, only filled traps in thel layer are responsible fo
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the capacitance change. Yet, if the charge concentratio
the l layer increases, the edge of the space-charge re
shifts towards the Schottky contact. In response, the app
voltage drops over a shortened distance. In effect, the ion
trap then lies within the neutral bulk and are refilled aga
The dynamic equilibrium between ionization and refillin
shifts the width of the space-charge region only for a sm
fraction of the Debye length. This process is therefore
effective in creating a capacitance change. This will beco
even more evident in the following section, where the tim
constants of the different processes are discussed.

4. X-ray-induced capacitance transients

The detection of the time constant from capacitance tr
sients as a function of x-ray energy establishes a differ
way of measuring XAFS. The capacitance transient monit
changes of the trap occupation of deep-level centers in
the depletion region of a Schottky barrier diode. Under fix
bias, this change in space-charge density causes a c
sponding capacitance transient. The observable time con
depends on the defect parameters and the ionization me
nism of the deep-level center. From the occurrence, am
tude, or direction of a capacitance transient itself, one can
deduce the underlying physical process. Only a calcula
of the expected time constants specific to the experime
conditions and defect parameters can clarify which phys
process dominates.

The direct ionization of the defect level is the domina
absorption process in photocapacitance spectroscopy
photons that have energies below or near band gap. Fo
discussed x-ray energies, this direct absorption process l
the specific structure of the inner-shell absorption. No
sorption fine structure is therefore associated with this tr
sition and we will exclude this process from the followin
discussion.

The two absorption processes~a! and~b! shown in Fig. 7
can lead to the observed capacitance transients. In~a!, the x
rays are absorbed by inner-shell excitation of atoms invol
in the deep-level defect center. If the trapped electron re

FIG. 7. ~a! Change of the occupation of a defect level by
site-selective, direct absorption at the defect and successive ca
of the defect electron.~b! Inner-shell absorption of x rays and sub
sequent generation of diffusing electron-hole pairs. Recombina
of minority carriers with the defect electrons in the space-cha
region.
6-6
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the shell of the excited atom, one would observe an optic
stimulated carrier emission.

The time constant for changes of trap occupation by p
ton absorption is related to the optical cross section andt by

t5~sf!21, ~3!

wheres is the x-ray absorption cross section of the atom a
f is the local photon flux at the defect. The expected ti
constants for process~a! can be calculated based on the r
ported data. The absorption cross section of arsenic at thK
edge is s52310220 cm2.32 The integral monochromatic
flux on the sample was 109 photons mm22 s21, which leads
to a time constant of

t'53108 s.

Such a time constant~of the order of 10 yr! is beyond the
time scale of our experiments. Even if we underestimated
photon flux by a few orders of magnitude, the time const
is still inconsistent with the experimental results. The sam
true for the experiments of Ishii;15 the flux onto the sample is
not specified in this paper, but the website of the Sprin
facility33 gives the flux onto the sample achievable at
BL10XU beam line as.1013 s21.

On the other hand, transient effects also occur if mino
charge carriers are drifting throughout the depletion la
and are captured by defects filled with majority carriers. T
absorption process is schematically shown in Fig. 7~b!. The
excited core hole creates many electron-hole pairs which
fuse through the sample. Minority carriers diffuse and drift
the deep-level defects in the space-charge region of
Schottky barrier diode. The time constant for trapping
minority carriers is given by Shockley-Read-Hall~SRH! sta-
tistics as

t5
qvdri f t

cpj photo
, ~4!

where q is the elementary charge,vdri f t the drift velocity
inside the depletion layer,j photo the photocurrent density
andcp is the hole capture coefficient. The drift velocity d
pends on the linearly varying electrical-field strength in t
depletion layer. For doping densities of 1017 cm23, the drift
velocity for holes is close to the saturation value of ab
23107 cm s21. With the measured photocurrent dens
j photo'231027 A cm22 , the capture coefficient for hole
capture,cp55.531028 cm3 s21,19 and Eq.~4! we obtain, a
value very similar to our experimentally observed time co
stants given, e.g., in Fig. 3,

t'300 s.

We want to emphasize that the capacitance transients
not the cause for changes in the steady-state capacitanc
cussed in the proceding section. Under continuous irra
tion, the transients result in a monotonic change in occu
tion as well as in capacitance, and therefore cannot exp
any oscillatory changes observed in the steady-state ca
tance. The steady-state capacitance oscillation is only du
the presence of the photocurrent from the absorption o
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rays and can be observed even in completely defect-
space-charge junctions. Yet, capacitance transients only
cur if deep-level centers are present. For reliable scann
measurements of the steady-state capacitance, care has
taken at the start of the measurement, because some tran
behavior of the deep-level occupation toward the steady s
may induce erroneous results.

C. Site selectivity of capacitance XAFS

In the above section we have discussed and explained
photocurrent and capacitance changes induced by the x
irradiation and show that not all the processes will give a s
selectivity of the XAFS as proposed by Ishii an
co-workers.13–15 In this section, we want to discuss on
those processes which could lead to the suggested site s
tivity.

1. Possible processes for a site-selective detection of XAFS

The basic principle of the proposed site selectivity is th
only those inner-shell excitations are detected which bel
to a specific defect site. Ishii and co-workers associate
x-ray absorption at an inner shell with an occupancy cha
of a defect level at the same atom. Besides the direct x
absorption from the defect level, which has no connection
the inner-shell absorption, only process~a! in Fig. 7 will lead
to the proposed site selectivity. The x-ray photons excite
K-shell electron which leaves the atom, and the elect
trapped in the defect level fills the core hole. The detection
the photocapacitance could in principle reveal the cha
state change at the defect level. However, the discus
given in Sec IV B 3 showed that this process is not effect
in changing the capacitance. The only way to account for
large capacitance changes is by including the effect of
photocurrent on the capacitance. The photocurrent, howe
is associated with the electron-hole pairs created by imp
ionization. During the ionization process and through diff
sion the electron-hole pairs loose their site selectivity and
photocurrent detection of XAFS gives the same results as
transmission or fluorescence measurements. It is obv
from these arguments why the photocapacitance and the
tocurrent change due to x-ray irradiation leads to the sa
XAFS results. In both cases, the changing occupancy of
defect level is associated with the photocurrent.

Photocapacitance transients of process~a! in Fig. 7 re-
main another possible way to achieve a site-selective de
tion of XAFS. A clear capacitance transient was measu
during the inner-shell absorption process~Sec III A!. The
determined time constants, however, are indicative of a
nority carrier recombination. The direct relaxation of the d
fect electron occurs with much larger time constants~see the
discussion in Sec. IV B 4!. Again, the minority carriers origi-
nate from the photocurrent, which is not site selective.

2. Host absorption versus direct absorption at the defect

In general, part of the x-ray irradiation is absorbed
rectly by the defects. In case of the AlGaAs samples, th
are arsenic or gallium atoms which are related to the
centers. As the microscopic environment of these atom
6-7
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different compared to undisturbed lattice positions, the fi
structure is expected to differ, but the magnitude of the
sorption coefficient remains the same. Under the assump
of a trap ionization by x-ray absorption at atoms on def
site and a corresponding capacitance change of the depl
layer, one can estimate the expected photocurrent of the
selective absorption process.

The photocurrent~which is not site selective! is due to the
absorption at about 1022 cm23 host atoms. The concentratio
of DX centers in the samples was 1016 cm23, i.e., six orders
of magnitude smaller than the concentration of bulk atom
The photocurrent from the defect atoms is therefore sma
by six orders of magnitude and impossible to detect. T
capacitance transient measurements have shown that the
ionization can only be explained by a hole capture from
photocurrent and not by direct site-selective absorption p
cesses. Thus, the capacitance XAFS gives the same info
tion as the photocurrent measurements. As all electrical
tection techniques are based on the photocurrent, it is alw
the absorption fine structure of the bulk material that is
termined, not that of defects. All our results can be qual
tively as well as quantitatively explained by the hole capt
from the photocurrent. Thus, the time constant vs x-ray
ergy obtained from XAFS contain the same information
the photocurrent spectra.

3. Other detection schemes

The capacitance technique has been further develope
include capacitance detection from a scanning probe u
an atomic force microscope34,35 and the detection of XAFS
oscillation in the channel of field-effect transistor~FET!
devices.14 In both cases the measured x-ray-induced cap
tance changes can be attributed to the same processes th
discussed above. Our explanation of the cause of the cap
tance changes relies only on general principles of semic
ductor physics, such as the excitation of a photocurrent
SRH statistics. It is completely independent of the way
tection is achieved. This also applies to the case of cap
tance XAFS measurements using an AFM or on FET str
tures. No site selectivity is expected.

The suggested improved spatial resolution is also
doubt. Indeed, it is the diffusion length of the photoexcit
carriers that determines the resolution, and not the tip ra
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of the atomic force microscope or the dimensions of the F
channel.

X-ray excited optical luminescence detection~XEOL-
XAFS! of the fine structure was also proposed to show s
selectivity.36,37Transparent rare-earth compounds doped w
other rare-earth atoms are excited by x rays. The opt
luminescence from the rare-earth atoms originates from i
4 f -shell transitions, which should be effectively shield
against the solid. The energy transfer from the solid to
ion is less efficient, so that the conditions for site selectiv
is more favorable. But even in this case, detailed stud
have shown that site selectivity cannot be achieved w
XEOL-XAFS.38 The fact that the optical signal arises from
different atom than the absorbing atom was demonstrated
Gd2O2S:Tb excited by x-ray photons at the Gd edge. In m
ticrystalline samples, different structural phases could be
tected, due to the hindered energy transfer from one phas
the other.39 But even in this simple case, the site selectiv
of XEOL-XAFS was questioned.

V. SUMMARY

We have used different techniques for the detection
x-ray absorption oscillations near the absorption edges of
and As atoms in GaAs and AlGaAs. From our analysis of
experimental XAFS spectra we find no evidence for a s
selectivity of electrical, in particular, capacitance detection
XAFS. Instead, we present strong arguments against su
selectivity. The advantage of the electrical technique is
large signal-to-noise ratio that can be best realized by m
suring the photocurrent. Capacitance measurements are
site selective and give the same results but with an unfa
able low signal-to-noise ratio.
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