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Site-specific x-ray absorption spectroscopy of electron traps
by x-ray-induced displacement current measurement

Masashi Ishii*
Japan Synchrotron Radiation Research Institute (JASRI), SPring-8, Mikaduki, Sayo-gun, Hyogo 679-5198, Japan

~Received 8 March 2001; revised manuscript received 7 August 2001; published 4 February 2002!

The concept of ‘‘x-ray-induced displacement currents’’ is introduced for x-ray absorption spectroscopy
~XAS! in the local structure analysis of electron traps. Since such a displacement current~orthogonal to the
conduction current, i.e., the conventional photocurrent! is responsive to localized electrons, it allows XAS to
provide site-specific x-ray absorption of electron traps. Capacitance x-ray absorption fine structure~Capaci-
tance XAFS! measurement based on this idea is adopted for defect observation in a compound semiconductor,
and the result is a nonlinear dependence of the XAFS signal intensity on the bias voltage applied to the sample.
This nonlinearity is formulated by the theory of the Schottky barrier diode, which is used for the capacitor
formation; the x-ray-induced photoionization of the defect reduces the trapping charge at interface between
depletion layer and semiconductor, resulting in capacitance increase. The temperature dependence of capaci-
tance XAFS spectra indicates that the conduction current has no site specificity owing to the mixing of the
photocarrier from the defect and crystal sites, while the x-ray-induced displacement current provides site-
specific spectra independent of the conduction current.

DOI: 10.1103/PhysRevB.65.085310 PACS number~s!: 78.70.Dm, 61.72.Ff, 61.10.Ht, 71.55.Eq
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I. INTRODUCTION

In recent years, the brilliant x rays from a synchrotr
radiation~SR! light source have been extensively applied
material science by using a variety of experimental te
niques, such as x-ray diffraction,1 x-ray scattering,2 and x-ray
absorption.3 It is well known that x-ray absorption spectro
copy ~XAS! has fine structures in its spectra around the
sorption edge, i.e., x-ray absorption fine structures~XAFS!.4

These structures near the absorption edge probe the
tronic state owing to the resonant inner-shell absorptio
and the Fourier transformations of the XAFS over the w
energy range provide structural information, such as
bond length and the coordination number around a spe
atom selected by the absorption edge energy.5,6 Because of
this atom selectivity, hard x rays with photon energies
;10 keV can be used for the local structure analysis of
terspersed atoms in solids7 and liquids.8

On the other hand, analytical objects have become di
sified by the progress in material science. The fine contro
the valence energy level with an accuracy of;meV has been
demanded in the design of advanced electric and op
devices.9,10 In fact, in recent material fabrication technique
precise atom manipulation has resulted in well-defined h
erogeneous systems, such as quantum structures.11 Not only
material selection but also structural modification at
atomic level has become crucial. Under such circumstan
the atom selectivity in the conventional XAFS analysis
insufficient for material evaluation purposes; site specific
is necessary for local structure analysis of a heterogene
system. However, the x-ray photon energy of;10 keV used
in XAS is too large to identify energy differences of th
order of ;meV at valence states caused by structu
modifications.12 Moreover, the Fourier transformation of a
XAFS spectrum merely provides average information ab
a heterogeneous system.
0163-1829/2002/65~8!/085310~8!/$20.00 65 0853
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Various trials for the achievement of site-specific XAF
measurement have already been demonstrated.13–17 For in-
stance, x-ray-excited optical luminescence~XEOL! success-
fully offers site-specific XAFS spectra of optically activ
centers with its x-ray photon energy dependen
~XEOL-XAFS!.18,19 This technique selectively evaluates th
keV photon absorption of the optical centers by the m
optical emission. The success of XEOL-XAFS suggests t
the detection of valence phenomena induced by inner-s
excitation is essential for the site specificity of the XAF
measurement. Recently, a capacitance XAFS method
proposed in which capacitance changes are used to eva
the inner-shell absorption.16,20 In this method, a particular
valence state modified by x rays is electrically detected
the site specificity. The previous paper discussed the
specificity to defects involved in this method. However,
clarification was provided on the details of x-ray-induc
valence modification.

In this paper, the idea of ‘‘x-ray-induced displaceme
currents’’ is introduced. This electromagnetic idea provid
an essence of the site specificity in the capacitance XA
measurement. The origin of the polarized charge for the
placement currents is also discussed. The properties of
sorption signals of capacitance XAFS under various exp
mental conditions are formalized based on these macro
microscopic schemes.

II. SITE-SPECIFIC XAFS MEASUREMENT
USING DISPLACEMENT CURRENT

In the conventional XAFS method, photoelectrons are
tected by the schematic shown in Fig. 1~a!, because a pho
tocurrent caused by a photoelectron is proportional to
value of x-ray absorption coefficientm.21,22 A high voltage
power supplyEDC, and an electrode opposite to the samp
are normally used for the collection of a photoelectron fro
a sample. Figure 1~a8! gives an equivalent circuit of this
©2002 The American Physical Society10-1
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MASASHI ISHII PHYSICAL REVIEW B 65 085310
system. The sample under the x-ray irradiation is expres
as a current source with an output equal to the photocurr
Note that Fig. 1~a8! is a direct current~DC! circuit. In this
circuit, the photocurrent is detected by a conduction curr
passing through conductanceG built into the sample and the
system. For the sake of convenience, the conduction cur
is denoted by ‘‘x-ray-induced conduction currentI c(m)’’ in
this paper. TheI c(m) is caused by the inner-shell excitatio
of all the atoms selected by the absorption edge energy,
has nothing to do with the valence states. Therefore, only
average x-ray absorption spectrum with no site specificit
observed in the case of a heterogeneous sample.

On the other hand, when an alternating current~AC!
power supply, with angular frequencyv, eAC exp(ivt), is
used as shown by Fig. 1~b!, the sample can no longer b
described by a real conductanceG; another passive elemen
i.e., susceptanceB proportional to the time derivation of th
eAC exp(ivt), has to be taken into account. SusceptancB
changes the phase between the voltage and the current, a
typified by capacitanceC. The total currenti t in this system
is expressed by

i t5GeAC1 j vCeAC , ~1!

where exp(ivt) is ignored to discuss the relative phase sh
by C. In particular, the second term is known as a displa
ment current. In the complex plane, since the real and
imaginary parts make an orthogonal system, the displa
ment current is independent of the conduction curre
Hence, under x-ray irradiation, the equivalent circuit has t
different current sources transmitting the conduction curre
i c(mc) and the displacement currentsi d(md) as shown in

FIG. 1. ~a! Schematic setup for the conventional XAFS me
surement using a DC power supplyEDC , and ~a8! its equivalent
circuit. ~b! By using AC power supplyeAC exp(jvt) is used instead
of EDC . ~b8! the system equivalently has two passive elements,
conductanceG and capacitanceC.
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Fig. 1~b8!. By analogy to the conventional XAFS measur
ment using the DC circuit,mc and md are x-ray absorption
coefficients measured by the conduction currents and
placement currents, respectively. In the actual system, c
tinuous x-ray irradiation controls the sample capacitance
hence the displacement currentsi d(md) due to the ac power
supply. In the equivalent circuit shown in Fig. 1, the x-ra
induced change in the capacitance is observed as a vari
of the displacement current~measured by A! with changing
x-ray absorption i.e.,i d(md). This is what led to the new
term ‘‘x-ray-induced displacement currenti d(md)’’ being
added to the expression of the x-ray-induced photocurr
Since the total ion yield and the electron yield provide t
same information related to the bulk,i c(mc) in AC circuit
@Fig. 1~b8!# is essentially the same asI c(m) in Fig. 1~a8!. On
the other hand, sincei d(md) is a localized current caused b
a polarized charge, it is responsive to a localized charg
electron traps, such as defects, surfaces, and interfaces
x-ray absorption of atoms constructing these traps may m
the displacement current vary, such thati d(md) comes to
indicate site-specific x-ray absorption of electron traps.

Related site-specific observation techniques have been
plied to a scanning probe microscope. Scanning images
veyed using the displacement current,23 the capacitance,24

and the Kelvin force25 were found to provide site-specifi
images of defects on the surface, the trapping charge, and
surface potential.

One of the techniques for the detection ofi d(md) is the
capacitance XAFS measurement proposed in previ
papers.16,20 Figure 2~a! indicates the experimental setup fo
the capacitance XAFS measurement used in this study
this case, a semiconductor with a defect as the electron
is used as the sample. The deposition of an appropriate m
electrode onto the semiconductor forms the Schottky bar
diode~SBD! in the semiconductor. The band diagram of t
SBD is shown in Fig. 2~b!. A difference in the work function
between the metal and the semiconductorqVd forms a deple-
tion layer. In this depletion layer, since the electron trapp
level Etrap exceeds the Fermi levelEf by the band bending in
the semiconductor, the electron is swept out. The thickn
of the depletion layerd, tunable by an applied bias voltag
Vb , is given by the solution of Poisson’s equation,

d5@2« r«0~Vd2Vb!/qNd#1/2, ~2!

whereq is the elementary electric charge,« r«0 is equal to the
dielectric constant of the semiconductor,Nd is the density of
the ionized electron trap, andVd is the diffusion potential.
The depletion layer with a low conductance makes a cap
tor by a sandwich structure of metal/depletion lay
conductive semiconductor. The capacitanceC formed by the
electrode with the area ofA, is given by

C5« r«0A/d5@q« r«0A2Nd/2~Vd2Vb!#1/2. ~3!

The equivalent circuit of this system is given in Fig. 2~c!
similar to Fig. 1~b8!. The actualC is experimentally derived
by the phase difference betweeni t andeAC , f. From Eq.~1!
and the vector diagram shown in Fig. 2~d!,
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vC5 i t sinf/eAC . ~4!

In an actual system, sincev andeAC are given by the voltage
source in the capacitance meter, the displacement curre
determined byi t sinf.

Under x-ray irradiation, Eq.~4! is rewritten as

v~C1DC!5 i t sin~f1Df!/eAC , ~5!

whereDC andDf are the additional capacitance and pha
changes by the x-ray irradiation, respectively. According
i d(md)5 i t sin(f1Df),

v~C1DC!5 i d~md!/eAC . ~6!

Therefore,md can be evaluated by the x-ray photon ener
dependence ofDC.

III. EXPERIMENTAL DETAILS

As the sample with an electron trap for the capacita
XAFS, Se-doped Al0.33Ga0.67As ~AlGaAs:Se! grown by mo-
lecular beam epitaxy was used. The substrate was~100!-
orientedn-type GaAs. The Se was doped into the AlGaAs
a concentration of 531017/cm3 using a Knudsen cell during
the growth. It is well known that a deep level of the electr

FIG. 2. ~a! Experimental setup for the proposed capacitan
XAFS measurement.~b! Appropriate metal deposition on the sem
conductor comes to form a Schottky barrier diode, which is
pressed by~c! the same equivalent circuit shown in Fig. 1~b!. ~d!
Vector diagram showing a photocurrent expanded into a com
number.
08531
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trap, theDX center,26,27 is formed in Se-doped AlxGa12xAs
(x;0.3) due to the intrinsic property of the donor impuri
in zinc-blende semiconductors; chemical instability of t
donor at the crystal lattice site induces a lattice distorti
resulting in the trap level instead of the donor level. Hen
the deep level is uniformly distributed in the AlGaAs:Se th
film, and the number of the DX center is approximate
equal to that of the donor impurity. The electron is localiz
within the Debye shielding length from the defect. The ele
tric properties of the sample used in this study are descri
in another paper.28 The SR experiments were performed
the SPring-8 beamline, BL10XU High Brilliance XAFS ex
perimental station,29,30 in Hyogo Prefecture, Japan. A Si~111!
double crystal was used to monochromatize the SR be
from an in-vacuum-type undulator.31 A rhodium-coated
double mirror was used for the elimination of undesirab
higher-order radiation such as third harmonics.32 The
Schottky diode was fabricated by the evaporation of an
dot of ;500 mm diameter and;100 nm thickness. The ca
pacitance of the Schottky diode was measured by a cap
tance meter, DA-1500~Horiba Ltd.! with v/2p51 MHz for
AC power supply, or an impedance analyzer, 590~Keithley!
with v/2p5100 kHz. The typicaleAC was 15 mV. The sub-
strate temperature was controlled by a closed cycle He
ostat with a 5-W heater.

IV. EXPERIMENTAL RESULTS

A. Applied bias dependence

Figure 3 shows capacitance changes as a function of
x-ray photon energy at near~a! the GaK edge~10.375 keV!
and ~b! the AsK edge~11.875 keV!. The Vb applied to the
sample was varied from20.5 to22.5 V. The substrate tem
perature was fixed at 100 K. In this figure, XAFS with a
edge jump and following oscillation can be observed at b
absorption edges of Ga and As, indicating that the x-r

e

-

x

FIG. 3. X-ray photon energy dependence of the capacitanc
near~a! the GaK edge~10.375 keV! and~b! the AsK edge~11.875
keV!. Vb was varied from20.5 to 22.5 V.
0-3
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MASASHI ISHII PHYSICAL REVIEW B 65 085310
induced displacement current provides the XAFS spec
The edge jump ofmd at both absorption edges@Figs. 3~a! and
3~b!# first increases asVb becomes negative, reaches a pe
near21.5 V, and then decreases for larger values of the b
bias (Vb,21.5 V). As shown in this figure, a distorte
spectrum can be observed at a reducedVb .

In the case of the conventional XAS usingI c(m) de-
scribed in Fig. 1~a!, since the efficient collection of the pho
toelectron improves the signal to noise (S/N) ratio, a higher
applied voltage is generally favorable. It is natural for
higher voltage to attain a larger current in the DC circu
resulting in a linear dependence ofI c(m) vs Vb . The non-
linearity of md observed in Fig. 3 is an intrinsic property o
AC circuits.

For a more quantitative discussion of such a nonlinea
Vb dependences ofDC correspondent to the x-ray absorptio
in the capacitance XAFS measurement are summarize
Fig. 4~a! for the GaK edge and~b! for the AsK edge~open
circles!. TheDC values in~a! and~b! are represented by th
resonant peak heights at the absorption edges indicatedA
and B in Fig. 3, respectively. For each, the background
estimated by extrapolation from a preabsorption edge an
subtracted from the absorption peak height. A regress
analysis ofDC using a spline function showed that the ma
mum DC is obtained at;21.2 V. For the analytical tech
nique, theVb with the maximumDC is favorable to secure a
high S/N ratio in the XAFS measurement. ThisVb with the
maximum peak height is independent of the inner-shell
sorption edges as indicated in Figs. 4~a! and~b!, which sug-
gests that the nonlinearity is caused by a valence prop
related to the defect. It is remarkable that the valence
inner-shell properties are simultaneously observable in
spectrum.

In addition, the integrations ofDC at bothK absorption
edges of Ga and As are indicated by the closed circles in
4. The dashed line is the integration of the spline function
the above regression analysis ofDC shown by the solid
lines. The physical meaning of this integration will be d
cussed later. The integrations have gentle variations that
respond to the observed decreases ofDC at both ends ofVb .

B. Substrate temperature dependence

Figure 5~a! shows the sample temperature dependenc
a capacitance XAFS spectrum at the GaK edge. The tem-
perature was varied from 60 to 300 K. TheVb was fixed at a
nearly optimal voltage of21.5 V. As shown in this figure,
the edge jump of the spectrum decreases with increasing
strate temperature. This tendency is significantly differ
from that of the conventional XAFS method. Figure 5~b!
illustrates the conventional fluorescence XAFS spectrum
the same temperature range as Fig. 5~a!. In contrast to the
obvious dependence in Fig. 5~a!, similar spectra independen
of the temperature can be observed in Fig. 5~b!. Figure 6
shows a comparison between the sample temperature de
dence of the x-ray absorption in capacitance XAFS~open
circles! and that in the conventional fluorescence XAF
~solid squares!. The x-ray absorption of the capacitan
XAFS is represented byDC at the resonant absorption pea
08531
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denoted byA in Fig. 5~a!, and its estimation procedure is th
same as that described in Fig. 4. For the conventional XA
the corresponding absorption peak height~A8 in Fig. 5! is
evaluated. The amount of x-ray absorption is normalized
60 K in each method.

The x-ray fluorescence is emitted by electron relaxat
into a core hole due to the x-ray inner-shell excitation, and
emission intensity gives an absorption property equivalen
the photocurrent. Therefore, the conventional XAFS pra
cally providesi c(mc) in the equivalent circuit of this system
illustrated in the inset of Fig. 6. Since the capacitance XA
measurement observesi d(md), the temperature-dependenc
difference between the capacitance and the conventi

FIG. 4. Vb dependences ofDC in capacitance XAFS spectra a
~a! the GaK edge and~b! the AsK edge~open circles!. The solid
lines show regression analysis results ofDC using a spline func-
tion. The integrations ofDC at bothK absorption edges of Ga an
As are shown by the closed circles. The dashed line is the inte
tion of the spline function illustrated by the solid line.
0-4
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SITE-SPECIFIC X-RAY ABSORPTION SPECTROSCOPY . . . PHYSICAL REVIEW B65 085310
XAFS measurement shown in Figs. 5 and 6 is considere
reflect each property ofmc andmd .

The mc given by the conventional fluorescence XAF
measures the local structure of the bulk Ga in the zinc-ble
semiconductor, because the signal from a diluted elec
trap in this sample is too weak to detect in a dominant sig
from a perfect AlGaAs crystal structure. On the other ha
md observed by the capacitance XAFS is expected to se
tively provide local structure of defect in AlGaAs:Se owin
to localized charge at defect. Structural analyses based
comparisons betweenmc andmd have been discussed in pr

FIG. 5. ~a! Sample temperature dependence of a capacita
XAFS spectrum at the GaK-edge. In contrast to~a! the capacitance
XAFS, similar spectra are observed in~b! the conventional fluores
cence XAFS spectra in the same temperature range.

FIG. 6. Comparison between the sample temperature de
dence of the x-ray absorption in capacitance XAFS~open circles!
and that in the conventional fluorescence XAFS~solid squares!.
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vious papers,16,33 therefore, this paper focuses on the s
specificity of x-ray-induced displacement currents. Sin
i c(mc) results from the inner-shell excitation and the follow
ing relaxation in the energy range of;10 keV, the tempera-
ture dependence correspondent to the energy chang
;meV is negligible, resulting in the temperature insensit
mc shown in Fig. 6. On the other hand, in the case ofi d(md),
the inner-shell absorption is observed by the variation of
polarized charge in the valence state. The comparable en
order of the substrate temperature and the valence sta
;meV, gives rise to the temperature sensitivemd . The re-
duction ofmd at 300 K in the experimental result is consi
ered to indicate the instability of the valence state variat
by the x-ray irradiation. The thermal energy fluctuates
valence state, with the result being the reduction of inform
tion related to the inner-shell absorption via phonons.

V. DISCUSSIONS

In the experimental results, we emphasized the inhe
properties ofi d(md) different from i c(mc) in an electromag-
netically equivalent circuit. In this section, a microscop
mechanism of the capacitance XAFS method and its inte
lationship with the macroscopic properties observed
i d(md) are discussed.

Figure 7 shows the band diagram of SBD under x-r
irradiation for a possible microscopic explanation ofDC in-
ducement. Before the x-ray irradiation, the electron in
trap center occupies the deep levelEtrap in the band gap of
the semiconductor. When the x ray is absorbed at the
center, a core hole is formed as illustrated in Fig. 7. The c
hole should be immediately occupied by another elect
typically within ;fs due to its instability. A localized elec
tron with a weak bond energy of;100 meV is expected to
easily relax into the core hole. This sequential electron tr
sition is identical to a delocalization of the electron from t

ce

n-

FIG. 7. Possible microscopic mechanism of the capacita
XAFS method. The x-ray absorption at a trap center and the
lowing relaxation are equal to a delocalization of an electron fr
the trap center.
0-5
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MASASHI ISHII PHYSICAL REVIEW B 65 085310
trap center, and increases the number of positively cha
trap centers. The x-ray attenuation length of AlGaAs:Se
.10 mm in the photon energy range for the capacitan
XAFS measurements, and is sufficiently longer than
thickness of the depletion layer~;100 nm!. However, since
the depletion layer has no localized electron (Ef,Etrap), this
photoionization is induced in the restricted region dee
than d. Moreover, the positively charged trap center is i
mediately occupied by an electron in the conductive se
conductor (Ef.Etrap). Hence, effective delocalization is in
duced at the edge of the depletion layer (Ef;Etrap) as
denoted byl in Fig. 7. The localized electrons terminate t
electric field in the depletion layer, so that the photoioniz
tion at l results in aC increase. This situation is express
by modification ofNd distribution atl, which is approxi-
mately formalized by a modification of Eq.~3!,

C1DC5@q« r«0A2~Nd1DNd!/2~Vd2Vb!#1/2, ~7!

whereDNd denotes additionally ionized trap centers by t
x-ray irradiation. By substitution of Eq.~7! into Eq. ~6!,

v@q« r«0A2~Nd1DNd!/2~Vd2Vb!#1/25 i d~md!/eAC ,
~8!

indicating thati d(md) is produced byDNd .
Based on this microscopic model, the bias dependenc

DC shown in Fig. 4 is formalized as follows. In our cas
since DC is ;pF, DNd is sufficiently smaller thanNd ;
DNd /Nd!1. By neglecting the terms above the second or
of DNd /Nd , Eq. ~7! is approximately rewritten as

C1DC5@q« r«0A2Nd/2~Vd2Vb!#1/2~11DNd /Nd!1/2

;@q« r«0A2Nd/2~Vd2Vb!$11~2DNd /Nd!%#1/2

5@q« r«0A2Nd/2$~Vd2Vb!1DV%#1/2, ~9!

whereDV is defined as the perturbation potential (Vd2Vb)
(2DNd /Nd). This equation indicates thatDNd by the x-ray
absorption signal oscillation is equivalently represented b
small biaschangeDV.

The capacitance variation of SBD vsVb ~C-V character-
istics! under x-ray irradiation is shown by the open circles
Fig. 8. As shown in this figure, since the conduction ba
becomes less thanEf at Vb.Vd ~charge accumulation
mode!, Eq. ~3! cannot strictly describe theC-V characteris-
tics at the lowVb values, resulting in a capacitance saturat
distinct fromC}(Vd-Vb)21/2.34 However, the above discus
sion for Eq.~9! is generally applicable;DC at an arbitrary
bias voltage can be described by assuming a small
changeof DV at Vb in Fig. 8. Typical examples are shown
Fig. 8. At Vb;21.2 V, DV provides a sufficientDC owing
to a sharpDC/DV. Since DC/DV falls with decreasing
Vb ,DC at Vb;22.4 V, is smaller than that atVb;
21.2 V. At Vb;20.2 V the charge accumulation mode al
decreasesDC/DV, resulting that an amplitude reduction o
DC and wave form distortion can be observed. Con
quently,DC at an arbitrary biasVb is estimated by the limit
of DC/DV under DV→0 at Vb , limDV→0 (DC/DV)Vb
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5(dC/dV)Vb, and the optimalVb for XAFS measurement is
obtained at the bias voltage with the maximum (dC/dV)Vb .

The open circles in Fig. 9 shows a numerically deriv
(dC/dV)Vb from the experimental result in Fig. 8. Th
dashed line in this figure illustrates the originalC-V charac-
teristics. The (dC/dV)Vb has its maximum atVb;21.2 V,
and then it rapidly decreases above thisVb . On the other
hand, below the optimalVb , (dC/dV)Vb gently decreases
This tendency of (dC/dV)Vb reproduces the experimenta
result ofDC shown in Fig. 4. The dashed line in Fig. 9 als
has a similar property to the closed circles in Fig. 4, indic

FIG. 8. C-V characteristics of SBD under x-ray irradiatio
~open circles! and explanation ofVb dependence ofDC based on
Eq. ~9!.

FIG. 9. Numerically derived (dC/dV)Vb from theC-V charac-
teristics in Fig. 8. The dashed line illustrates the originalC-V char-
acteristics. The (dC/dV)Vb has its maximum atVb;1.2 V.
0-6
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SITE-SPECIFIC X-RAY ABSORPTION SPECTROSCOPY . . . PHYSICAL REVIEW B65 085310
ing that the integration ofDC in Fig. 4 corresponds to the
C-V characteristics of SBD of AlGaAs:Se. The spectru
distortion observed atVb;20.5 V ~Fig. 3! is caused by sig-
moid C-V characteristics owing to the charge accumulat
mode. These findings indicate that the microscopic mo
shown in Fig. 7 and its electromagnetic description using
equivalent circuit are adequate.

The ordinaryC-V characteristics measurement based
Eq. ~2! is used for the depth distribution analysis of the c
rier concentration in the semiconductors, and the De
shielding length determines the depth resolution. Though
DV in Eq. 9 is finite value, the corresponence between
Vb dependence ofDC using the regression analysis~Fig. 4!
and theC-V characteristics~Fig. 9! indicate that the photo
ionization is localized around the Debye shielding leng
For the deep electron trap, since the Debye shielding len
is of the atomic order, site-specific XAS of the trap
achieved by the observation of the x-ray-induced displa
ment current.

According to the Eqs.~3! and~7!, Nd and (Nd1DNd) are
proportional toC2 and (C1DC)2, respectively. Hence the
DNd at the absorption peakA in Fig. 5~a! is given by

DNd}@~C01DC!22C0
2#, ~10!

where C0 is background discussed in Fig. 4, and (C0
1DC) is capacitance at the absorption peak. Moreover,
suming that the photoemission is approximately described
electron excitation between two different energy levels of
photoexcited and ground states,DNd is expressed as

DNd5DNd0 exp~EXAFS /kBT!, ~11!

whereDNd0 is a proportionality constant,kB is the Boltz-
mann constant, andEXAFS is the activation energy of the
x-ray-induced photoionization process in the capacita
XAFS. Therefore,EXAFS can be evaluated by the temper
ture dependence ofDNd .20 The open circles in Fig. 10 indi
cate theDNd variation with respect to the inverse of th
temperature 1/T. TheDNd is normalized at 60 K. As shown
in this figure,EXAFS is estimated to be 7.33 meV by fitting
solid line to the experimental data using the least-squa
method. As a comparison, the carrier concentration in
GaAs:Se under the x-ray irradiation can be estimated fr
the ordinaryC-V characteristics~closed circles!. In this ex-
periment, the x-ray energy irradiated into the sample is fix
at 12.8 keV, which is higher than the GaK-edge energy, so
that the trap center is ionized. As shown in this figure, at h
temperatures above 100 K carrier concentration is drastic
increased, indicating that thermal excitation of the localiz
electron from the trap center becomes dominant.26 On the
other hand, in the low-temperature region below 100 K,
carrier concentration increases with decreasing tempera
This negative correlation means suppression of thermal
citation; the temperature dependence provides an effec
activation energy determined by the x-ray-induced photoc
rier generation and its thermal stabilityEcv . From the fitting
of this low-temperature region below 100 K, anEcv of 7.68
meV is obtained, almost equal to the activation energy
EXAFS . This equivalent activation energy indicates that t
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photoemission of a localized electron in the capacita
XAFS is a generation source of x-ray-induced photocarri
in the semiconductor. The photocarriers from the defect
ditionally increasesi c(mc). The simultaneous detection o
photocarriers from perfect crystals and electron trap tend
spoil the site-specificity ofi c(mc) observable in the conven
tional XAFS.

In spite of the orthogonality betweeni c(mc) andi d(md) in
complex plane, why the photocarrier is mixed from the ele
tron trap uptoi c(mc) is that the inner-shell excitation proces
at the trap@~1! in Fig. 7# is completely the same as a perfe
AlGaAs crystal site. The identical excitation processes
both sites cannot be distinguished in any way. On the ot
hands, note that the relaxation process difference betw
the trap@~2! in Fig. 7# and crystal site withoutEtrap is used
for the selective observation ofi d(md) in the capacitance
XAFS method. Furthermore, the orthogonality betwe
i c(mc) and i d(md) operates to avoid the mixing of the pho
tocarrier from the perfect crystal toi d(md). In fact, although
clear spectra equivalent toi c(mc) can be observed over th
wide temperature range in the conventional XAFS measu
ment, i d(md) is deprived of themd information at 300 K as
shown in Fig. 5.

Figure 10 reveals that thermal excitation drastically
creases the carrier concentration in the semiconducto
high-temperature region above 100 K, and screens the p
toemission process of the localized electron. Despite the
nificant change in the carrier concentration, the capacita
XAFS signal keeps anEXAFS of 7.33 meV in this high-
temperature region. This experimental finding indicates t
the electron transition process in the capacitance XAFS~Fig.
7! is independent of the conduction current. Though the c
duction current in this experiment is originated from the th

FIG. 10. Comparison between the activation process ofDNd in
the capacitance XAFS method~open circles! and that of the carrier
concentration under x-ray irradiation~closed circles!.
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mal excitation, this result is consistent with the independe
of i d(md) from a general conduction current includin
i c(mc), i.e., the site specificity of the capacitance XAFS.

VI. CONCLUSION

In order to achieve site-specific observation of electr
traps by x-ray absorption fine structure measurement, x
induced displacement currents were observed via capacit
variations. In contrast to photocurrents without site speci
ity, displacement currents orthogonal to conduction curre
are sensitive to localized charges, such that they can se
tively provide structural information related to electron trap
Capacitance XAFS observations using SBD as a capac
displayed inherent properties of these x-ray-induced d
placement currents. The capacitance XAFS signal inten
was found to have a nonlinear dependence on the bias
age applied to the sample. In addition, the electronic dyna
ics in a SBD under x-ray irradiation was discussed to expl
-
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the nonlinearity. Assuming additional polarized charg
caused by the x-ray-induced photoionization of the trap,
macroscopic nonlinearity is formalized by this microscop
dynamics. Moreover, the temperature dependence of the
pacitance XAFS was found to experimentally indicate t
orthogonality, which avoids the mixing of the photocurre
from a perfect crystal site to an x-ray induce displacem
current owing to a polarized charge in a defect.
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