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Site-specific x-ray absorption spectroscopy of electron traps
by x-ray-induced displacement current measurement
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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 dorteogonal to the
conduction current, i.e., the conventional photocupréntesponsive to localized electrons, it allows XAS to
provide site-specific x-ray absorption of electron traps. Capacitance x-ray absorption fine stfGejpmei-
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.
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I. INTRODUCTION Various trials for the achievement of site-specific XAFS
measurement have already been demonstfatédFor in-

In recent years, the brilliant x rays from a synchrotronstance, x-ray-excited optical luminescer®&OL) success-
radiation(SR) light source have been extensively applied tofully offers site-specific XAFS spectra of optically active
material science by using a variety of experimental techcenters with its x-ray photon energy dependence
niqueS, such as X-ray diﬁractidn(_ray Scatteriné,and X-ray (XEOL-XAFS).lS’lg This teChnique SeleCtiVEly evaluates the
absorptior? It is well known that x-ray absorption spectros- K€V photon absorption of the optical centers by the meV
copy (XAS) has fine structures in its spectra around the abOPtical emission. The success of XEOL-XAFS suggests that
sorption edge, i.e., x-ray absorption fine structUp¢&FsS).* the detection of valence phenomena induced by inner-shell

These structures near the absorption edge probe the ele%)gcitation is essential for the site specificity of the XAFS

tronic state owing to the resonant inner-shell absorptionsmeasuremem' Recently, a capacitance XAFS method was

and the Fourier transformations of the XAFS over the Wideproposed in which capacitance changes are used to evaluate

. . . the inner-shell absorptiof?:?° In this method, a particular
energy range provide structural information, such as the

o ...valence state modified by x rays is electrically detected for
bond length and the coordination number around a specifi Y y y

. fhe site specificity. The previous paper discussed the site
atom selected by the absorption edge enéfgBecause of specificity to defects involved in this method. However, no
this atom selectivity, hard x rays with photon energies of

; 'clarification was provided on the details of x-ray-induced

~10 keV can be used for the local structure analysis of iny,51ence modification.

terspersed atoms in solidand liquids® In this paper, the idea of “x-ray-induced displacement
On the other hand, analytical objects have become divercyrrents” is introduced. This electromagnetic idea provides

sified by the progress in material science. The fine control on essence of the site specificity in the capacitance XAFS

the valence energy level with an accuracy-aheV has been  measurement. The origin of the polarized charge for the dis-

demanded in the design of advanced electric and opticgllacement currents is also discussed. The properties of ab-

devices’'?1In fact, in recent material fabrication techniques, sorption signals of capacitance XAFS under various experi-

precise atom manipulation has resulted in well-defined hetmental conditions are formalized based on these macro and

erogeneous systems, such as quantum structtist only  microscopic schemes.

material selection but also structural modification at the

atomic level has_ l:_)eC(_)me crucial. Ur_1der such circumsta_mc_es, Il SITE-SPECIEIC XAFS MEASUREMENT

f[he atom selectivity in the conventlonal XAFS_ analys_|_s is USING DISPLACEMENT CURRENT

insufficient for material evaluation purposes; site specificity

is necessary for local structure analysis of a heterogeneous In the conventional XAFS method, photoelectrons are de-

system. However, the x-ray photon energy-af0 keV used tected by the schematic shown in Figa)l because a pho-

in XAS is too large to identify energy differences of the tocurrent caused by a photoelectron is proportional to the

order of ~meV at valence states caused by structuravalue of x-ray absorption coefficient.??> A high voltage

modifications'?> Moreover, the Fourier transformation of an power supplyEpc, and an electrode opposite to the sample,

XAFS spectrum merely provides average information abougire normally used for the collection of a photoelectron from

a heterogeneous system. a sample. Figure (&) gives an equivalent circuit of this
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X-ray Fig. 1(b’). By analogy to the conventional XAFS measure-
ment using the DC circuity, and uy are x-ray absorption
coefficients measured by the conduction currents and dis-
placement currents, respectively. In the actual system, con-
tinuous x-ray irradiation controls the sample capacitance and
hence the displacement currengéuy) due to the ac power
supply. In the equivalent circuit shown in Fig. 1, the x-ray-
induced change in the capacitance is observed as a variation
of the displacement currefitneasured by Awith changing

Electrode

<————~—@

@) x-ray absorption i.e.ig(ug). This is what led to the new
term “x-ray-induced displacement curremnf(uq)” being
G Sample G Sample added to the expression of the x-ray-induced photocurrent.

Since the total ion yield and the electron yield provide the
e same information related to the bulk,(x.) in AC circuit
[Fig. 1(b")] is essentially the same &g u) in Fig. 1(@’). On
the other hand, sindg(uy) is a localized current caused by
e a polarized charge, it is responsive to a localized charge at
electron traps, such as defects, surfaces, and interfaces. The
Detector ictiig e x-ray absorption of atoms constructing these traps may make
Detector the displacement current vary, such thgtux,) comes to
indicate site-specific x-ray absorption of electron traps.
Related site-specific observation techniques have been ap-
FIG. 1. (a) Schematic setup for the conventional XAFS mea- plied to a scanning probe microscope. Scanning images sur-
surement using a DC power supppc, and (@) its equivalent  veyed using the displacement curréhtthe capacitanc,
circuit. (b) By using AC power supplgac exp(ot) is used instead and the Kelvin forc® were found to provide site-specific
of Epc. (b’) the system equivalently has two passive elements, i.eimages of defects on the surface, the trapping charge, and the
conductancés and capacitance. surface potential.

One of the techniques for the detectionigfuy) is the
system. The sample under the x-ray irradiation is expresseghpacitance XAFS measurement proposed in previous
as a current source with an output equal to the photocurrengapers'®2° Figure 2a) indicates the experimental setup for
Note that Fig. 1&') is a direct currentDC) circuit. In this  the capacitance XAFS measurement used in this study. In
circuit, the photocurrent is detected by a conduction currenthis case, a semiconductor with a defect as the electron trap
passing through conductan@ebuilt into the sample and the is used as the sample. The deposition of an appropriate metal
system. For the sake of convenience, the conduction curreg{ectrode onto the semiconductor forms the Schottky barrier
is denoted by “x-ray-induced conduction currdgfu)” in - diode (SBD) in the semiconductor. The band diagram of the
this paper. The.(u) is caused by the inner-shell excitation SBD is shown in Fig. (b). A difference in the work function
of all the atoms selected by the absorption edge energy, angktween the metal and the semiconductdy forms a deple-
has nothing to do with the valence states. Therefore, only ation layer. In this depletion layer, since the electron trapping
average x-ray absorption spectrum with no site specificity igevel Erap €XCeeds the Fermi level; by the band bending in
observed in the case of a heterogeneous sample. the semiconductor, the electron is swept out. The thickness

On the other hand, when an alternating curréhC)  of the depletion layed, tunable by an applied bias voltage
power supply, with angular frequenay, excexplot), is Vv, is given by the solution of Poisson’s equation,
used as shown by Fig.(d), the sample can no longer be
Qescrlbed by a real cond_uctan@e anot_her passive element, d=[2¢,84(Vg—Vp)/qNI¥2, )
i.e., susceptancB proportional to the time derivation of the

eac explot), has to be taken into account. SusceptaBce whereq is the elementary electric charggg, is equal to the

changes the phase between the voltage and the current, andjig|ectric constant of the semiconducthi is the density of

typified by capacitanc€. The total current, in this system  the jonized electron trap, andj is the diffusion potential.

is expressed by The depletion layer with a low conductance makes a capaci-

i —GewtiwCe 2 tor by a sandwich structure of metal/depletion layer/
t AcT J@%€ac, conductive semiconductor. The capacita@ctrmed by the

where expit) is ignored to discuss the relative phase shiftelectrode with the area d, is given by

by C. In particular, the second term is known as a displace-

ment current. In the complex plane, since the real and the C=¢,80Ald=[qe,eoA’Ny/2(V4— V) ]Y2 ®))

imaginary parts make an orthogonal system, the displace-

ment current is independent of the conduction currentThe equivalent circuit of this system is given in FigcR

Hence, under x-ray irradiation, the equivalent circuit has tweosimilar to Fig. 1b’). The actualC is experimentally derived

different current sources transmitting the conduction currentby the phase difference betwegrande,c, ¢. From Eq.(1)

ic(ue) and the displacement currenitg(uy) as shown in  and the vector diagram shown in Figdg

7.

(@) ®")
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Y oC keV). V, was varied from-0.5 to —2.5 V.

trap, theDX center,2%2?’is formed in Se-doped AGa _,As

(x~0.3) due to the intrinsic property of the donor impurity
in zinc-blende semiconductors; chemical instability of the
donor at the crystal lattice site induces a lattice distortion,
®) @ resulting in the trap level instead of the donor level. Hence

, , the deep level is uniformly distributed in the AIGaAs:Se thin

FIG. 2. (a) Experimental setup for the proposed capamtan_cemm and the number of the DX center is approximately

XAFS measurementb) Appropriate metal deposition on the semi- ¢ ,5| tq that of the donor impurity. The electron is localized
conductor comes to form a Schottky barrier diode, which is ex- ... . C ~
pressed byc) the same equivalent circuit shown in Figbl (d) within the Debye shielding length from the defect. The elec

. . . tric properties of the sample used in this study are described
Vector diagram showing a photocurrent expanded into a complex 28 -
number. in another papet. The SR experiments were performed at
the SPring-8 beamline, BL1LOXU High Brilliance XAFS ex-
Ci. sindle @ perimental statioR®**in Hyogo Prefecture, Japan. A($11)

wC=iisinglec. double crystal was used to monochromatize the SR beam
In an actual system, sineeande,c are given by the voltage from an in-vacuum-type undulatdt. A rhodium-coated

source in the capacitance meter, the displacement current @uble mirror was used for the elimination of undesirable

determined by, sin ¢. higher-order radiation such as third harmoritsThe
Under x-ray irradiation, Eq(4) is rewritten as Schottky diode was fabricated by the evaporation of an Al
dot of ~500 um diameter and~100 nm thickness. The ca-
w(C+AC)=isin(¢p+Adp)leac, (5 pacitance of the Schottky diode was measured by a capaci-

sdance meter, DA-150(Horiba Ltd) with w/27=1 MHz for

hereAC andA¢ are the additional capacitance and pha:
" ¢ " pact b AC power supply, or an impedance analyzer, %R@ithley)

changes by the x-ray irradiation, respectively. According t

i —i, sin(p+Ad), with /27 =100 kHz. The typicaksc was 15 mV. The sub-
a(pa) =icsin(@+Ad) strate temperature was controlled by a closed cycle He cry-
o(C+AC)=iy4(ug)/enc. (6) ostat with a 5-W heater.

Therefore,uy can be evaluated by the x-ray photon energy
dependence oA C. IV. EXPERIMENTAL RESULTS

A. Applied bias dependence

Ill. EXPERIMENTAL DETAILS . . .
Figure 3 shows capacitance changes as a function of the

As the sample with an electron trap for the capacitance-ray photon energy at neéa) the GaK edge(10.375 keV
XAFS, Se-doped Al;Ga ¢As (AlGaAs:Sg grown by mo-  and(b) the AsK edge(11.875 keV. The V, applied to the
lecular beam epitaxy was used. The substrate (#8€)- sample was varied from-0.5 to —2.5 V. The substrate tem-
orientedn-type GaAs. The Se was doped into the AIGaAs toperature was fixed at 100 K. In this figure, XAFS with an
a concentration of & 10'”/cm?® using a Knudsen cell during edge jump and following oscillation can be observed at both
the growth. It is well known that a deep level of the electronabsorption edges of Ga and As, indicating that the x-ray-
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induced displacement current provides the XAFS spectra. 15 pr——r—r 710
The edge jump ofi4 at both absorption edg€Bigs. 3a) and (a) GaK-edge ]
3(b)] first increases a¥, becomes negative, reaches a peak Substrate temperature: 100K 19
near—1.5V, and then decreases for larger values of the back - ]
bias V,<—-1.5V). As shown in this figure, a distorted
spectrum can be observed at a reduegd

In the case of the conventional XAS using(u) de-
scribed in Fig. 1), since the efficient collection of the pho-
toelectron improves the signal to nois& ) ratio, a higher
applied voltage is generally favorable. It is natural for a
higher voltage to attain a larger current in the DC circuit,
resulting in a linear dependence lg{ #) vs V,. The non-
linearity of uy observed in Fig. 3 is an intrinsic property of
AC circuits.

For a more quantitative discussion of such a nonlinearity, i ]
V), dependences @ C correspondent to the x-ray absorption b ]
in the capacitance XAFS measurement are summarized in 3 25 2 15 1 05 0
Fig. 4(a) for the GaK edge andb) for the AsK edge(open . .
circles. The AC values in(a) and(b) are represented by the Applied bias, Vi, (V)
resonant peak heights at the absorption edges indicatéd by

10

.

Integrated A C (arb. units)
-
AC (pF)

and B in Fig. 3, respectively. For each, the background is S P T T
estimated by extrapolation from a preabsorption edge and is (b) AsK-edge ]
subtracted from the absorption peak height. A regression 7F  Substrate temperature: 100K R 1

analysis ofA C using a spline function showed that the maxi-
mum AC is obtained at~—1.2 V. For the analytical tech-
nique, theVy, with the maximumAC is favorable to secure a
high S/N ratio in the XAFS measurement. Thi§, with the
maximum peak height is independent of the inner-shell ab-
sorption edges as indicated in Figgayand (b), which sug-
gests that the nonlinearity is caused by a valence property
related to the defect. It is remarkable that the valence and
inner-shell properties are simultaneously observable in one
spectrum.

In addition, the integrations cAC at bothK absorption
edges of Ga and As are indicated by the closed circles in Fig.
4. The dashed line is the integration of the spline function in s ) T T T
the above regression analysis AC shown by the solid 3 25 2 15 1 05 0
lines. The physical meaning of this integration will be dis- Y
cussed later. The integrations have gentle variations that cor- Applied bias, Vi, (V)
respond to the observed decreasea Gfat both ends of/, . FIG. 4.V, dependences afC in capacitance XAFS spectra at
(a) the GaK edge andb) the AsK edge(open circleg The solid
lines show regression analysis resultsAdE using a spline func-
tion. The integrations oAC at bothK absorption edges of Ga and

Figure a) shows the sample temperature dependence ofs are shown by the closed circles. The dashed line is the integra-
a capacitance XAFS spectrum at the Gadge. The tem- tion of the spline function illustrated by the solid line.
perature was varied from 60 to 300 K. Tkig was fixed at a
nearly optimal voltage of-1.5 V. As shown in this figure, denoted byA in Fig. 5a), and its estimation procedure is the
the edge jump of the spectrum decreases with increasing subame as that described in Fig. 4. For the conventional XAFS,
strate temperature. This tendency is significantly differenthe corresponding absorption peak height in Fig. 5 is
from that of the conventional XAFS method. Figurép evaluated. The amount of x-ray absorption is normalized at
illustrates the conventional fluorescence XAFS spectrum fo60 K in each method.
the same temperature range as Fi@).5In contrast to the The x-ray fluorescence is emitted by electron relaxation
obvious dependence in Fig(a, similar spectra independent into a core hole due to the x-ray inner-shell excitation, and its
of the temperature can be observed in Figh)5Figure 6  emission intensity gives an absorption property equivalent to
shows a comparison between the sample temperature depehe photocurrent. Therefore, the conventional XAFS practi-
dence of the x-ray absorption in capacitance XA@Pen cally providesi;(u.) in the equivalent circuit of this system
circles and that in the conventional fluorescence XAFSillustrated in the inset of Fig. 6. Since the capacitance XAFS
(solid squares The x-ray absorption of the capacitance measurement observeg wy), the temperature-dependence
XAFS is represented b C at the resonant absorption peak difference between the capacitance and the conventional

Integrated A C (arb. units)
-
AC (pF)

B. Substrate temperature dependence
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FIG. 7. Possible microscopic mechanism of the capacitance
FIG. 5. (8) Sample temperature dependence of a capacitancRAFS method. The x-ray absorption at a trap center and the fol-
XAFS spectrum at the Gi-edge. In contrast tte) the capacitance |owing relaxation are equal to a delocalization of an electron from
XAFS, similar spectra are observed(in) the conventional fluores-  the trap center.
cence XAFS spectra in the same temperature range.
vious papers®®3 therefore, this paper focuses on the site
XAFS measurement shown in Figs. 5 and 6 is considered tepecificity of x-ray-induced displacement currents. Since
reflect each property gfi. and uq. i.(u¢) results from the inner-shell excitation and the follow-
The u. given by the conventional fluorescence XAFS ing relaxation in the energy range of10 keV, the tempera-
measures the local structure of the bulk Ga in the zinc-blendaure dependence correspondent to the energy change of
semiconductor, because the signal from a diluted electror-meV is negligible, resulting in the temperature insensitive
trap in this sample is too weak to detect in a dominant signaj., shown in Fig. 6. On the other hand, in the case;¢fty),
from a perfect AIGaAs crystal structure. On the other handthe inner-shell absorption is observed by the variation of the
mq Observed by the capacitance XAFS is expected to selegolarized charge in the valence state. The comparable energy
tively provide local structure of defect in AlGaAs:Se owing order of the substrate temperature and the valence state of
to localized charge at defect. Structural analyses based onmeV, gives rise to the temperature sensitivg. The re-
comparisons betwegta, anduy have been discussed in pre- duction of u4 at 300 K in the experimental result is consid-
ered to indicate the instability of the valence state variation

T T T T by the x-ray irradiation. The thermal energy fluctuates the
Ga K-edge valence state, with the result being the reduction of informa-
g Fluorescence XAFS =3 jo (i ¢) tion related to the inner-shell absorption via phonons.
E Semiconductor T
§ ¢ i V. DISCUSSIONS
2, Bulk o | In the experimental results, we emphasized the inherent
*~ c properties ofi 4(uq) different fromi () in an electromag-
- 5 Elecml);.—@— netically equivalent circuit. In this section, a microscopic
8 : P T | mechanism of the capacitance XAFS method and its interre-
5 R lationship with the macroscopic properties observed in
E @ ig(mq) are discussed.
;2 Capacitance meter Figure 7 shows the band diagram of SBD under x-ray
irradiation for a possible microscopic explanationAot in-
03 | Capacitance XAFS . ] ducement. Before the x-ray irradiation, the electron in the
Bias: -1.5V > igkg) trap center occupies the deep legl,, in the band gap of
. . L L the semiconductor. When the x ray is absorbed at the trap
100 200 300 400 500 center, a core hole is formed as illustrated in Fig. 7. The core
Temperature (K) hole should be immediately occupied by another electron

typically within ~fs due to its instability. A localized elec-

FIG. 6. Comparison between the sample temperature deperiton with a weak bond energy of100 meV is expected to
dence of the x-ray absorption in capacitance XA®Ben circles  easily relax into the core hole. This sequential electron tran-
and that in the conventional fluorescence XAESlid squares sition is identical to a delocalization of the electron from the
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trap center, and increases the number of positively charged 400 P
trap centers. The x-ray attenuation length of AlGaAs:Se is Capacitance XAFS signal ]
>10 um in the photon energy range for the capacitance 350 | avavavelE
XAFS measurements, and is sufficiently longer than the ]
thickness of the depletion layér-100 nm. However, since & 300F 1 ac .
the depletion layer has no localized electr@ € Eyp), this = { ‘ ]
photoionization is induced in the restricted region deeper © 250 | 5 \/AV[\/A 3
thand. Moreover, the positively charged trap center is im- & -]
mediately occupied by an electron in the conductive semi- § 200 | b f .
conductor E¢>E,y). Hence, effective delocalization is in- § i depdmomea s ]
duced at the edge of the depletion layefi{E,y) as & 150 f i -
denoted byA in Fig. 7. The localized electrons terminate the © 1 ]
electric field in the depletion layer, so that the photoioniza- 100 | <> .
tion at\ results in aC increase. This situation is expressed <> ]
by modification ofNy distribution at\, which is approxi- s0 | > <>; 3
mately formalized by a modification of E¢3), » IX-ray al.)s‘o‘rption ' -
0 . e el ekttt bl —l—t—|—

C+AC=[qe,0A*(Ng+ AN /2(Vq4—Vp)1¥2 (7 4 -3 2 -1 0 1 2

where ANy denotes additionally ionized trap centers by the Applied bias, V, (V)

x-ray irradiation. By substitution of Ed7) into Eq. (6), o o
FIG. 8. C-V characteristics of SBD under x-ray irradiation

w[qsrsoAz(Nd+ANd)/Z(Vd—Vb)]m:id(Md)/eAc, I(Eoci)e(g)circle$ and explanation oV, dependence oAC based on
® o
indicating thati 4(4) is produced byAN,. =(d(;/d\/)Vb, and .the optimavb_ for XAFS measurement is
Based on this microscopic model, the bias dependence @Ptained at the bias voltage with the maximudC{dV)yy,.
AC shown in Fig. 4 is formalized as follows. In our case, 1he open circles in Fig. 9 shows a numerically derived
since AC is ~pF, ANy is sufficiently smaller tharNg; (dC/dV)yp from the experimental result in Fig. 8. The

AN4/Ng<1. By neglecting the terms above the second ordefashed line in this figure illustrates the origi@V charac-

of AN4/Ng, Eq. (7) is approximately rewritten as teristics. The (iQ/dV)Vb has its maximum a¥,~—1.2V,
and then it rapidly decreases above tkis. On the other
C+AC=[qs,scA2N2(Vy—Vy) Y41+ ANg/Ng) M2 hand, below the optimaV/,,, (dC/dV)y, gently decreases.

This tendency of ¢C/dV)y, reproduces the experimental
~[qe,e0A?NG2(Vg— Vp) {1+ (— ANg/Ng)} ]2 result of AC shown in Fig. 4. The dashed line in Fig. 9 also
) 12 has a similar property to the closed circles in Fig. 4, indicat-
=[qe, oA NG2{(Vq— V) + AV}]4 9

ML T

whereAV is defined as the perturbation potenti&ly V) SR pholton enerlgy: 12.5 i(eV
(—ANg/Ng). This equation indicates th&tN4 by the x-ray 350 | Sample: AlGaAs:Se ]
absorption signal oscillation is equivalently represented by a | Substrate temperature: 80K 7 ] 150
small biaschangeAV.

The capacitance variation of SBD ¥, (C-V character- & .
istics) under x-ray irradiation is shown by the open circles in 5 300 |
Fig. 8. As shown in this figure, since the conduction band ~.
becomes less thaft; at V,>Vy (charge accumulation
mode, Eq. (3) cannot strictly describe th€-V characteris-
tics at the lowV, values, resulting in a capacitance saturation
distinct fromCx= (V4-V,,) ~Y2.3* However, the above discus-
sion for Eq.(9) is generally applicableAC at an arbitrary
bias voltage can be described by assuming a small bias
changeof AV atV, in Fig. 8. Typical examples are shown in
Fig. 8. AtVy,~—1.2V, AV provides a sufficienA C owing ]
to a sharpAC/AV. Since AC/AV falls with decreasing 150 L e ] ¢
Vp,AC at Vy,~—2.4V, is smaller than that aV,~ 3 25 2 A5 1 05 0
-1.2V. AtV,~-0.2V t_he charge accumulation mod_e also Applied bias, V}, (V)
decreasea C/AV, resulting that an amplitude reduction of
AC and wave form distortion can be observed. Conse- FIG. 9. Numerically deriveddC/dV)y,, from the C-V charac-
quently,AC at an arbitrary bia¥,, is estimated by the limit teristics in Fig. 8. The dashed line illustrates the origi@aV/ char-
of AC/AV under AV—0 at V,, limyy_o (AC/AV)y,  acteristics. ThedC/dV)y, has its maximum aV,~1.2 V.

250

Capacitance

[ { s0
00 4

[
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ing that the integration oAC in Fig. 4 corresponds to the Temperature, T (K)
C-V characteristics of SBD of AlGaAs:Se. The spectrum
distortion observed a&f,,~ —0.5 V (Fig. 3) is caused by sig-
moid C-V characteristics owing to the charge accumulation High temperature region
mode. These findings indicate that the microscopic model«™
shown in Fig. 7 and its electromagnetic description using the
equivalent circuit are adequate.

The ordinaryC-V characteristics measurement based on
Eq. (2) is used for the depth distribution analysis of the car-
rier concentration in the semiconductors, and the Debye
shielding length determines the depth resolution. Though the
AV in Eqg. 9 is finite value, the corresponence between the
V|, dependence oA C using the regression analy<isig. 4)
and theC-V characteristicsFig. 9 indicate that the photo-
ionization is localized around the Debye shielding length.
For the deep electron trap, since the Debye shielding length
is of the atomic order, site-specific XAS of the trap is
achieved by the observation of the x-ray-induced displace-
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According to the Eqs(3) and(7), Ng and (Ng+AN,) are 0.004 0008 0012 0016 002 0.024
proportional toC? and (C+AC)?, respectively. Hence the T (K-l)

ANy at the absorption peak in Fig. 5a) is given by
5 FIG. 10. Comparison between the activation procesaf in
ANy [(Co+ AC)Z— Caol, (10 the capacitance XAFS methddpen circleg and that of the carrier

. . . . concentration under x-ray irradiatigonlosed circle.
where C, is background discussed in Fig. 4, an@( y < g

+A(.:) IS capacitance at _the_ ab_sorptlon _peak. Moreoyer, 4S5hotoemission of a localized electron in the capacitance
suming that the photoemission is approximately described b

electron excitation between two different energy levels of the AFS is a generation source of x-ray-induced photocarriers
% . 9y in the semiconductor. The photocarriers from the defect ad-
photoexcited and ground statesl\ is expressed as

ditionally increases (u.). The simultaneous detection of
_ photocarriers from perfect crystals and electron trap tends to

ANg=ANao exPExars/keT), (1) spoil the site-specificity off,(x.) observable in the conven-
where ANy is a proportionality constankg is the Boltz-  tional XAFS.
mann constant, anfEyrs is the activation energy of the In spite of the orthogonality betweég( ) andig(wg) in
x-ray-induced photoionization process in the capacitanceomplex plane, why the photocarrier is mixed from the elec-
XAFS. Therefore Exars Ccan be evaluated by the tempera- tron trap uptd .(u«¢) is that the inner-shell excitation process
ture dependence &N, .?° The open circles in Fig. 10 indi- at the trag (1) in Fig. 7] is completely the same as a perfect
cate theANy variation with respect to the inverse of the AlGaAs crystal site. The identical excitation processes at
temperature Tl. The ANy is normalized at 60 K. As shown both sites cannot be distinguished in any way. On the other
in this figure,Exags is estimated to be 7.33 meV by fitting a hands, note that the relaxation process difference between
solid line to the experimental data using the least-squarethe trap[(2) in Fig. 7] and crystal site WithOUE,, is used
method. As a comparison, the carrier concentration in Alfor the selective observation of(uy) in the capacitance
GaAs:Se under the x-ray irradiation can be estimated fronXAFS method. Furthermore, the orthogonality between
the ordinaryC-V characteristicgclosed circles In this ex-  i.(u) andig(xy) operates to avoid the mixing of the pho-
periment, the x-ray energy irradiated into the sample is fixedocarrier from the perfect crystal ig(uy). In fact, although
at 12.8 keV, which is higher than the Gaedge energy, so clear spectra equivalent ig(x.) can be observed over the
that the trap center is ionized. As shown in this figure, at highwide temperature range in the conventional XAFS measure-
temperatures above 100 K carrier concentration is drasticallynent,iy(uq) is deprived of theuy information at 300 K as
increased, indicating that thermal excitation of the localizedshown in Fig. 5.
electron from the trap center becomes domirfr®n the Figure 10 reveals that thermal excitation drastically in-
other hand, in the low-temperature region below 100 K, thecreases the carrier concentration in the semiconductor at
carrier concentration increases with decreasing temperaturhigh-temperature region above 100 K, and screens the pho-
This negative correlation means suppression of thermal exoemission process of the localized electron. Despite the sig-
citation; the temperature dependence provides an effectivaificant change in the carrier concentration, the capacitance
activation energy determined by the x-ray-induced photocarXAFS signal keeps arExars Of 7.33 meV in this high-
rier generation and its thermal stabiliy,. From the fitting  temperature region. This experimental finding indicates that
of this low-temperature region below 100 K, &g, of 7.68  the electron transition process in the capacitance X&H&
meV is obtained, almost equal to the activation energy for7) is independent of the conduction current. Though the con-
Exars. This equivalent activation energy indicates that theduction current in this experiment is originated from the ther-
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mal excitation, this result is consistent with the independencéhe nonlinearity. Assuming additional polarized charges
of ig(mg) from a general conduction current including caused by the x-ray-induced photoionization of the trap, the
ic(me), i.e., the site specificity of the capacitance XAFS. macroscopic nonlinearity is formalized by this microscopic
dynamics. Moreover, the temperature dependence of the ca-
VI. CONCLUSION pacitance XAFS was found to experimentally indicate the
. ) N . orthogonality, which avoids the mixing of the photocurrent
In order to achieve site-specific observation of electrorfrom a perfect crystal site to an x-ray induce displacement
traps by x-ray absorption fine structure measurement, X-rayrrent owing to a polarized charge in a defect.
induced displacement currents were observed via capacitance
variations. In contrast to photocurrents without site specific-
ity, displacement currents orthogonal to conduction currents
are sensitive to localized charges, such that they can selec-
tively provide structural information related to electron traps. This work was supported by a Grant-in-Aid for Scientific
Capacitance XAFS observations using SBD as a capacitdResearchNo. 13650476 from the Ministry of Education,
displayed inherent properties of these x-ray-induced disScience, Sports, and Culture. The synchrotron radiation ex-
placement currents. The capacitance XAFS signal intensitperiments were performed at SPring-8 with the approval of
was found to have a nonlinear dependence on the bias volJASRI (Proposal No. 1999B0168-NX The author would
age applied to the sample. In addition, the electronic dynamlike to thank Ms. Y. Yoshino and Prof. K. Takarabe of
ics in a SBD under x-ray irradiation was discussed to explairODkayama University of Science for the sample preparation.
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