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Photovoltaic effects on Franz–Keldysh oscillations in photoreflectance
spectra: Application to determination of surface Fermi level and surface
recombination velocity in undoped GaAs/ n-type GaAs epitaxial layer
structures
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We demonstrate that the surface Fermi level and surface recombination velocity in undoped
GaAs/n-type GaAssi-GaAs/n-GaAsd epitaxial layer structures can be simultaneously estimated
from Franz–Keldysh oscillationssFKOsd in photoreflectance spectra, taking account of the
photovoltaic effects. Initially, we performed computational studies on the surface electric fields in
i-GaAs/n-GaAs structures under the illumination of a probe beam. The surface electric-field
strength is sensitive to the surface Fermi level and surface recombination velocity. We have found
that these parameters can be evaluated from the dependence of the surface electric-field strength on
the probe-beam power density. Next, we estimated experimentally the surface Fermi level and
surface recombination velocity in an as-growni-GaAs/n-GaAs structure by analyzing the
photovoltaic effect on the FKOs. The period of the FKOs increases with a decrease in the
probe-beam power density. The surface Fermi level and surface recombination velocity are
estimated from the probe-beam power dependence of the surface electric-field strength that is
obtained from the analysis of the FKOs. We have also applied the analysis of the photovoltaic effect
to the assessment of the GaAs surfaces exposed to the nitridation and the catalytic chemical vapor
deposition of SiNx. In addition, we have derived a line-shape function of the FKOs from
i-GaAs/n-GaAs structures, which is applicable even to the FKOs influenced by a probe-beam
interference phenomenon in a layered structure. ©2005 American Institute of Physics.
fDOI: 10.1063/1.1861968g
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I. INTRODUCTION

PhotoreflectancesPRd spectroscopy has been attract
considerable attention as an optical characterization me
for the surface and/or interface of semiconductors.1,2 The
major reason for the attention is the fact that PR spectr
sensitive to the surface and interface electric fields. It is
known that PR spectra from samples with a built-in elec
field exhibit oscillatory patterns in the vicinity of the optic
transition energies at critical points, the so-called Fra
Keldysh oscillationssFKOsd.1,2 The electro-optic energ
which corresponds to the period of FKOs, is related to
surface and interface electric fields. In compound sem
ductors, the surface electric field is produced by sur
Fermi-level pinning; therefore, FKOs can be regarded
measure of the surface Fermi level. For example, Shenet al.3

measured the FKOs appearing in the PR spectr
undoped AlxGa1−xAs/n-type AlxGa1−xAs si-Al xGa1−xAs/
n-Al xGa1−xAsd epitaxial layer structures and deduced the

ad
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face Fermi levels of thei-Al xGa1−xAs layers. The PR spect
of the i-Al xGa1−xAs/n-Al xGa1−xAs structures usually exhib
clear patterns of the FKOs, leading to the accurate d
mination of the electric-field strength. Thus,
i-Al xGa1−xAs/n-Al xGa1−xAs structures are often employed
the PR measurements for the characterization of chemi
physically treated surfaces.4–8

In order to estimate the surface Fermi level from
FKOs, it has been required to eliminate the photovoltaic
fect of a probe beam because it reduces the surface ele
field strength. Consequently, the PR measurements for
mating the surface Fermi level are usually performed us
probe beam with a low power density. In the abo
mentioned PR measurements by Shenet al.,3 the probe beam
was defocused, so that the power density was less
0.1 mW/cm2. Such a weak probe beam, needless to
gives rise to remarkable degradation of the signal-to-n
ratio, which results in some difficulty and ambiguity in
PR measurement. It has, therefore, been desired to es

the surface Fermi level from the FKOs influenced by a rela-

© 2005 American Institute of Physics8-1
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tively intense probe beam. In order to make it possible,
necessary to establish the methodology for the analysis o
photovoltaic effect on FKOs. The analysis will also cont
ute to the development of the microscopic PR measurem9

where the spatial resolution reaches about a few m
meters, so that the photovoltaic effect becomes conside
because of an intense probe-beam power density res
from a small spot size.

We note that the analysis of the photovoltaic effect
another merit. The photovoltaic effect is brought by ph
generated carriers. Under the continuous illumination
probe beam, referred to as the steady state, the photog
ated carrier density is determined not only by the power
sity of the probe beam but also by the lifetime of carri
therefore, the analysis of the photovoltaic effect can pro
the information on the carrier lifetime. In particular, sin
compound semiconductors have a large density of su
states and surface defects, the lifetime of carriers nea
surface is mainly determined by the surface recombina
that is characterized by the surface recombination veloc10

Consequently, the analysis of the photovoltaic effect
FKOs is applicable to estimate the surface recombina
velocity as well as the surface Fermi level. It is notewo
that the surface recombination velocity correlates with
performance of various semiconductor devices: hetero
tion bipolar transistors,11 laser diodes,12 solar cells,13,14 and
so on. For example, Ogura and Hsieh12 reported that th
reduction of the surface recombination velocity in surfa
emitting laser diodes leads to a low threshold current an
enhancement of the differential quantum efficiency. Thus
estimation of the surface recombination velocity is impor
for the development and fabrication of semiconductor
vices.

In the present work, we have carried out the analys
the photovoltaic effect on FKOs appearing in the PR spe
for the purpose of simultaneously determining the sur
Fermi level and surface recombination velocity in epita
layer structures. At first, we describe the computational s
ies on the surface electric fields ofi-GaAs/n-GaAs struc
tures. The built-in electric-field strengths at the steady
are calculated using various sets of surface Fermi levels
surface recombination velocities. The systematic resul
the calculation indicate that the surface Fermi level and
face recombination velocity can be simultaneously estim
from the dependence of the surface electric-field streng
the probe-beam power density. Next, we estimate experi
tally the surface Fermi levels and surface recombination
locities of severali-GaAs/n-GaAs structures by analyzin
the photovoltaic effect on the FKOs. The first sample is
as-growni-GaAs/n-GaAs structure. The PR spectra of
as-growni-GaAs/n-GaAs structure exhibit a profile consi
ing of FKOs whose period depends on the probe-b
power density. The dependence of the surface electric
strength estimated from the FKOs on the probe-beam p
density is compared with the calculated results desc
above. From the comparison, we estimate the surface F
level and surface recombination velocity. Furthermore,
also discuss the line shape of the FKOs from the as-g

i-GaAs/n-GaAs structure, especially focusing on the phase
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factor. As previously reported,15,16 the analysis of the pha
of FKOs is useful to reduce ambiguity in estimating
electric-field strength. However, the line shape of the F
from thei-GaAs/n-GaAs structure has not been discusse
detail though such a structure has been employed in
studies. Taking account of the spatial distribution of
built-in electric-field strength, the line shape of the FKO
calculated and compared with the measured spectrum.
the comparison, an appropriate phase factor is derived
linear plot of the extrema of the FKOs. Next,i-GaAs/
n-GaAs structures with chemically/physically treated
faces are examined. The two kinds of surface treatmen
characterized: the surface nitridation6,17 and the catalyti
chemical vapor depositionscat-CVDd of SiNx.

18 The surface
nitridation results in a decrease of the period of the FK
The surface Fermi level and surface recombination vel
are also estimated in the same manner that is applied
analysis of the as-growni-GaAs/n-GaAs structure. In con
trast with the sample exposed to the surface nitridation,
the cat-CVD of SiNx, the profile of the FKOs exhibits a
increase in the period in addition to a phase shift. Ta
account of the interference effects of a probe beam in a
ered structure, the line-shape function of the FKOs is ge
alized to the form that is applicable to the FKOs from thi
-GaAs/n-GaAs structures with overlayers. The line shap
the FKOs from the sample covered with the SiNx film is
calculated using the generalized form and compared wit
measured spectrum. From the comparison, a gener
phase factor is derived for the linear plot of FKO extre
influenced by the probe-beam interference. Using the l
plot with the generalized phase factor, we estimate the
face electric-field strength, and evaluate the surface F
level and surface recombination velocity after the cat-C
of SiNx.

II. COMPUTATIONAL STUDIES ON THE SURFACE
ELECTRIC FIELD OF i-GaAs/n-GaAs STRUCTURES

The model structure used in the calculations is
i-GaAs/n-GaAs s3.031018 cm−3d, where the value in th
parentheses denotes the doping concentration of
n-GaAs layer. Thei-GaAs layer thickness of the mod
structure is 200 nm, which is the same as that of the sam
used in the present experiments. On the other hand,n
-GaAs layer thickness of the model structure is diffe
from that of the samples used and is set to be 1.0mm, be-
cause too large a value of the thickness sometimes give
to a problem in the convergence of the calculation. U
convergence conditions, we have carefully confirmed tha
calculated values hardly depend on then-GaAs layer thick
ness. The calculations of the built-in electric field and o
properties were performed with the use of the computat
simulation based on the Boltzmann–Poisson model.19,20 The
parameters employed in the calculations are listed in Tab
and II. Table I denotes the parameters independent o
doping concentration, while the parameters in Table II
doping-concentration dependent. The electron and
density-of-states masses listed in Table I were applied t

conduction- and valence-band effective densities of states,
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respectively. The band-gap energyEg,n of the n-GaAs laye
was calculated with the use of the following equatio
which take account of the band-gap narrowing induce
the doping effect:21

Eg,n = Eg,0 − DEC − DET, s1ad

DEC = 2.03 10−8nn-GaAs
1/3 , s1bd

DET = 1.013 10−9nn-GaAs
5/12 . s1cd

In Eq. s1ad, Eg,0 and nn-GaAs denote unperturbed band-g
energy s1.424 eV, according to Ref. 22dand the electro
density of then-GaAs layer, respectively. The perturbat
terms ofDEC andDET correspond to the band-gap shrink
due to the exchange-correlation interaction among the
carriers and the band-tailing effect due to the Coulomb in
action of the free carriers with ionized impurities, resp
tively. It is considered that the band-gap energy chang
accordance with the spatial distribution of the carrier den
however, in the present calculations, the band-gap ene
assumed to be constant in each layer for simplicity bec
there is large ambiguity in the spatial distribution. In gene
bulk carrier lifetimes and mobilities are different fro
sample to sample. We adopted their appropriate value
referring the several literatures.22–29 The photon energy o

TABLE I. Doping-concentration-independent parameters employed i
calculation of the surface electric-field strength in thei-GaAs/n-GaAs struc
ture.

Parameters Values

TemperaturesKd 300
Photon energy of the probe beamseVd 1.5
Dielectric constant 13.18a

Refractive Index 3.666b

Absorption coefficientscm−1d 9030b

Electron density-of-states mass 0.067c

Hole density-of-states mass 0.547c

Intrinsic carrier concentrations3106 cm−3d 2.1d

aReference 49.
bValues at 1.5 eV, Reference 50.
cIn units of free electron mass, Reference 51. Hole density-of-state m
calculated from the Luttinger parameters.
dReference 22.

TABLE II. Doping-concentration-dependent parameters employed in
calculation of the surface electric-field strength in thei-GaAs/n-GaAs struc
ture.

Parameters

Values

i-GaAs layer n-GaAs layer

Band-gap energyseVd 1.424a 1.345b

Electron mobilityscm2/V sd 8000c 2100c

Hole mobility scm2/V sd 400c 90c

Electron lifetimesnsd 50d 50d

Hole lifetime snsd 50d 5d

aReference 22.
bCalculated using Eqs.s1ad–s1cd.
cReferences 22–25.
d
References 26–29.
e

n

is
e
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the probe beam is set to be 1.5 eV because that is almo
center energy of the FKOs observed in the PR spectra
cordingly, the refractive index and absorption coeffic
listed in Table I are the values at 1.5 eV. It is known
these optical constants also have a carrier-density d
dence; however, the dependence is not taken into acco
the calculations for simplicity. The values of the surf
Fermi level and surface recombination velocity are spec
in each calculation. The recombination at thei-GaAs/
n-GaAs interface is neglected because it is less effective
the surface recombination. The following calculations w
carried out using the parameters listed in Tables I an
unless otherwise specified.

The one-dimensional built-in electric fields in
i-GaAs/n-GaAs structure that were calculated at var
probe-beam power densities are plotted as a function o
tance from the surface in Fig. 1. In the calculations, the
face Fermi level and surface recombination velocity use
±0.0 eV and 2.03105 cm/s, respectively. Here, the va
used for the surface Fermi level is measured from the mi
position. Accordingly, the value of ±0.0 eV means that
surface Fermi level is pinned at the midgap position, w
the positive snegatived value corresponds to the situat
where the surface Fermi level locates between
conduction-band bottomsvalence-band topdand the midga
position. The solid curve in Fig. 1 corresponds to the bui
electric field at the equilibrium state, where the equilibr
state corresponds to the absence of the illumination o
probe beam. On the other hand, the other curves indica
built-in electric fields at the steady state under continu
illumination conditions. The dashed-and-dotted, dashed
dotted curves correspond to the built-in electric fields a
probe-beam power densities of 1.0, 10, and 100mW/cm2,
respectively. The peaks appearing at 0.2mm are mainly du
to the difference in the band-gap energy between
i-GaAs and n-GaAs layers resulting from the band-g

isFIG. 1. Calculated built-in electric fields in thei-GaAs/n-GaAs structure a
a function of distance from the surface. The surface Fermi level and s
recombination velocity used are ±0.0 eV and 2.03105 cm/s, respectivel
The solid curve corresponds to the equilibrium-state built-in electric
while the other curves correspond to the steady-state built-in electric
calculated at the following probe-beam power densities: 1.0mW/cm2 for
the dashed-and-dottedcurve, 10mW/cm2 for the dashed curve, a
100 mW/cm2 for the dotted curve.
shrinkage in then-GaAs layer. Except for the peak, the
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built-in electric field uniformly distributes in thei-GaAs
layer. It is noted that the surface electric-field strengt
reduced by the illumination of the probe beam with a po
density ofmW/cm2 order, which indicates that the built-
electric field is sensitive to the probe-beam power den
This phenomenon is attributed to the photovoltaic effec
the surface electric field.

In order to investigate the relation among the photo
taic effect, surface Fermi level, and surface recombina
velocity, we calculated the surface electric-field strength
various probe-beam power densities using various se
surface Fermi levels and surface recombination velocitie
the calculation, the range of the probe-beam power dens
from 0.9 to 60mW/cm2, so that it covers the range used
the present experiment: from 2.8 to 30mW/cm2. The calcu
lated surface electric-field strengths are plotted as a fun
of probe-beam power density in Figs. 2sad and 2sbd. In the
calculations of the surface electric-field strengths show
Fig. 2sad, the surface recombination velocity is changed
1.03105 to 1.03106 cm/s, while the surface Fermi level

FIG. 2. Calculated surface electric-field strengths in thei-GaAs/n-GaAs
structure as a function of probe-beam power density.sad Surface electric
field strengths calculated at various surface recombination velocities
surface recombination velocities used are as follows: 1.03106 cm/s for the
curvesid, 5.03105 cm/s for the curvesiid, 2.03105 cm/s for the curvesiiid,
and 1.03105 cm/s for the curvesivd. The surface Fermi level used for ea
curve is ±0.0 eV.sbd Surface electric-field strengths calculated at var
surface Fermi levels. The surface Fermi levels used are as follows: −0.
for the curvesid, ±0.00 eV for the curvesiid, +0.10 eV for the curvesiiid,
and +0.15 eV for the curvesivd. The surface recombination velocity used
each curve is 2.03105 cm/s.
fixed to ±0.0 eV. In contrast, in the calculations of the sur-
.

t
f

s

n

face electric-field strengths shown in Fig. 2sbd, the surfac
Fermi level is varied from −0.10 to +0.15 eV, while the s
face recombination velocity is kept at 2.03105 cm/s. As
shown in Fig. 2sad, the surface electric-field strength is
hanced by the increase in the surface recombination vel
The enhancement of the surface electric-field streng
caused by the suppression of the photovoltaic effect orig
ing from the carriers since the increase in the surface re
bination velocity shortens the effective carrier lifetim
which leads to a decrease in the steady-state carrier de
In order to confirm the relation between the carrier den
and the surface recombination velocity, we calculated
electron density at the surface. The surface electron den
at the surface recombination velocities of 1.03105 and 5.0
3105 cm/s are estimated to be 1.23108 and 2.3
3107 cm−3, respectively, where the calculations were
formed using the probe-beam power density of 5.0mW/cm2

and the surface Fermi level of ±0.0 eV. This result supp
that the carrier density strongly depends on the surfac
combination velocity.

Next, we discuss the profiles of the curves in Figs.sad
and 2sbd that are obtained by plotting the surface elec
field strength as a function of probe-beam power density
profile of each curve in Fig. 2sad indicates that the surfa
electric-field strength has a linear dependence on the
rithm of the probe-beam power density. In contrast, in
2sbd, the profile of the curve indicates a saturation natu
the regime of the low probe-beam power density as the
face Fermi level approaches to the conduction-band bo
It is, therefore, concluded that the curve profile is sensitiv
the combination of the two parameters: the surface F
level and surface recombination velocity. This conclu
means that the surface Fermi level and surface recombin
velocity can be simultaneously estimated from the pr
beam power density dependence of the surface electric
strength.

For the physically meaningful estimation, it is import
to clarify the origin of the difference in the curve profile. T
difference can be explained on the basis of the theory i
duced by Yinet al.,5 which is analogous to the theory on
open circuit photovoltage in solar cells.30 According to the
theory, the steady-state potential barrier heightVB, which
corresponds to the potential difference between the F
level and the conduction-band bottom under the illumina
of the probe light, is written as

VB = VB,0 −
gkBT

e
lnF JPC

AJ0sTd
+ 1G , s2d

whereVB,0 is the equilibrium-state potential barrier heig
kB is the Boltzmann constant,T is the temperature,g is an
ideality factor, andA is a geometric factor. The quantitiesJPC

andJ0 are photoinduced and saturationsdarkd current densi
ties, respectively. At room temperature, the main contr
tions to the saturation current density are the therm
emission and diffusion, while the photoinduced current
sity is proportional to the probe-beam power density. In
rough approximation, which neglects the Debye-length
the space-charge corrections,5 the steady-state potential b

e

V

rier height is given by
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VB = Fsdi−GaAs, s3d

whereFs anddi-GaAs denote the steady-state surface elec
field strength and the thickness of thei-GaAs layer, respec
tively. Thus, Eq.s2d can be modified to the following equ
tion:

Fs = Fs,0 −
gkBT

edi−GaAs
lnF JPC

AJ0sTd
+ 1G . s4d

In the equation,Fs,0 is the equilibrium-state surface electr
field strength. Apparently, the steady-state surface ele
field strength is proportional to the logarithm of the pro
beam power density in the criterion ofJ0!JPC. In contrast
in the criterion ofJ0@JPC, the steady-state surface elect
field strength saturates in the regime of the low probe-b
power density. It is, therefore, considered that the linea
pendence shown in Fig. 2sad originates from the former cr
terion and that the saturation nature shown in Fig. 2sbd arises
from the latter criterion.

In order to confirm the above consideration, we inve
gate the carrier-density distribution. Figures 3sad and 3sbd
show the calculated electron-density distribution as a f
tion of distance from the surface. In the calculations of

FIG. 3. Calculated electron-density distributions in thei-GaAs/n-GaAs
structure at the surface Fermi levels of ±0.0 eVsad and +0.1 eVsbd as a
function of distance from the surface. The surface recombination ve
used is 2.03105 cm/s. Solid curves: equilibrium-state electron-density
tribution: Dashed curves: electron-density distribution at the probe-
power density of 2.0mW/cm2. Dashed-and-dotted curves: electron-den
distribution at the probe-beam power density of 20mW/cm2.
electron-density distributions shown in Figs. 3sad and 3sbd,
-

-

-

the same surface recombination velocity of 2.03105 cm/s is
employed. On the other hand, the different surface F
levels are applied to the calculations of the electron-de
distributions in Figs. 3sadand 3sbd: ±0.0 and +0.10 eV, r
spectively. Accordingly, the electron-density distribution
Figs. 3sadand 3sbdare calculated using the same parame
of the curvesiiid in Fig. 2sadand those of the curvesiiid in
Fig. 2sbd, respectively. The solid curves in Figs. 3sad and 3sb
correspond to the electron-density distributions at the e
librium state, while the other curves correspond to thos
the steady state. In the calculations of the dashed and da
and-dotted curves, the probe-beam power densities emp
are 2.0 and 20mW/cm2, respectively. It is apparent that
the i-GaAs layer the equilibrium-state electron-density di
bution is sensitive to the surface Fermi level: the sur
electron density shown in Fig. 3sbdis 50 times higher tha
that shown in Fig. 3sad. This result can be accounted fo
terms of the thermal distribution of electrons. Based on
Boltzmann statistics, the equilibrium-state electron densins

at the surface can be written as

ns = nn−GaAsexpS−
VB,0

kBT
D . s5d

There is a large difference of 0.1 eV between
equilibrium-state potential barrier heightssVB,0d correspond
ing to the surface Fermi levels used in the calculations.
cording to Eq.s5d, at room temperature, the equilibrium-s
electron density at the surface shown in Fig. 3sbd is larger by
a factor of exps0.1/kBTd<50 than that shown in Fig. 3sad,
that the difference in the surface Fermi level is regarde
be responsible for the difference in the electron density

The photovoltaic effect is suppressed in the situa
where the steady-state electron density is comparable
equilibrium-state electron density, which is suggested by
s2d. Figure 3sbdindicates that the illumination of the pro
beam with a power density of 2.0mW/cm2 results in the
slight increase in the electron density. Corresponding to
fact, the curvesiiid in Fig. 2sbd deviates from the linear d
pendence and begins to saturate in the range of the p
beam power density lower than 5mW/cm2. This is attrib-
uted to the above-mentioned situation. On the other han
the case where the steady-state electron density is suffic
higher than the equilibrium-state electron density, the c
sponding portions of the curves in Figs. 2sad and 2sbdexhibit
a linear dependence. Thus, the surface Fermi-level d
dence of the electron density is attributed to the factor
determines the dependence of the surface electric
strength on the logarithm of the probe-beam density.

In the present calculations, various parameters, w
are listed in Tables I and II, are employed. Among them
bulk carrier lifetimes and mobilities are sensitive to
sample quality. Surface treatments sometimes unintentio
change these parameters. One may suppose that
changes cause ambiguity in estimating the surface F
level and surface recombination velocity. However, the
lowing calculations prove that the surface electric-fi
strength is insensitive to the changes in the bulk carrier
times and mobilities, which means that the estimation o

surface Fermi level and surface recombination velocity is
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hardly affected by these parameters. At first, we discus
influence of the bulk carrier lifetimes in thei-GaAs layer
Figure 4 shows the calculated surface electric-field stre
as a function of bulk carrier lifetime in thei-GaAs layer. The
parameters used are as follows: ±0.0 eV for the sur
Fermi level, 2.03105 cm/s for the surface recombinati
velocity, and 20mW/cm2 for the probe-beam power dens
The bulk electron and hole lifetimes in thei-GaAs layer ar
assumed to be the same for simplicity. The solid curv
calculated with the use of the same carrier mobilities liste
Table II. As shown in Fig. 4, the change in the bulk car
lifetime from 1.0 to 5.0310−5 ms enhances the surfa
electric-field strength only by 0.24 kV/cm. Because the
hancement corresponds to 0.9% of the value of the su
electric-field strength, the effects of the change in the
carrier lifetimes are considered to be negligibly small. T
result can be qualitatively explained in terms of the effec
carrier lifetimeteff in the i-GaAs layer, which is given by

1

teff
=

1

tbulk
+

CS

di−GaAs
with C = 1, s6d

wheretbulk andSare the bulk carrier lifetime and the surfa
recombination velocity, respectively. The second term
notes the effect of the surface recombination. Equations6d is
similar to the equation describingteff in Ref. 28. The only
difference appears in the coefficientC of the second term
which arises from the fact that the surface recombinatio
more dominant than the recombination at the opposite i
face: the i-GaAs/n-GaAs interface. In the present mo
structure, using the surface recombination velocity of
3105 cm/s, the second term is estimated to be 10 n−1,
which is much larger than the inverse of the bulk car
lifetime of conventional undoped GaAs crystals. Con
quently, the effective carrier lifetime, which affects the c
rier density in thei-GaAs layer, is mainly determined by t
surface recombination. The electron density in thei-GaAs

FIG. 4. Calculated steady-state surface electric-field strengths in
i-GaAs/n-GaAs structure as a function of bulk carrier lifetime in
i-GaAs layer. The probe-beam power density, surface Fermi level, an
face recombination velocity applied are 20mW/cm2, ±0.0 eV, and 2.0
3105 cm/s, respectively. The carrier mobilities in thei-GaAs layer em
ployed are as follows: the electron mobility of 8000s2000dcm2/V s and
hole mobility of 400s100d cm2/V s are used for the solidsdasheddcurve.
layer is, therefore, independent of the bulk carrier lifetime,
e

e

-

which leads to the conclusion that the surface electric fie
insensitive to the change in the bulk carrier lifetime.
shown in Fig. 4, the inverse of the second terms=0.1 nsd
almost agrees with the threshold where the surface el
field strength begins to increase. This agreement suppor
above-mentioned explanation based on the concept o
effective carrier lifetime.

Next, we discuss the influence of the carrier mobilitie
the i-GaAs layer. The dashed curve shown in Fig. 4 is
tained using 2000 and 100 cm2/V s for the electron and ho
mobilities in thei-GaAs layer, respectively. It is obvious th
the surface electric-field strength is also insensitive to
changes in the mobilities. This result can be explaine
terms of the relation between the photoinduced current
sity and the carrier mobilities. According to Ref. 31, the
lation is expressed by the following equation:

JPC= JPC,̀ S1 −
di−GaAs

2

mtVB,0
D . s7d

The quantityJPC,̀ is the photoinduced current density at
infinite carrier mobilities, whilemt is the average mobility
lifetime product for the electron and hole given by31

mt =
2metemhth

mete + mhth
, s8d

where meshd and teshd are the mobility and the bulk carri
lifetime of the electronsholed in the i-GaAs layer, respe
tively. Equations7d indicates that under the finite carrier m
bilities the loss of the photoinduced current density oc
owing to the bulk recombination in thei-GaAs layer. It is
apparent that the photoinduced current density is inde
dent of the carrier mobilities if the second term is neglig
small. We estimated the denominator of the second term
ing the following parameters: 2000 cm2/V s for the electron
mobility, 100 cm2/V s for the hole mobility, 1.0 ns for th
bulk carrier lifetimes, andEg,0/2e s=0.712 Vd for the
equilibrium-state potential barrier height. The value of
denominator is estimated to be 1.4310−7 cm2, which is
much larger than the numerator: the square of thei-GaAs
layer thicknesss4310−10 cm2d. Consequently, the photoi
duced current density is independent of the carrier mobi
and hence the surface electric-field strength is insensiti
the carrier mobilities. Our estimation means that the los
the photoinduced current density is negligible, which is
to the fact that the thickness of thei-GaAs layer is suffi
ciently thin.

Finally, we evaluate the accuracy of the present me
for estimating the surface Fermi level and surface reco
nation velocity. It is considered that the accuracy is do
nated by the ambiguity in the measured surface electric
strength. The surface electric-field strength depends o
photon energy of the probe beam owing to a change in
toabsorption even if the probe-beam power density is
stant. Consequently, the surface electric-field strength
mated from the FKOs is an average of its values at va
photon energies in the spectral range exhibiting the F
and hence inevitably accompanies with ambiguity. We ca

-

lated the surface electric-field strength in the spectral range
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of interest. For example, the surface electric-field stren
calculated at the photon energies of 1.45 and 1.65 eV
28.5 and 27.9 kV/cm, respectively, where the param
used are as follows: 5.0mW/cm2 for the probe-beam pow
density, ±0.0 eV for the surface Fermi level, and
3105 cm/s for the surface recombination velocity. In
calculation, the surface Fermi level and surface recomb
tion velocity used are typical values in GaAs.5,32,33There is a
difference of 0.6 kV/cm between the surface electric-fi
strengths calculated at the photon energies of 1.45
1.65 eV. Thus, the calculated results suggest that the su
electric-field strength obtained from the measured F
contains ambiguity of ±0.3 kV/cm. We confirmed that
ambiguity of ±0.3 kV/cm hardly depends on the probe-b
power density. We estimated the error of the surface F
level resulting from the ambiguity of ±0.3 kV/cm in the s
face electric-field strength. As shown in Fig. 2sbd, a chang
in the surface Fermi level remarkably modifies the sur
electric-field strength in a regime of the low probe-be
power density; therefore, the error of the surface Fermi l
should be determined at the lowest probe-beam power
sity used in the present measurement. In the present e
ment, the lowest probe-beam power density used
2.8 mW/cm2. As shown in Fig. 2sbd, at the probe-be
power density of 2.8mW/cm2, the change in the surfa
Fermi level from −0.10 to +0.15 eVsthe total change o
0.25 eVd reduces the surface electric-field strength
3.0 kV/cm. As described above, the ambiguity of the sur
electric-field strength is ±0.3 kV/cm that is one-tenth of
electric-field strength obtained from the change in the su
Fermi level described above. Thus, the error of the su
Fermi level is estimated to be around ±0.025 eV. We
evaluated the error of the surface recombination velocity
this purpose, we derived the difference in the surface re
bination velocity that produces the change in the sur
electric-field strength of ±0.3 kV/cm. For example,
variation in the surface recombination velocity from
3105 to 2.43105 cm/s results in the change in the surf
electric-field strength from 28.4 to 28.7 kV/cm. In this c
culation, the surface Fermi level, probe-beam power den
and photon energy used are ±0.0 eV, 5.0mW/cm2, and
1.5 eV, respectively. This result indicates that the chang
the surface recombination velocity of 20% leads to the v
tion in the surface electric-field strength of ±0.3 kV/c
therefore, the error of the surface recombination veloci
considered to be around 20%. We confirmed that the val
the error ratio hardly depends on the surface recombin
velocity. It is noted that the errors estimated above are c
parable to the results of the earlier works.5,32,33 We, there
fore, conclude that the present method provides the su
Fermi level and surface recombination velocity with reas
able accuracy.

III. SAMPLES AND EXPERIMENTAL PROCEDURES

The samples used in the PR measurements were ti
-GaAss200 nmd/n-GaAss3.0 mm,3.031018 cm−3d epitaxial
layer structures grown on a 2°-offs001d semi-insulating

GaAs wafer by metal organic vapor phase epitaxy, where th
e
s

-

d
e

i

l
-

ri-
s

r
-

,

f
n
-

e

values in the parentheses are the individual layer thick
and the doping concentration. One of the epiwafers wa
amined as an as-grown sample, while the others wer
posed to the surface nitridation or cat-CVD of SiNx. The
surface nitridation was performed by annealing the samp
the NH3 atmosphere. The thickness of the nitrided laye
estimated to be about 2 nm using ellipsometry. The sour
the SiNx film used in the cat-CVD was a mixture of NH3 and
SiH4, and the tungsten wire was applied to the catalyzer.
thickness and refractive index of the SiNx film prepared by
the cat-CVD are about 50 nm and 2.04, respectively.
carefully checked the difference among the samples an
variation induced by the surface treatment. The sheet
tances of the three epiwafers, which were measured w
contactless conductivity probe before and after the su
treatments, are listed in Table III in addition to the surf
electric-field strength of each sample that was estimated
the FKOs before the surface treatment. As shown in T
III, the surface electric-field strengths are the same within
accuracy of the measurements. In addition, the surface
ments hardly produce variation in the sheet resistance, w
indicates that the surface treatments do not modify tn
-GaAs epitaxial layer.

The PR spectra of the samples were measured at
temperature. In the PR measurement, the pump beam w
laser light with the photon energy of 2.33 eV chopped a
frequency of 2 kHz with an acousto-optic modulator.
power density of the pump beam was 80 mW/cm2, unless
otherwise specified in the following section. The probe b
was obtained from a tungsten–halogen lamp dispersed
monochromator with a 1.2-nm resolution. In the spe
range of interest, the probe-beam intensity was almost
stant and its variation was within 6% of the average.
obtained probe beam was focused onto the sample wit
angle of incidence of 15°. The reflected probe beam
detected with a Si photodiode. The dc reflectance compo
R was recorded by a dc voltmeter, while the modulated
flectance componentDR of the detected signal was measu
using a conventional lock-in technique. The reference p
of the lock-in amplifier was tuned to be in phase with

TABLE III. Sheet resistances and surface electric-field strengths ofi
-GaAs/n-GaAs structures before and after the surface treatment.

Surface treatments

Surface
electric-field strengths Sheet resistances

Before the
treatments
skV/cmda Before sV /sqdb After sV /sqdb

As grown 26.0±0.2 3.375±0.022 ¯

Surface nitridation 26.2±0.2 3.365±0.019 3.365±0.0
cat-CVD of SiNx 25.9±0.2 3.369±0.019 3.372±0.02

aEstimated from the FKOs measured at the probe-beam power den
30 mW/cm2 and the pump-beam power density of 80 mW/cm2. The value
of the average and deviation were obtained from five times measurem
different positions of the wafer.
bThe values of the average and deviation were obtained from five
measurements at different positions of the wafer.
echopped pump beam.
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IV. EXPERIMENTAL RESULTS AND DISCUSSION

A. FKOs from an as-grown i-GaAs/ n-GaAs structure

The PR spectra from the as-growni-GaAs/n-GaAs
structure are shown in Figs. 5sadand 5sbd. The spectra in Fi
5sadwere measured at the pump-beam power densities
and 160 mW/cm2 using the probe beam with a power d
sity of 30 mW/cm2. In contrast, in the measurement of
spectra shown in Fig. 5sbd, the pump-beam power de
was kept at 80 mW/cm2, while the probe-beam power de
sity was varied from 2.8 to 30mW/cm2. The spectra show
in both Figs. 5sadand 5sbdexhibit a large number of oscill
tions, which are assigned to the FKOs associated with
surface electric field in thei-GaAs/n-GaAs structure.3 It is
noted that the FKOs could not be attributed to those from
interface, taking account of the estimated electric-fi
strengths that will be discussed later. As shown in Fig. 5sad,
the FKOs have the same period regardless of the pump-
power density. In contrast, as shown in Fig. 5sbd, the period
of the FKOs increases with a decrease in the probe-b
power density. The pump-beam power density
80 mW/cm2 is much higher than that employed in usual
measurements. It is, therefore, considered that the p
beam power density is enough to flatten the surface ele
field, which is supported by the fact that even the illum
tion of the beam with a power density of 1.0mW/cm2

causes 10% reduction of the surface electric-field streng

FIG. 5. PR spectra from thei-GaAss200 nmd/n-GaAss3.0 mm,3.0
31018 cm−3d structure at room temperature.sad PR spectra at the pum
beam power densities of 160 and 15 mW/cm2. The probe-beam power de
sity used is 30mW/cm2. sbd PR spectra at various probe-beam power
sities. The pump-beam power density used is 80 mW/cm2.
shown in Fig. 1. Consequently, in the present PR measure
5

e

m

-
c

s

ment, the pump beam modulates the surface electric
from an initial strength in the absence of the pump bea
zero electric field. As a result, the period of the FKO
sensitive only to the change in the probe-beam power de
that dominates the initial electric field.

As mentioned in Sec. III, the modulation frequency u
in the present experiment was 2 kHz in order to improve
signal-to-noise ratio. The frequency of 2 kHz is much hig
than that used in usual PR measurements: of the ord
hundred Hertz. It was reported that the PR signal from
i-GaAs/n-GaAs structure has a time constant around 1 m34

This suggests that the modulation frequency of 2 kHz
be too high to observe an accurate PR signal. In ord
clarify the problem of the modulation-frequency effect, i
necessary to check the modulation-frequency dependen
the period of the FKOs. Figure 6 shows the PR spectra
sured at 220 Hz and 2 kHz. It is evident that the perio
the FKOs at 2 kHz is the same as the period at 220 Hz.
fact indicates that the surface electric field is fully modula
by the pump beam even at 2 kHz; namely, the time con
of the FKO signals is much shorter than 0.5 ms in the pre
case. According to Ref. 34, the time constant decreases
an increase in the beam power density. The pump-b
power density used in the present experiment is much h
than that used in the experiment of Ref. 34; therefor
seems that the high power density results in such a s
time constant.

Next, we discuss the line-shape function of the FK
The generation mechanism of PR signals arises from
modulation of the dielectric function, which is caused by
intermittent irradiation of the pump beam. The modula
componentdePR of the dielectric function can be written

dePR= eon − eoff . s9d

In the equation,eonsoffd is the dielectric function of the samp
in the presencesabsencedof the pump-beam irradiation.
general, the dielectric function of a given layer under
electric fieldF can be separated into two terms: the com
nentes0d independent of the electric field and the compo

35

FIG. 6. PR spectra measured at the modulation frequencies of 220 H
2 kHz. The pump- and probe-beam power densities are 80 mW/cm2 and
30 mW/cm2, respectively.
-kDesFdl depending on the electric field.
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eonsoffd < es0d + kDefFonsoffdgl. s10d

In the equation,Fonsoffd denotes the electric-field strength
the presencesabsencedof the pump-beam irradiation. Th
generalized form ofkDesFidl, which is obtained with the us
of the Wentzel–Kramer–Brillouin method, is represen
by35

kDesFidl < − 2ikE
0

W

e2ikzDef"v,Fiszdgdz, s11d

wherez denotes the distance from the surface,W the thick-
ness of a given layer, andk the wave vector of the beam w
the photon energy of"v in the layer. The quantit
Def"v ,Fiszdg is a perturbation term of the dielectric fun
tion, which originates from the presence ofFiszd. For anM0

critical point, which corresponds to the fundamental tra
tion of GaAs,Def"v ,Fiszdg is given by36

Des"v,Fid =
Bs"Qd1/2

s"vd2 fgs− hd + i fs− hdg, s12ad

h ;
"v − Eg,0

"Q
, s12bd

s"Qd3 ;
e2"2Fi

2

2mr
. s12cd

The quantity"Q is an electro-optic energy andmr is an in-
terband reduced mass in the direction of the electric fi
while B is a proportion constant related to the moment
matrix elements. In Eq.s12ad, fs−hd and gs−hd denote the
electro-optic functions consisting of Airy functions.36 In the
PR measurement, the probe beam continuously illumin
the sample. Accordingly,Foff corresponds to the electric-fie
strength under the illumination of the probe beam. In a
tion, as shown in Fig. 1, the built-in electric field uniform
distributes in thei-GaAs layer.Foffszd in the i-GaAs laye
can, therefore, be written as

Foffszd = Fs = const. s13d

In this equation,Fs is the steady-state surface electric-fi
strength under the illumination of the probe beam, whic
discussed in Sec. II. According to Ref. 35, under the unif
electric field,kDesFdl can be treated as follows:

kDesFdl = Des"v,Fd. s14d

Here, we reconsider the photovoltaic effect on the sur
electric field. As discussed in Figs. 5 and 6, in the presen
measurements, the pump beam modulates the surface e
field from an initial strength in the absence of the pu
beam to zero electric field because of its high power den
The value ofDes"v ,Fond can, therefore, be treated as ze

Thus, Eq.s9d can be approximated to
,

s

ric

.

dePR< − Des"v,Fsd = −
Bs"Qd1/2

s"vd2 fgs− hd + i fs− hdg.

s15d

It is well known that the PR signal is expressed by the
lowing equation:37

DR

R
= a RefdePRg + b ImfdePRg. s16d

The coefficienta andb are the Seraphin coefficients. In
photon-energy range of interest, the values ofa and b are
positive.37 In addition,b!a,37 so thatDR/R can be approx
mated to

DR

R
< −

aBs"Qd1/2

s"vd2 gs− hd. s17d

This equation indicates that the line shape of the FKO
expressed not bygs−hd but by −gs−hd. The present line
shape function is different from those reported in Refs
and 38, where the built-in electric-field strength of the mo
structure has a linear dependence on the distance fro
surface. According to Ref. 35, the distribution of the buil
electric field affects the mixing of the real and imagin
parts of the perturbation term of the dielectric func
through the integration in Eq.s11d, which leads to the diffe
ence in the line-shape function.

Using the line-shape function derived above, we ca
lated the line shape of the FKOs. In Fig. 7, the calculated
shape is compared with the PR spectrum measured
probe-beam power density of 30mW/cm2 shown in Fig
5sbd. The calculated line shape is formed by the sum o
G-HH and G-LH FKO components, taking account of t

39

FIG. 7. Comparison between the calculated and measured line shape
FKOs from the as-growni-GaAs/n-GaAs structure. For clarity, each sp
trum is normalized. Curvesid: measured PR spectrum at the probe-b
power density of 30mW/cm2 and the pump-beam power density
80 mW/cm2. Curve siid: calculated line shape of the FKOs using
asymptotic forms of the electro-optic functions. Curvesiiid: calculated line
shape of the FKOs consisting of theG-HH andG-LH components using E
s17d.
ratio of the oscillator strength.Here,G-HH sG-LHd denotes
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the heavy-hole-relatedslight-hole-relateddtransition at theG
point. In this calculation, the electron, heavy-hole, and li
hole effective masses used are 0.0665m0, 0.34m0, and
0.094m0, respectively,40 wherem0 is the electron rest mass
vacuum. The surface electric-field strength used is estim
to be 26.0 kV/cm from a well-established Fourier-transf
analysis41 for the FKOs. The calculated line shape is in ph
with the measured spectrum even without any fitting pa
eters. In Fig. 7, the asymptotic curve of the FKOs, whic
derived with the use of the asymptotic forms of the elec
optic functions,42 is also depicted. As shown in Fig. 7, t
asymptotic curve is, of course, in phase with the meas
spectrum. The asymptotic curve also consists of

sDR̂/RdHH and sDR̂/RdLH of the G-HH and G-LH compo-
nents, which are given by

SDR̂

R
D

HH,LH
~

1

4s"v − Eg,0ds"vd2

3cosF4

3
S"v − Eg,0

"QHH,LH
D3/2

+
p

2
G . s18d

In the equation,"QHHsLHd is an electro-optic energy asso
ated with theG-HH sG-LHd transition. It is considered th
the extrema of the FKOs are mainly determined by theG-HH
component because the oscillator strength of theG-HH tran-
sition is three times larger than that of theG-LH transition.39

From Eq.s18d, the position"v j of the j th extremum of th
asymptotic curve can be obtained as follows:

4

3
S"v j − Eg,0

"QHH
D3/2

+
p

2
= jp, s19ad

where

j = H1, 3, 5, . . . , local-minimum condition.

0, 2, 4, . . . , local-maximum condition.
J s19bd

This equation can be modified to

"v j = "QHHXj + Eg,0, s20d

whereXj is a quasi-index of thej th extremum:

Xj = F3p

4
S j −

1

2
DG2/3

. s21d

Indeed, several groups43–45 employed this linear plot bas
on Eq.s20d by a tacit consent without detailed discussion
the present stage, where only the FKOs from the as-g
i-GaAs/n-GaAs structure are discussed, the derived li
plot seems to be insignificant. However, the obtained
shape function can be easily generalized to the form, w
can describe the FKOs from thei-GaAs/n-GaAs structur
covered with a film. Based on this form, a generalized lin
plot can be derived, which will be demonstrated in S
IV C.

The extremum positions of the FKOs are plotted acc
ing to Eq.s20d, as shown in Fig. 8. In this figure, two diffe
ent linear plots are depicted. The closed circles indicate
linear plot of the extrema of the FKOs in the PR spectru
the probe-beam power density of 30mW/cm2, which is

shown in Fig. 5sbd. On the other hand, the open circles indi-
d

-

d

n
r

e

cate the linear plot of the FKO extrema in the PR spectru
the probe-beam power density of 5.5mW/cm2. As shown in
Eq. s20d, the slope of each line is the electro-optic ene
which includes the electric-field strength. The slope of
linear plot indicated by the closed circles yields a valu
26.0 kV/cm for the surface electric-field strength at
probe-beam power density of 30mW/cm2. The slope of th
linear plot indicated by the open circles is larger than tha
the plot indicated by the closed circles. The increase in
slope indicates that the surface electric field is enhance
the suppression of the photovoltaic effect. It is found tha
surface electric-field strength is enhanced to 28.2 kV/c
5.5 mW/cm2. We also estimated the surface electric-fi
strengths at the other probe-beam power densities. The
mated surface electric-field strengths are plotted in Fig.
a function of probe-beam power density and indicated b
closed circles. From this plot, it is apparent that the sur
electric-field strength of the as-grown sample has a li
dependence on the logarithm of the probe-beam power
sity, which corresponds to the computational results sh
in Fig. 2sad. The surface electric-field strengths, which w
calculated at the surface Fermi level of ±0.0 eV, are
plotted in Fig. 9. The surface recombination velocity is
ferent in the calculation of each line: the value of
3105 cm/s is used for the dashed line, 2.03105 cm/s for
the solid line, and 4.03105 cm/s for the dashed-and-dot
line. Comparing the calculated lines with the plot of the
face electric-field strengths obtained from the as-gr
sample, the surface Fermi level and surface recombin
velocity in thei-GaAs/n-GaAs structure are estimated to
±0.0 eV and 2.03105 cm/s, respectively. The estimated s
face Fermi level agrees with the value reported by S
et al.3 In addition, the estimated surface recombination
locity is consistent with the reported values.32,33 Thus, we

FIG. 8. Linear plot of the extrema of the FKOs shown in Fig. 5sbd according
to Eq.s20d. The closed and open circles indicate the linear plots of the
extrema in the PR spectra measured at the probe-beam power densitie
and 5.5mW/cm2, respectively.
conclude that the surface Fermi level and surface recombi-



ugh

tion
ity o
the
face
re-
t th
sur
pa
n th

c-
tri-
od o
ow
t is
r-

e
d i
are
sity

esti-
own
. 9,
ashe
lcu

ring
d by
field
here-
ty is
ime
field
near
den-

from
ermi
ated
did

ded
rface
rface
ve-
lid
tes

com-
The
to-
the

e de-
en-
hich

n ve-
sent

lectri
lose

wn
, and
ulate
bina

e,
d-

ed at
e

063708-11 Takeuchi et al. J. Appl. Phys. 97, 063708 ~2005!
nation velocity can be simultaneously determined thro
the analysis of the photovoltaic effect on the FKOs.

B. Application to the evaluation of the surface
nitridation

Figure 10sadshows the PR spectra from thei-GaAs/
n-GaAs structure before and after the surface nitrida
which were measured at the probe-beam power dens
30 mW/cm2. In spite of the same measuring condition,
shortening of the period of the FKOs occurs after the sur
nitridation; that is, the surface electric-field strength is
duced by the surface nitridation. This result suggests tha
surface nitridation changes the surface Fermi level and
face recombination velocity. In order to estimate these
rameters, we investigated the dependence of the FKOs o
probe-beam power density. Figure 10sbd shows the PR spe
tra from thei-GaAs/n-GaAs structure after the surface ni
dation at various probe-beam power densities. The peri
the FKOs increases with a decrease in the probe-beam p
density; namely, the suppression of photovoltaic effec
also observed in thei-GaAs/n-GaAs structure after the su
face nitridation.

From the FKOs shown in Fig. 10sbd, we estimated th
surface electric-field strength in the same manner use
Sec. IV A. The estimated surface electric-field strengths
plotted in Fig. 11 as a function of probe-beam power den
and indicated by the closed circles. In this figure, the
mated surface electric-field strengths of the as-gr
i-GaAs/n-GaAs structure, which are indicated in the Fig
are replotted as the open circles for a reference. The d
line indicates the surface electric-field strength that is ca

FIG. 9. Comparison between the calculated and estimated surface e
field strengths with respect to the probe-beam power density. The c
circles indicate the surface electric-field strengths of the as-groi
-GaAs/n-GaAs structure estimated from the FKOs. The dashed, solid
dashed-and-solid lines indicate the surface electric-field strengths calc
at the surface Fermi level of ±0.0 eV. The values of the surface recom
tion velocity employed are as follows: 1.03105 cm/s for the dashed lin
2.03105 cm/s for the solid line, and 4.03105 cm/s for the dashed-an
dotted line.
lated using the surface Fermi level and surface recombina
,
f

e
-
-
e

f
er

n

d
-

tion velocity estimated for the as-grown sample. Compa
the plot indicated by the closed circles with that indicate
the open circles, it is clear that the surface electric-
strength decreases after the surface nitridation. It is, t
fore, considered that the surface recombination veloci
reduced by the surface nitridation. In addition, in the reg
of the low power density, the estimated surface electric-
strength after the surface nitridation deviates from the li
dependence on the logarithm of the probe-beam power
sity, which suggests that the surface Fermi level moves
the midgap position. In order to estimate the surface F
level and the surface recombination velocity, we calcul
the surface electric-field strength. In the calculation, we
not take account of the optical absorption of the nitri
surface because its thickness is negligibly small. The su
electric-field strength, which was calculated using the su
Fermi level of +0.13 eV and the surface recombination
locity of 1.03105 cm/s, is plotted as a solid curve. The so
curve well fits to the experimental values, which indica
that the values of the surface Fermi level and surface re
bination velocity used in the calculation are reasonable.
fitting result indicates that the surface Fermi level shifts
ward the conduction-band bottom, which means that
equilibrium-state potential barrier height decreases. Th
crease in the equilibrium-state potential barrier height
hances to the flow of the electrons toward the surface, w
leads to the presumption that the surface recombinatio
locity is enhanced. Contrary to the presumption, the pre

c-
d

d
-

FIG. 10. sad PR spectra from thei-GaAss200 nmd/n-GaAss3.0 mm,3.0
31018 cm−3d structure before and after the surface nitridation measur
the probe-beam power density of 30mW/cm2. sbd PR spectra after th
surface nitridation measured at various probe-beam power densities.
-estimation indicates that the surface recombination velocity
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is reduced by the surface nitridation, where the surfac
combination velocity in the as-grown sample is estimate
be 2.03105 cm/s. It is, therefore, considered that the rec
bination centers at the surface are strongly reduced to e
the effect of the decrease in the equilibrium-state pote
barrier height. Our findings coincide with the previous s
ies on the surface nitridation. For example, Sunet al.6 evalu-
ated the shift of the surface Fermi level using the PR m
surement, which was performed at 420 K to eliminate
photovoltaic effect. They found that the surface Fermi le
shifts toward the conduction-band edge after the surfac
tridation. Anantathanasarn and Hasegawa46 measured th
photoluminescence from the GaAs epitaxial layer before
after the surface nitridation. From the change in the pho
minescence intensity, they predicted the reduction of the
face recombination velocity after the surface nitridat
which is consistent with the present result, though they
not estimate the value itself. It should be mentioned tha
previous studies focused only on the single parameter: e
the surface Fermi level or the surface recombination velo
The evaluation presented here is unique and useful be
these parameters can be simultaneously deduced fro
same data set obtained from the FKOs.

C. Application to the evaluation of the cat-CVD of
SiNx

Figure 12sadshows the PR spectra from thei-GaAs/
n-GaAs structure before and after the cat-CVD of SiNx. The
spectra were obtained at the probe-beam power dens
30 mW/cm2. It is noted that the period of the FKOs from t
present sample reflects the electric-field strength at

FIG. 11. Comparison between the calculated and estimated surface e
field strengths with respect to the probe-beam power density. Closed c
surface electric-field strengths estimated from the FKOs after the su
nitridation. Open circles: replotted surface electric-field strengths of th
grown i-GaAs/n-GaAs structure shown in Fig. 9. Dashed line: calcul
surface electric-field strength using the surface Fermi level of ±0.0 eV
surface recombination velocity of 2.03105 cm/s. Solid curve: calculate
surface electric-field strength using the surface Fermi level of +0.13 eV
surface recombination velocity of 1.03105 cm/s.
SiNx/ i-GaAs interface because the thickness of SiNx is not
-

d
l

-

-

-
-

r
.
se
e

f

negligible. Consequently, the term “SiNx/ i-GaAs interfac
electric-field strength” is more suitable than the term “
face electric-field strength” used in the previous subsect
As shown in Fig. 12sad, in the spectrum after the cat-CVD
SiNx, a large number of the FKOs are observed. In con
with the FKOs after the surface nitridation, the period of
FKOs after the cat-CVD of SiNx increases: the SiNx/
i-GaAs interface electric-field strength is larger than
original surface electric-field strength. It is supposed tha
increase in the period shifts all of the extrema to the hig
energy side; however, the positions of the extrema do
exhibit such a monotonic shift. The extrema in the en
range less than 1.5 eV move to the lower-energy
whereas the other extrema shift to the higher-energy sid
general, the positions of the extrema are related not on
the period but also to the phase. Consequently, the obs
change in the extremum position suggests that the F
exhibit a phase shift. Figure 12sbdshows the PR spectra af
the cat-CVD of SiNx at various probe-beam power densit
The period of the FKOs increases with a decrease in
probe-beam power density, which indicates that the sup
sion of the photovoltaic effect is also observed in
sample.

In order to analyze the phase shift, we generalize
line-shape function of the FKOs. As previously reported,15,16

the presence of the overlayer causes the interference

c-
:

e
-

FIG. 12. sad PR spectra from thei-GaAss200 nmd/n-GaAss3.0 mm,3.0
31018 cm−3d structure before and after the cat-CVD of SiNx measured at th
probe-beam power density of 30mW/cm2. sbd PR spectra after the cat-CV
of SiNx measured at various probe-beam power densities.
probe beam, which leads to the phase shift of the FKOs.
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According to Refs. 15 and 16, in thei-GaAs/n-GaAs struc
ture covered with the SiNx film, the line-shape function o
the FKOs is given by

DR

R
~ RehdePRexpfids"vdgj. s22d

In the equation, the quantityds"vd denotes the phase de
of the probe beam reflected at the SiNx film/ i-GaAs interface
to the probe beam reflected at the surface of the SiNx film,

ds"vd = 2kSiNx
s"vddSiNx

, s23d

wheredSiNx
andkSiNx

are the thickness and the wave vec
of the probe beam in the SiNx film, respectively. The rea
projection ofdePRexpfids"vdg in Eq. s22d is written as the
linear combination offs−hd andgs−hd, which is formed by
the interference-related term expfids"vdg. In the asymptoti
range, the phase offs−hd is different from that ofgs−hd by
p /2, which leads to the phase shift of the FKOs depen
on the thickness of the SiNx film. The details of the forma
ism are described in Refs. 15 and 16.

Next, we calculate the line shape of the FKOs using
s15d, s22d, ands23d and compare it with the PR spectrum
the probe-beam power density of 30mW/cm2 shown in Fig
12sbd. In advance to the calculation, the Fourier transfor
the PR signal was performed to obtain the SiNx/ i-GaAs in-
terface electric-field strength. The SiNx/ i-GaAs interface
electric-field strength is estimated to be 26.9 kV/cm.
line shapes of the FKOs, which were calculated using
above-estimated value of the SiNx/ i-GaAs interface electric
field strength, are shown in Fig. 13. In this figure, the
kinds of calculated line shapes are depicted: the line sh
calculated with and without taking account of the inter
ence effect. The line shape of the FKOs calculated with
ing account of the interference effect is in phase with

FIG. 13. Comparison between the calculated and measured line sha
the FKOs. Curvesid: measured PR spectrum after the cat-CVD of SiNx at
the probe-beam power density of 30mW/cm2. Curve siid: calculated line
shape of the FKOs withsw/d taking account of the probe-beam interfere
effect. Curvesiiid: calculated line shape of the FKOs withoutsw/od taking
account of the probe-beam interference effect.
measured spectrum, while the line shape calculated withou
.

s

-

taking account of the interference effect is out of phase.
therefore, confirmed that the generalized line-shape fun
of the FKOs well explains the profile of the FKOs influen
by the probe-beam interference. Accordingly, the asymp
form of the G-HH FKO component shown in Eq.s18d is
generalized to

SDR̂

R
D

HH
~

1

4s"v − Eg,0ds"vd2

3cosF4

3
S"v − Eg,0

"QHH
D3/2

+ ds"vd +
p

2
G . s24d

Thus, the extremum positions of the FKOs can be writte

"v j = "QHHXj8 + Eg,0, s25d

whereXj8 is

Xj8 = F3p

4
S j −

f

p
DG2/3

, s26ad

f =
p

2
+ ds"vd. s26bd

In the equation, the termf can be regarded as a generali
phase factor of the FKOs. We note that the phase of FK
also influenced in general by excitonic47 and
surface-termination48 effects. In addition, the phase depe
on the modulation magnitude.38 Consequently, Eqs.s25d,
s26ad, ands26bd can be applied only to the FKOs fro
i-GaAs/n-GaAs structures modulated by an intense p
beam used in the present experiment because the effe
the phase of FKOs described above are expected to be
siderably reduced.

The extremum positions of the FKOs are plotted acc
ing to Eqs.s25d, s26ad, ands26bd, as shown in Fig. 14. Th
extrema of the FKOs obtained at the probe-beam power

2

of
FIG. 14. Linear plot of the extrema of the FKOs after the cat-CVD of Sx
according to Eq.s25d. The closed and open circles indicate the linear
of the FKO extrema in the PR spectra measured at the probe-beam
densities of 30 and 5.5mW/cm2, respectively.
tsity of 30 mW/cm , which are shown in Fig. 12sbd, are in-
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dicated by the closed circles. From the slope of this plot
SiNx/ i-GaAs interface electric-field strength is estimate
be 27.1 kV/cm. The slope of the plot consisting of the o
circles, which is obtained from the FKOs measured at
probe-beam power density of 5.5mW/cm2, indicates that th
SiNx/ i-GaAs interface electric field is enhanced
29.6 kV/cm.

The SiNx/ i-GaAs interface electric-field strengths at
other probe-beam power densities are also estimated
same manner and plotted in Fig. 15 as the closed circle
this figure, the estimated surface electric-field strength
the as-growni-GaAs/n-GaAs structure, which are indicat
in the Fig. 9, are replotted as the open circles for a refere
The dashed line indicates the surface electric-field stre
that is calculated using the surface Fermi level and su
recombination velocity estimated for the as-grown samp
is apparent that the SiNx/ i-GaAs interface electric-fie
strength is larger than the surface electric-field strengt
the as-grown sample. The following two factors can enh
the electric-field strength. One originates from the reflec
of the probe beam at the SiNx surface. The reflection leads
the reduction of the probe-beam power density at
SiNx/ i-GaAs interface and hence the photovoltaic effec
suppressed. Taking account of only this factor, we calcu
the SiNx/ i-GaAs interface electric-field strength, which
depicted as the dashed-and-dotted line. In the calculatio

FIG. 15. Comparison between the calculated and estimated surface e
field strengths with respect to the probe-beam power density. Closed c
surface electric-field strengths estimated from the FKOs after the cat
of SiNx. Open circles: replotted surface electric-field strengths of the
grown i-GaAs/n-GaAs structure shown in Fig. 9. Dashed line: calcul
surface electric-field strength using the surface Fermi level of ±0.0 eV
surface recombination velocity of 2.03105 cm/s. Dashed-and-dotted lin
SiNx/ i-GaAs interface electric-field strength calculated with taking acc
of the SiNx surface reflection effect. The SiNx/ i-GaAs interface Fermi lev
and SiNx/ i-GaAs interface recombination velocity used are ±0.0 eV
2.03105 cm/s, respectively. Solid curve: SiNx/ i-GaAs interface electric
field strength calculated with taking account of the change in the Fermi
and recombination velocity at the SiNx/ i-GaAs interface in addition to th
surface reflection effect. The SiNx/ i-GaAs interface Fermi level an
SiNx/ i-GaAs interface recombination velocity employed are +0.020 eV
3.83105 cm/s, respectively.
Fermi level and recombination velocity at the SiNx/ i-GaAs
e
n
f

.
h
e
t

f

e

interface employed are the surface Fermi level and su
recombination velocity estimated for the as-grown sam
respectively. In spite of including the reflection effect,
line still deviates from the electric-field strengths obtai
from the FKOs. This result suggests that it is necessa
incorporate the other factor: the change in the Fermi
and recombination velocity at the SiNx/ i-GaAs interface
The electric-field strength, which was calculated includ
the above-mentioned change, is depicted as the solid c
The values of +0.020 eV and 3.83105 cm/s are applied t
the Fermi level and recombination velocity at the Six/
i-GaAs interface, respectively, in order to fit the calcula
results to the experimental ones. The present estimatio
dicates that the Fermi-level pinning is hardly affected by
presence of the SiNx film, which is consistent with the pr
vious report on the CVD of SiNx.

7 On the other hand, aft
the cat-CVD of SiNx, the SiNx/ i-GaAs interface recombin
tion velocity becomes larger than the original value be
the cat-CVD. Because the Fermi-level pinning ha
changes, the enhancement of the SiNx/ i-GaAs interface re
combination velocity suggests that a large amount of the
perfections leading to the recombination are introduce
the cat-CVD of SiNx. It is usually considered that cat-CV
processes have the advantage of being free from the pl
related damage. This advantage will lead to the reductio
the surface recombination velocity, so that the cat-CVD
SiNx can substitute for the conventional plasma-enha
CVD technology.18 The present result is contradictory to
usual expectation for the cat-CVD. The clarification of
origin of the imperfections introduced by the cat-CVD
beyond the scope of the present paper.

V. CONCLUSION

We have studied the FKOs in the PR spectra of
i-GaAss200 nmd/n-GaAss3.0 mm,3.031018 cm−3d struc-
tures, focusing on the analysis of the photovoltaic effec
the FKOs. In order to clarify the photovoltaic effect on
FKOs, the computational studies on the surface electric
which is related to the period of the FKOs, have been ca
out. It has been found that the built-in electric field is alm
uniform in thei-GaAs layer. In addition, the built-in electr
field strength is reduced even by the illumination of
probe beam with a power density ofmW/cm2 order. The
calculated surface electric-field strength was plotted
function of probe-beam power density. It has been found
the surface electric-field strength is sensitive to the su
Fermi level and surface recombination velocity. Furtherm
the profile of the curve that is obtained by the abo
mentioned plot can be classified into the following
types. In the first type, the plotted curve has a linear de
dence on the logarithm of the probe-beam power densi
the second type, the plotted curve exhibits a saturation n
in the regime of the low probe-beam power density.
above classification is determined by the combination o
values of the surface Fermi level and surface recombin
velocity. From these results, we have concluded that the
face Fermi level and surface recombination velocity ca

c-
:

l

simultaneously estimated from the probe-beam power den-
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sity dependence of the surface electric-field strength.
origin of the above-mentioned dependence has been cla
on the basis of the open circuit photovoltage model. B
on the model, the steady-state surface electric field is pr
tional to the logarithm of the probe-beam power densit
the criterion where the photoinduced current densit
higher than the saturation current density. In contrast, in
opposite criterion, the steady-state surface electric field
rates in the regime of the low probe-beam power densit
the latter criterion, the steady-state electron density an
equilibrium-state electron density are in the same o
which leads to the high saturation current density com
rable to the photoinduced current density. We have
evaluated the accuracy in estimating the surface electric
strength and surface recombination velocity. The estim
error of the surface Fermi level is around ±0.025 eV,
that of the surface recombination velocity is around ±20%
its value.

Next, we have examined the feasibility of applying
analysis of the photovoltaic effects on the FKOs to the
multaneous determination of the surface Fermi level and
face recombination velocity. At first, the FKOs from the
grown i-GaAs/n-GaAs structure have been studied. T
period of the FKOs increases with a decrease in the p
beam power density, which reflects the suppression o
photovoltaic effect on the surface electric-field strength
order to precisely estimate the surface electric-field stre
the phase factor of the FKOs has been discussed in de
has been clarified that the line-shape function of the FKO
expressed by an electro-optic function of −gs−hd. The calcu
lated line shape is in phase with the measured spectrum
phase factor, which appears the linear plot for estimating
surface electric-field strength from the FKOs, is derived t
p /2. The estimated surface electric-field strength has a l
dependence on the logarithm of the probe-beam power
sity. Comparing the surface electric-field strength obta
from the FKOs with the calculated values, the surface F
level and surface recombination velocity are estimated t
0.00±0.03 eV and s2.0±0.4d3105 cm/s, respectively
which are consistent with the reported values. We h
therefore, concluded that the surface Fermi level and su
recombination velocity can be determined simultaneo
through the analysis of the photovoltaic effect on the FK
The analysis has been applied to the assessment of th
face nitridation. After the surface nitridation, the period
the FKOs decreases, which indicates the reduction o
surface electric-field strength. From the dependence o
surface electric-field strength on the probe-beam power
sity, it has been found that the surface recombination vel
is reduced tos1.0±0.2d3105 cm/s and that the surfa
Fermi level shifts by +0.13±0.03 eV toward the conduct
band bottom from the midgap position. Our findings indic
that the recombination centers at the surface are reduc
the surface nitridation. The effect of the cat-CVD of the Sx
overlayer has been also evaluated. After the cat-CVD
SiNx, the FKOs exhibit a phase shift in addition to an
crease in the period. The phase shift of the FKOs ca
explained by the generalized calculation model for the

shape of the FKOs that takes account of the probe-beam
d

-

-

e
,
-

d
d

-

-
e

,
It

e

r
-

i

,
e

r-

e
e
-

y

f

e

interference effect. The phase of the calculated line sha
in good agreement with that of the measured spectrum
calculation model provides the generalized linear
method for the FKO extremum positions. The linear plot
a phase factor related to the phase delay originating from
interference effect. From the electric-field strength estim
with the use of the generalized linear plot, it has been fo
that after the cat-CVD of SiNx the recombination velocity
the SiNx/ i-GaAs interface is enhanced tos3.8±0.8d
3105 cm/s in comparison with the original surface reco
bination velocity before the cat-CVD of SiNx whereas th
Fermi-level pinning hardly changes. This result indicates
the imperfections leading to the recombination are in
duced by the cat-CVD of the SiNx overlayer. Thus, we hav
reached to the conclusion that the analysis of the phot
taic effect on the FKOs presented here is useful to eva
the effects of the chemical and/or physical treatment on
sample surface.
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