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Depletion-electric-field-induced second-harmonic generation near oxidized GaAs„001… surfaces

Thomas A. Germer, Kurt W. Kołasin´ski,* John C. Stephenson, and Lee J. Richter†

National Institute of Standards and Technology, Gaithersburg, Maryland 20899
~Received 23 September 1996; revised manuscript received 12 December 1996!

Second-order nonlinear mixing is evaluated as a probe of the depletion electric field in the near-surface
region of GaAs~001!. A phenomenological model is presented whereby the nonlinear susceptibility is ex-
panded in the depletion electric field. For GaAs, three terms contribute to the observed nonlinear mixing: the
dipole-allowed bulk contribution and first- and second-order contributions in the depletion electric field. All
three contributions can be isolated by a combination of rotational anisotropy and photomodulation studies. The
second-harmonic signal from oxidized GaAs~001! surfaces was measured as a function of azimuthal sample
orientation, photomodulation, and dopant density for fundamental photon energies in the region 1.17–1.51 eV.
The first-order depletion-electric-field contribution dominates the second-order contribution, and can be com-
parable to the intrinsic bulk contribution for high surface fields. The results rule out significant contributions
arising from either bulk electric quadrupole or surface dipole effects.@S0163-1829~97!00616-4#
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I. INTRODUCTION

Second-harmonic generation~SHG! has been identified a
a tool for studying interfaces due to its inherent surface s
sitivity in centrosymmetric materials.1,2 This sensitivity re-
sults from symmetry constraints on the bulk second-or
susceptibilityx~2!, which is zero in the dipole approximatio
when the material contains a center of inversion. Howev
higher-order bulk terms may contribute to SHG, includi
those arising from electric quadrupole3 and higher-order
electric dipole responses. These other terms ultimately l
the surface sensitivity of the technique; therefore, a thoro
analysis must be carried out before results can be interpr
as arising from a surface susceptibility.

GaAs is not centrosymmetric, and a significant sig
arises from the bulk dipole susceptibility. A surface-induc
signal, however, can be effectively separated from the b
induced signal by an appropriate choice of the experime
geometry.4,5 Numerous researchers have addressed S
from GaAs, and have interpreted their results in light o
surface nonlinear susceptibility.4,6–11 Several recent report
have demonstrated convincingly that depletion-electric-fie
induced second-harmonic generation~depletion-EFISH! can
dominate surface contributions in a number of semicond
ing samples.12–16 In the present paper, we demonstrate
importance of the depletion electric field in modifying th
SHG observed from oxidized GaAs~001!, and conclude tha
nearly all of the signal attributed to the reduction of symm
try at the surface of highly doped samples results from
near-surface depletion electric field.

In Sec. II, a phenomenological model of EFISH is pr
sented. This model concludes that EFISH contributes to
second-harmonic rotational anisotropy in first order isotro
cally and in second order anisotropically, the latter interf
ing directly with the unperturbed bulk-generated field.
Sec. III, details of the experimental methods used in t
study are given. In Sec. IV, the results of those experime
are presented. The results are further discussed in Se
Analysis of the SHG as a function of both sample doping a
optical pumping convincingly demonstrates that surfa
550163-1829/97/55~16!/10694~13!/$10.00
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SHG can be ignored in these studies and that a large pa
the total signal is due to a first-order contribution from t
depletion electric field.

II. MODEL

A depletion electric field near a GaAs~001! surface lowers
the symmetry of the GaAs bulk from 43̄m to mm2. In this
section, we will describe how this lowering of symmet
affects the nonlinear susceptibility and thus the seco
harmonic signal from GaAs~001! in the presence of a deple
tion electric field.

A. Effective second-order susceptibility
in the presence of a field

Throughout this paper we will use the coordinate syst
natural to 4̄3m where, by convention, the Ga-As bonds po
in the @111#, @1̄1̄1#, @1̄11̄#, and@11̄1̄# directions. The outward
surface normal is defined to beẑ, and x̂ and ŷ lie in the
surface plane, at 45° to the surface nearest-neighbor d
tions. Note that the basis vectorsx̂ and ŷ of this coordinate
system are not those usually associated with representa
of themm2 group.8,17

We assume thatxeff in the dipole approximation can b
expanded in terms of the applied field,

x i jk
~eff!5x i jk

~2!~2v12v2 ;v1 ,v2!

13x i jkz
~3! ~2v12v2 ;v1 ,v2,0!Ez

~depl!

16x i jkzz
~4! ~2v12v2 ;v1 ,v2,0,0!Ez

~depl!2

1O~Ez
~depl!3!, ~1!

where x~2!, x~3!, and x~4! have symmetry properties of th
4̄3m bulk crystal. The factors of 3 and 6 account for perm
tations of the zero-frequency indices. There are six nonv
ishing elements ofx~2! in 4̄3m symmetry; all are equivalen
by symmetry and have indices

xyz5yzx5zxy5xzy5zyx5yxz. ~2!
10 694 © 1997 The American Physical Society
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55 10 695DEPLETION-ELECTRIC-FIELD-INDUCED SECOND- . . .
There are 22 nonzero elements ofx~3!, four of which are
unique: i i j j , i j i j , i j j i , and i i i i ( iÞ j ). When contracted
with the electric fieldEz

(depl) , these elements give rise to fou
unique nonzero elements ofx i jkz

(3) Ez
(depl) :

zzz,xxz5yyz, xzx5yzy and zxx5zyy. ~3!

Similarly, there are 60 nonzero elements ofx~4!, ten of
which are unique:i i i jk , i i j ik , i i jki , i j i ik , i j iki , i jki i ,
j i i ik , j i iki , j iki i , and jki i i ( iÞ jÞk). Three independen
elements ofx i jkzz

(4) Ez
(depl)2 arise from these:

xyz5yxz, xzy5yzx, and zxy5zyx. ~4!

It can be easily shown that, at second order inEz
(depl) , the

seven unique nonzero elements ofx~eff! are those expecte
for mm2 symmetry. For second-harmonic generation, wh
v15v2 ~and the second and third indices are interchan
able!, the effective susceptibility elements are

xxxz
~eff!5xyyz

~eff!5xxzx
~eff!5xyzy

~eff!53xxxzz
~3! Ez

depl,

xzxx
~eff!5xzyy

~eff!53xzxxz
~3! Ez

~depl! ,

xzzz
~eff!53xzzzz

~3! Ez
~depl! , ~5!

xxzy
~eff!5xyzx

~eff!5xyxz
~eff!5xxyz

~eff!5xxyz
~2! 16xxyzzz

~4! Ez
~depl!2,

xzxy
~eff!5xzyx

~eff!5xxyz
~2! 16xzxyzz

~4! Ez
~depl!2.

B. Second-harmonic signal resulting
from the nonlinear polarization

We will consider only a linearly polarized incident ele
tric field given by

E~r ,t !5~Esŝ1Epp̂!ei ~k•r2vt !1c.c., ~6!

where ŝ is a unit vector given byŝ5k̂3ẑ, and p̂ is a unit
vector given byŝ3k̂. The second-order polarization insid
the material is then given~in the mks system! by

Pi
~dipole!~2v!5«0x i jk

~eff!~22v;v,v!Ej
~ inside!Ek

~ inside! , ~7!

where«0 is the permittivity of free space, andE~inside! is the
Fourier transform of the field given by Eq.~6!, measured
inside the material. This polarization will give rise to a rad
ated electric field with frequency 2v.

The total field radiated by this nonlinear polarization w
depend on the orientation of the crystal, the polarization s
of the incoming radiation, the angle of incidence, and
dielectric properties of the crystal. The derivation of the
diated field follows the discussions of Refs. 18 and 19.
linearly polarized input fields incident on a GaAs~001! sur-
face, it can be shown that the radiated second harmonic fi
Eout in

~dipole! resulting fromx~eff! are given in terms of the inpu
electric fieldsEp , Es , andEq̄@ q̄[(p̂2 ŝ)/&# measuredout-
side the material by
e
-

te
e
-
r

ds

Epp
~dipole!5Ep

2tp
2$Bp

~3!~2 f s
2Fsxzzzz

~3! 12 f cf sFcxxxzz
~3!

2 f c
2Fsxzxxz

~3! !1@Bp
~2!~2 f cf sFc2 f c

2Fs!xxyz
~2! 2Bp

~4!

3~ f c
2Fsxzxyzz

~4! 22 f cf sFcxxzyzz
~4! !#sin 2f%, ~8!

Esp
~dipole!52Ep

2 f cf stp
2~Bs

~2!xxyz
~2! 1Bs

~4!xxyzzz
~4! !cos2f, ~9!

Eps
~dipole!52Es

2Fsts
2@Bp

~3!xzxxz
~3!

2~Bp
~2!xxyz

~2! 1Bp
~4!xzxyzz

~4! !sin2f#, ~10!

Ep q̄
~dipole!5

Eq̄
2

2
„Bp

~2!xxyz
~2! $@~2 f cf sFc2 f c

2Fs!tp
21Fsts

2#sin2f

1~22 f sFc12 f cFs!tstpcos2f%1Bp
~3!

3@~2 f c
2Fsxzxxz

~3! 12 f sf cFcxxxzz
~3! 2 f s

2Fsxzzzz
~3! !tp

2

2Fsxzxxz
~3! ts

2#1Bp
~4!$@~2 f sf cFcxxyzzz

~4!

2 f c
2Fsxzxyzz

~4! !tp
21Fsxzxyzz

~4! ts
2#sin2f2~2 f cFsxzxyzz

~4!

22 f sFcxxyzzz
~4! !tstpcos2f%…, ~11!

Es q̄
~dipole!5Eq̄

2 @Bs
~2!xxyz

~2! ~ f sf ctp
2 cos2f2 f ststp sin2f!

1Bs
~3!xxxzz

~3! f ststp1Bs
~4!xxyzzz

~4! ~ f sf ctp
2cos2f

2 f ststpsin2f!#, ~12!

and

Ess
~dipole!50, ~13!

wheref is the rotation of the@100# direction out of the plane
of incidence,B p,s

(2) @52Bp,s/~4p! in the notation of Ref. 18#
is given by

Bp,s
~2!52

iV2Tp,s
2W E

2`

0

e2 ipzdz5
V2Tp,s
2pW

, ~14!

and the phase parameterp52w1W. The terms forB p,s
(3) and

B p,s
(4) can be similarly derived to be

Bp,s
~3!52

3iV2Tp,s
2W E

2`

0

Ez
~depl!~z!e2 ipzdz ~15!

and

Bp,s
~4!52

3iV2Tp,s
W E

2`

0

Ez
~depl!2~z!e2 ipzdz. ~16!

The termsf c , f s , Fc , andFs are the complex cosine an
sine of the fundamental and second-harmonic inter
angles;V52v/c, w andW are the components of the wav
vectors of the fundamental and second-harmonic light in
direction perpendicular to the surface; andts(tp) andTs(Tp)
are the transmission coefficients of the fundamental light i
and the second-harmonic light out of the crystal fors- ~p-!
polarized light. Explicit expressions for these parameters
given in the Appendix.

If the surface potential with respect to the bulk Fer
level isF0, and the Debye screening length isLD , then, to a
good approximation,20
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E~depl!~z!5
2F0~z1LD!

LD
2 ~17!

for 0.z.2LD and E~depl!(z)50 elsewhere. Inserting Eq
~17! into Eqs.~15! and ~16!, and integrating, one obtains

Bp,s
~3!52

3iV2Tp,sF0

LD
2 p2W

~12eiLDp1 iL Dp! ~18!

and

Bp,s
~4!52

12iV2Tp,sF0
2

LD
4 p3W

~2ieiLDp22i12LDp1 iL D
2 p2!.

~19!

The total radiated field may also include contributions t
are quadrupolar in the incoming field,

Pi
~quad!5«0G i jkl Ej

~ inside!¹kEl
~ inside! , ~20!

where G is the quadrupolar nonlinear susceptibility, an
from a surface nonlinear susceptibilityD~2!,

Pi
~surf!5«0D i jk

~2!Ej
~ inside!Ek

~ inside!d~z2z0
1!, ~21!

which has typically been considered to be outside the
face, even though the fields are evaluated inside
surface.21 The fields radiated by these polarizations were
rived in detail by Sipe, Moss, and van Driel.18

In the case of SHG from a single plane wave, the fi
radiated by the quadrupolar nonlinear polarization can
quantified by two parameters:g5Gxyxy/2 and z5Gxxxx
2Gxyyx2Gxyxy2Gxxyy, the isotropic and anisotropic term
respectively. For an isotropic materialz50 but can be non-
zero for 4̄3m symmetry, whileg is nonzero even for an
isotropic medium.

The bulk-terminated GaAs~001! surface hasmm2 sym-
metry, which is the same as that of the near-surface bul
the presence of the depletion electric field; therefore, ro
tional anisotropy studies cannot distinguish signal from
mm2 surface from the depletion-electric-field-induced s
nal. A disordered oxide surface has a macroscopic` sym-
metry, and will not produce an anisotropic response.

The total detected field is the sum of the various con
butions. In our experiments, the nonlinear signal from
sample is normalized to the nonlinear response of a re
ence. The observed signal ratio can be parametrized by

Si j ~f!}
uEi j ~2v,f!u2

uEj~v!u4

5Uai j1 (
m51

4

@bi j
~m!sinmf1ci j

~m!cosmf#U2, ~22!

where the proportionality depends on the geometry andx~2!

of the reference material. For the 43̄m andmm2 symmetries
considered here, only evenm terms contribute to the sum
Table I reviews which tensor elements contribute to the fi
parametersa, b, andc. Notice that the depletion electric fiel
contributes in first order toa only and in second order tob~2!

and c~2! only. In Ref. 16, it is incorrectly stated that th
t

,

r-
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e
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a
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-
e
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d

depletion electric field contributes linearly tob~2! and c~2!.
Also, note that thez contribution can be uniquely determine
from theb~4! andc~4! terms.

III. EXPERIMENT

Figure 1 is a schematic overview of the second-harmo
experiment. Tunable and polarized probe light pulses w
focused onto GaAs~001! samples in air at an incident ang
of 45° with respect to the surface normal. Second-harmo
light radiating in the specular direction was then collecte
filtered, and detected. The samples could be rotated a
their surface normal. In the range of 1.32–1.51 eV, pro
fundamental light was produced by a dye laser synch
nously pumped by the second harmonic of a fib
compressed mode-locked Nd:YAG~yttrium aluminum gar-
net! laser. Two dyes were used to span the range. The ou
of the dye laser was amplified in two stages pumped with
second harmonic of a Nd:YAG regenerative amplifier, op
ating at a repetition rate of 1 kHz. The nominal duration
the amplified dye-laser-pulses was'700 fs full width at half
maximum~FWHM!. Probe fundamental light at 1.17 eV wa
obtained from the residual fundamental of the regenera
Nd:YAG amplifier. The Gaussian beam diameter 2w0 ~full

FIG. 1. Schematic representation of the experiment. Linea
polarized light at frequencyv is incident on the sample at 45°. Th
sample is rotated azimuthally such that the@100# direction is at an
anglef with respect to the plane of incidence.

TABLE I. The field parameters@see Eq.~22!# arising from the
different susceptibility tensors.x~2! is the bulk dipole allowed ten-
sor; x~3! andx~4! are the EFISH expansion tensors;D~2! is the pure
surface tensor;g andz are bulk quadrupolar terms.2 indicates no
contribution.

pp
~out, in! pq̄ ps sp sq̄ ss

xxyz
(2) b~2! b(2),c(2) b~2! c~2! c(2),b(2) 2

xzzzz
(3) , Dzzz a a 2 2 2 2

xzxxz
(3) , Dzxx a a a 2 2 2

xxxzz
(3) , Dxxz a a 2 2 a 2

xxyzzz
(4) , Dxyz b~2! b(2),c(2) 2 c~2! c(2),b(2) 2

xzxyzz
(4) , Dzxy b~2! b(2),c(2) b~2! 2 2 2

g a a a 2 2 2

z a,c~4! a,c(4),b(4) a,c(4) b~4! a,b(4),c(4) b~4!
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55 10 697DEPLETION-ELECTRIC-FIELD-INDUCED SECOND- . . .
width at 1/e2 intensity! of the probe was'0.22 mm at the
sample.

A combination of colored glass filters and a monoch
mator was used to filter the second-harmonic light, wh
was polarization analyzed with a Glan-Taylor polarizer a
detected with a photomultiplier tube. To allow for shot-t
shot normalization and wavelength-to-wavelength spec
normalization, a small amount of the fundamental light w
separated before the GaAs samples, and focused at a c
gate position on a phase-matched, 1-mm-thickb-barium-
borate~BBO! crystal. The second-harmonic light generat
in the reference arm passed through matched filters and
same monochromator before striking a second photom
plier tube.

It was found that the probe fundamental can generate
ficient carriers to photomodulate the signal. In order to av
probe-induced photomodulation of the second-harmonic
nal, the probe light was attenuated so that, at most, ab
25% of the laser shots yielded detected second-harm
photons. The output of the photomultiplier tube was g
integrated, and compared to a setpoint, yielding a binary
nal b. The reference-normalized signalb/r was also re-
corded, wherer is the reference arm analog signal from
second gated integrator. The average number of reco
counts ^b& and its standard deviationsb were adjusted to
account for multiple photons striking the detectors by m
ing the transformations22

^b&8←2 ln~12^b&! ~23!

and

sb8←
sb

12^b&
. ~24!

The averaged normalized signal^b/r & and its standard devia
tion sb/r were likewise scaled,

K b

r L 8
←2 K b

r L ln~12^b&!

^b&
~25!

and

sb/r8 ←
sb/r

12^b&
. ~26!

All error bars shown with data are the standard deviation
the mean,sb/r8 /AN. Data were then fit in a weighted lea
squares sense to Eq.~22! to yield an isotropic field paramete
uau, anisotropic field parametersub(m)u and uc(m)u, and the
magnitude of their relative phasesudfab(m)u and udfac(m)u. In
the fitting procedure, a small offset in the azimuthal anglef
was also adjusted, to account for misalignment of
samples on the rotational stage. All reported uncertaintie
the fit parameters are one standard deviation, derived f
the elements of the inverse of the curvature matrix.23

Over the wavelength range studied, the calculated typ
critical phase-matching angle in BBO~Refs. 24 and 25! var-
ies from 22.77° to 28.46°. This change in phase-match
angle gives a calculated 5% change in nonlinear coeffic
deff . The Miller’s rule estimate of the dispersion ofd22 for
-
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BBO over the same range gives a 3% effect. These sm
monotonic corrections have not been applied to the prese
data.

Photons at 2.33 eV were generated by doubling resid
1.17-eV light from the regenerative amplifier and used a
photomodulation source~pump!. The 2.33-eV pulses were
approximately 180-ps FWHM with a diameter 2w0 of 2 mm
and a typical pulse energy of 19mJ. This light was directed
onto the sample at a 30° angle of incidence, about 600
before the probe. Studies using shorter pump pulses~600 fs!,
at a wavelength of 635 nm, probed by SHG of 1575 n
generated by difference frequency mixing the resid
1.17-eV light from the regenerative amplifier with the pum
demonstrated that the modulation of the SHG occur
within the cross-correlation of the two pulses~850 fs! and
relaxed on a 2–3-ns time scale.

All of the samples, with the exception of one, were po
ished horizontal-gradient-freeze-grown crystals. Then-type
dopant was Si, and thep-type dopant Zn. The 531016-cm23

doped sample was a 2-mm-thick layer, molecular beam epi
taxy grown on semi-insulating material. All results presen
were obtained after the samples were treated with a P2S5
surface passivation etch.26 This etch results in a thin stabl
oxide. No significant difference could be observed betwe
preliminary results obtained with the as-receivedn-type
samples and the results from the passivatedn-type samples.
The absolute orientations of the samples were determ
by etching sections of the same wafers in 1:8
H2SO4:H2O2:H2O which preferentially etches in the@1̄10#
direction.27

IV. RESULTS

Figure 2 shows the second-harmonic signal ratiosSpp~f!,
Ssp~f!, andSps~f!, for a 3.831018-cm23 n-type GaAs~001!
sample irradiated at 1.38 eV. The curves drawn through
data represent best fits to Eq.~22!. The agreement betwee
the data and the curves is excellent; any deviation from
curves which systematically breaks themm2 symmetry of
the data is probably a result of a small miscut of the crys
orientation.28

The signalSss~f! was below our detection sensitivity, an
is not included in Fig. 2. SinceSss~f! only receives a con-
tribution from the quadrupolar termz, and since no sin4f
term was ever needed to fit theSpp~f! or Sps~f! data, we
obtain an upper limit ofuzu,0.4ux xyz

(2) u/V.
Themm2 symmetry of thep-out data indicates that iso

tropic contributions to the signal are significant. The analy
of Sec. II demonstrated that an isotropic contribution c
arise from a true surface dipole response viaD~2!, from the
depletion electric field viax~3!, and from the isotropic qua
drupolar termg. The contribution ofg to SHG cannot be
practically resolved from that due toD zxx

(2) by rotational an-
isotropy studies.29 As z is negligible, andg is of comparable
magnitude toz in other cubic materials,30 we will neglect
both quadrupolar terms. Additionally, to simplify the not
tion, we will suppress the~2! on the nonzero anisotropi
parametersb and c. To assess the relative contributions
D~2! andx~3! to the isotropic response,Spp(f) was measured
for a series of differently doped,n-type samples. Figure 3
shows the fit parametersuappu, ubppu, andudfabu as functions
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of wavelength for the series. The isotropic field parame
uappu tends to increase with dopant concentration over
n-type samples, and exhibits relatively weak dispersion o
the studied probe photon energy range. In contrast, the
isotropic parameterubppu is relatively independent of both
dopant concentration and probe photon energy over
range 1.4–1.5 eV. However,ubppu exhibits very strong dis-
persion below 1.4 eV for the 531016-cm23 n-type sample
and the semi-insulating sample. There is a distinct minim
in udfabu near 1.45 eV for the highly dopedn-type samples.
Sum-frequency generation~SFG! experiments~v11v25v3;
v1Þv2! were performed with\v251.165 eV~residual light
from the regenerative amplifier! andv1 from the tunable dye
laser. The minimum inudfabu was not observed for\v1'1.4
eV, suggesting it is a 2v feature in the SHG measuremen
The monotonic increase inubppu was observed for the sem
insulating and 531016 cm23 samples for both SHG and SF
at fundamental photon energies below 1.40 eV, indicat
that it is anv1 feature.

To illustrate the distinct sample dependence of thea and
b parameters, Fig. 4 showsuappu and ubppu as functions of
depletion electric field at the surface, averaged over the
damental region 1.39–1.51 eV. This wavelength region w
chosen since it avoids the region below 1.38 eV where
lightly doped samples show an anomalously largeubppu. The
electric fields have been obtained from Eq.~17! and calcu-
lated depletion lengths,

FIG. 2. SH signal as a function of azimuthal orientation for
3.831018-cm23 n-type GaAs~001! sample atl15900 nm for differ-
ent detection and input polarizations, with and without 532-
pumping. The notationsp indicates s-polarized detection and
p-polarized input. The arrows mark whenki is along the indicated
crystal axis. The solid lines are fits to Eq.~22!. The length of the
data lines demarks6 one standard deviation of the mean.
r
e
r
n-

e

.

g

n-
s
e

LD5A2« r«0F0 /qN, ~27!

where«r is the relative dielectric constant,N is the dopant
density,q is the charge of the electron and the surface bar
F0 is 0.68 eV.31 The parameterubppu shows relatively little

FIG. 3. The field parametersuappu, ubppu, and udabu as functions
of wavelength for a variety of samples. All samples weren type,
unless specified. Typical estimated errors are displayed forudabu of
the p-type sample. The estimated errors inuappu and ubppu are less
than the symbol size.

FIG. 4. The spectral average~1.39–1.51 eV! of uappu and ubppu
as functions of depletion electric field. The open symbols aren-type
samples, the solid symbol is for the 1.531019-cm23 p-type sample.
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field dependence, while the parameteruappu is approximately
linear in field. These results appear consistent with expe
tion from depletion-EFISH. Any surface contribution that
not associated with the depletion electric field would be
pected to yield a nonzeroy-axis intercept foruappu in Fig. 4;
the lack of a significant intercept suggests that any such t
for oxidized GaAs surfaces is negligible. The lack of a s
nificant intercept also supports the neglect of the quadrup
parameterg.

If the dominant source ofapp is x~3! Ez
~depl! , then the sign

of app is determined by the sign of the depletion field. Figu
5 comparesSpp~f! for n- andp-type samples. The change
sign of a is confirmed by the shift in the location of th
maximum signal from along@110# on then-type material to
along @1̄10# for the p-type material. Unliken-type material,
where the surface Fermi level is pinned near midgap
almost all surface treatments, the pinning position onp-type
material can vary widely. Using a surface potential of 0.
eV taken from photoreflectance studies of P2S5-treated
surfaces,31 both uappu andubppu from thep-type sample are in
good agreement with those observed on then-type samples
~see Fig. 4!. It should be noted that it is important to mak
the comparison of dopants at the same probe photon ene
As can be seen from Fig. 3,udfabu changes from,90° to
.90° ashn is scanned from 1.3 to 1.17 eV, thus changi
the sign of the interference betweena andb and shifting the
orientation of the maxima from along@110# at 1.3 eV to
along @1̄10# at 1.17 eV.

Additional confirmation of the role ofEz
depl in second-

harmonic generation from GaAs~001! can be obtained by
photomodulation experiments.32 Injection of a density of free
carriers comparable to the background doping level will

FIG. 5. Radial plot of the second-harmonic signalSpp~f! for a
fundamental photon energy of 1.46 eV from~a! a 3.031018-cm23,
Si-dopedn-type sample, and~b! a 1.531019-cm23 Zn-dopedp-type
sample. Note the change in the orientation of the location of
maxima.
a-

-

m
-
ar

r

gy.

-

sult in screening of the depletion field, and should modula
the depletion field contribution to SHG. Upon pumping wit
2.33-eV light sufficient to generate.1018 carriers/cm3 ~see
Sec. V B!, changes are observed in the rotational anisotrop
Figure 2 shows the 2.33-eV-pumped rotational distributio
for the 3.831018-cm23 sample with a 1.38-eV probe. The
trend is similar for all of the samples at all wavelengths:
very small increase in second harmonic intensity is observ
for Ssp~f!, and a significant change toward fourfold symme
try is observed forSpp~f! andSps~f!. PhotomodulatedSpp
rotational patterns for all of the samples over the fundame
tal photon energy range of 1.32–1.51 eV were measured,
fitted to uappu, ubppu, and udfabu. In Fig. 6 is plotted the rela-
tive change,~pump on–pump off!/pump off, of uappu and
ubppu as a function of fundamental photon energy for all me
sured samples. The photomodulated data were taken
modulating the pump beam with a shutter at each point o
rotational scan. While the absolute values of the field para
eters may be susceptible to systematic errors, their rela
change with photomodulation is determined very precise
No statistically significant modulation ofubppu could be de-
tected for the lightly doped samples at all probe energies. F
the 3.831018 and 3.031018-cm23 n-type doped samples,
ubppu increasedby approximately 5%. However, nearly all o
the samples showed adecreasein uappu by approximately
50% over this wavelength range. These results are consis
with the dopant concentration studies. The dominant con
bution toapp is from x (3)Ez

~depl! ; therefore,app exhibits sig-

e

FIG. 6. The 532-nm pump induced changes in the field para
eters uappu and ubppu as functions of wavelength for a variety o
different samples.Da[~apump on2apump off!. Note the differenty
scale forubppu.
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nificant photomodulation. In contrast,bpp has very little con-
tribution from x (4)Ez

~depl!Ez
~depl! and exhibits very little

photomodulation.
Figure 7 displaysudfabu with and without 532-nm pump

ing as a function of wavelength for the medium-doped a
highly doped n-type samples. For fundamental energ
greater than about 1.46 eV,uappu was too small upon pump
ing to extract a meaningful phase. Therefore, the results
not shown. Similarly, the measurements ofudfabu for the
lesser-doped samples did not exhibit a sufficient signal
noise-ratio to merit presentation, asuappu was again too
small.

V. DISCUSSION

A. Data in the absence of photogenerated carriers

The phenomenological model developed in Sec. II para
etrized the SHG response in terms of 11 complex numb
x xyz
(2) , x zzzz

(3) , x zxxz
(3) , x xxzz

(3) , x xyzzz
(4) , x zxyzz

(4) , g, z, Dzzz, Dzxx, and
Dxxz. Based on the preceding discussion,z and g will be
neglected. The monotonic increase of^app& with Ez

(depl) in-
dicates thatx~3! terms must be included, while the small in
tercept at zero field indicates that theD~2! terms can be ne
glected. Similarly, the observation thatbpp is independent of
dopant concentration~for photon probe energies above 1
eV! and only weakly photomodulates atall studied probe
photon energies indicates thatx~4! is small. Neglectingx~4!,

FIG. 7. The magnitude of the phase betweenapp andbpp , with
and without 532-nm pumping, as a function of wavelength for t
of the n-type samples:~a! 6.331017 and ~b! 3.831018 cm23. The
indicated error bars are one standard deviation.
d
s

re

-

-
s:

the SHG response can be characterized by only four com
numbers:x xyz

(2) , x zzzz
(3) , x zxxz

(3) , andx xxzz
(3) . From Eqs.~8!, ~10!,

and ~12! we see that measurement of the three polariza
combinationspp, ps, andsq̄ allows extraction of the three
complex ratios x zzzz

(3) /x xyz
(2) , x zxxz

(3) /x xyz
(2) , and x xxzz

(3) /x xyz
(2) .

Shown in Fig. 8 are 860-nm SHG rotational anisotropy stu
ies for the 3.031018-cm23 n-type sample for the polarization
combinations:pp, pq̄, ps, sp, and sq̄. The complex field
parametersa, b, andc can be explicitly expressed in term
of the susceptibility tensor elements weighted by comp
numbers calculated from Eqs.~8!–~12! as follows:

ai j5wai j
~zzzz!xzzzz

~3! 1wai j
~zxxz!xzxxz

~3! 1wai j
~xxzz!xxxzz

~3! ,

bi j5wbi j
~xyz!xxyz

~2! 1wbi j
~zxyzz!xzxyzz

~4!

1wbi j
~xyzzz!xxyzzz

~4! , ~28!

ci j5wci j
~xyz!xxyz

~2! 1wci j
~zxyzz!xzxyzz

~4! 1wci j
~xyzzz!xxyzzz

~4! .

The relevant weights for the data in Fig. 8 are given in Ta
II. The data for thepp, pq̄, ps, andsq̄ polarization combi-
nations in Fig. 8 were fitted to Eq.~22!. The 16 experimen-
tally derived parameters:app , bpp , udfab(pp)u, ap q̄ , bp q̄ ,
cp q̄ , udfab(p q̄)u, udfac(p q̄)u, etc. were fit in a weighted leas
squares sense to six parameters: the real and imaginary
of x zzzz

(3) /x xyz
(2) , x zxxz

(3) /x xyz
(2) , andx xxzz

(3) /x xyz
(2) using the weights

in Table II. Since the absolute phase of the second-harm
field was not measured, the rotational anisotropy data o
determineudfu. Therefore theps andsq̄ data determine two
possible values for the ratiosx zxxz

(3) /x xyz
(2) , andx xxzz

(3) /x xyz
(2) . In

FIG. 8. SH signal as a function of azimuthal orientation for
3.031018-cm23 n-type GaAs~001! sample atl15860 nm for differ-
ent input and detection polarizations. The solid lines are fits to
data as described in Sec. V A.
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TABLE II. Computed weighting factors for the contribution of each susceptibility tensor to the mea
field parameters. The fundamental wavelength was 860 nm,Ez

~depl! ~z50!58.183107 V/m, andLd516.6 nm.

xxyz
(2)

xzzzz
(3)

~V/m!
xzxxz
(3)

~V/m!
xxxzz
(3)

~V/m!

wapp
3.993103 ei 1.62 1.023105 ei 1.64 2.983105 e2 i 1.20

wbpp
1.0031023 e2 i 0.302

wap q̄
2.003103 ei 1.62 8.743104 ei 1.64 1.493105 e2 i 1.20

wbp q̄
6.731024 e2 i 0.420

wcp q̄
2.531024 ei 0.071

waps
7.303104 ei 1.64

wbps
3.631024 e2 i 0.756

was q̄
1.013105 e2 i 1.23

wbs q̄
4.931024 ei 2.65

wcs q̄
5.931024 e2 i 0.487

wcsp
1.1731023 e2 i 0.487
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der
general, when combined with thepp data, there will be 23

possible values forx zzzz
(3) /x xyz

(2) . However,udfabu for the pp
data is approximately 0, and thus there is no additional ph
ambiguity and there are only four sets of susceptibility rati
The four solutions for the ratios of the susceptibilities a
given in Table III. The uncertainties are the estimated st
dard deviation based on the elements of the inverse of
curvature matrix.23 Also listed in Table III, for each solution
is the total weighted variance per degree of freedom d
R5~1/dof!( t51

npts(1/s i
2)(Si2Mi)

2 where Si are the experi-
mental field parameters,si are the estimated uncertainties
the field parameters, andMi are the predicted field param
eters from the model. The lines drawn in Fig. 8 are fro
solution set 1. The magnitudes ofx zxxz

(3) and x xxzz
(3) are ap-

proximately equal, indicating that Kleinman symmetry~per-
mutation of the indices independent of frequency! approxi-
mately holds. This suggests that solutions 1 and 2, wh
have similar phases forx zxxz

(3) andx xxzz
(3) , are more likely cor-

rect. However, Kleinman symmetry is only strictly true
nonabsorbing materials.

The absolute magnitude ofx xyz
(2) ~22v;v,v! has been mea

sured by a number of researchers,33–36although all have ne-
glected the possibility of depletion field effects. Significa
discrepancies exist in both the magnitude and dispersio
the reported values forx~2!; however, the reports suggest th
x~2! is of the order of 4310210 m/V ~131026 esu!. x~3! for
third-harmonic generation~THG! of 1064 nm has been re
ported to be about 1310218 m2/V2 ~1310210 esu!.37 Huang
and Ching have calculatedx~2! andx~3! for a large number of
cubic semiconductors. For GaAs, they obtain38
se
.

-
e

f,

h

t
of

lim
v→0

x i j i j
~3! ~23v;v,v,v!

x i jk
~2!~22v;v,v!

52.331029 m/V,

lim
v→0

x i i i i
~3!~23v;v,v,v!

x i jk
~2!~22v;v,v!

54.031029 m/V.

The measuredx zxxz
(3) /x xyz

(2) andx xxzz
(3) /x xyz

(2) of '331029 m/V
~see Table III! are qualitatively consistent with the THG an
SHG data and with the calculation. Note that due to
definition of the electric fields in Eq.~6!, x~3!~22v;v,v,0! as
defined in Eq.~1!, should be compared tox~3!~23v;v,v,v!/2
in Huang and Ching’s calculations. However, the measu
x zzzz
(3) /x xyz

(2) of '131027 m/V is an order of magnitude
greater than expected from THG or theory. This may in
cate that nonoptical contributions tox~3!~22v;v,v,0!, such
as strain-induced terms from the converse piezoelectric
fect, are important. Using the known value of the only no
zero piezoelectric tensor element39 ~dxyz52.7310210 cm/V!
and the estimatedEz

(depl) , the maximum surface tensor she
stress«xy is 2.231024. Both theoretical40 and experimental41

studies of the sensitivity of SHG to stress suggest t
«xy52.231024 is too small to account for the anomalou
x zzzz
(3) .
The dispersion of the field parameters shown in Fig

reflects both the dispersion of«r , viaB s,p
(n) and f s,p of Sec. II,

and the dispersion of the nonlinear susceptibilities. In or
to assess the influence of the dispersion of«r , app , bpp , and
udfabu have been calculated from Eq.~8! as a function of
dopant concentration assuming thatx zzzz

(3) /x xyz
(2) , x zxxz

(3) /x xyz
(2) ,
8.
TABLE III. Susceptibility tensor ratios~in m/V! obtained by fitting field parameters from data in Fig.
The uncertainties are the estimated standard deviation of the fitting procedure~see text!.

soln 1 soln 2 soln 3 soln 4

x zzzz
(3) /x xyz

(2) 96131028 3.360.931028 1.660.231027 2.460.131027

3ei 2.6460.11 3ei 0.6860.48 3e2 i 0.5060.06 3ei 2.4160.04

x zxxz
(3) /x xyz

(2) 3.460.131029 3.660.231029 3.460.131029 3.660.231029

3ei 1.2660.05 3ei 0.2660.05 3ei 1.2660.05 3ei 0.2660.05

x xxzz
(3) /x xyz

(2) 4.0760.0931029 4.0660.0831029 4.160.231029 4.0660.0831029

3ei 1.1760.04 3ei 0.3260.04 3ei 0.3260.05 3ei 1.1760.04

R 1.46 1.74 1.46 1.74
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andx xxzz
(3) /x xyz

(2) are as given in Table III, solution 1, and th
all nonlinearx’s are dispersionless and independent of d
ing ~see Fig. 9!. The spectral behavior of each of the calc
lated field parameters is relatively flat over the wavelen
range of interest. The dispersion in«r produces a weak struc
ture near the one-photon resonance atE0 ~\v51.42 eV! and
the two-photon resonance atE1~\2v52.98 eV!. These cal-
culations do not include changes in«r that result from
changes in the dopant concentration or the presence of
carriers; such changes are expected to yield only small m
fications to the results shown in Fig. 9. Comparison of
data in Fig. 3 with the calculations in Fig. 9 indicate that t
prominent features in thedata: a dispersive feature inudfabu
near 1.45 eV and the monotonic increase inb for energies
below 1.40 eV on the 531016-cm23 and semi-insulating
samples are not due to dispersion in«r , and are attributed to
dispersion in the nonlinearx’s.

Based on Fig. 9, one expects to see two trends in the
as a function of dopant concentration ifapp is dominated by
x (3)Ez

(depl) : a monotonic increase inuappu with increasing
doping, and a monotonic shift inudfabu. In general,uappu
does not vary simply with the depletion field; it is dete
mined by a complex function ofEz

(depl)(z50), LD , andv
~through the phase factorp!. Since bothEz

(depl)(z50) and
LD vary with dopant concentration, care must be taken
interpreting the linear trend in Fig. 4. However, from Fig.

FIG. 9. The calculated amplitude and phases for theSpp field
parametersa, b, andudfu under the conditions that all orders of th
nonlinear susceptibility are wavelength independent. The mo
was evaluated for three differentn-type dopant concentrations
331018 cm23 ~solid line!, 331017 cm23 ~dashed line!, and 331016

cm23 ~dotted-dashed line!.
-
-
h

ee
i-
e

ta

n
,

it is clear that over the range of dopant concentrations
photon energies studied in this work, a linear relations
does exist betweenuappu andEz

(depl) , and the interpretation
of Fig. 4 as support for a dominantx~3! contribution toapp is
valid.

While the trend inuappu is quantitatively understood in
terms of the model of Sec. II, and the assumption thatapp is
dominated byx (3)Ez

(depl) , the behavior ofudfabu is puzzling.
The dispersive 2v feature inudfabu at 1.45 eV is probably
related to the high joint density of states that gives rise to
E1 absorption at 2.98 eV. If the relative phase angle betw
x~3! andx~2! was independent of dopant concentration, th
one would expectudfab~v!u to exhibit trends similar to those
in Fig. 9, i.e., exhibit approximately parallel positive shif
with increasing dopant concentration. From Fig. 3 it is cle
that this does not occur;udfabu for the 6.231017-cm23 doped
sample crosses that for the two nominal 331018-cm23 doped
samples. This implies that the relative phase angle betw
x~2! andx~3! must vary with dopant concentration. From lin
ear optical studies,42 it is clear that the electronic structure o
GaAs varies with doping, due to both Burstein-Moss sh
and impurity potential scattering. The implications of su
phenomena on the nonlinear properties have not been ex
sively characterized.

A Kramers-Kronig relationship exists between the re
and imaginary parts ofx~2!~22v;v,v!;43 therefore, the dis-
persive feature inudfabu near 1.45 eV would be expected t
be associated with a dispersive feature in the magnitud
either app or bpp . The data in Fig. 3 do not suggest an
strong features inbpp at 1.45 eV; however, a weak sugge
tion of a peak is observed inapp for the 3.831018-cm23

doped sample. This peak would be more prominent if
dispersion of the linear weighting factors~see Fig. 9! were
taken into account.

The strong increase inubppu for the 531016-cm23 and
semi-insulating samples at photon energies below the fun
mental gap is intriguing. As no statistically significant ph
tomodulation of this signal could be detected, the incre
cannot be associated with the weak depletion field of
low-doped samples. A similar dispersion in SHG mixing h
been reported by Zhanget al.44 on semi-insulating
GaAs~111! samples. The low carrier densities in sem
insulating material are generally attributed to the presenc
deep traps due to the EL2 defect, which can be character
by its strong optical absorption near 1.2 eV.45 It is possible
that the strong signal below the fundamental gap could
associated with an EL2-like defect. Studies characteriz
the effect of EL2 density on the SHG response are merit

B. Data in the presence of photogenerated carriers

Photomodulation of the optical response of semiconduc
materials has proven to be a powerful technique, perh
best represented by photoreflectance spectroscopy.46 In the
current work, photomodulation studies were conducted
validate the interpretation of the rotational anisotropy stud
in terms of dominantx~2! and x~3! contributions, and to
clarify any x~4! contributions. Qualitatively, the photomodu
lation studies are in excellent agreement with the interpre
tion of the doping-dependent rotational anisotropy studies
this section, we explore the quantitative implications of t

el
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photomodulation results, most notably that the 532-nm pu
light causes only a'50% decrease inuappu for all probe
photon energies and dopant concentrations. In addition
screeningEz

~depl! , the free carriers generated by the 532-n
pump light will alter the linear dielectric response of th
system via the introduction of free-carrier absorption, a
can introduce contributions to the nonlinear response. At
relatively low levels of injection used~see the following dis-
cussion!, the small changes in the linear dielectric respon
will be neglected. Similarly, we will neglect any changes
thex’s due to the free carriers.

The proper calculation of the time-dependent carrier p
files at injection levels comparable to the background dop
concentration is a complicated and daunting task. Assum
a drift-diffusion model will be appropriate to the long~ps!
time-scale response characteristic of the measurements
still must self-consistently treat the injected electrons, ho
and space-charge field with proper surface recombina
boundary conditions. If the population of fast traps mak
significant contribution to the surface charge boundary c
dition, the calculation becomes extremely difficult.47 None-
theless, with some simplification, insight into the behav
can be gained. A good approximation to the analytic solut
to the injected surface carrier densityninj at the end of a
square pulse of durationtp , for flatband conditions with sur
face recombination, is

ninj~z50!5
~12R!F

a211ADtR
F 1

11StR /ADtR
G , ~29!

where R is the reflectivity, F is the total pulse fluence
~photons/cm2!, D the ambipolar diffusion constant~cm2/s!,
andS the surface recombination velocity~cm/s!. tR is a re-
duced time, the root reciprocal square average of the p
duration and the bulk recombination lifetime.48 For our
532-nm pump pulse~F'131015 photons/cm2!, the estimated
surface carrier density49 lies in the range 231018–231019

cm23 for 0<S<106 cm/s. Since the estimate of the injecte
carrier density is comparable to or exceeds the doping le
of all samples, it is likely that the 532-nm pulse complete
‘‘flattens’’ the bands, i.e., the surface potential is not e
pected to differ from the bulk potential by more than a fe
kT.

If one assumes that the fixed charge~Ns522.431012

e/cm2 for N56.231017 cm23! at the interface responsible fo
the 0.68 eV of band bending in the dark is not changed
photoinjection~i.e., all the charges are slow traps in the o
ide!, then the electric field atz50 is not altered by photoin
jection. This field is screened by the essentially neutral, p
toinjected plasma. This is similar to the problem
calculating the depletion field in an intrinsic semiconduct
Following the discussion of Ref. 50, it can be shown tha
good approximation to the electric field for largeninj is

E~z!5expS 2z

L inj
D ,

where ~30!

L inj
2 5

kT« r«0
2q2ninj

,
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.
a

k is Boltzmann’s constant,T is the sample temperature, an
L inj is a screening length. Forninj5~1 to 10!31018 cm23 and
L inj510–3.2 nm.

Naively, one would think that this very strongly screen
field ~contrastL inj'5 nm, withLD'100 nm due to the deple
tion field screening! would result in significantly less contri
bution to the SHG fromx (3)Ez

~depl! , in apparent contrast to
the observed uniform depletion of only 50%. However,
quantitative application of the model of Sec. II indicates th
the SHG measurement is very sensitive to the magnitud
the screened electric fieldat the surface. This is because the
phase factorpz oscillates with a very high spatial frequenc
To compare the SHG signal from a sample in the dark w
a ‘‘flattened’’ sample, we need to compare the followin
integrals:

dark}E0E
2Ld

0 S 11
z

Ld
De2 ipzdz

and ~31!

flat}E0E
2`

0

e2z/L inje2 ipzdz,

since the complex quantity~apump on2apump off!/apump off
5~flat-dark!/dark.

For physically realistic values ofL inj~'5 nm!, the residual
field in the flatband condition can produce contributions
the SHG of order12 those of the dark system. As the mod
assumes the surface field is fixed by the slow charg
~apump on2apump off!/apump off will be independent of doping
so long as thedark integral is independent ofLD . Since the
observeduappu terms are linear inE, we are clearly in a
domain wheredark is independent ofLD . Thus the observa-
tion of only partial modulation ofuappu, and the dopant con
centration independence of the modulation ofapp , are con-
sistent with completely flattened surface potentials a
photoinjection-independent surface boundary charges. As
samples were oxidized, it is not surprising that a signific
number of slow traps are present.

The preceding model also predicts a phase change forapp
between pumped and dark measurements of order 40° to
This is in qualitative agreement with the results in Fig.
The above discussion assumes that the sample is nonde
erate; however,ND5131018 cm23 is about the threshold fo
degenerate behavior. This is not anticipated to significan
affect the qualitative results.

Within the approximations thatuappu is entirely due tox
~3!

contributions, and that the space-charge fields can be g
by Eq.~17! in the dark, and Eq.~30! when optically pumped,
one can use the observed 0.4–0.6 decrease inuappu when
pumped to determineL inj to be 3–5 nm. Using 4 nm to
calculate the parameterB s

(4) @see Eq.~16!#, we can estimate
the ratio x zxyzz

(4) /x xyz
(2) from the photomodulation of thesp

data in Fig. 2. The ratio of the field paramet
csp
pump on/csp

pump off obtained by fitting the data in Fig. 2 to Eq
~22! is 1.03660.004. From this, we estimateux zxyzz

(4) /x xyz
(2) u to

be in the range 2–8310218 m2/V2. The width of the range is
dominated by the ambiguity in the relative phase betwe
x~4! andx~2!, and not the measurement uncertainty. Similar
the photomodulation of the ps data in Fig. 2



e

H
o

h
H
on

at
n
ot
rm

-n
th
or
th

u
e
ct
ifi
ex
m

t
s
e

s
-
g

r
c

ia
u

e

an

nt

en-
tly
ce-
n-

tion

eV,

fect
er-
he
.1–
ex-
HG

be-

e-
ed
to
ises
ue
he-

nd

bu-
ies
-
ld-

are
ther
n of
of
ISH
o-

ith
sur-
eir

ffi-
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(bps
pump on/bps

pump off51.0260.02) establishesux xyzzz
(4) /x xyz

(2) u to
be in the range 0–8310218m2/V2. The authors are not awar
of any measurements ofx~4! for GaAs. For a simple, cubicly
anharmonic oscillator, the ratiox~4!/x~2! is of the order ofx~3!,
qualitatively consistent with our results~x~3!'10218 m2/V2!.
However, the same simple model predictsx~3!/x~2! to be of
the order ofx~2!, and underestimatesx~3! ~x~2!'4310210

m/V, while x~3!/x~2!'331029 m/V!.

C. Relationship to previous work

The principal observation in this study is that the EFIS
contribution to the nonlinear response is larger than that fr
the oxide surface for dopant concentrations>1016 cm23, and
is of comparable magnitude to the bulk response at hig
dopant concentrations. This is consistent with a recent S
study of Au/GaAs Schottky barriers as a function of juncti
bias and SHG probe intensity.15,16 Additionally, our results
support the proposal of Yamada, Kimura, and Fuqua th
correlation observed between ‘‘surface-sensitive’’ SHG a
simultaneously obtained photoluminescence during ph
washing of GaAs wafers was due to unpinning of the Fe
level combined with an EFISH contribution to the SHG.51 It
should be noted that the SHG probe in Ref. 51 was a 560
pulsed dye laser at incident fluences sufficient to flatten
bands due to photoinjection of carriers completely. Theref
the SHG is probing the residual field after screening of
slow interface states by the photoinjected carriers.

When considering the possible role of EFISH contrib
tions to surface nonlinear optical experiments, it is extrem
important to account for probe-induced photovoltage effe
especially when comparing probe wavelengths with sign
cantly different substrate absorption coefficients. For
ample, in an early study of the rotational anisotropy fro
oxide-covered, highly-doped GaAs by Hollering,11 an in-
crease inuappu ~attributed entirely toD~2! terms! relative to
ubppu for SHG at 1.16-eV probe energies compared
2.33-eV probe energies was interpreted in terms of a re
nance enhancement ofapp at 1.16 eV. We see no evidenc
for such a resonance inapp , although in lower doped
samples we see enhancement inbpp . The anisotropy of our
data agrees well with that of Hollering at 1.16 eV. It is po
sible that the decrease inapp observed at 2.33 eV by Holler
ing was due, at least in part, to probe-induced screenin
the surface depletion field, and theapp contribution reported
by Hollering arises fromx (3)Ez

~depl! . The 532-nm probe lase
in Hollering’s study was of comparable duration and fluen
to the 532-nm photomodulation source in our study.

The conclusions of this paper, thatx (3)Ez
depl contributes

significantly to the observed SHG, and thatx (4)(Ez
depl)2 is

small, are in contradiction to a recent report by Qiet al.,12

wherex~3! effects were not observed, but a significant var
tion of x~eff! with both dopant concentration and photomod
lation was observed and attributed tox~4!. Significant differ-
ences exist in the work of Ref. 12 and this paper: th
characterized samples of dopant concentrations<1016 cm23,
used a ns pulse duration dye laser for the probe light,
used a relatively weak~100mW/cm2! 456-nm cw source for
photomodulation. For our lightly doped samples,app is very
small relative tobpp , and it is difficult to characterize the
photomodulation ofapp ; however, the absence of significa
m
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photomodulation ofbpp is quite apparent~see Fig. 6!. Real-
istic estimates of the near surface photoinjected carrier d
sities for the cw source used in Ref. 12, self-consisten
accounting for surface recombination and drift in the spa
charge region,52 indicate that the steady-state density of i
jected carriers is only 1010 cm23. This is significantly less
than the doping level, and suggests no significant modula
of the surface depletion field was achieved. Qiet al.
observed53 that photomodulation ofbpp was only detectable
for a narrow range of probe photon energies around 1.34
near the anomalous dispersion inbpp observed in our work,
and that of Refs. 44 and 33. As noted earlier, the EL2 de
plays a significant role in determining the electrical prop
ties of semi-insulating and low carrier density GaAs. T
EL2 defect has a characteristic optical absorption in the 1
1.3-eV range, resulting in the formation of a metastable
cited state. Considering the high fluence of the 1.34-eV S
probe laser in the work of Qiet al., it is possible that their
reported photomodulation is the result of changes in a pro
induced metastable EL2-like state.

VI. CONCLUSION

By careful study of the doping and photomodulation d
pendence of the SHG rotational anisotropy on oxidiz
GaAs~001!, we established that the dominant contribution
the isotropic response from the near-surface region ar
from a depletion-electric-field-induced effect, and that tr
surface contributions are small. The magnitude of the p
nomenological expansion coefficientsx zxxz

(3) ~22v;v,v,0!,
x xxzz
(3) ~22v;v,v,0!, x xyzzz

(4) ~22v;v,v,0,0!, and x zxyzz
(4) ~22v;

v,v,0,0! are in accord with expectations based on theory a
previous measurements. The coefficientx zzzz

(3) ~22v;v,v,0! is
larger than anticipated. As stated in Sec. I, EFISH contri
tions to SHG have been identified in electrochemical stud
of Si ~Ref. 13! and TiO2.

14 In both systems, the EFISH con
tribution could be made to dominate the depletion-fie
independent contributions~surface and bulk!. EFISH contri-
butions thus appear to be general, implying that extreme c
must be used in the interpretation of SHG results when ei
probe or photomodulation sources are outside the regio
transparency of the sample. If the dynamical evolution
depletion-field-independent terms can be neglected, EF
should prove a powerful probe of carrier dynamics via ph
tovoltage effects.14,54
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APPENDIX

In this appendix, we review the various Fresnel coe
cients. Given an incident angleu with respect to the surface
normal, and angular frequencyv,

f s5
n0
n
sinu ~A1!
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and

f c5A12 f s
2, ~A2!

wheren0 andn are the complex index of the incident med
and the substrate at the fundamental wavelength. The tr
mission coefficients fors- andp-polarized light are given by

ts5
2w0

w01w
~A3!

and

tp5
2n0nw0

w0n
21wn0

2 , ~A4!
i

p

g

.

a

s-

where

w5
v

c
An22n0

2sin2u ~A5!

and

w05
vn0
c

A12sin2u. ~A6!

Expressions forFs , Fc , Ts , Tp , W, andW0 are readily de-
rived from the above with the replacementsv→2v, n→N,
andn0→N0 . In the expressions forTs andTp , the indices
are reversed, i.e.,w0→W, w→W0 , etc., as theT’s are the
transmission factors for theexiting second harmonic.
s
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