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Depletion-electric-field-induced second-harmonic generation near oxidized Gaf@01) surfaces
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Second-order nonlinear mixing is evaluated as a probe of the depletion electric field in the near-surface
region of GaA§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 Gd881) 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 eff¢&8163-182807)00616-4

I. INTRODUCTION SHG can be ignored in these studies and that a large part of
the total signal is due to a first-order contribution from the
Second-harmonic generati¢8HG) has been identified as depletion electric field.
a tool for studying interfaces due to its inherent surface sen-
sitivity in centrosymmetric materiafs> This sensitivity re- Il. MODEL

sults from symmetry constraints on the bulk second-order . .
susceptibilityy?, which is zero in the dipole approximation A depletion electric field near a Gafidl) surface lowers
P X b PP the symmetry of the GaAs bulk from3n to mm2. In this

when the material contains a center of inversion. However

higher-order bulk terms may contribute to SHG, includingSection, we will describe how this lowering of symmetry
those arising from electric quadrupdland higher-order affects the nonlinear susceptibility and thus the second-

electric dipole responses. These other terms ultimately "miparmonic signal from GaA801) in the presence of a deple-

the surface sensitivity of the technique; therefore, a thorougf{®"n €lectric field.

analysis must be carried out before results can be interpreted

as arising from a surface susceptibility. A. Effective second-order susceptibility
GaAs is not centrosymmetric, and a significant signal in the presence of a field

arises from the bulk d|p0|e Susceptlblllty A surface-induced Througﬂout this paper we will use the coordinate system
Signal, hOWeVer, can be effectively Separated from the bulknatura| to @Mhew Conven_tion, the Ga-As bonds point
induced signal by an appropriate choice of the experimentah the[111], [111], [111], and[111] directions. The outward
geometry’> Numerous researchers have addressed SHGurface normal is defined to ke and% andy lie in the
from GaAs, and have interpreted their results in light of asyrface plane, at 45° to the surface nearest-neighbor direc-
surface nonlinear susceptibilif’** Several recent reports tions. Note that the basis vectaksandy of this coordinate

have demonstrated convincingly that depletion-electric-fieldsystem are not those usually associated with representation
induced second-harmonic generatigtepletion-EFISH can  of the mmz group®t?

dominate surface contributions in a number of semiconduct- e assume that*" in the dipole approximation can be

ing samples?~'°In the present paper, we demonstrate thegxpanded in terms of the applied field,
importance of the depletion electric field in modifying the

SHG observed from oxidized Gaf¥1), and conclude that Xi(jekﬁ):)(i(jzlg(_wl_wZ;wlawZ)
nearly all of the signal attributed to the reduction of symme- 5 §
try at the surface of highly doped samples results from the +3Xi(jk)z(—wl—wz;wl,wz,O)E(z er

near-surface depletion electric field. (4) ) (dep)2
In Sec. Il, a phenomenological model of EFISH is pre- +6Xijkzd — w17 w2 01,02,0,0E;

sented. This model concludes that EFISH contributes to the (dep)3

X ; : e : : +O(E; "), @
second-harmonic rotational anisotropy in first order isotropi-
cally and in second order anisotropically, the latter interferwhere 2, ¥, and ¥ have symmetry properties of the
ing directly with the unperturbed bulk-generated field. In 43m bulk crystal. The factors of 3 and 6 account for permu-
Sec. lll, details of the experimental methods used in thigations of the zero-frequency indices. There are six nonvan-
study are given. In Sec. IV, the results of those experimentgshing elements of'? in 43m symmetry; all are equivalent
are presented. The results are further discussed in Sec. Wy symmetry and have indices
Analysis of the SHG as a function of both sample doping and
optical pumping convincingly demonstrates that surface XYZ=YZX=ZXYy=XZYy=ZYyX=yXZ 2
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There are 22 nonzero elem_(_a_nts_;(éf), four of which are E(pdp;pole E2t2{5(3)( 2R3 A 2f fF xS,
unique:iijj, ijij, ijji, andiiii (i#]j). When contracted

with the electric fieldE{""", these elements give rise to four — f2F X + B (2 f fF e~ oF ) x\o—BLY
unique nonzero elements gf3) E(deP):
q ijkz z (f FSXZXyZZ 2f f FCXXZyZ)]SIn 2¢} (8)
ZZZXXZ=YYZ XzZx=yzy and zxx=2zyy. (3) E(dlpole 2E2f f tp(Bs Xg/)z_FB(sll)Xg/)zz)COS%a 9)
Similarly, there are 60 nonzero elements Y3, ten of E(dipole):_EZF 2[BRy3)
which are uniqueiiijk, iijik, iijki, ijiik, ijiki, ijkii, ps S p Azxz
jiiik, jiiki, ji‘lfii, %ncligkii_i (i#j#Kk). Three independent —(B@x@+BWxY )sin2p], (10)
elements ofy (Y, E°?? arise from these:
2
Xyz=yxz, xzy=yzx and zxy=zyx (4) Eé"q£°'e>= (B X\GAL(2 ffF e~ FEF Yo+ FtZ]sin2gp
It can be easily shown that, at second ordeE{ff*", the + (=2 fFct+ 2 fFottcos2p)+ By

seven unique nonzero elements ot are those e_xpected X[(— 2R3 42 fof Fox®, — 12F 3 t2
for mm2 symmetry. For second-harmonic generation, where o sXzxx7 cXxxzz sXz222%p
w;=w, (and the second and third indices are interchange- —FL® +B(4) 2ff.F

able, the effective susceptibility elements are Xods] e oXxyzzs

2 4 R
- chstxyzgtp'i' FSX(zx)szs]SmZ(b_ (2 fCFSX(zi)yzz

(effy _  (eff) _ _ (eff) _ (eff)_3 (3) pdepl
S 2ol dtitpcos2)), (19
(eff) _  (ef) _ 3. (3) (depb
Xzxx — Xzyy 3XzxxEz d|pole E{B(Sz))(g,)i(f f t2 cos2p—ft stp sin2¢)
3 4
X = 3,/(3) pldenh 5) + B x o fststp+ BLY xS £ fof ticos2p
, — fttpsin2e) ], (12
ff) ff) _ ff) _ ff) _ . (2 4 d
ngy X§/EZX) Xye;(z) X§<eyz) X;y)z_l_ 6X£(y)zz£(z er ) and
f)_ (effy_ (2 (dep)? EldPol® =, 13
X(ziy) Xz?/x) Xiy)z—i_ 6)(zxyz z e, ss 13

wheredg is the rotation of th¢100] direction out of the plane

(2) __ : .
B. Second-harmonic signal resulting of incidence B ;4 [= —B,, J/(4m) in the notation of Ref. 1B

from the nonlinear polarization Is given by
We will consider only a linearly polarized incident elec- B2 — _ inTp,s 0 e iPZgy— Qsz,s (14)
tric field given by p.s 2w —w 2pW ’

() and the phase paramefer-2w-+W. The terms foiB (3) and

P Ay i(kor—ot)
E(r.h)=(EsStEpp)e ree. B (! can be similarly derived to be

wheres is a unit vector given by=kxz, andp is a unit 31 02T 0
vector given bysxk. The second-order polarization inside B3)=— A E\%P)(z)e~PZdz (15)
the material is then givefin the mks systemby . 2W —o
- . and
P(dlpole)(zw)_soxl(Jekﬁ)( zw;w,w)El(lnsme)E(klnsme , (7)
- @_ _ 3i0%Tps (deph2 ) o ipZ
whereg, is the permittivity of free space, arf("5% is the Bps=——w | E  (9ePdz (16

Fourier transform of the field given by Eg6), measured
inside the material. This polarization will give rise to a radi- The termsf., f., F., andF are the complex cosine and
ated electric field with frequencya sine of the fundamental and second-harmonic internal
The total field radiated by this nonlinear polarization will angles;Q}=2w/c, w andW are the components of the wave
depend on the orientation of the crystal, the polarization stateectors of the fundamental and second-harmonic light in the
of the incoming radiation, the angle of incidence, and thedirection perpendicular to the surface; agt,) andT¢(T,)
dielectric properties of the crystal. The derivation of the ra-are the transmission coefficients of the fundamental light into
diated field follows the discussions of Refs. 18 and 19. Fornd the second-harmonic light out of the crystal $er(p-)
linearly polarized input fields incident on a Ga@81) sur-  polarized light. Explicit expressions for these parameters are
face, it can be shown that the radiated second harmonic fieldgven in the Appendix.
EPY9 resyiting from y®™ are given in terms of the input  If the surface potential with respect to the bulk Fermi
electric fieldsE, E, andEafq_E(ﬁ—é)/\/?] measuredut-  level is®,, and the Debye screening lengthLig, then, to a
sidethe material by good approximatioRR?
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2do(z+Lp) TABLE I. The field parameterfsee Eq.(22)] arising from the
E(@eP)(z)= —{zr (17)  different susceptibility tensors¢® is the bulk dipole allowed ten-
D sor; @ and y'¥ are the EFISH expansion tensors? is the pure

surface tensory and ¢ are bulk quadrupolar terms: indicates no

for 0>z>—L, and EP(z)=0 elsewhere. Inserting Eq. contribution

(17) into Egs.(15) and(16), and integrating, one obtains

30T, @ . PP _ _
p,s*0 .

Bfg: - e (1—€LoP+iLpp) (18) (out, in pqg ps sp sq SS

b X2, b b2 c@  p@ @ @ p@

and Xg)zz A, A a - - - -

QZ 2 X%}z Ayx @ a a - - -

1210°T, & . A a a - - a —

4 _ _ PSSO o ilpp_ i LiL2p2 Xxxzz2 Bxxz

Bp.s TUpw (2ie 2i+2Lpp+iLpp9). e Arys bfzi biicii - @ c@p@  _

(19 XzxXyzz Az><y b b'“,c b - = —

y a a a - - -
The total radiated field may also include contributions that a,c®  a,c®pb® ac® p? ab®c® p@

are quadrupolar in the incoming field,

P{4929= g T E{ "9V E| "9 (200  depletion electric field contributes linearly t? and c®.

_ . o Also, note that the contribution can be uniquely determined
where I' is the quadrupolar nonlinear susceptibility, and,from theb® andc® terms.

from a surface nonlinear susceptibility?,
Pi(surf):80Ai(j2k)E](insidaE(kinside5(2_ Zar), (21) I1l. EXPERIMENT

. : . . Figure 1 is a schematic overview of the second-harmonic
which has typically been considered to be outside the SUrS. beriment. Tunable and polarized probe light bulses were
face, even though the fields are evaluated inside th? P : b P gnt p

surface?! The fields radiated by these polarizations were de_c;cusgzd _orr:to GaA801) samplfs in air at Ian |nC|dznrt] angle_
rived in detail by Sipe, Moss, and van Dridl. of 45° with respect to the surface normal. Second-harmonic

In the case of SHG from a sinale plane wave. the fieldIight radiating in the specular direction was then collected,

. ge p R, filtered, and detected. The samples could be rotated about
radlatefd dbybthe quadrupolar nonll?‘ear)/polarlganolrl can b(?heir surface normal. In the range of 1.32-1.51 eV, probe
quantifie y two parametersy=I,,,/2 and {=I,,, . ) ' ) ’ i
~Tyyx—yey—Txxyys the isotropic and anisotropic terms, fundamental light was produced by a dye laser synchro

. / - ; nously pumped by the second harmonic of a fiber-
respectively. For an isotropic materia=0 but can be non- ) ) .
. X compressed mode-locked Nd:YA@ttrium aluminum gar-
zero for 43m symmetry, whiley is nonzero even for an

: . . nep laser. Two dyes were used to span the range. The output
isotropic medium. of the dye laser was amplified in two stages pumped with the
The bulk-terminated GaA801) surface hasnm2 sym- y P ges pump

metry, which is the same as that of the near-surface bulk iﬁecond harmonic of a Nd:YAG regenerative amplifier, oper-

) L ating at a repetition rate of 1 kHz. The nominal duration of
the presence of the depletion electric field, therefore, rotag, .2 1 jitie § dye-laser-pulses wa00 fs full width at half
tional anisotropy studies cannot distinguish signal from a

: AP . “maximum(FWHM). Probe fundamental light at 1.17 eV was
mm2 surface from the depletion-electric-field-induced sig- : X ;
) . . obtained from the residual fundamental of the regenerative
nal. A disordered oxide surface has a macroscepgym-

metry, and will not produce an anisotropic response. Nd:YAG amplifier. The Gaussian beam diametevy2(full
The total detected field is the sum of the various contri-
butions. In our experiments, the nonlinear signal from the
sample is normalized to the nonlinear response of a refer-
ence. The observed signal ratio can be parametrized by

|Eij(2w, ¢)|?
SHE) TTE @

4 2
= aij+mE:l[bi(jm)sinm¢+ci(jm>cosn¢] , (22

where the proportionality depends on the geometry gid
of the reference material. For th@h andmm2 symmetries EQ®) E(w)

considered here, only evan terms contribute to the sum.

Table | reviews which tensor elements contribute to the field FIG. 1. Schematic representation of the experiment. Linearly
parameters, b, andc. Notice that the depletion electric field polarized light at frequency is incident on the sample at 45°. The
contributes in first order ta only and in second order t#?  sample is rotated azimuthally such that f1€0] direction is at an
and c® only. In Ref. 16, it is incorrectly stated that the angle with respect to the plane of incidence.
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width at 1£? intensity of the probe was<0.22 mm at the BBO over the same range gives a 3% effect. These small,
sample. monotonic corrections have not been applied to the presented
A combination of colored glass filters and a monochro-data.
mator was used to filter the second-harmonic light, which Photons at 2.33 eV were generated by doubling residual
was polarization analyzed with a Glan-Taylor polarizer andl.17-eV light from the regenerative amplifier and used as a
detected with a photomultiplier tube. To allow for shot-to- photomodulation sourcépump. The 2.33-eV pulses were
shot normalization and wavelength-to-wavelength spectradpproximately 180-ps FWHM with a diametewg of 2 mm
normalization, a small amount of the fundamental light wasand a typical pulse energy of 1@]. This light was directed
separated before the GaAs samples, and focused at a conjpato the sample at a 30° angle of incidence, about 600 ps
gate position on a phase-matched, 1-mm-thig&barium-  before the probe. Studies using shorter pump puiees fs,
borate(BBO) crystal. The second-harmonic light generatedat a wavelength of 635 nm, probed by SHG of 1575 nm
in the reference arm passed through matched filters and ttgenerated by difference frequency mixing the residual
same monochromator before striking a second photomulti1.17-eV light from the regenerative amplifier with the pump,
plier tube. demonstrated that the modulation of the SHG occurred
It was found that the probe fundamental can generate sufwithin the cross-correlation of the two puls&50 fg and
ficient carriers to photomodulate the signal. In order to avoidelaxed on a 2—3-ns time scale.
probe-induced photomodulation of the second-harmonic sig- All of the samples, with the exception of one, were pol-
nal, the probe light was attenuated so that, at most, aboushed horizontal-gradient-freeze-grown crystals. Thype
25% of the laser shots yielded detected second-harmonitopant was Si, and the-type dopant Zn. The 810'-cm 3
photons. The output of the photomultiplier tube was gatedoped sample was a 2m-thick layer, molecular beam epi-
integrated, and compared to a setpoint, yielding a binary sigiaxy grown on semi-insulating material. All results presented
nal B. The reference-normalized sign@r was also re- were obtained after the samples were treated with,& P
corded, where is the reference arm analog signal from asurface passivation etéf.This etch results in a thin stable
second gated integrator. The average number of recordeakide. No significant difference could be observed between
counts(B) and its standard deviatiom, were adjusted to preliminary results obtained with the as-receiveeype
account for multiple photons striking the detectors by mak-samples and the results from the passivatdgipe samples.

ing the transformatiorfé The absolute orientations of the samples were determined
by etching sections of the same wafers in_ 1:8:8
(B)' ——In(1—(B)) (23)  H;S0,:H,0,:H,0 which preferentially etches in thel10]
direction?’
and
o IV. RESULTS
' B
Ope— —. (24 . L
B 1—(B) Figure 2 shows the second-harmonic signal raigse),

, . _ ~ Ssp(¢), andS,(¢), for a 3.8<10'%cm ™ n-type GaA$001)
The averaged normalized sigriglr) and its standard devia- sample irradiated at 1.38 eV. The curves drawn through the
tion og;, were likewise scaled, data represent best fits to EQ2). The agreement between
the data and the curves is excellent; any deviation from the
B\’ B\ In(1—(B)) curves which systematically breaks them2 symmetry of
“\r (B) @5 the data is probably a result of a small miscut of the crystal
orientation?®
and The signalS,(¢) was below our detection sensitivity, and
is not included in Fig. 2. Sinc&.(¢) only receives a con-
, T gir tribution from the quadrupolar terri and since no sind
0/3”(_1——<,3)' (26) term was ever needed to fit t1&(¢) or S,{(¢) data, we

obtain an upper limit 0f¢[<0.4x{}/€.

All error bars shown with data are the standard deviation of The mnm2 symmetry of thep-out data indicates that iso-
the mean,a},,r/\/ﬁ. Data were then fit in a weighted least tropic contributions to the signal are significant. The analysis
squares sense to E@2) to yield an isotropic field parameter of Sec. Il demonstrated that an isotropic contribution can
|a|, anisotropic field parametet®™| and [c(™|, and the arise from a true surface dipole response Ai4, from the
magnitude of their relative phasf®pm| and|g,qml- I depletion electric field via'?, and from the isotropic qua-
the fitting procedure, a small offset in the azimuthal angjle drupolar termy. The contribution ofy to SHG cannot be
was also adjusted, to account for misalignment of thepractically resolved from that due {2 by rotational an-
samples on the rotational stage. All reported uncertainties ifsotropy studie$? As ¢ is negligible, andy is of comparable
the fit parameters are one standard deviation, derived fromnagnitude to in other cubic material® we will neglect
the elements of the inverse of the curvature mattix. both quadrupolar terms. Additionally, to simplify the nota-

Over the wavelength range studied, the calculated type-ion, we will suppress th€2) on the nonzero anisotropic
critical phase-matching angle in BB@efs. 24 and 2bvar-  parameter$ andc. To assess the relative contributions of
ies from 22.77° to 28.46°. This change in phase-matching\® and x*® to the isotropic respons&,(¢) was measured
angle gives a calculated 5% change in nonlinear coefficierfor a series of differently dopedy-type samples. Figure 3
der- The Miller's rule estimate of the dispersion @, for ~ shows the fit parameteta,|, |b, |, and|8¢,,| as functions

r
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FIG. 2. SH signal as a function of azimuthal orientation for a 1.15 1. 35 1. 40 1,45 1.50
3.8x10"%-cm ™3 n-type GaA$001) sample ah;=900 nm for differ- hv (eV)
ent detection and input polarizations, with and without 532-nm
pumping. The notationsp indicates s-polarized detection and FIG. 3. The field parametetay|, [byl, and|dyp| as functions

p-polarized input. The arrows mark whénis along the indicated ~ of wavelength for a variety of samples. All samples wergype,
crystal axis. The solid lines are fits to EQ2). The length of the  unless specified. Typical estimated errors are displaye¢i5g of

data lines demarks: one standard deviation of the mean. the p-type sample. The estimated errors|a,| and|b,,| are less
than the symbol size.

of wavelength for the series. The isotropic field parameter
|app| tends to increase with dopant concentration over the V2e,£0Po/q

n-type samples, and exhibits relatively weak dispersion over

: vhereeg, is the relative dielectric constarl¥| is the dopant
the studied probe photon energy range. In contrast, the al)évensity,q is the charge of the electron and the surface barrier

isotropic parametetbpp| is relatively independent of both @, is 0.68 eV The parametefb, | shows relatively little
dopant concentration and probe photon energy over the PP

range 1.4-1.5 eV. Howevelh,,| exhibits very strong dis-
persion below 1.4 eV for the SE101-cm 3 - type sample
and the semi-insulating sample. There is a distinct minimum 1
in |8¢p,p| Near 1.45 eV for the highly dopetttype samples. ] oY= RPN o ]
Sum-frequency generatidisFG experimenty w; + w,= ws; 15 .
w17 wy) were performed witthw,=1.165 eV(residual light ] ' | |
from the regenerative amplifieand w, from the tunable dye
laser. The minimum ind¢,,| was not observed fdiw,~1.4
eV, suggesting it is a& feature in the SHG measurements.
The monotonic increase I|Ihlpp| was observed for the semi-
insulating and % 10'° cm™* samples for both SHG and SFG
at fundamental photon energies below 1.40 eV, indicating
that it is anw, feature. .
To illustrate the distinct sample dependence of dhend ] oo
b parameters, Fig. 4 showa,,| and |b,,| as functions of 0 T T T T
depletion electric field at the surface, averaged over the fun- 0 20 40 60 80 100
damental region 1.39-1.51 eV. This wavelength region was E (z=0) (keV/cm)
chosen since it avoids the region below 1.38 eV where the ‘
lightly doped samples show an anomalously |a|t%| The FIG. 4. The spectral averag#.39—1.51 eV of |a,,| and|bp|
electric fields have been obtained from E#j7) and calcu-  as functions of depletion electric field. The open symbolsatgpe
lated depletion lengths, samples, the solid symbol is for the X%0'%cm™2 p-type sample.
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FIG. 5. Radial plot of the second-harmonic sigig}(¢) for a 0.8 ¢
fundamental photon energy of 1.46 eV frda a 3.0<10"%cm 3,

Si-dopedn-type sample, anéb) a 1.5x10"°-cm™2 Zn-dopedp-type ' ! ' ! ' ! ' !

X ) X ) 1.30 135 1.40 145
sample. Note the change in the orientation of the location of the hv (eV)
maxima.

FIG. 6. The 532-nm pump induced changes in the field param-
field dependence, while the parameggy,| is approximately eters|a,,| and |b,,| as functions of wavelength for a variety of
linear in field. These results appear consistent with expectatifferent samplesAa=(aymp o~ @pump off- Note the differenty

tion from depletion-EFISH. Any surface contribution that is scale for|b
not associated with the depletion electric field would be ex-

pected to yield a nonzerp-axis intercept fota, | in Fig. 4;  sult in screening of the depletion field, and should modulate
the lack of a significant intercept suggests that any such terahe depletion field contribution to SHG. Upon pumping with
for oxidized GaAs surfaces is negligible. The lack of a sig-2.33-eV light sufficient to generate 10'® carriers/cmi (see
nificant intercept also supports the neglect of the quadrupolasec. V B, changes are observed in the rotational anisotropy.
parametery. Figure 2 shows the 2.33-eV-pumped rotational distribution
If the dominant source d,, is x® ES®", then the sign for the 3.8<10'®-cm™3 sample with a 1.38-eV probe. The
of a,, is determined by the sign of the depletion field. Figuretrend is similar for all of the samples at all wavelengths: a
5 comparess,,(¢) for n- andp-type samples. The change in very small increase in second harmonic intensity is observed
sign of a is confirmed by the shift in the location of the for Sy (¢), and a significant change toward fourfold symme-
maximum signal from alon§110] on then-type material to  try is observed foiS;,(¢) and Sy(¢). Photomodulated,,
along[110] for the p-type material. Unliken-type material, rotational patterns for all of the samples over the fundamen-
where the surface Fermi level is pinned near midgap fotal photon energy range of 1.32—-1.51 eV were measured, and
almost all surface treatments, the pinning positiorpetype  fitted to [a, |, [bpp|, @nd|S¢,y|. In Fig. 6 is plotted the rela-
material can vary widely. Using a surface potential of 0.17tive change,(pump on—pump offpump off, of |app| and
eV taken from photoreflectance studies ofSftreated |bpp| as a function of fundamental photon energy for all mea-
surfaces’t both|a, | and|b,,| from thep-type sample are in  sured samples. The photomodulated data were taken by
good agreement with those observed onithiype samples modulating the pump beam with a shutter at each point of a
(see Fig. 4 It should be noted that it is important to make rotational scan. While the absolute values of the field param-
the comparison of dopants at the same probe photon energgters may be susceptible to systematic errors, their relative
As can be seen from Fig. 3¢, changes from<90° to  change with photomodulation is determined very precisely.
>90° ashv is scanned from 1.3 to 1.17 eV, thus changingNo statistically significant modulation db,,| could be de-
the sign of the interference betwearandb and shifting the tected for the lightly doped samples at all probe energies. For
orientation of the maxima from alonpl10] at 1.3 eV to  the 3.8x10' and 3.0<10'®-cm™3 n-type doped samples,
along[110] at 1.17 eV. |bpp| increasedby approximately 5%. However, nearly all of
Additional confirmation of the role oE‘Z’eF" in second- the samples showed decreasein |app| by approximately
harmonic generation from Gaf¥1) can be obtained by 50% over this wavelength range. These results are consistent
photomodulation experiment8lnjection of a density of free  with the dopant concentration studies. The dominant contri-
carriers comparable to the background doping level will re-bution toa,, is from X(?”E(Zde"b; thereforea,, exhibits sig-

Pp|'
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FIG. 8. SH signal as a function of azimuthal orientation for a
3.0x10'"®.cm™3 n-type GaA$001) sample ah;=860 nm for differ-
ent input and detection polarizations. The solid lines are fits to the

FIG. 7. The magnitude of the phase betwegp andby,, with data as described in Sec. V A.

and without 532-nm pumping, as a function of wavelength for two

of the n-type samples(a) 6.3x10"7 and (b) 3.8x108 cm™3. The  the SHG resg)onse can be characterized by only four complex
indicated error bars are one standard deviation. numbers:xﬁzyz, ngz)zz Xg()xz and X&i)zz From Egs.(8), (10),

and (12) we see that measurement of the three polarization

nificant photomodulation. In contrads, , has very little con- combinationspp, ps, ang)sq algg))ws %traction o(fs)the g])ree

_— o . i (3)
tribution from y®EPIEUP) and  exhibits very little cc;]mple>_< ratios X 2724 X xyz X zod Xxyz a”:j Xz X xyz g
photomodulation. Shown in Fig. 8 are 860-nm SHG rotational anisotropy stud-

Figure 7 displays$a,,| with and without 532-nm pump- ies for the 3.0¢10*®-cm ™3 n-type sample for the polarization

ing as a function of wavelength for the medium-doped andomPinationsipp, pg, ps, sp, andsq. The complex field
highly doped n-type samples. For fundamental energiesparametem’ b! ‘_if.‘dc can be explicitly ex_pressed In terms
greater than about 1.46 e*&pp| was too small upon pump- of the susceptibility tensor elements weighted by complex
ing to extract a meaningful phase. Therefore, the results araUmbers calculated from Eqe8)—(12) as follows:

not shown. Similarly, the measurements |6t,,| for the
lesser-doped samples did not exhibit a sufficient signal-to-

noise-ratio to merit presentation, da,,] was again too 2 4
small. °P bj; :Wbij(XyZ)X§<y)z+ Wbij(ZXyZZX(zx)yzz

1.30 1.35 1.45 1.50

1.40
hv (eV)

3 3 3
a;; :Waij(ZZZZX(ZZ)ZZ+Waij(ZXXZ)X(ZX)XZ+ Waij(XXZZ)X§(X)ZZ,

+Wbij(XyZZZX§<?/)zzzv (28)
V. DISCUSSION

. . — (2) (4) (4)
A. Data in the absence of photogenerated carriers Cij —Wcij(xyz))(xszr Wcij(ZXyZZszyzz+ Wcij(XyZZZXxyzzz-

The phenomenological model developed in Sec. Il paramThe relevant weights for the data in Fig. 8 are given in Table
etrized the SHG response in terms of 11 complex numbersl. The data for thepp, pg, ps, andsq polarization combi-
X X2 X2 Xova XVoza XS%yz2 ¥ & Dyzzs Aguy, @and  nations in Fig. 8 were fitted to E22). The 16 experimen-
A, Based on the preceding discussignand y will be  tally derived parametersa,,, by, [6dappp) apa: Ppq:
neglected. The monotonic increase(af,,) with E*™ in- ¢, | 8¢anpgl, |8bacpal. etc. were fit in a weighted least
dicates thaty'® terms must be included, while the small in- squares sense to six parameters: the real and imaginary parts
tercept at zero field indicates that th& terms can be ne- of x$3,/x &) x S dx G andx &,/ x &), using the weights
glected. Similarly, the observation tha{, is independent of in Table II. Since the absolute phase of the second-harmonic
dopant concentratioffor photon probe energies above 1.4 field was not measured, the rotational anisotropy data only
eV) and only weakly photomodulates atl studied probe determined¢|. Therefore theps andsq data determine two

photon energies indicates thgf’ is small. Neglectingy”,  possible values for the ratiogix/ x & andx ord x &% In
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TABLE II. Computed weighting factors for the contribution of each susceptibility tensor to the measured
field parameters. The fundamental wavelength was 86(]3’3??1‘3“ (z=0)=8.18% 10’ Vim, andL4=16.6 nm.

(3)

(3)

(3)

X277z X 2xxz Xxxez
x5 (V/m) (V/m) (Vim)
Wa 3.99x10° ¢' 162 1.02x10° ' 164 2.98x10P e~ 10
Wy 1.00x1073 g1 0302
Wazg 2.00x10° &' - 8.74x10% &' 14 1.49x10° e 120
Wy — 6.7)(1074 efi 0.420
chpqi 2.5X 1074 ei 0.071 |
Waps . 730><104 el 164
Wbps 3.6X1074 efl 0.756
Wagg 1.01x10° e~ ' 123
sz; 4.9% 10—4 ei 2.65
WCSH 5.9% 10—4 e—i 0.487
W, 1.17x10 3 ™" 0487

general, when combined with thep data, there will be 2 Xi(ﬁ,?(—3wiw-w,w)

possible values foy &2, /x (5, However, |6, for the pp lim — . =2.3x10"° m/V,
data is approximately 0, and thus there is no additional phase w0 Xijk(~200,0)
ambiguity and there are only four sets of susceptibility ratios. 3)
The four solutions for the ratios of the susceptibilities are _Xiiii (T 3wiw,0,0) .
lim =4.0x10"° m/V.

given in Table Ill. The uncertainties are the estimated stan-
dard deviation based on the elements of the inverse of the
curvature matrix® Also listed in Table III, for each solution, The measureg ) /x 2, and x (&, /x {2, of ~3x10°° m/v

is the total weighted variance per degree of freedom dof(see Table Ill are qualitatively consistent with the THG and
R=(1/dof= [P'Y1/o?)(S—M;)? where S, are the experi- SHG data and with the calculation. Note that due to the
mental field parameters; are the estimated uncertainties of definition of the electric fields in Eq6), x'¥(—2w;w,0,0) as

the field parameters, and, are the predicted field param- defined in Eq(1), should be compared t¢%(—3w;w,w,0)/2
eters from the model. The lines drawn in Fig. 8 are fromin Huang and Ching’s calculations. However, the measured

(3 x$24x 5, of ~1x1077 m/V is an order of magnitude

solution set 1. The magnitudes g£3, and x&, are ap- _ de
proximately equal, indicating that Kleinman symmetper-  greater than expected from THG or theory. This may indi-
cate that nonoptical contributions ¥%(—2w;w,,0), such

mutation of the indices independent of frequenapproxi-
mately holds. This suggests that solutions 1 and 2, whicl@s strain-induced terms from the converse piezoelectric ef-
have similar phases for'3),and x(3),, are more likely cor-  fect, are important. Using the known value of the only non-
rect. However, Kleinman symmetry is only strictly true in zero piezoelectric tensor elemé&hd,,,=2.7x10'° cm/V)
nonabsorbing materials. and the estimateB!**"), the maximum surface tensor shear
The absolute magnitude gf2)(—2w;w,0) has been mea-  stresse,, is 2.2<10* Both theoreticdf and experimentét
sured by a number of research&ts® although all have ne- studies of the sensitivity of SHG to stress suggest that
glected the possibility of depletion field effects. Significante,,=2.2x10 * is too small to account for the anomalous
discrepancies exist in both the magnitude and dispersion Qf)?zé)zz
the reported values fof®; however, the reports suggest that  The dispersion of the field parameters shown in Fig. 3
x'? is of the order of &107*° m/V (1x10 ® esy. " for  reflects both the dispersion ef, viaB ) andf , of Sec. I,
third-harmonic generatiofiTHG) of 1064 nm has been re- and the dispersion of the nonlinear susceptibilities. In order
ported to be aboutX110™*® m?V? (1x10 '° esy.* Huang  to assess the influence of the dispersioe,afa,,, b,,, and
and Ching have calculated?® andy'® for a large number of |S¢,,| have been calculated from E¢B) as a function of
cubic semiconductors. For GaAs, they obtiin dopant concentration assuming thef3,/x % x St x 5x

w—0 Xi(jzk)(_zw;wlw)

TABLE lll. Susceptibility tensor ratiogin m/V) obtained by fitting field parameters from data in Fig. 8.
The uncertainties are the estimated standard deviation of the fitting prodseeréext

soln 1 soln 2 soln 3 soln 4
x5 ix 8 9+1x10°8 3.3+0.9x10°® 1.6+0.2x107 2.4+0.1x1077

Xei 2.64+0.11 Xei 0.68+0.48 Xe—i 0.50+0.06 Xei 2.41+0.04
x$2dx 3, 3.4+0.1x107° 3.6+0.2x107° 3.4+0.1x107° 3.6+0.2x10°°

Xei 1.26+0.05 Xei 0.26+0.05 Xei 1.26+0.05 ><ei 0.26+0.05
x\3Ix & 4.07+0.09x10°  4.06£0.08<107° 4.1+0.2x107° 4.06+0.08<107°

><ei 1.17+0.04 ><ei 0.32+0.04 ><ei 0.32+0.05 ><ei 1.17+0.04
R 1.46 1.74 1.46 1.74
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it is clear that over the range of dopant concentrations and

- a7 Zhv S;V) - 20 photon energies studied in this work, a linear relationship
e f——————— does exist betweefa, | and E{*), and the interpretation
7 Or 3X1018 e ] of Fig. 4 as support for a dominagt® contribution toa, , is
g - ———3x1017 cm3 u valid.
a0 60 3 . . . . . .
8 S 2351016 cm-3 1 While the trend infa,,| is quantitatively understood in
= AT s RS terms of the model of Sec. I, and the assumption &atis
g o[ i dominated byy(¥E{%") the behavior of5¢,,| is puzzling.
- I T TTT— L] The dispersive @ feature in|d¢,,| at 1.45 eV is probably
0 7/ related to the high joint density of states that gives rise to the
0.05 ———f/f———F——F——1—— E(% absorption at 2.98 eV. If the relative phase angle between
0.04 F—— ] ¥ and y'? was independent of dopant concentration, then
3 —_— one would expedtdeo,,(w)| to exhibit trends similar to those
& 003 ] in Fig. 9, i.e., exhibit approximately parallel positive shifts
T2002} . with increasing dopant concentration. From Fig. 3 it is clear
= 0| ] that this does not occulée,,| for the 6.2<10"-cm™2 doped
b : inad B0M-cm
L, . . . . sample crosses that for the two nomina cm > doped
0.00 ———//— samples. This implies that the relative phase angle between
D — x? and ¥'® must vary with dopant concentration. From lin-
0.04 L ] ear optical studie® it is clear that the electronic structure of
= ] GaAs varies with doping, due to both Burstein-Moss shifts
g 008 \' and impurity potential scattering. The implications of such
2002k = phenomena on the nonlinear properties have not been exten-
] T —— J

sively characterized.
________________________________________________________________ A Kramers-Kronig relationship exists between the real
0.00 L 7= 1:0 : 1145 : 1;0 and imaginary parts of'?(—2w;0,);* therefore, the dis-
' ' hv (eV) ' ' persive feature indg,,| near 1.45 eV would be expected to
be associated with a dispersive feature in the magnitude of
FIG. 9. The calculated amplitude and phases for$pgfield  eithera,, or by,. The data in Fig. 3 do not suggest any
parameters,, b, and|5¢#| under the conditions that all orders of the strong features i, at 1.45 eV; however, a weak sugges-
nonlinear susceptibility are wavelength independent. The modefion of a peak is observed in,, for the 3.8x10%cm™3
was evaluated for three differem-type dopant concentrations: doped sample. This peak would be more prominent if the
3x10" cm™3 (solid ling), 3x10'" cm ™3 (dashed ling and 3<10'®  dispersion of the linear weighting factofsee Fig. 9 were
cm 2 (dotted-dashed line taken into account.

The strong increase ifb,,| for the 5<10'%cm™2 and
and x 3/ x 3, are as given in Table Ill, solution 1, and that semi-insulating samples at photon energies below the funda-
all nonlineary’s are dispersionless and independent of dop-mental gap is intriguing. As no statistically significant pho-
ing (see Fig. 9. The spectral behavior of each of the calcu-tomodulation of this signal could be detected, the increase
lated field parameters is relatively flat over the wavelengtttannot be associated with the weak depletion field of the
range of interest. The dispersiondpproduces a weak struc- low-doped samples. A similar dispersion in SHG mixing has
ture near the one-photon resonanc&gthiw=1.42 e\j and  been reported by Zhangetal** on semi-insulating
the two-photon resonance Bt (720=2.98 eV). These cal- GaAgq111) samples. The low carrier densities in semi-
culations do not include changes i that result from insulating material are generally attributed to the presence of
changes in the dopant concentration or the presence of frefeep traps due to the EL2 defect, which can be characterized
carriers; such changes are expected to yield only small modby its strong optical absorption near 1.2 &\t is possible
fications to the results shown in Fig. 9. Comparison of thethat the strong signal below the fundamental gap could be
data in Fig. 3 with the calculations in Fig. 9 indicate that theassociated with an EL2-like defect. Studies characterizing
prominent features in theata a dispersive feature if6¢,,  the effect of EL2 density on the SHG response are merited.
near 1.45 eV and the monotonic increasebifior energies
below 1.40 eV on the %10%cm 2 and semi-insulating
samples are not due to dispersiorejn and are attributed to B. Data in the presence of photogenerated carriers

dispersion in the nonlineay's. _ Photomodulation of the optical response of semiconductor
Based on Fig. 9, one expects to see two trends in the da{gaterials has proven to be a powerful technique, perhaps

as a function of dopant concentratioreif, is dominated by pest represented by photoreflectance spectrostopythe
xPELP): a monotonic increase iy, | with increasing  current work, photomodulation studies were conducted to
doping, and a monotonic shift ifS¢,,|. In general,|ay,|  validate the interpretation of the rotational anisotropy studies
does not vary simply with the depletion field; it is deter-in terms of dominanty® and x® contributions, and to
mined by a complex function oE{***)(z=0), L, andw clarify any ¥ contributions. Qualitatively, the photomodu-
(through the phase factqr). Since bothE{®®")(z=0) and lation studies are in excellent agreement with the interpreta-
Lp vary with dopant concentration, care must be taken irtion of the doping-dependent rotational anisotropy studies. In
interpreting the linear trend in Fig. 4. However, from Fig. 9, this section, we explore the quantitative implications of the

0.01 |- T T T e e ]

3
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photomodulation results, most notably that the 532-nm pumji is Boltzmann’s constanf is the sample temperature, and
light causes only a=50% decrease ifa,,| for all probe L, is a screening length. For,=(1 to 10x10"®% cm 3 and
photon energies and dopant concentrations. In addition tb;,;=10-3.2 nm.
screeningE (%™ | the free carriers generated by the 532-nm  Naively, one would think that this very strongly screened
pump light will alter the linear dielectric response of the field (contrast;;~5 nm, withL ,~100 nm due to the deple-
system via the introduction of free-carrier absorption, andion field screeningwould result in significantly less contri-
can introduce contributions to the nonlinear response. At théution to the SHG fronp(“)E(Zdep", in apparent contrast to
relatively low levels of injection use@ee the following dis- the observed uniform depletion of only 50%. However, a
cussion, the small changes in the linear dielectric responsejuantitative application of the model of Sec. Il indicates that
will be neglected. Similarly, we will neglect any changes inthe SHG measurement is very sensitive to the magnitude of
the x’s due to the free carriers. the screened electric fielt the surfaceThis is because the
The proper calculation of the time-dependent carrier prophase factopz oscillates with a very high spatial frequency.
files at injection levels comparable to the background dopanto compare the SHG signal from a sample in the dark with
concentration is a complicated and daunting task. Assuming “flattened” sample, we need to compare the following
a drift-diffusion model will be appropriate to the lorigs integrals:
time-scale response characteristic of the measurements, one
still must self-consistently treat the injected electrons, holes,
and space-charge field with proper surface recombination
boundary conditions. If the population of fast traps make a
significant contribution to the surface charge boundary congng (31)
dition, the calculation becomes extremely diffictfltNone-
theless, with some simplification, insight into the behavior 0 '
can be gained. A good approximation to the analytic solution flatec Eof e ZLinig~iPZgz,
to the injected surface carrier density, at the end of a o
square pulse of duratidn , for flatband conditions with sur-  since the complex quantitya
face recombination, is =(flat-dark/dark.

For physically realistic values dfi;(~5 nm), the residual

0 z '
1+ —|e 'Pxdz

darkecEg f
d

pump on_apump off)/apump off

N (z=0)= (1-R)F 1 (29 field in the flatband condition can produce contributions to
inj a1+ \D7g | 1+Srs/Ds)’ the SHG of order; those of the dark system. As the model

] o ] assumes the surface field is fixed by the slow charges,
where R is the reflectwny, F is _the _total pulse fluence (@pump o~ Apump off/@pump o Will be independent of doping,
(photons/crf), D the ambipolar diffusion constarent/s), g long as thelark integral is independent dfy, . Since the
and S the surface recombination velocifgm/s. 7 is a re- observed|app| terms are linear irE, we are clearly in a
duced time, the root reciprocal square average of the pulsg§omain wheredark is independent of , . Thus the observa-
duration and the bulk recombination lifetirfie.For our  tion of only partial modulation ofa, |, and the dopant con-
532-nm pump pulséF ~1x10'° photons/crf), the8est|mat<ged centration independence of the modulatioragf,, are con-
S“rf";‘ce carrier density lies in the range 810'°-2x10°  gjstent with completely flattened surface potentials and
cm = for O$SS_106 cm/s. Since the estimate of the injected ppotoinjection-independent surface boundary charges. As the
carrier density is comparable to or exceeds the doping levelamples were oxidized, it is not surprising that a significant
of all samples, it is likely that the 532-nm pulse completely number of slow traps are present.

“flattens” the bands, i.e., the surface potential is not ex- The preceding model also predicts a phase change.for
pected to differ from the bulk potential by more than a fewpenween pumped and dark measurements of order 405 t0 50°.
KT. . 5 This is in qualitative agreement with the results in Fig. 7.

If one assumes that the fixed chargé,=—2.4X10"  The ahove discussion assumes that the sample is nondegen-
efcnt for N=6.2x< 10" cm ™) at the interface responsible for grate: howeverp=1x 101 cm 2 is about the threshold for

the 0.68 eV of band bending in the dark is not changed byjegenerate behavior. This is not anticipated to significantly
photoinjection(i.e., all the charges are slow traps in the 0x- gffect the qualitative results.

ide), then the electric field a=0 is not altered by photoin- Within the approximations thaa, | is entirely due toy®
jection. This field is screened by the essentially neutral, phogontributions, and that the Space?gharge fields can be given
toinjected plasma. This is similar to the problem of by Eq. (17) in the dark, and Eq30) when optically pumped,
calculating the depletion field in an intrinsic semiconductor.gne can use the observed 0.4—0.6 decreasi,jgl when
Following the discussion of Ref. 50, it can be shown that Fumped to determing;, to be 3-5 nm. UsinéJ 4 nm to

good approximation to the electric field for largg; is calculate the parametefi‘” [see Eq(16)], we can estimate
_, the ratio x 3),4x %), from the photomodulation of thep
E(z)=exp( _> data in Fig. 2. The ratio of the field parameter
Lin cy™ OTcE ™ °ff obtained by fitting the data in Fig. 2 to Eq.

(22) is 1.036+0.004. From this, we estimalg {%,,/x (% to
where 30 pein the range 28102 m2V2. The width of the range is
KT dominated by the ambiguity in the relative phase between
2 oréo x“ andx'?, and not the measurement uncertainty. Similarly,

207Ny the photomodulation of theps data in Fig. 2




10 704 GERMER, KOLASINSKI, STEPHENSON, AND RICHTER 55

(bpumP eppump °ff=1.02+0.02) establisheby},,/x2) to  photomodulation ob,, is quite apparentsee Fig. 6. Real-

be in the range 0-810 '8 m%V2 The authorsxy;?e ngtzaware istic estimates of the near surface photoinjected carrier den-

of any measurements gf* for GaAs. For a simple, cubicly sities for the cw source used in Ref. 12, self-consistently
anharmonic oscillator, the ratig?/x® is of the order of®,  accounting for surface recombination and drift in the space-
qualitatively consistent with our resultg'®~10"8 m?/Vv?). charge region? indicate that the steady-state density of in-
However, the same simple model predigtd/y® to be of jected carriers is only 18 cm™3. This is significantly less
the order of ¥'?, and underestimateg® (y?~4x101° than the doping level, and suggests no significant modulation
m/V, while y®/x?~3x107° m/V). of the surface depletion field was achieved. €fal.
observed® that photomodulation ob,, was only detectable
for a narrow range of probe photon energies around 1.34 eV,
C. Relationship to previous work near the anomalous dispersionkip, observed in our work,
The principal observation in this study is that the EFISHand that of Refs. 44 and 33. As noted earlier, the EL2 defect

contribution to the nonlinear response is larger than that fronplays a significant role in determining the electrical proper-
the oxide surface for dopant concentratieas0'® cm 3, and  ties of semi-insulating and low carrier density GaAs. The
is of comparable magnitude to the bulk response at higherL2 defect has a characteristic optical absorption in the 1.1
dopant concentrations. This is consistent with a recent SH@.3-eV range, resulting in the formation of a metastable ex-
study of Au/GaAs Schottky barriers as a function of junctioncited state. Considering the high fluence of the 1.34-eV SHG
bias and SHG probe intensity1® Additionally, our results ~Probelaser in the work of Qiet al, it is possible that their
support the proposal of Yamada, Kimura, and Fuqua that gported photomodulation is the result of changes in a probe-
correlation observed between “surface-sensitive” SHG andnduced metastable EL2-like state.

simultaneously obtained photoluminescence during photo-

washing of GaAs wafers was due to unpinning of the Fermi VI. CONCLUSION

level combined with an EFISH contribution to the SHQt

should be noted that the SHG probe in Ref. 51 was a 560-nm By careful study of the doping and photomodulation de-
pulsed dye laser at incident fluences sufficient to flatten th@endence of the SHG rotational anisotropy on oxidized
bands due to photoinjection of carriers completely. Thereforé>aAg001), we established that the dominant contribution to
the SHG is probing the residual field after screening of thehe isotropic response from the near-surface region arises
slow interface states by the photoinjected carriers. from a depletion-electric-field-induced effect, and that true

When considering the possible role of EFISH contribu-surface contributions are small. The magnitude of the phe-
tions to surface nonlinear optical experiments, it is extremelylomenological expansion coefficientg S} {—2w;w,®,0),
important to account for probe-induced photovoltage effectsy \Xrd —20;0,0,0), X (Vr2f —2w;0,0,0,0, and x {3, —2w;
especially when comparing probe wavelengths with signifi-w,®,0,0 are in accord with expectations based on theory and
cantly different substrate absorption coefficients. For exrevious measurements. The coefficigit,{ —2w;w,,0) is
amp|e' in an ear|y Study of the rotational anisotropy fromlarger than anticipated. As stated in Sec. |, EFISH contribu-
oxide-covered, highly-doped GaAs by Holleriigan in-  tions to SHG have been identified in electrochemical studies
crease ina,,| (attributed entirely toA® terms relative to  of Si (Ref. 13 and TiQ,.'* In both systems, the EFISH con-
|bpp| for SHG at 1.16-eV probe energies compared toftrlbutlon could be_ made to dominate the depletlon-f_leld-
2.33-eV probe energies was interpreted in terms of a resdndependent contributionsurface and bulk EFISH contri-
nance enhancement af,, at 1.16 eV. We see no evidence butions thus appear to be general, implying that extreme care
for such a resonance im,,, although in lower doped must be used in the interpretation of SHG results when glther
samples we see enhancemenbjp. The anisotropy of our probe or photomodulation sources are outside the region of
data agrees well with that of Hollering at 1.16 eV. It is pos-transparency of the sample. If the dynamical evolution of
sible that the decrease &, observed at 2.33 eV by Holler- depletion-field-independent terms can be neglected, EFISH
ing was due, at least in part, to probe-induced screening ¢fhould prove a p40g/Xefo| probe of carrier dynamics via pho-
the surface depletion field, and tag, contribution reported  tovoltage effects®
by Hollering arises fromy?E " The 532-nm probe laser
in Hollering’s study was of comparable duration and fluence ACKNOWLEDGMENTS
to the 532-nm photomodulation source in our study.

The conclusions of this paper, that¥E%"' contributes
significantly to the observed SHG, and thef)(E2*P)? is
small, are in contradiction to a recent report by &pial.
where y® effects were not observed, but a significant varia-
tion of x®™ with both dopant concentration and photomodu-
lation was observed and attributed ¢&@. Significant differ- APPENDIX

ences exist in the work of Ref. 12 and this paper: they . . . . i
characterized samples of dopant concentratishg'® cm 3 _In this appendix, we review the various Fresnel coeffi-
' gients. Given an incident anglewith respect to the surface

used a ns pulse duration dye laser for the probe light, an

used a relatively weakl00 uW/cn?) 456-nm cw source for normal, and angular frequeney

photomodulation. For our lightly doped sampleg,, is very

small relative tob,,, and it is difficult to characterize the f No (A1)

. Lo =— sind
photomodulation o&,,; however, the absence of significant S n

L.J.R. wishes to acknowledge extensive discussions with
J. Dagata on GaAs surface treatments, O. Glembocki on sur-
face Fermi-level positions, and A. Yodh and J. Qi on their
work.
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and where
fo=1-1Z, A2 ® ,
¢ s (A2) w= — \n?—nZsirfg (A5)
whereng andn are the complex index of the incident media ¢
and the substrate at the fundamental wavelength. The trangnd
mission coefficients fos- and p-polarized light are given by
wNg .
2w, Wo=—— 1—sirfé. (A6)
te= (A3) c
Wo+WwW . .
Expressions foFg, F¢, Tg, T, W, andW, are readily de-
and rived from the above with the replacemenis-2w, n— N,
andng—N,. In the expressions fofg andT,, the indices
2ngnwy . pr
=——3, (A4) are reversed, i.ew,—W, w—W,, etc., as thel's are the
Won“+wng transmission factors for thexiting second harmonic.
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