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Experiments reveal that the near surface second-order nonlinear optical susceptibility, 
x<2>(2w,w,w), is significantly affected by band-bending induced-electric fields in the depletion re
gion of GaAs(00l). Both n- and p-type GaAs samples exhibit a reduction of the bulk second-order 
susceptibility x~~z independent of electric field direction. A three band theoretical model was used 
to qualitatively explain these observations. 

PACS numbers: 78.20.Jq, 42.65.Ky 

It is well known that an externally applied de electric 
field breaks the symmetry of an isotropic medium, and 
leads to the enhancement of otherwise forbidden second
order nonlinear optical processes. Elegant examples of 
these phenomena include external-field-induced second
harmonic generation (SHG) in gases [1] and crystals [2]. 
Static electric fields within the surface depletion region 
of a doped semiconductor provide a naturally occurring 
analog of this scenario. In this region the bulk symmetry 
of the crystal is broken as a result of band bending. The 
accompanying depletion electric field plays an important 
role in many semiconductor devices, and is known to af
fect a variety of optical processes including LO-phonon 
Raman spectroscopy [3], nonlinear absorption and elec
troreflectance [4], and far-infrared generation by inverse 
Franz-Keldysh mechanisms [5,6]. 

In this Letter we report the effects of depletion electric 
fields on second-harmonic generation from GaAs(00l). 
Our experiments reveal that the dominant perturbation 
caused by the depletion electric field is on the existing 
bulk nonlinearity xWz. No measurable effects were de
tected on any other tensor elements. These results are 
surprising at first glance, since one would expect the 
most substantial changes to be produced by field-induced 
perturbations of the isotropic semiconductor response. 
We demonstrate, however, through studies as a function 
of dopant type and concentration, that the bulk x£;lz 
is systematically reduced as a result of the depletion 
field, and that this diminuation depends on the square 
of the near surface depletion field. We present a sim
ple three band calculation to explain the phenomenon, 
and we perform photomodulation-second-harmonic gen
eration (PSHG) experiments to demonstrate that x£;lz 
in doped GaAs can be enhanced by carrier excitation in 
the depletion region [7,8]. 

The present experiments are the first to elucidate the 
affect of depletion electric fields on harmonic generation. 
Our formulation of the problem is conceptually similar to 
recent models proposed to explain the crystallographic 

orientation dependence of far-infrared generation by op
tical rectification in semiconductors [5]. Our SHG ob
servations, however, can only be explained by invoking 
three band processes. Finally, besides their intrinsic in
terest as new phenomena, our measurements illustrate a 
potentially useful method to probe changes in symmetry 
and band bending in the near surface region of a semicon
ductor. This information is often of interest in materials 
and device applications. 

GaAs(00l) has a zinc-blende crystal structure and 
carries a single nonzero bulk second-order susceptibility 
x£;lz, whose contribution to the output SH radiation is 
highly anisotropic. In the ~in/ s-out polarization con
figuration, with the crystalline [100] axis parallel to the 
plane of incidence [9], the output SHG intensity from 
x£;lz is maximized [see Fig. l(a)]. More importantly, in 
this polarization configuration the detected SHG inten
sity is insensitive to the higher order contributions from 
the bulk magnetic dipole and electric quadrople transi
tions [10]. A 10 Hz Nd:YAG pumped dye laser was used 
as the fundamental light source for SH measurements. 
The photon energy of the fundamental laser beam was 
chosen to be near the band gap of GaAs so that the 
dominant contribution to the second-order susceptibility 
x£;lz arose mainly from transitions between the top va
lence band /v) and the two lowest conduction bands /c), 
/c') at f point in the Brillouin zone [11] [see Fig. l(b)]. 

Our GaAs(00l) samples were doped with Si (n type) 
and Be (p type), and were grown on an undoped GaAs 
substrate by molecular-beam epitaxy. As is usually the 
case, surface defect electronic states (traps) pin the mate
rial Fermi level leading to near surface band bending [see 
Fig. l(c)]. A strong electric field is thus produced along 
the crystalline [001] direction. The depletion length of 
our samples was between 0.1 and 3.0 µm depending on 
the doping levels. With the exception of the most highly 
doped samples, the SHG penetration depth of~ 0.1 µm 
was substantially less than the sample depletion length. 
Since the Fermi level pinning can depend on surface treat-

0031-9007/93/71 (4)/633(4)$06.00 
© 1993 The American Physical Society 

633 



VOLUME 71, NUMBER 4 PHYSICAL REVIEW LETTERS 26 JULY 1993 

(b) 

>4 
-3 
;,-, 

b' 
&l 2 

0 

A r A 
[010] 

FIG. 1. (a) Schematic of the SHG experiment in p-in/ s-out 
polarization configuration with crystalline [100] direction in 
the plane of incidence. The output SHG intensity is domi
nated by the contributions from xi~... To eliminate the gen
eration of carriers in the sample by the fundamental laser 
beam, the photon energy of the dye laser was tuned just be
low the band gap of GaAs. {b) When the photon energy of 
SHG fundamental beam is just below the direct gap of GaAs, 
the second-order susceptibility xi;> .. arises mainly from tran
sitions between the top valence band Iv) and the two lowest 
conduction bands le), I c') at the r point of the Brillouin zone. 
Notice that the virtual transitions from le) to le') and le') to 
Iv) are nonresonant. (c) Schematic of the energy-band profile 
as a function of the depth for n-type GaAs{00l) system. The 
band bending is caused by the pinning of Fermi level at the 
surface. L is the length of the depletion region; Ee and Ev 
represent the conduction and valence bands. 

ments, all samples were grown in the same way to ensure 
that the primary variation from sample to sample was the 
near surface depletion electric field, E, which scaled with 
doping density p (i.e., E ~ .Jp) [12]. We assume here, 
consistent with previous work [13], that the n-type (p
type) samples have built-in potential of~ 0.75 V (~ 0.5 
V). 

Before discussing our results we consider briefly the 
microscopic changes induced by the static depletion field. 
The most obvious change is that the bulk symmetry in 
the depletion region is reduced from 43m towards mm2. 
In principle all elements of x<2) will be modified. We 
focus first on the changes in the existing bulk nonlinearity 

(2) 
Xyxz• 

Since our detected SHG signal is dominated by the 
contribution from the three level transition process at 
the r point depicted in Fig. 1 (b), we calculated the per-

634 

turbation to x~~z by considering the effect of the deple
tion field on the states 1r6), !r1), and 1rs). A detailed 
calculation of such a modification requires a full group 
theoretical analysis [14]. We have applied these tech
niques to determine the manner in which these states 
are mixed. We find that, to lowest order, the mod
ification of the states is linear in the depletion field 
E. For example, 1r!½) - Ir!½)+ o:1r:½) + 'Ylr~½), 
here o: and 1 are proportional to the matrix elements 
of perturbation Hamiltonian and therefore depend lin
early on depletion field E [15]. We computed the change 
in second-order susceptibility by substituting these per
turbed states into the microscopic expression for x~;lz, 
which contains products of matrix elements of the form 
x~;lz ~ (vlyld)(dlxlc)(clzlv). This leads to a change in 
x~~z that is second order in E, i.e., 

new old + 8 
Xyxz = Xyxz Xyxz (1) 

with 

DXyxz = /3E2 • 

Here we have assumed the near surface depletion electric 
field E is constant [16]. /3 is a complex number propor
tional to a product of electric dipole transition matrix 
elements. When the bulk symmetry of the depletion re
gion is lowered towards mm2, we expect the in-phase 
component of the polarization generated through 8x~;lz, 
to add destructively with the unperturbed nonlinear po
larization produced by xi~z [17]. The bulk second-order 
susceptibility Xyxz in the depletion region is reduced by 
the built-in electric field, and therefore the detected bulk 
SHG signal will decrease as a function of increasing dop
ing density. Notice also that the perturbation is inde
pendent of the depletion field direction. 

The output SHG intensity is modified by an interfer
ence between the initial bulk second-order susceptibility 
xi~z and the small perturbation DXyxz, i.e., 

J2W(E) I old 12 2R ( old,: ) I" 12 (Jw)2 ~ Xyxz + e XyxzuXyxz + uXyxz • (2) 

Here 1w is the fundamental laser beam intensity, and 
J2w(E) is the E-dependent SHG intensity. The lowest 
order change in SHG will depend linearly on the pertur
bation DXyxz and hence quadratically on E. We also ex
amined corrections to other tensor elements of x<2) which 
are initially zero in the electric dipole approximation. In 
many cases the corrections, ox<2) (such as 8x~~z), are 
proportional to E. However, because there is no inter
ference term these changes are much more difficult to 
detect. For example, we carried out SHG experiments in 
the p-in/p-out polarization configuration, with the crys
talline [100] parallel to the plane of incidence in order to 
suppress the Xyxz signal by > 105 , and thereby greatly 
enhance our sensitivity to the contribution from x~~z. 

However, the contribution from 8x~~z was still below our 
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detection limit, as observed in earlier work [18]. 
The variation of SH intensity at 2.68 e V as a function of 

doping density is displayed in Fig. 2. At this energy, the 
escape depth of a SHG photon is less than or comparable 
to the depletion width in all of our samples. Therefore, 
we can safely assume that the detected SHG signal was 
generated within the depletion region. Our data clearly 
exhibit that the SHG intensity of both n- and p-type sam
ples decreases as a function of increasing doping densities. 
This picture is in agreement with our theoretical expecta
tions. Since the depletion electric field E is proportional 
to the square root of the doping density, the perturbed 
second-order susceptibility OX.yxz is linearly proportional 
to the doping density (i.e., OXyxz ~ /3E2 ~ /3p). The 
relation between the SHG intensity I 2w(E) and the dop
ing density can be deduced from Eq. (2) and will have 
a form JJw - I 2w(E) ~ 2IRe(x~~dz/3P)I = Gp. Here 
IJw is the SHG intensity in the limit of small p (i.e., 
JJw ~ lx~~dzl 2 Jlwl 2), and C is a constant. The solid 
lines in Fig. 2 represent the best fits to our experimental 
results using this model with IJw ,C as free parameters 
[19]. In the inset of Fig. 2(b), we demonstrate the linear 
(quadratic) relationship between the SHG intensity and 
dopant density (electric field) at low dopant concentra
tion. The deviations between our theoretical model and 
experimental results at high dopant density result from 
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FIG. 2. The variation of SH intensity at 2.68 eV as a func
tion of doping density. Both n- and p-type [see inset (a)] 
samples exhibit a reduction in SHG intensity as a function of 
increasing doping density. The solid lines are our theoretical 
fit to the data. Inset (b): The plot of ln[IJw - / 2w(E)] as a 
function of ln(p). It clearly can be seen that the relationship 
between the SHG intensity and dopant density (electric field) 
is linear (quadratic) at the low dopant densities. 

the fact that SHG penetration depth is comparable to 
the depletion length, and thus the position dependence 
of the electric field must be considered. In addition, it 
is possible that the density of majority carriers in highly 
doped samples could exceed the maximum number den
sity of surface states. In this case the electric field at the 
surface reaches a maximum value, independent of dopant 
density. Both possibilities will produce a saturation of 
the SHG reduction at high doping levels. 

The sensitivity of the near surface bulk second-order 
susceptibility to the depletion electric field has also been 
checked by a PSHG technique [7,8]. In such PSHG 
experiments (see Fig. 3), light from a tungsten-lamp 
monochromator illuminates the sample to modulate the 
band bending in the depletion region while the SHG ex
periment is in progress. The photon energy of the photo
modulation light was set at 2.72 eV where the absorption 
length (~ 0.1 µm) is within the depletion region [20]. 
Experimentally, an enhancement of the second-harmonic 
intensity has been observed for both n- and p-type sam
ples as a result of light illumination. The microscopic 
mechanism of enhancements in the PSHG experiments 
can be described as follows. The linear photoexcitation 
creates electrons and holes in the depletion region. These 
carriers are separated by the built-in field and, as a re
sult, partly neutralize the surface charge. This in turn 
decreases the depletion electric field and the band bend
ing. Thus l8Xyxz I becomes smaller, and an enhancement 
of the SHG signal is observed. Here the experimental 
observations again confirm our theoretical model. The 
saturation of enhancements with respect to photoexci
tation intensity has been found for all of the samples. 
Qualitatively the saturation of enhancements is expected 
to be related to the density of the surface states (traps), 
their lifetimes, and the charge transport in the depletion 
region. More details about these phenomena will be pub
lished elsewhere. 

We have performed time-dependent measurements to 
follow the decrease of the SHG intensity after the photo
modulation light is turned off. This is a direct measure
ment of the surface state (trap) discharging time [21]. 
Here discharging refers to the removal of charge from the 
the surface traps. The measurements were carried out 
by illuminating the sample for at least 2 min, turning 
off the lamp, and monitoring the SH signal as the func
tion of time. A typical time-dependent SHG intensity of 
a p-doped 1016 /cm3 sample for the discharging case is 
plotted as a function of time in the inset of Fig. 3. The 
solid line is our best fit to the experimental results based 
on a simple carrier recombination and generation model 
which was described in Ref. [21]. Although samples with 
different doping densities have much different depletion 
widths, all of our samples exhibit approximately the same 
discharging time (~ 25 s). Since the characteristic time 
for the carrier trapping on the surface states is much 
longer than the time it takes a carrier to pass through 
the depletion region, this suggests that the surface re-
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FIG. 3. The enhancement of normalized SH intensity at 
2.68 eV for two typical n-type (n = 1016 /cm3 ) and p-type 
(p=1016 /cm3 ) samples as a function of the photoexcitation in
tensity. The solid lines are the theoretical fit to the data. The 
inset shows SH intensity from a typical p-type (p = 1016 /cm3 ) 

sample as a function of time after photomodulation light was 
turned off. From our theoretical fitting (solid line), the dis
charging time, r, of the surface traps is found to be ~ 25 s. 
All samples give about the same discharging time. 

combination process is the slowest step in discharging of 
the traps on the surface. Thus the rate limiting step for 
discharging arises primarily from the surface trap life
time. Our experimental results suggest that the surface 
trap lifetime is similar in all samples. 

In conclusion, we have shown that bulk second-order 
susceptibility of GaAs has been significantly reduced by 
the depletion electric field. According to our simple three 
band model, the depletion electric field causes a quadratic 
field-dependent perturbation of the second-order bulk 
susceptibility x~~z- Such built-in depletion field effects 
have been observed in our SHG experiment as a function 
of doping density and type, and have been confirmed 
by our PSHG experiments. The time-dependent PSHG 
measurements indicate that the traps discharge at about 
the same rate, independent of band bending in all sam
ples. Future work is underway to measure the properties 
of Schottky barrier samples and quantum-well structures 
using these ideas. 
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