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The nonlinear photoresponse to a 1.56-um infrared continuous wave laser in semi-insulating (SI) galliu-
marsenide (GaAs) is examined. The double-frequency absorption (DFA) is responsible for the nonlinear
photoresponse based on the quadratic dependence of the photocurrent separately on the coupled optical
power and bias voltage. The electric field-induced DFA remarkably affects the native DFA in SI GaAs. The
surface electric field or the surface band-bending of SI GaAs significantly affects the magnitude variation

of the photocurrent and dark current.
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Gallium arsenide (GaAs) has been extensively applied in
IIT-V compound semiconductors because of its associated
mature technologies. GaAs is preferable to silicon in mi-
croelectronics and optoelectronics to some extent. GaAs
is a semiconductor material widely used for laser emit-
ting diode due to its direct band gap!'~3!. Additionally,
it has been applied in photodetector fabrication by virtue
of its outstanding electrical properties!*® and negative-
electron-affinity GaAs photocathodes have also been ex-
tensively investigated!s]. Moreover, some high speed and
monolithic microwave-integrated circuits based on semi-
insulating (SI) GaAs have important functions in radar,
electronic countermeasures,computers, satellite commu-
nications, optical communications, etc.”). InGaAsN
quantum well (QW) lasers on GaAs with superior charac-
teristics for addressing 1300 to 1550-nm spectral regimes
have been reported®13]. However, the intrinsic GaAs
photodetectors based on single-photon absorption are
commonly unsuitable to the aforementioned spectral re-
gion which covers the other two main optical communi-
cation wavelengths of 1.3 and 1.5 pm because the GaAs
bandgap is 1.43 eV corresponding to the absorption limit
of 867-nm wavelength. Erlig et al.l¥ reported an LT-
GaAs detector with 451-fs response at 1.55 um, which
was attributed to two-photon absorption (TPA). Han
et al.l) reported that the high performance at 1.55 pm
of an LT-GaAs resonant-cavity-enhanced photodetector
was dominantly based on below band-gap absorption re-
sulting from the transition between the midgap defect
state and the conduction band. GaAs belongs to the
43-m symmetry group. Thus, both double-frequency ab-
sorption (DFA) (involved in the second-order nonlinear
optical effects) and TPA (characterized by the third-
order nonlinear optics) can occur in GaAs crystals when
they are irradiated by intense lasers with a wavelength
ranging from 0.88 to 1.76 pm.Furthermore, electric fields
have significant effects on the native double-frequency ef-
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fects in some ITII-V compound semiconductors!*4—171,

Compared with the InGaAsN/GaAs QW technology
for addressing 1300 to 1550-nm spectral regimes, we de-
veloped an alternative approach, in which a relatively
simple-structured SI-GaAs sample was used to investi-
gate the nonlinear response to a 1.56-pm infrared laser.In
this letter, the nonlinear photoresponse of the SI GaAs
crystal is studied according to the photocurrent gener-
ated from the sample. The surface band-bending or the
surface electric field (SEF) substantially affects the pho-
toresponse.

The hemispherical sample with a bottom of (001) plane
was made of chromium (Cr)-doped SI GaAs which was
provided by the General Research Institute for Nonfer-
rous Metals (Beijing, China). The experimental setup
was similar to that described in Ref. [18]. Two types
of aluminum electrode configurations were fabricated on
the bottom of the sample. One electrode comprised a ho-
mocentric inner metal disk and an outer metal ring, and
the other consisted of a stripe and an arrow with the tip
arranged at the center of the sample bottom and pointing
perpendicularly to the stripe. The 1.56-pm infrared con-
tinuous wave laser was adjusted to travel along the nor-
mal orientation of the sample hemisphere and focused at
the center of the bottom, where the nonlinear response
to the 1.56-pum wavelength evidently occurred and was
thus enhanced on account of the hemispherical solid im-
mersion lens!'. The photocurrent quadratic dependent
on the optical power for each electrode configuration is
illustrated in Figs. 1 and 2, which indicate the DFA or
the TPA responsible for the nonlinear photoresponse in
the sample. In the experiments, the sample was biased
at 80 V, and the central electrode (the electrode fixed at
the center of the sample bottom, i.e, the inner disk elec-
trode or the tip electrode) was positively and negatively
charged for each electrode configuration. The photocur-
rent generated from the sample is noticeably larger in the
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case under the central electrode negatively charged than
that in the case under the central electrode positively ch-
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Fig. 1. Dependence of photocurrent on optical power for the
electrode configuration of homocentric inner metal disk and
outer metal ring. The inset shows the logarithmic relation-
ship between the photocurrent and the incident power. The
abscissas indicate the monitored power rather than the exact
power coupled into the ST GaAs sample. The sample is biased
at 80 V.
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Fig. 2. Dependence of photocurrent on optical power for the
stripe-arrow electrode configuration. The inset shows the log-
arithmic relationship between the photocurrent and the in-
cident power. The abscissas indicate the monitored power
rather than the exact power coupled into the ST GaAs sam-
ple. The sample is biased at 80 V.

arged. This difference is attributed to the different sur-
face band-bending of the SI GaAs crystal for the cases
of two opposite bias directions.

Our SI GaAs sample was Cr-doped, but the electric
or photoelectronic properties of Cr-doped SI GaAs are
dominated not only by Cr but also by oxygen (0)20—22],
The energy-level model and the surface band-bending of
ST GaAs at room temperature deduced from Refs. [14,
20, 21, 23] are illustrated by Fig. 3(a). The E.—0.84 eV
and E,+0.9 eV levels are associated with Cr, and the
E.—0.68 eV level is associated with O impurities!20-23],
In low-Cr SI GaAs, the deep O-donor level has a crucial
effect on electric and optoelectronic properties, and the
low-Cr SI GaAs is n typel?!l. Fermi level F} is located
near E,—0.65 eVI23 above the surface neutral level Ey,
which is approximately one-third of the band gap above
the valence band. The pinning of the Fermi level at the
surface results in band-bending, and the SEF is along

the crystalline [001] direction out of the SI GaAs bulk
(Fig. 3(a)). The surface band-bending and the SEF
are hardly affected by the physical metal-semiconductor
contact because the surface state density is high enough
for GaAs[®¥. In our case, the nonlinear photoresponse
substantially occurs in the region very close to the cen-
ter of the (001) bottom of the SI GaAs sample. When
the central electrode is negatively charged, the direc-
tion of the applied electric field around the center is
approximately the same as that of the SEF inside the
semiconductor, which consequently builds up the deple-
tion electric field and enlarges the depletion region. The
central electrode with a smaller area induces a steeper
band-bending?®2%] near the center of the bottom when it
is negatively charged, especially for the tip electrode with
a sharp protrusion fixed at the center®”). Consequently,
the photo-generated carriers in the depletion region in-
creases, and more electron—hole pairs are well separated
and driven out of the sample under the stronger electric
field. However, the variation of the photocurrent is con-
trary to the aforementioned analysis when the central
electrode is positively charged. In the experiments, un-
der the same bias and the same light exposure condition,
the photocurrents are larger when the central electrode is
negatively charged than those when the central electrode
is positively charged (Figs. 1 and 2). The insets show
the logarithmic relationship between the photocurrent
and the incident optical power for each case.

The relationship between the photocurrent and the
bias voltage was also investigated. The dependence of
the photocurrent on the bias for the homocentric disk—
ring electrode configuration is shown in Fig. 4, and a
similar result for the stripe—arrow electrode configuration
is illustrated in Fig. 5. The incident optical power was
adjusted to be the same value for the two opposite bias
directions in both cases. As shown in the two figures,
the photocurrent rises slightly steeply as the bias voltage
increases for the negatively charged central electrode,
whereas it changes relatively slowly for the positively
charged central electrode. This result agrees well with
the theoretical analysis of the effect of SEF previously
mentioned.

The insets in Figs. 4 and 5 show the variations in the
dark currents versus bias voltages for the two electrode
configurations, which are exactly opposite to those of the
photocurrents. These experimental results can also be
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Fig. 3. Schematic diagrams of (a) energy-level model and
surface band-bending for the SI GaAs at room temperature;
(b) band-bending for the SI GaAs sample under the central
eletrode negatively charged and (¢) band-bending for the SI
GaAs sample under the central electrode positively charged.
In both (b) and (c), the solid line denotes the band-bending
with the same voltage biased on the sample in two opposite
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directions, respectively. The dotted line illustrates the surface
band-bending without the applied voltages.
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Fig. 4. Dependence of photocurrent on bias voltage for the
electrode configuration of homocentric inner metal disk and
outer metal ring. The inset shows the dark current versus
bias voltage for the same electrode configuration.
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Fig. 5. Dependence of photocurrent on bias voltage for the
stripe-arrow electrode configuration. The inset shows the
dark current versus bias voltage for the same electrode con-
figuration.

interpreted using the surface band-bending theory. For
the negatively charged central electrode, the depletion
region near the negative central electrode markedly ex-
pands because of the stronger applied electric field with
an identical direction to the SEF induced by the smaller
area of the central electrode. By contrast, the other de-
pletion regien lightly decreases because of the weaker ap-
plied electric field with a direction opposite to that of the
SEF induced by the larger area of the opposite electrode
(Fig. 3(b)), which results in a larger effective series resis-
tor for the sample. Then, a relatively small dark current
is induced from the sample compared with the case un-
der the central electrode positively charged at the same

bias voltage, in which the depletion region near the cen-
ter markedly decreases and the other slightly expands,
as shown in Fig. 3(c). Thus, an induced smaller effec-
tive resistor for the sample induces a relatively large dark
current. However, the difference in the magnitudes of the
two dark currents at the same voltage in opposite bias di-
rections is not very clear for the stripe-arrow electrode
configuration, which may have originated from the com-
parable areas of the stripe and arrow electrodes (Fig. 5
inset). Biasing the central electrode negatively can lead
to a larger ratio of photocurrent to dark current based on
the variations in the magnitudes of the photocurrent and
the dark current for both electrode configuration cases.
The profile of the photocurrent against bias voltage
also satisfies second-order nonlinear fitting, as shown in
Figs. 4 and 5. Combined with the results shown in Figs.
1 and 2, the quadratic dependence of the photocurrent
on the bias voltage further clarifies that DFA is respon-
sible for the photocurrent. This quadratic dependence is
quite different from that of TPA in which the variation
in the nonlinear photoresponse with applied bias exhibits
saturation!'8:28:291  Moreover, the electric field-induced
DFA evidently affects the native DFA in the SI GaAs
sample. The intensity of electric-field-induced second-
harmonic (EFISH) generation can be expressed as

L,(2w) o P} (2w) o XV ELE} %, (1)

where I, (2w) represents the intensity of EFISH, P, (2w)
is the effective second-order polarization or the EFISH
polarization, x® is the third-order susceptibility of the
SI GaAs, E,, is the incident optical electric field, and FE\
is the sum of the electric field induced by the applied
voltage and the SEF. The total intensity of the second
harmonic is consequently described as

I(2w) o |Py(2w) + Py (2w)|?
= P2(2w) + 2P, (2w) P, (2w) cos 6 + P2 (2w), (2)

where P, (2w) is the native second harmonic polariza-
tion or the background second harmonic polarization,
and P, (2w) oc xPE2. 0 is the angle between the two
polarization vectors, namely, P, (2w) and B, (2w), which
are demonstrated to be parallel in our case. According
to Egs. (2) and (1), the total intensity of the second har-
monic noticeably exhibits quadratic dependence on the
applied electric field (accordingly on the bias voltage).
The second harmonic corresponding to the fundamental
wavelength 1.56 um can be absorbed by the SI GaAs
sample, and the number of the photo-generated carri-
ers is proportional to the intensity of second harmonic
I(2w). Thus, the results shown in Figs. 4 and 5 per-
fectly demonstrate the quadratic dependence of the DFA
on the bias voltage, which indicates that the electric
field-induced DFA affects the native DFA in SI GaAs.
Further investigation on this subject is still underway.
In conclusion, we investigate the nonlinear response to
the 1.56-um wavelength in SI GaAs. The DFA responsi-
ble for the photoresponse was determined based on the
quadratic dependence of the photocurrent separately on
the incident optical power and bias voltage. The electric
field-induced DFA and the native DFA have important
functions in the photoresponse in SI GaAs. The pho-
tocurrent improves relatively steeply as the bias voltage
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increased for the negatively charged electrode compared
with the positively charged electrode. The variation in
the magnitude of the dark current is contrary to that
of the photocurrent. These experimental phenomena
are well interpreted by the contribution of the surface
band-bending. The investigation of nonlinear response
to communication wavelengths for SI GaAs material can
facilitate photodetector fabrication, which will find po-
tential applications in optical communications, Terahertz
science, and autocorrelation measurements.
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