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Polarized second-harmonic generation and terahertz radiation in reflection from �100�, �110�, and �111� faces
of n-type InAs crystals are investigated as a function of the sample azimuthal orientation under excitation from
femtosecond Ti:sapphire laser pulses. The expressions describing the second-order response �optical second-
harmonic generation and optical rectification� in reflection from zinc-blende crystals, such as InAs, are calcu-
lated taking into account the bulk electric-dipole contribution and the first-order surface electric-field-induced
contribution. It is shown that the two contributions can be separated based on rotation symmetry consider-
ations. Moreover, a direct comparison of the second-harmonic generation and terahertz radiation emission
indicates that the observed dominant surface electric-field-induced optical rectification component may be
attributed to the large free-carrier contribution to the third-order susceptibility in InAs.
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I. INTRODUCTION

The generation of pulsed radiation in the terahertz �THz�
frequency band is of significant interest at the present time
due to a growing number of applications such as imaging,1–3

illicit-drug detection,4 and biomedical applications.3,5 The
three methods traditionally used to generate pulsed THz ra-
diation are �i� transient current generation at semiconductor
surfaces,6 �ii� emission from a photoconductive switch,7 and
�iii� nonlinear optical interactions.8,9

The generation of terahertz radiation from semiconductor
surfaces has attracted much attention since initial reports of
high conversion efficiencies, using InAs in a magnetic
field.10 Since this time, InAs surface emission has proven to
be a relatively bright source of pulsed THz radiation, espe-
cially under the influence of an external magnetic field.11–13

However, it suffers from a lower conversion efficiency in
comparison to photoconductive emitters.14

The emission of THz radiation from semiconductor sur-
faces is very complex due to multiple competing mecha-
nisms leading to the radiation. Contributions from photocar-
rier acceleration in the depletion field,6,15 photocarrier
diffusion,16 and optical rectification17–19 have all been re-
ported. The relative magnitudes of radiation resulting from
the various processes is strongly dependent on excitation
fluence.20 In order to fully understand the limitations on the
generation of THz radiation, it is important to clearly differ-
entiate all of the mechanisms leading to the emission.

In the present paper, the azimuthal symmetry of THz ra-
diation from InAs due to an effective second-order nonlin-
earity is studied in detail. In order to clearly operate in a
regime where the nonlinear optical response of InAs domi-
nates the THz emission process, the characteristics of the
THz emission are examined at high excitation fluences
�1–2 mJ/cm2�.21 The expressions for the azimuthal-angle
dependencies of the bulk electric-dipole and surface electric-
field-induced �SEFI� contributions are calculated and com-
pared with the results of optical second-harmonic generation
�SHG� and optical rectification �OR� from the InAs samples.

It is shown that while SHG is dominated by the bulk electric-
dipole contribution, the terahertz emission is dominated by
the surface electric-field-induced contribution.

II. BACKGROUND

In the electric-dipole approximation, the second-order po-
larization responsible for the nonlinear optical processes of
optical rectification and second-harmonic generation is given
by22

Pi
�2���� = �ijk

�2�eff��;− �,��:E j�− ��Ek��� , �1�

where the effective second-order susceptibility, �ijk
�2�eff, can

have contributions from many sources such as bulk, �ijk
�2�bulk,

surface, �ijk
�2�surf and effective second-order processes such as

electric-field-induced optical rectification. In the latter case, a
dc field in combination with higher order nonlinearities pro-
duces an effective second-order process. For a dc field result-
ing from the surface-electric field �SEF�, we consider only
the term of first-order in the expansion �see Sec. II B�, giving
�ijk

�2�SEF=3�ijkz
�3� Ez

surf, where Ez
surf is the SEF. In the present re-

port, we consider the effective nonlinear susceptibility to
be23

�ijk
�2�eff = �ijk

�2�bulk + 3�ijkz
�3� Ez

surf, �2�

where �ijk
�2�bulk is the second-order susceptibility tensor deter-

mined by the symmetry properties of the bulk material �the
thickness of the contributing material layer is restricted by
the absorption depth of the pump radiation or escape depth
of the harmonic radiation� and �ijkz

�3� is the third-order suscep-
tibility tensor that specifies the symmetry properties of radia-
tion from the near-surface region which is under the influ-
ence of a surface electric field. The intrinsic surface
contribution is assumed to be negligible in noncentrosym-
metric crystals such as InAs and is not included.22,24,25

Substituting Eq. �2� into Eq. �1� it is seen that in general
the nonlinear response from noncentrosymmetric material is
a result of interference between intrinsic bulk contribution
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and SEF induced contribution. As is shown below, the analy-
sis based only on symmetry considerations makes it possible
to differentiate between these two main contributions for the
processes of radiation from optical rectification or second-
harmonic generation from some standard crystallographic
faces of InAs.

In this section we will outline the expected bulk second-

order nonlinear response of zinc-blende crystals with 4̄3m
symmetry in a reflection geometry under crystal rotation.
The calculations will be performed for the three crystallo-
graphic faces �100�, �110�, and �111�. The polarization and
emission characteristics of surface-field induced optical rec-
tification are calculated next.

A. Bulk nonlinear optical response

Crystalline InAs has a zinc-blende structure, possessing

4̄3m symmetry. The second-order susceptibility tensor there-
fore has only six nonvanishing tensor elements, all of which
are equal: �xyz

�2� =�xzy
�2� =�yzx

�2� =�yxz
�2� =�zxy

�2� =�zyx
�2� .22 In order to de-

termine the far-infrared polarization at frequency � of the
InAs lattice that results from an optical field at frequency �
we compute

P�2���� = ��2�bulk��;− �,��:Eopt�− ��Eopt��� . �3�

It should be noted that the calculation that follows is suf-
ficient to describe the process of second-harmonic genera-
tion, as the only difference is that the polarization of the
lattice occurs at the sum frequency ��+�=2��, whereas the
far-infrared generation occurs at the difference frequency
��−�=��0�. In addition, the calculation is performed only
for the bulk electric-dipole contribution, and higher-order
multipoles are not included.

As the second-order polarization depends on the orienta-
tion of Eopt��� with respect to the crystal axes, it is useful to
transform the coordinate system to the beam coordinate

system.24 Defining the �ŝ , k̂ , ẑ� coordinate system, such that
the ŝ axis is in the surface of the crystal and parallel to an
input s-polarized pump beam, ẑ is normal to the crystal sur-

face and k̂= ẑ� ŝ �see Fig. 1�, we can define a rotation ma-
trix, Rxtal, from crystallographic coordinates to the beam co-
ordinate system for each of the crystal faces: �111�, �110�,
and �100� studied in the present report. For each of the crys-
tal faces, the crystallographic coordinate system is rotated

such that the ẑ axis is parallel to the �111�, �110�, and �100�
crystallographic axis, respectively.

For the bulk contribution to the radiated field, we are
interested in the dependence of the THz field amplitude un-
der crystal rotation about the surface normal. We define an-
other rotation matrix, Rrot���, that defines the angle of rota-
tion of the crystal about its surface normal. For the �111�
crystal face, � is defined as the angle between the k̂ axis and

the crystal �2̄11� axis. For the �110� face, � is defined as the

angle between the k̂ axis and the crystal �11̄0� axis. For the

�100� crystal face, � is defined as the angle between k̂ and

the crystal �011̄� axis. From this, we can compute the sus-
ceptibility tensor in the beam coordinate system as a function
of � by applying the tensor transformation properties of a
third rank tensor, and using the total transformation Rtot

=RrotRxtal:

�ijk
�2���� = �

lmn

�Ril
totRjm

totRkn
tot�lmn

�2� � . �4�

Substituting the susceptibility from Eq. �4� in Eq. �3�, the
independent lattice polarizations can be found. In turn, the
s-polarized and p-polarized radiation resulting from the lat-
tice polarization is readily obtained.26 The results are tabu-
lated for the different polarization combinations, listed as
Ein,out, in Table I. The coefficients fs, fc, ts, tp, As, Ap, Fs, and
Fc are as defined in Ref. 27, and depend on the angle of
incidence and the linear optical properties of the material.
Leff is the effective depth of the medium from which the
medium polarization contributes to SHG and d14 is the only
nonvanishing tensor element in contracted notation.

B. Surface nonlinear optical response

The third-order susceptibility tensor for zinc-blende crys-

tals with 4̄3m symmetry, �ijkl
�3� , has only 21 nonzero elements,

4 of which are unique: �iij j
�3� , �ijij

�3� , �ij ji
�3� , and �iiii

�3�.28 This can
lead to an effective second-order nonlinearity, �ijk

�2�eff, if a dc
field is involved. In the present case, we consider a surface
field in the ẑ direction normal to the surface, resulting from
the space-charge layer at the InAs/native oxide interface.
Following Germer et al.,23 the effective nonlinear suscepti-
bility, �ijk

�2�eff in the electric-dipole approximation, can be ex-
panded in terms of the surface electric-field, Ez

surf, to first-
order:

�ijk
�2�eff = �ijk

�2���;− �,�� + 3�ijkz
�3� ��;− �,�,0��Ez

surf� . �5�

It is assumed that the first-order term in the surface elec-
tric field dominates and that higher order contributions will
be small. Considering only the term of first-order in the sur-
face field �i.e., the second term on the left-hand side �LHS�
of Eq. �5��, we can write the effective surface electric field
�SEF� induced second-order response of the system, �ijk

�2�SEF

as

�ijk
�2�SEF = 3�ijkz

�3� ��;− �,�,0�Ez
surf. �6�

To properly examine the effective second-order surface
response, we transform the susceptibility tensor to beam co-

FIG. 1. Geometry for polarizations and surface orientation of
InAs wafers used in the calculations. The pump beam is linearly
polarized and the s- and p-polarized radiated fields are examined.
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ordinates �as done in Sec. II A�, so that the surface field lies
along the ẑ axis �see Fig. 1�. To illustrate this, we consider
the �111� crystal face, where the transformation matrix is
given by Eq. �7�.

Rrot
�111� = ��2

3
− 1

�6
− 1

�6

0 1
�2

− 1
�2

1
�3

1
�3

1
�3

	 . �7�

Using the transformation properties of a fourth rank ten-
sor, ����	

rot =�lmnoR�l
rotR�m

rot R�n
rotR	o

rot�lmno
�3� , contracted with the

surface field, we expect the form of the effective SEF in-
duced second-order tensor to be

����
�2�SEF = 3Ez

surf �
lmno

R�l
rotR�m

rot R�n
rotRzo

rot�lmno
�3� . �8�

Applying the rotation matrix, Eq. �7�, and evaluating each
independent tensor element �18 in total�, using Eq. �8�, we
obtain for the �111� crystal face the effective SEF induced
second-order susceptibility:

��xyz
�2�SEF��111� = ��11 − �11 0 0 �15 0

0 0 0 �15 0 − �11

�31 �31 �33 0 0 0
	 , �9�

where we have

�11 =
Ez

surf

�2
�− �iij j

�3� − �ijij
�3� − �ij ji

�3� + �iiii
�3�� ,

�15 = Ez
surf�2�iij j

�3� − �ijij
�3� − �ij ji

�3� + �iiii
�3�� ,

�31 = Ez
surf�− �iij j

�3� − �ijij
�3� + 2�ij ji

�3� + �iiii
�3�� ,

�33 = Ez
surf�2�iij j

�3� + 2�ijij
�3� + 2�ij ji

�3� + �iiii
�3�� . �10�

It should be noted that, in general, the only symmetry
conditions that can be applied in the present case, due to
above-band-gap excitation, and without knowing all the sys-
tem resonances, is that of intrinsic permutation symmetry.22

Given that we have optical frequency �, far-infrared fre-
quency �, and the SEF at zero frequency ��ijkl

�3� �� ;� ,
−� ,0��, the intrinsic permutation symmetry allows inter-
changing the second and third indices, which will reduce the
independent susceptibility elements to 3: �iiii

�3�, �ijij
�3� �=�iij j

�3� � and
�ij ji

�3� . If the far-infrared frequency, ��0, is approximated as
a dc field, and overall permutation symmetry holds, the num-
ber of independent susceptibility elements will be 2: �iiii

�3� and
�ijij

�3� �=�iij j
�3� =�ij ji

�3� �.

TABLE I. THz field strengths for different polarization combinations. Combinations are listed as
Ein,out.

Bulk dipole nonlinear response

�111� crystal face

Ep,p
THz =

1
�3

ApLeff�d14tp
2Ep

2��2Fsfs
2 − Fsfc

2 + 2Fcfsfc� − ��2Fcfc
2�cos�3���

Ep,s
THz =�2

3
AsLeff�d14tp

2 fc
2Ep

2 sin�3��

�100� crystal face

Ep,p
THz = ApLeff�d14tp

2Ep
2�2Fcfsfc − Fsfc

2�cos�2��

Ep,s
THz = − 2AsLeff�d14tp

2Ep
2 fsfc sin�2��

�110� crystal face

Ep,p
THz = ApLeff�d14tp

2Ep
2
�2Fsfsfc − Fcfs

2 −
3

4
Fcfc

2�sin��� +
3

4
Fcfc

2 sin�3��

Ep,s
THz = AsLeff�d14tp

2Ep
2
�1

4
fc

2 − fs
2�cos��� +

3

4
fc

2 cos�3��
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Similarly, applying the appropriate transformation matri-
ces to the �110� and �100� crystal faces, we obtain the effec-
tive SEF induced second-order susceptibility as

��xyz
�2�SEF��110� = � 0 0 0 0 �15 0

0 0 0 �24 0 0

�31 �32 �33 0 0 0
	 , �11�

where we have

�15 =
3Ez

surf

2
��iij j

�3� − �ijij
�3� − �ij ji

�3� + �iiii
�3�� ,

�24 = 3Ez
surf�iij j

�3� ,

�31 =
3Ez

surf

2
�− �iij j

�3� − �ijij
�3� + �ij ji

�3� + �iiii
�3�� ,

�32 = 3Ez
surf�ij ji

�3� ,

�33 =
3Ez

surf

2
��iij j

�3� + �ijij
�3� + �ij ji

�3� + �iiii
�3�� . �12�

And finally for the �100� crystal face:

��xyz
�2�SEF��100� = � 0 0 0 0 �15 0

0 0 0 �15 0 0

�31 �31 �33 0 0 0
	 , �13�

where we have

�15 = 3Ez
surf�iij j

�3� ,

�31 = 3Ez
surf�ij ji

�3� ,

�33 = 3Ez
surf�iiii

�3�. �14�

At this point we note that the form of the tensors in Eqs.
�9�, �11�, and �13� are identical to the tensors representing
a pure surface nonlinear optical response for cubic
materials.24 The expected dependence of SH or THz radia-
tion on azimuthal angle is found to be functionally identical
to that listed in the paper by Sipe et al.24 Following the
above derivation for the bulk fields, we apply the trans-
formation matrix to the effective susceptibility, and evaluate
the nonlinear polarization. With this, the radiated fields are
found in exactly the same way as for the bulk. The results are
listed in Table II.

TABLE II. THz field strengths for different polarization combinations. Combinations are listed as
Ein,out.

Surface electric field induced nonlinear response

�111� crystal face

Ep,p
THz = ApLeff�Ep

2tp
2�Fsfc

2�31 + Fsfs
2�33 − 2Fcfsfc�15� − ApLeff�Ep

2tp
2�Fcfs

2�11�cos�3��

Ep,s
THz = AsLeff�Ep

2tp
2 fc

2�11 sin�3��

�100� crystal face

Ep,p
THz = ApLeff�Ep

2tp
2�− 2�15Fcfsfc + Fsfc

2�31 + Fsfs
2�33�

Ep,s
THz = 0

�110� crystal face

Ep,p
THz = ApLeff�Ep

2tp
2�Fsfs

2�33 + Fsfc
2�32 − 2Fsfcfs�24� + ApLeff�Ep

2tp
2
1

2
Fsfc

2��31 − �32� − Fsfsfc��15 − �24�
+ ApLeff�Ep

2tp
2
1

2
Fsfc

2��31 − �32� − Fsfcfs��15 − �24�cos�2��

Ep,s
THz = AsLeff�Ep

2tp
2 fsfc��15 − �24�sin�2��
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The coefficients fs, fc, ts, tp, As, Ap, Fs, and Fc in Table II
are as defined previously in Table I, and Leff is the effective
depth of the medium from which the medium polarization
contributes to harmonic radiation. Note that �ij of the differ-
ent crystal orientations are not equivalent and are given by
Eqs. �10�, �12�, and �14� according to the crystal orientation.
The angle � is defined in the same way as in Sec. II A.

One finds that the form of the susceptibility tensor for the
SEF induced effective second-order nonlinear response is
identical to that of an intrinsic surface response.24 Therefore,
in general, crystal rotation measurements alone will not be
able to distinguish between these two responses.

III. EXPERIMENT

The experimental setup for investigating the THz emis-
sion from the InAs samples is similar to that used in Ref.14.
A regeneratively amplified Ti:sapphire laser system �Spectra
Physics Hurricane� is used as a pump source, operating at a
center wavelength of 800 nm, at 1 kHz repetition rate, with a
maximum pulse energy of 750 
J and a pulse width of 120
fs �Gaussian full width at half maximum�. The beam is split
into pump �92%� and probe �4%� beams using a wedged
window. The probe pulse is delayed with respect to the pump
using a scanning optical delay line. A variable attenuator
�� /2 plate and polarizer� is used in the pump beam to vary
the fluence. The THz radiation from the surface of the
sample oriented at 45° angle of incidence is collected in the
specular direction and imaged onto the ZnTe detector using
four F/2 parabolic mirrors. A 1 mm thick ZnTe �110� electro-
optic crystal is used as detector or analyzer, which can be
oriented either for sensitivity to p-polarized THz emission,29

or to the s-polarized THz emission. The InAs samples were
rotated about their surface normals.

The InAs samples were mechanically polished, nominally
undoped, n-type single crystals of 0.5 mm thickness. The
InAs �111�, �110�, and �100� samples had intrinsic carrier
concentrations of approximately 3�1016 cm−3, 1.9
�1016 cm−3, and 2.8�1016 cm−3, respectively. The carrier
mobilities for the InAs �111�, �110�, and �100� samples were
approximately 20 000 cm2/V s, 22 000 cm2/V s, and
19 000 cm2/V s, respectively.

Optical second-harmonic generation �SHG� from the InAs
samples was also investigated. The same optical pump
source was used, and the setup is similar to that used in Ref.
30. The Ti:sapphire pump laser beam was passed through a
polarizer to select p-polarized pump and was incident at 45°
on the InAs samples. The pump fluence was adjusted to ap-
proximately 1 mJ/cm2 incident on the sample surfaces. A
low pass filter was used to block the second harmonic leak-
age from the laser system prior to striking the sample sur-
faces. The reflected SH radiation at 400 nm wavelength was
collected using a 7.5 cm focal length lens and passed through
a short-pass filter to block the fundamental beam. A UV po-
larizer was used to pass only the p-polarized or s-polarized
second harmonic radiation at 400 nm to a Hamamatsu R7518
photomultiplier tube, which was in turn blocked by a 400 nm
interference filter to remove any further leakage of the 800
nm fundamental beam. The InAs samples were rotated about
their surface normal.

IV. SECOND-HARMONIC GENERATION

We begin first with results for the SH radiation from the
three crystal faces of InAs. The samples are rotated about
their surface normal, and the SH intensities are measured as
a function of the azimuthal angle �. The results are shown in
Fig. 2.

Note that the SH intensity as a function of the azimuthal
angle � is described very well by the solid curves in Fig. 2,
which are fits to the data based on the appropriate azimuthal
dependencies listed in Table I, expected for a bulk electric-
dipole contribution to the SH radiation. In general, for crys-
tals that lack inversion symmetry, it is well known that the
bulk electric dipole contribution to the SH radiation domi-

FIG. 2. Azimuthal dependencies of SHG from �100�, �110�, and
�111� faces of n-InAs crystals at approximately 1 mJ/cm2 excita-
tion fluence for p-polarized pump radiation. The solid curves rep-
resent fits to the data expected for the bulk electric-dipole contribu-
tion using the results in Table I. Filled circles represent p-polarized
SH intensity, and open circles represent s-polarized SH intensity.
The azimuthal angle is defined as the angle that the projection of the

pump beam in the surface plane of the crystal �k̂ in Fig. 1� makes

with the �011̄�, �11̄0�, and �2̄11� crystal axes for the �100�, �110�,
and �111� crystal faces, respectively. The plots are shown in the
same scale.
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nates any contribution from the surface terms.25,31–33

From the fitting functions, we can verify that the azi-
muthal dependencies are as expected from Table I, by fitting
the resultant angular functions to the data. For the �111� and
�110� crystal faces these are Ipp

SH,111= �a1+b1 cos�3���2,
Ips

SH,111= �a2 sin�3���2, Ipp
SH,110= �a3 sin���+b3 sin�3���2, and

Ips
SH,110= �a4 cos���+b4 cos�3���2. The coefficients that were

obtained by fitting were a1=1.5±0.1, b1=8.8±0.2, a2
=7.6±0.2, a3=8.0±0.2, b3=7.7±0.2, a4=2.0±0.1, and b4
=6.9±0.2. Tabulating some of the coefficient ratios in Table
III, we find good agreement with experiment. The values for
the index of refraction used in the calculations for the optical
pump and second-harmonic wavelengths were nopt=3.108
+ i1.957 and n2�=3.714+ i0.432, respectively.34

The quantities Ts and Tp in Table III are as defined in Ref.
27 and are simply the SH Fresnel transmission coefficients
from the InAs into air for the s- and p-polarized SH, respec-
tively. Similar results are obtained for the �100� crystal face,
however a larger deviation from the calculated values was
found �20%�. This deviation was a result of changing the
photomultiplier bias voltage to increase the measured SH
signals for the InAs �100�.

V. COMPARISON BETWEEN SHG AND THZ RADIATION
DUE TO OPTICAL RECTIFICATION

The measured azimuthal dependencies of the radiated
THz field are presented next, and compared to the respective
SH measurements. In Fig. 3, the THz emission from InAs is
plotted with the SH measurements of Sec. IV. Note that as
the detection for the terahertz radiation is coherent, the elec-
tric field is plotted directly �containing amplitude and phase
information�, whereas only the intensity of SH is plotted for
the SHG data.

First, examining the data for the �100� face in Fig. 3, a
large angularly independent contribution to the radiated THz
field in the p-in p-out polarization geometry, and virtually no
THz emission in the p-in s-out polarization geometry have
been observed. This could be interpreted as consistent with
the THz emission from photocarrier related effects, however,
the measured dependence of the THz emission on pump po-
larization �not shown here� indicate that the magnitude of the

carrier-related emission is at most 10–15 % of the total
emission.21 Therefore, the large angularly independent con-
tribution to the p-polarized THz field is due to the angularly
independent term in Table II.21 Similarly the lack of a sig-
nificant s-polarized THz emission is also consistent with the
expected surface electric-field-induced response listed in
Table II.

Possibly the most clear example of the dominance of the
effective far-infrared surface response of the InAs is the azi-
muthal dependence of the THz radiation from the �110� crys-
tal face shown in Fig. 3. Comparing the corresponding ex-
pressions from Tables I and II, it is clear that the functional
behavior between the effective surface electric-field-induced
response and the bulk response will be different. Indeed, ex-
amining the THz emission, it is evident that the emission is
dominated by surface electric-field-induced optical rectifica-
tion. The respective solid curves in Fig. 3 are fits to the data
based on the expectation that the effective surface electric-
field-induced nonlinearity produces the THz output �see
Table II�. Clearly, the fits are not perfect. This discrepancy is
explained by the fact that there exists a contribution to the
radiated THz field from bulk optical rectification on the order
of 20%.21 The bulk contribution modulates the angular de-
pendence as the surface and bulk nonlinearity have a differ-
ent functional dependence on the azimuthal angle.26

Therefore the conclusion is that while the bulk nonlinear
optical response of the InAs is responsible for the SH radia-
tion, it is the effective surface electric-field-induced nonlin-
ear response of the InAs that is primarily responsible for the
emission of THz radiation.

For completeness, the THz emission from InAs �111� is
also compared to the SH emission in Fig. 3. The azimuthal
dependencies are the same for terahertz and SHG. That is,
the threefold rotational symmetry, with an angular shift be-
tween the p-p and p-s polarization geometries, is exactly the
same for terahertz and SHG measurements. This is to be
expected since the functional behavior of the surface and
bulk contributions is the same �see Tables I and II�. There-
fore crystal rotation measurements alone cannot distinguish
between bulk and surface contributions for radiation from
the �111� crystal face.

TABLE III. Measured and calculated values for ratios of the coefficients in the fitting functions. The ratios
are obtained by using the fitting functions and the functional dependence of the radiation on the angle � from
Table I.

Expected Calculated Measured

a3 /a4= �Tp /Ts��2Fsfcfs−Fcfs
2− �3/4�Fcfc

2� / ��1/4�fc
2− fs

2� 4.1 4.0±0.2

b3 /b4=TpFc /Ts 1.20 1.12±0.04

a3 /b3= �2Fsfcfs−Fcfs
2− �3/4�Fcfc

2� / ��3/4�Fcfc
2� 0.97 1.04±0.04

a4 /b4= ��1/4�fc
2− fs

2� / ��3/4�fc
2� 0.29 0.29±0.02

b1 /b4=−��2/3��4TpFc /3Ts� 1.32 1.28±0.05

a2 /b3=−���2/3�4Ts / �3TpFc� 0.90 0.99±0.04

b1 /a4=−��2/3��Tp /Ts��Fcfc
2� / ��1/4�fc

2− fs
2� 4.6 4.3±0.2

a2 /a3=−��2/3��Ts /Tp��fc
2� / �2Fsfsfc−Fcfs

2− �3/4�Fcfc
2� 0.92 0.95±0.03
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VI. DISCUSSION

From the present results, the major part of the THz emis-
sion from the InAs surfaces is consistent with an effective
surface electric-field-induced nonlinearity, whereas the SH
emission results from the bulk electric dipole nonlinearity.
Since optical rectification and second-harmonic generation
are complimentary processes, it may seem strange that they
are not governed by the same process in the present study.
Based on recent work,35 it seems likely that the THz emis-
sion results from surface-field induced optical rectification
rather than a pure surface response. This seems likely as a
pure surface response with the symmetry demonstrated in the
present report, would result from at most a few monolayers
near the surface.24 In the present case the surface is covered
with a native oxide layer, and the samples are single-crystal
wafers that were mechanically polished, such a high quality
surface is likely not present. Nonetheless, the azimuthal de-
pendence of the radiation in the far-infrared due to optical
rectification agrees with an effective surface response due to
the combined mechanisms.

The two most important observations made in the present
paper are examined next. First, the fact that the SH emission
is dominated by bulk electric dipole radiation, whereas the
THz emission results primarily from surface electric-field-
induced optical rectification. Second, at high excitation flu-
ences, the emission of THz radiation from other semiconduc-
tors, such as InP, show a strong bulk contribution to the
radiated field.19 So why is the situation different for THz
emission from InAs?

We begin by noting that that there is expected to be a
surface field at the mechanically polished, oxidized n-InAs
surfaces used in the present study as found by Raman scat-
tering in other studies.36 Given the narrow band gap of InAs,
it seems unlikely that there is a several order of magnitude
larger surface electric field within InAs as compared to InP,
which would be required to explain such a dominant contri-
bution from surface electric-field-induced optical rectifica-
tion reported here. Therefore, the strong emission due to sur-
face electric-field-induced optical rectification is more likely
a result of a strong third-order susceptibility. However, if
there exists a strong third-order susceptibility, there must
also exist a strong frequency dependence in it as electric-
field induced second-harmonic generation is not observed to
be dominant from InAs.

A strong third-order susceptibility in the narrow band-gap
III-V semiconductors �InAs and InSb� is expected relative to
the larger band-gap semiconductors �InP, GaAs etc�, based
on the theoretical calculations by Ching and Huang.37 Third-
order susceptibilities in the narrow band-gap III-V semicon-
ductors are predicted to be several orders of magnitude larger
than in the larger band-gap semiconductors.37 Moreover,
free-carrier contributions to ��3� dominate in InAs, whereas
the valence-electron contribution tends to dominate in GaAs,
for example.38 Jha and Bloembergen39 showed that the car-
rier contribution is expected to scale as ��3���4 ;�1 ,�2 ,�3�
�1/�1�2�3�4. This is sufficient to explain the results ob-
tained in the present paper. That is, the far-infrared response
of the third-order susceptibility is significantly larger than the
response at the second-harmonic frequency. Therefore, one

FIG. 3. Comparison of tera-
hertz to SH emission for p-p and
p-s polarization combinations, re-
spectively. Filled circles represent
THz emission �scale on right
axis�, and open circles represent
SH intensity �scale on left axis�.
The solid curves are fits to the
THz data based on the expectation
of surface electric-field induced
optical rectification �Table II�, and
the dotted curves are fits to the SH
intensity based on the expectation
of bulk dipole second-order re-
sponse �Table I�. In both measure-
ments, the data is taken at a flu-
ence of �1 mJ/cm2. The
azimuthal angle is defined as the
angle that the projection of the
pump beam in the surface plane of

the crystal �k̂ in Fig. 1� makes

with the �011̄�, �11̄0�, and �2̄11�
crystal axes for the �100�, �110�,
and �111� crystal faces,
respectively.
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would expect a much weaker surface electric-field-induced
SH intensity in comparison to the electric-field-induced op-
tical rectification signals due to the dispersion in the free-
carrier contribution to the susceptibility. Moreover, the third-
order susceptibility in InAs is expected to exhibit resonances
in the far-infrared due to LO phonon scattering at room
temperatures.40

Assuming the THz emission is mostly a result of surface
electric-field-induced optical rectification, we have sufficient
information with the fitting functions and the results in Table
II, that we can calculate the ratio of the tensor elements:
�ijij

�3� /�iiii
�3� for the �110� and �111� crystal faces. This cannot be

done for the �100� crystal face as there is only 1 equation in
three unknowns �surface-field, two independent tensor ele-
ments�. An exact determination of the tensor elements, while
possible, is complicated by lack of knowledge of the magni-
tude of the surface field and the fact that the emission is
saturated at these high fluences.21 It should also be noted that
the ratio �ijij

�3� /�iiii
�3� is the measured ratio in saturation. Using

the fitting functions to the data for the �110� and �111� crystal
faces: Epp

THz,111=a1+b1 cos�3��, Eps
THz,111=b2 sin�3��,

Epp
THz,110=a3+b3 cos�2��, and Eps

THz,110=b4 sin�2��. The mea-
sured values were a1=−95±7, b1=−130±11, b2=137±8,
a3=−160±14, b3=−73±18, and b4=−63±13 in V/cm.
Given the calculated values for the coefficients ai and bi

listed in Table II, the extracted ratio �ijij
�3� /�iiii

�3� is found to be
0.30±0.03 for the �111� crystal face and 0.26±0.06 for the
�110� crystal face. Note that the ratio b1 /b2 is independent of
the surface field and the magnitude of the susceptibility ten-
sor elements. It is calculated to be −1.0 in comparison to the
measured value of −1.0±0.1, which agrees very well. The
index of refraction used for this calculation are nopt=3.714
+ i0.432 and nFIR=3.868+ i0.0039 at 1.5 eV and 0.01 eV,
respectively.34

The value of �ijij
�3� /�iiii

�3��0.3 is in the correct range for
III-V semiconductors, but about a factor of three larger than

calculated by Ching.37 This is possibly due to the fact that
the data is taken in a saturated regime.

VII. CONCLUSION

The dominant part of the emission of THz radiation from
InAs surfaces at high excitation fluences �1–2 mJ/cm2� has
been shown to be consistent with surface electric-field-
induced optical rectification, whereas second-harmonic emis-
sion under the same excitation conditions results from the
bulk dipole nonlinearity. Surface electric-field-induced opti-
cal rectification is shown to have the same symmetry behav-
ior under crystal rotation that is expected for an intrinsic
surface nonlinear response, making it impossible to distin-
guish between the two processes in the present investigation.
However, the intrinsic surface nonlinear response is not ex-
pected to dominate the emission of terahertz radiation for the
present case as the samples used were mechanically polished
and had a native oxide layer. The observation of different
processes governing the emission of radiation by the related
phenomena of optical rectification and optical second-
harmonic generation are attributed to the large third-order
susceptibility of InAs at low frequencies compared to higher
frequencies. A ratio of �ijij

�3� /�iiii
�3��0.30±0.03 for InAs at low

frequencies was calculated based on the experimental data,
assuming the emission results from surface electric-field-
induced optical rectification. Further measurements at differ-
ent irradiation intensities would be required to determine
how the observed results scale with irradiation fluence.
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