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Terahertz emission from the surfaces of narrow-gap semiconductors excited by femtosecond laser

pulses was described in terms of a transient interband photoconductivity. It has been found that the

nonparabolicity of the electron dispersion law as well as the optical alignment of the photoexcited

carrier momenta result in anisotropic photocurrent with a component perpendicular to the surface

dc electric field even in semiconductors with a cubic symmetry. This lateral transient photocurrent

component is the strongest during the first few hundreds of femtoseconds after the photoexcitation

and causes the emission of terahertz radiation pulses with an amplitude dependent on the angle

between the optical field and the crystallographic axes. In the case of InAs the contribution of this

component explains experimental results of both the azimuthal anisotropy of the emitted terahertz

pulse amplitude and its dependence on the exciting photon energy. VC 2012 American Institute of
Physics. [http://dx.doi.org/10.1063/1.4758181]

I. INTRODUCTION

Excitation of semiconductors by light with the photon

energy exceeding forbidden band gap leads to the appearance

of nonequilibrium electrons and holes, which can create a dc

current. This phenomenon known as photoconductivity has

been studied for a long time and finds applications in a vari-

ety of areas.1 Commonly at not too high excitation levels the

photocurrent is linear in dc bias electric field and quadratic

with respect to the electric field of the light wave; thus, basi-

cally the photoconductivity can be conceived as a nonlinear

effect of the third order.2 Consequently, the photocurrent den-

sity j in a homogeneous semiconductor can be represented as

ji ¼ rijklFjEkEl, where Ei and Fi are the components of the

electric field of the light with the frequency X and the dc

electric field, respectively. Symmetrical over two last indexes

tensor rijkl can be, in general, associated with the third order

optical nonlinear susceptibility vijklð0; 0;X;�XÞ, which

determines the so-called electric field induced optical rectifi-

cation effect (EFIOR) implying that electromagnetic field

generates in the semiconductor a low-frequency nonlinear

polarization proportional to the applied dc electric field.3 If

semiconductor is optically excited below the fundamental

absorption edge, no real photocarriers appear, and in this case

EFIOR effect can be considered in terms of “virtual photo-

conductivity” implying that the virtual electron-hole pairs are

polarized under dc electric field and, as a result, displacement

photocurrent arises.4–7 Here it is important to note that in

zinc-blend semiconductors excited above the band gap the

quadratic in light field photocurrent can arise even without dc

electric field. This effect results in the second order optical

rectification effect that, in the case when femtosecond optical

pulses are used for the excitation, gives rise to THz emission

from semiconductor surface. The second order nonlinear sus-

ceptibility determining this effect was calculated,8–10 and it

was shown that it was resonantly enhanced over two orders

of magnitude when the semiconductor was excited above the

band gap.

From the symmetry reasons the photocurrent in cubic

semiconductors like A3B5 can be represented in the coordi-

nate system of the crystal as follows:

j ¼ aFE2 þ bEðFEÞ þ cðFxE2
x x̂ þ FyE2

y ŷ þ FzE
2
z ẑÞ; (1)

where x̂; ŷ, and ẑ are the basic vectors directed along the

principal crystallographic axes and the coefficients a; b, and

c are expressed in terms of three nonvanishing tensor compo-

nents rzzzz; rzzxx; and rzxxz as a ¼ rzzxx, b ¼ 2rzxxz, and

c ¼ rzzzz � rzzxx � 2rzxxz. In the case of isotropic symmetry

the condition c ¼ 0 is fulfilled, and the photocurrent depends

on the angle between dc and light wave electric fields while

not depending on the orientation of these fields with respect

to the crystallographic axes. As it follows from Eq. (1), even

in the isotropic case the photocurrent and dc electric field do

not necessarily coincide in directions, and hence the photo-

current component perpendicular to the dc electric field can

appear. It means that, in general, the photoconductivity by

being inherently nonlinear effect is anisotropic and is charac-

terized by the same dependence on the electric field orienta-

tion as the EFIOR effect.

Several microscopic mechanisms responsible for anisot-

ropy of photoconductivity were suggested. It has been

known that anisotropic photoconductivity can be caused by

the hot carrier effect.11 In many-valley semiconductors this

could happen due to the effective mass anisotropy and differ-

ent populations of separate conduction band valleys oriented

at different angles with respect to the bias electric field.11
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Peculiar mechanism of anisotropic photoconductivity can

originate from the optical alignment of photoexcited electron

momenta.12,13 The optical momentum alignment effect in

semiconductors results from the selection rules for interband

electron transitions and manifests itself in the anisotropic

momentum distribution of photocarriers excited by linearly

polarized light. For example, in cubic semiconductors an

absorption of linearly polarized radiation with the photon

energy near the band gap results in the momenta of electrons

excited from the heavy hole valence subband lie mainly in

the plane perpendicular to the electric field of light wave,

while the momenta of electrons excited from the light hole

subband are predominantly aligned along the vector of polar-

ization. The effect of optical alignment of electron momenta

can cause such effects as polarized hot-electron photolumi-

nescence13 and surface ballistic photogalvanic effect.14 It

was also shown that if the momentum relaxation time of

carriers depends on their energy, optical alignment of photo-

carriers over momenta can result in the anisotropic photo-

conductivity.15 For a stationary excitation this effect is small

because the anisotropic part of the photocarrier distribution

function over momenta is damped on a short time scale (at

about 10�12 to 10�13 s) determined by the carrier momentum

relaxation rate. Because of this, in order to suppress the car-

rier momenta disorientation polarized hot-electron photolu-

minescence and surface ballistic photogalvanic effect have

been usually observed at cryogenic temperatures. However

in semiconductors excited by femtosecond laser pulses pho-

tocurrent achieves peak value on a time scale smaller or

comparable to the carrier momentum relaxation time, and

hence the optical momentum alignment effect will be more

noticeable and will result in anisotropy of the transient pho-

toconductivity even at the room temperature.

As it is well-known, the transient photocurrent arising

near semiconductor surface illuminated with femtosecond

laser pulses can generate terahertz radiation.16 When analy-

sing this effect it is generally assumed that the transient

photocurrent is directed perpendicular to the illuminated

semiconductor surface, along the direction of surface electric

field that is built in17 or can be induced by a spatial separa-

tion of photoexcited electrons and holes.18–20 However, from

what was said above it follows that the optical alignment of

electron momenta can result also in the appearance of a lat-

eral (parallel to the illuminated semiconductor surface) com-

ponent of the transient photocurrent. THz radiation induced

by this photocurrent component is predominantly directed

perpendicular to the illuminated surface, and hence it will be

more efficiently out-coupled from the semiconductor.

The main part of the THz pulse is generated during

the first 100–200 fs after the photoexcitation, that is, at the

ballistic stage of photocarriers movement. At this stage the

dependence of the carrier relaxation time on energy will

most probably be of minor importance for the magnitude of

the anisotropic photocurrent. Thus, it may be assumed that

the energy dependence of carrier effective masses caused

by the nonparabolicity and nonsphericity of conduction and

valence bands will be of a considerable importance to the

anisotropy of the transient photocurrent. The mechanism of

the transverse photocurrent component can be explained in

the following manner.15 Photoexcited electrons having

momenta p aligned mainly along the dc electric field (right

petal) will slow down and lose their energy, whereas the

energy of photoelectrons with the opposite momenta (left

petal) will grow (Fig. 1). Due to the nonparabolicity of elec-

tron dispersion law the effective masses of these two groups

of photoelectrons will become different. As a result, the

flows of photoelectrons aligned along x-axis and opposite to

it are no longer compensating each other resulting in the

appearance of the net photocurrent component in the direc-

tion perpendicular to the dc electric field.

In this paper we present a calculation of the anisotropic

photoconductivity caused by optical alignment of photocar-

riers momenta in cubic semiconductor excited by an ultra-

short laser pulse. We assume that the effect considered is

caused by nonparabolicity and nonsphericity of electron and

hole dispersion laws rather than by the energy dependence of

carrier momentum relaxation time.15 Specific numerical cal-

culations will be performed for InAs––narrow gap semicon-

ductor that is the most effective THz emitter at 800 nm laser

excitation. The contribution of the lateral photocurrent com-

ponent to the THz pulse generation in this semiconductor is

considered. Our results demonstrate that the anisotropic pho-

toconductivity effect should be taken into account when con-

sidering the THz emission from semiconductor surfaces and

that experimentally observed azimuthal anisotropy of this

emission21–25 might, at least in part, be ascribed to this effect.

II. MODEL AND CALCULATIONS

We consider a direct band gap cubic semiconductor

excited by ultrashort laser pulses with quantum energies

exceeding the forbidden gap. Interband optical transitions

will give rise to nonequilibrium carriers that are accelerated

by a homogeneous dc electric field. The coefficients a; b; c
in Eq. (1) determining the photocurrent value are calculated

by using the Boltzmann transport equations for distribution

functions of optically generated electrons fcðp; tÞ and holes

f i
vðp; tÞ in three valence subbands (i ¼ 1; 2; 3 correspond to

the heavy (1), light (2), and spin-orbit split-off holes (3))

FIG. 1. The optical momentum alignment of electrons excited from the

heavy hole subband by linearly polarized light with electric field Ei

impinging on semiconductor (z> 0), # is the refraction angle, E is the light

electrical field in the semiconductor, ET is THz electric field radiated in the

quasi-reflection direction.
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@fcðp; tÞ
@t

� eF
@fcðp; tÞ
@p

¼
X3

i¼1

Gi;pdðtÞ; (2)

@f i
vðp; tÞ
@t

þ eF
@f i

vðp; tÞ
@p

¼ Gi;pdðtÞ; i ¼ 1; 2; 3; (3)

where �e is the electron charge, p is the carrier momentum,

and the terms in the right side of Eqs. (2) and (3) determine

the rate of photocarrier generation by laser pulse, the tempo-

ral shape of which is approximated by a delta-function. Since

the generation of THz pulses is mainly determined by the

movement of photocarriers on an early ballistic stage, we

shall restrict ourselves to the simplest approximation and

neglect the relaxation terms in Eqs. (2) and (3). The terms

Gi;p determining the rate of photocarrier generation are

defined by the matrix elements for direct optical transitions

of electrons from the valence subbands to the conduction

band.

By solving Eqs. (2) and (3), one can obtain the electron

and hole distribution functions at t > 0

fcðp; tÞ ¼
X3

i¼1

Gi;pþeFt; f i
vðp; tÞ ¼ Gi;p�eFt: (4)

The density of photocurrent can be written as

jðtÞ ¼ �e

4p3�h3

ð
d3p

@ec;p

@p
fcðp; tÞ �

X3

i¼1

@ei
v;p

@p
f i
vðp; tÞ

" #
; (5)

where ec;p and ei
v;p are the electron and hole dispersion laws.

After substituting the distribution functions given by

expressions (4) into Eq. (5), the photocurrent density can be

represented as

jðtÞ ¼ �e

4p3�h3

X3

i¼1

ð
d3pGi;p

@ðec;p�eFt � ei
v;pþeFtÞ

@p
: (6)

The rates of photocarrier generation are obtained in the

dipole approximation by using Fermi’s golden rule as

Gi;p ¼
16p2e2W

c�n�hm2
0X

2
jMi

c;vðpÞj
2dðec;p þ ei

v;p � �hXÞ; (7)

where W is the laser pulse fluence, c is the light velocity, �n
is the refractive index, Mi

c;vðpÞ are the momentum matrix

elements for interband transitions of electrons, m0 is the free

electron mass, and X is the center frequency of the laser

pulse.

By substituting (7) in (6) one obtains

jðtÞ ¼ �4e3W

p�h4c�nm2
0X

2

X3

i¼1

ð
d3pjMi

c;vðpÞj
2

�
@ðec;p�eFt � ei

v;pþeFtÞ
@p

dðec;p þ ei
v;p � �hXÞ: (8)

After integration in spherical coordinate system over p
in expression (8) we get

jðtÞ ¼ �4e3W

p�h4c�nm2
0X

2

X3

i¼1

ð1

�1

dh sin h
ð2p

0

du
jMi

c;vðp�Þj
2p2
�

jvi;p� j

�
@ðec;p�eFt � ei

v;pþeFtÞ
@p

�����
p¼p�

; (9)

where the direction of the vector p� in a spherical coordinate

system is determined by the angles h and u. For orientation

specified by the angles h and u the length of vector p�
depends on the valence subband number and is determined

as the root of the equation ec;p þ ei
v;p � �hX ¼ 0. The velocity

vi;p� appearing in Eq. (9) is given by

vi;p� ¼
@ðec;p þ ei

v;pÞ
@p

�����
p¼p�

: (10)

In a linear approach with respect to F from Eq. (9) one

can obtain

jðtÞ ¼ 4e4Wt

p�h4c�nm2
0X

2

X3

i¼1

ð1

�1

dh sin h
ð2p

0

du

�
jMi

c;vðpÞj
2p2

jvi;pj
F
@

@p

� �
@ðec;p þ ei

v;pÞ
@p

" #
p¼p�

: (11)

The optical transition matrix elements, electron and

hole velocities entering in Eq. (11) are calculated by the

eight-band kp method.26,27 In this approximation four double

degenerate bands including conduction band and three va-

lence subbands are taken into account. The wave function

wm
k of electron state with wave vector k and index m label-

ling the band is looked for in the form of expansion

wm
k ðrÞ ¼ eikr

X
l

cm
l ðkÞulðrÞ; (12)

where the basis states ulðrÞ are band-edge Bloch functions

(at k¼ 0) in the Luttinger-Kohn representation28 and the

index l runs over the bands. After substitution of Eq. (12)

into the Schr€odinger equation for electron in periodic lattice

potential V0ðrÞ multiplication on the left by u�l0 ðrÞ, and inte-

gration over, the unit cell the set of equations for coefficients

cm
l ðkÞ is obtained as

X
l0

el þ
�h2k2

2m0

� e

� �
dl0l þ

�h

m0

kpl0l

� �
cm

l ¼ 0; (13)

where the matrix element of electron momentum taking into

account spin-orbit interaction is given by

pl0l ¼
ð

u�
l0

pþ �h

4m0c2
ðr�rV0Þ

� �
uldr; (14)

where r is the Pauli spin matrix vector.

The system of linear Eq. (13) with Hamiltonian-matrix

in the Luttinger-Kohn representation27 was solved by Jacobi

method on a mesh of 100� 100� 180 points in k-space.

Previously the Hermitian matrix is represented as a real
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matrix with format 16� 16. The eigenvalues resulting from

diagonalization of this matrix are fourfold degenerate due

to spin degeneracy and time-reversal symmetry. The coeffi-

cients cm
l ðkÞ obtained from Eq. (13) determine the wave

functions (12) which are used for calculation of the interband

momentum matrix elements involved in Eq. (11). The elec-

tron and hole velocities are obtained by numerical differen-

tiation with the use of electron energies calculated at the

mesh points.

The coefficients a; b; and c are found by numerical inte-

gration in Eq. (11) for two orientations of the electric field of

laser radiation E with respect to the semiconductor crystallo-

graphic axes. At first, z-component of the photocurrent is cal-

culated in the case when the vectors F and E are aligned

parallel to oz-axis directed along crystallographic axis [001].

As it follows from Eq. (1), in this case jz ¼ ðaþ bþ cÞFE2.

Then x-and z-components of the photocurrent are calculated

for the fields oriented as F k oz k ½001�, E k ½101�. From

Eq. (1) it follows that in this case jz ¼ ½aþ ðbþ cÞ=2�FE2,

jx ¼ bFE2=2. A comparison of the obtained relations with

the corresponding photocurrent components resulting by

numerical integration in Eq. (11) gives the values of the

coefficients a; b, and c. As it follows from Eq. (11) in the

framework of the used collisionless approximation the pho-

tocurrent grows linearly with time. It is clear that the inclu-

sion of photocarrier relaxation will result in the exponential

decay of the photocurrent after reaching its peak value at

times defined by the momentum relaxation time.

Numerical calculations were performed for InAs excited

by laser pulses with four different photon energies: 1.55, 1.2,

0.8, and 0.4 eV. Parameters of InAs given in Ref. 26 were

used.

III. EXPERIMENT

Terahertz pulse emission was investigated experimen-

tally by photoexciting (111) crystallographic planes of p-type

InAs (p¼ 2 � 1016 cm�3) and InSb (intrinsic conductivity at

the room temperature) single crystals. The first and second

harmonics pulses of femtosecond Er-doped fiber laser (Top-

tica) with the wavelengths of 1560 nm and 780 nm and the

pulse durations of 80 fs and 88 fs, respectively, were used for

the sample excitation. P-polarized optical beams were im-

pinging on the crystal surfaces at the angle of 45� (see

Fig. 1), the radiated in the quasi-reflection direction p-polar-

ized THz signal was separated by a polyethylene polarizer,

and its power was measured by a Golay cell (Tydex).

Fig. 2 shows the radiated THz power dependences on

the azimuthal angle / for both crystals excited by femtosec-

ond pulses at 1560-nm wavelength demonstrating clear

cosð3/Þ type periodicity; the angle / specifies the angle of

rotation of the sample around the axis normal to the surface.

Fig. 3(a) presents the dependences of average radiated THz

power on the average optical power at this wavelength. Over

the most of the investigated optical power range these

dependences are quadratic, which allowed us to compare the

efficiencies of the optical-to-THz power conversion in both

crystals at different laser wavelengths (Fig. 3(b)). Although

at 1560 nm wavelength the average THz power radiated at

p-InAs and InSb surfaces is of a similar order of magnitude,

at shorter laser wavelengths the emission from InSb becomes

much weaker than that from p-type InAs. Hereafter we will

present only the results of the experimental investigation of

the later semiconductor.

Azimuthal angle dependences of p-polarized THz power

emitted from p-type InAs surface illuminated by femtosec-

ond laser pulses having two different central wavelengths are

presented in Fig. 4. THz power values in this graph are

FIG. 2. Dependences of average p-polarized THz power on the azimuthal

angle for p-InAs (a) and InSb (b) crystals excited by femtosecond pulses

with 1560 nm central wavelength.

FIG. 3. (a) Dependences of radiated average THz power on the average opti-

cal power at 1560 nm wavelength; the straight lines correspond to quadratic

slope. (b) Efficiencies of the optical-to-THz power conversion in both crys-

tals at different laser wavelengths (PTHz and Popt are THz and optical

powers).
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normalized to the number of light quanta absorbed in the

semiconductor. It is seen from Fig. 4 that the increase of

wavelength in the exciting laser pulses leads to a significant

reduction of the angle dependent component in the radiated

THz pulse power. In the following, this effect will serve as

the main proof of the physical model proposed in this work.

IV. RESULTS AND DISCUSSION

The calculated dependences of the probabilities for

optical transitions of electrons from the heavy and light

hole subbands to the conduction band on the direction of

electron momentum are shown in Figs. 5 and 6 for two pho-

ton energies. The polar and azimuthal angles h and u spec-

ify the directions of the electron momentum in a spherical

coordinate system with polar axis directed along the electric

field of radiation. It can be seen from Fig. 5 that at the exci-

tation near the semiconductor band gap (�hX ¼ 0:4 eV) the

momenta of electrons generated from the heavy and light

hole subbands are oriented differently, mainly normally, for

the heavy-hole band excitation and, in parallel to the radia-

tion electric field, for the light-hole band excitation. The dif-

ferent orientation of photocarriers excited from two valence

subbands results in opposite signs of their contributions to

the transverse photocurrent. On the other hand, when the

photon energy (�hX ¼ 1:55 eV) significantly exceeds the

energy gap of InAs the interband kp-interaction becomes

essential. As a result, the wave functions of photoelectrons

are modified in such a way that the momenta of those car-

riers excited from the both valence subbands are aligned

much the same––in the plane that is perpendicular to the

light polarization vector (Fig. 6). Also, it is following from

these calculations that the anisotropy of the optical transi-

tion probabilities becomes larger with increasing photon

energy.

The calculated contributions of electrons and holes

excited from three valence subbands to coefficients a; b, and

c are listed separately in Table I; in the lowest row of this ta-

ble the total values of these coefficients obtained by sum-

ming up the partial contributions are presented. As it follows

from the calculations (see Table I) at the photon energy

slightly exceeding the energy gap of semiconductor

dimensional-less parameters b=a and c=a determining the

extent of the anisotropic photoconductivity are small. How-

ever, with the increase of the light frequency these parame-

ters grow substantially becoming at the photon energy of

1.55 eV more than one order larger than in the case of the ex-

citation near the fundamental absorption edge of semicon-

ductor (�hX ¼ 0:4 eV).

The calculated photocurrent components were used for

estimation of the azimuthal dependences of THz electric

field emitted from (111) and (110) InAs surfaces, which are

excited by femtosecond laser pulse polarized in the incident

plane and impinging at the angle of 45�. The photocurrent

components are initially calculated in the crystallographic

coordinate system and then are transformed in the laboratory

system with z- and x-axis which for (111) surface are ori-

ented along [111] and [11�2] directions, respectively. THz

electric field components Ep
T

and Es
T

of p and s polarization

are given by projections of the photocurrent on the corre-

sponding field direction and after some little manipulations

one can obtain for (111) surface

FIG. 4. Azimuthal angle dependences of p-polarized THz power emitted

from p-type InAs surface illuminated by femtosecond laser pulses with

780 nm (a) and 1560 nm (b) central wavelengths. THz power values are nor-

malized to the number of light quanta absorbed in the semiconductor.

FIG. 5. Calculated distributions over momenta directions of photoelectrons

excited by linearly polarized light with the photon energy 0.4 eV from the

heavy (a) and light (b) hole valence subbands in InAs. The angles h and u
determine the direction of electron momentum in spherical coordinate sys-

tem with polar axis along [001] crystallographic direction, the angle u are

measured from axis [100]. The light wave electric field is directed along

[001] axis (h ¼ 0).
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Ep
T
/ aþ c

3
þ b sin2 #

� �
sin#� cos2 #

� bþ 2

3
c

� �
sin#þ c

3
ffiffiffi
2
p cos# cos 3/

� �
; (15)

Es
T /

c

3
ffiffiffi
2
p cos2 # sin 3/; (16)

where # is the angle of refraction for optical radiation, which

is determined by the relation sin 458 ¼ �n sin#, and / is the

azimuthal angle between incidence plane of radiation and

[11�2] axis.

For (110) semiconductor surface THz electric field com-

ponents are deduced analogously and given by

Ep
T
/ a� b cos 2#þ c

4
ð2� 3 cos2 #Þ

h i
sin#

� c
4

sin# cos2 # cos 2/; (17)

Es
T
/ � c

4
sin 2# sin 2/; (18)

where azimuthal angle is measured from [�110].

In derivation of Eqs. (15)–(18) we neglected the disper-

sion of refractive index. THz radiation is supposed to be

detected in the direction of the reflected optical beam that is at

the angle of 45�. For InAs excited by photons with the energy

of 1.55 eV �n ’ 3:9, and we find # � 10:48, cos# � 0:98, and

sin# � 0:18. In Fig. 7 the calculated contributions of the nor-

mal and the lateral photocurrent components into THz electric

field are presented in dependence on the azimuthal angle for

(111) surface. It is seen that the lateral photocurrent essen-

tially contributes to p-polarized THz electric field and entirely

determines the s-polarized THz emission.

As it follows from (15) to (18), THz electric fields can

be represented as Ep
T / a1 þ b1 cos 3/; Es

T / c1sin 3/ for

(111) surface and as Ep
T / a2 þ b2 cos 2/; Es

T / c2 sin 2/ for

(110) surface. For InAs surface excited by 1.55 eV radiation

using the calculated coefficients presented in Table I, one

can get a1 � 0:64; b1 � 0:54; c1 � �0:53 and a2 � 0:6; b2

� �0:1; c2 � �0:19 for (111) and (110) surfaces, respec-

tively. From the obtained expressions it follows that the

depths of azimuthal oscillations of THz field are defined by

the relations b1=a1 and b2=a2 and tend to diminish with

decreasing the excitation photon energy; at 0.4 eV excitation

their values decrease approximately one order as compared

with 1.55 eV excitation. This conclusion is confirmed by the

results of experimental studies of spectral dependence of azi-

muthal anisotropy of THz generation in InAs (Fig. 4). The

relation of THz powers at two azimuthal angles correspond-

ing to the maximum, and the minimum of THz emission is

given by ða1 þ b1Þ2=ða1 � b1Þ2. From this expression and

experimental data (Fig. 4) it follows that at the excitation of

InAs (111) surface with 780 nm laser pulses b1=a1 ’ 0:45.

FIG. 6. Calculated distributions of photoelectrons over momenta directions

as described in Fig. 5, for excitation with the photon energy 1.55 eV.

TABLE I. The partial and total coefficients a; b , and c calculated for four values of the photon energy. The contributions of three types of holes and electrons

excited from heavy-hole (hh), light-hole (lh), and spin-orbital split-off (sh) valence subbands are represented separately for electrons and holes. The empty

cells denote that the calculated value of the corresponding coefficient is negligible (<0.01). In the bottom line the total values of the coefficients derived as a

sum of the partial contributions are presented.

�hX¼ 1.55 (eV) �hX¼ 1.2 (eV) �hX¼ 0.8 (eV) �hX¼ 0.4 (eV)

The type of transitions a b c a b c a b c a b c

Electrons (hh) 2.2 1.31 �1.05 1.05 0.52 �0.36 1.14 0.42 �0.21 0.22 0.02 �0.01

Heavy holes 1.13 0.7 �0.87 0.42 0.19 �0.27 0.3 0.09 �0.17 0.02 �0.01

Electrons (lh) 1.11 0.4 �0.16 0.43 0.15 �0.05 0.25 0.05 �0.01 0.04

Light holes 0.61 0.2 �0.35 0.13 0.01 �0.01 0.05 0.06 �0.01 0.03

Electrons (sh) 0.05 �0.02 0.01 0.04 0.03

Spin-orbit split off holes 0.06 �0.01 0.04 0.01

Total 5.16 2.53 �2.43 2.11 0.87 �0.69 1.78 0.62 �0.4 0.31 0.02 �0.02
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This quantity is less than the calculated value (b1=a1 ’ 0:84)

by a factor of 2. With twofold increasing the wavelength of

excitation (�1560 nm) the quantity describing the anisotropy

of the radiated THz field amplitude becomes about 0.12

(Fig. 4) while the theoretical value is equal to 0.37. It is con-

ceivable that the discrepancy between the theoretical and

experimental values results from the decay of anisotropic

momentum distribution of photoelectrons due to their scat-

tering that is neglected in our model. It is evident that elec-

tron scattering will result in the exponential decay of

azimuthal anisotropy after reaching its peak value at a quasi-

ballistic stage of photoelectrons movement. Hence, it follows

that time-averaged magnitude of THz anisotropy measured

by Golay cell will be less than the peak value. Here, it is per-

tinent to note that in InAs (111) excited by 800 nm femtosec-

ond radiation azimuthal anisotropy of THz field amplitude

detected with the use of coherent method is about 1 that

approaches our calculated value.24,29

It is appropriate here to note that since quasiballistic re-

gime is considered here our main implications are valid if the

intervalley electron scattering is not essential. It means that

our approach can be used for laser excitation with the photon

energy lower than the threshold for transition of photoelec-

trons into L-valleys of conduction band (the threshold energy

for InAs is about 1.6 eV).29 At the higher photon energy

(>1.6 eV) the electrons are intensively scattered in the lateral

valleys, and the optical alignment will slightly affect on pho-

toconductivity and THz generation induced by the transient

photocurrent. At high excitation level electron-electron

scattering will also essentially reduce the anisotropy of photo-

current. However, since the cross-section of Coulomb scatter-

ing drops quadratically with increase of electron energy one

would expect that in InAs excited high above forbidden

energy gap this scattering mechanism will have a small effect

on the lateral photocurrent and its contribution in THz emis-

sion at least at the photocarrier density lower than 1018 cm�3.

V. CONCLUSIONS

In conclusion, we calculated the photocurrent in InAs

excited by ultrashort laser pulse with different photon energy

taking into account optical alignment of photoexcited elec-

trons and holes over momenta. At the ballistic stage of pho-

tocarrier movement anisotropic momentum distribution of

photocarriers results in anisotropy of photoconductivity that

is manifested in the appearance of perpendicular to the dc

electric field photocurrent component depending on orienta-

tion of electric and optical field relative to crystallographic

axes of semiconductor. At the excitation of semiconductor

surface with femtosecond laser pulses optical alignment of

electrons over momenta results in the lateral transient photo-

current which like a normal photocurrent component induces

THz emission. The relative contribution of the lateral photo-

current into THz emission from InAs surface grows with the

increase of the photon energy, and at 800 nm excitation it

compares with the contribution of the photocurrent directed

perpendicular to the irradiated semiconductor surface.

Experimentally observed azimuthal anisotropy of THz signal

generated from InAs surface under femtosecond laser excita-

tion may be attributed to anisotropic transient photoconduc-

tivity caused by the anisotropic distribution of photocarriers

excited by polarized femtosecond radiation over momenta.
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