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An expression for the spectral and temperature dependences of a photocurrent arising as a
result of the linear photovoltaic effect in such semiconductors as gallium arsenide with the
hole conduction has been derived. The photocurrent is shown to arise owing to the presence of
terms with different parities in the effective hole Hamiltonian. Theoretical and experimental
results have been compared.
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1. Introduction

The development of the powerful laser technique gave
rise to the emergence of a number of problems con-
cerning the formation mechanisms of optical and
photovoltaic effects, which are to be studied in de-
tail. Of those two, the mechanism of photovoltaic
effect (PVE) in noncentrosymmetric semiconductor
crystals is a consequence of an asymmetry among
elementary electronic processes inherent to noncen-
trosymmetric media, and the direction of the PVE
current is completely determined by light polariza-
tion and crystal orientation [1–5]. In spite of the fact
that the PVE was observed in a number of semicon-
ductors [6–9], the mechanism of its formation has not
been elucidated yet.

The presented work fills this gap to a great ex-
tent. It is devoted to a theoretical research of the
photon mechanism of the linear photovoltaic effect
(LPVE). The latter is related to the absorption of sta-
tionary linearly polarized radiation in homogeneous
semiconductors of the 𝑝-GaAs type, but involves the
asymmetry of the interaction between holes and pho-
tons, which is not associated with the momentum
transfer from photons to holes, as it occurs in the
effect of hole drag by photons [3].

Note that now we distinguish between the ballistic
(BLPVE) and shift (SLPVE) linear PVEs [2–5]. The
latter is associated with a shift of the center-of-mass
of a hole wave packet at quantum transitions. In
semiconductors with an involved valence band, the
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SLPVE can arise at both direct optical transitions
(the photon mechanism) and asymmetric hole scat-
tering by phonons (the phonon mechanism) [9,10]. In
what follows, the contribution of an asymmetry in the
electron-photon interaction to the current of SLPVE
is considered. The asymmetry arises owing to the ac-
count for the terms in the effective hole Hamiltonian
that are linear and cubic (relativistic) in the wave
vector. The corresponding contribution was qualita-
tively estimated in works [10, 11], but only for the
ballistic linear PVE.

2. General Relationships

The current of the shift linear PVE is determined by
the formula [3]

𝑗𝛼 = −𝑒3𝐼𝑒𝛽𝑒𝛾 |𝛿𝛼𝛽𝛾 |
2𝜋𝑚2

0𝜔
2~𝑐𝑛𝜔

×

×
∫︁

𝑑k Im[𝑃
(𝛽)*

21

𝜕

𝜕𝑘𝛼
𝑃

(𝛼)
21 ]𝑓1k𝜕(𝐸2 − 𝐸1 − ~𝜔). (1)

Here, 𝑒 is the elementary charge, 𝑚0 the free electron
mass, 𝐼 the light intensity, e the light polarization
vector, 𝜔 the light frequency, 𝑛𝜔 the refractive index,
p21 the matrix element of the momentum operator

p =
𝑚0

~
∇k�̂�, (2)

�̂� the effective Hamiltonian, 𝐸𝑙 = ~2𝑘2/(2𝑚𝑙) the
energy spectrum, 𝑚𝑙 the effective mass of holes in
the 𝑙-th branch (𝑙 = 1 for the subband of light holes,

ISSN 2071-0194. Ukr. J. Phys. 2016. Vol. 61, No. 11 987



V.R. Rasulov

and 𝑙 = 2 for the subband of heavy ones), and 𝛿𝛼𝛽𝛾
the antisymmetric unit tensor (𝛼, 𝛽, 𝛾 = 𝑥, 𝑦, 𝑧).

The hole Hamiltonian, besides the terms that are
quadratic in k [13, 14],

�̂�(2) =

(︂
𝐴+

5

4
𝐵

)︂
𝑘2 −𝐵(Jk)2, (3)

also includes the cubic and linear terms [14],

�̂�(3) = 𝐷′JK, (4)

�̂�(1) =
4√
3
𝑘0Vk, (5)

where 𝑉𝛼 = [𝐽𝛼(𝐽
2
𝛼+1−𝐽2

𝛼+2)], 𝐽𝛼 are the matrices of
the angular momentum projection operator in the Γ8

representation [13, 14], and 𝐴 ± 𝐵 = ~2/(2𝑚1,2). In
further calculations, we take into account that

𝜕

𝜕𝑘𝛼
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𝜕
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. (7)

Here, we took into consideration that

𝜕𝐹𝑙𝑚𝑘

𝜕𝑘𝑧
= 𝑖

1− 𝜇2

𝑘

∑︁
𝑙1𝑚1

(𝐽𝑦)𝑙1𝑚1𝑙𝑚𝐹𝑙1𝑚1𝑘 , (8)

where 𝜇 = k𝑧k/𝑘
2, 𝐹𝑙𝑚k is the characteristic matrix

of the Hamiltonian �̂�, and 𝑚 the projection of the
hole angular momentum onto the vector k (𝑚 = ±1/2
in the case 𝑙 = 2, and ±3/2 in the case 𝑙 = 1).

3. Current Calculation
for the Shift Linear PVE

Substituting Eq. (2) into Eq. (1) taking Eqs. (4)–(6)
into account, summing up over the degenerate hole
states, and integrating over the hole wave vector, we
obtain the following expression for the current of the
shift linear PVE:

𝑗(𝜈)𝛼 = 𝑒
𝐼

~𝜔
𝐾(𝜔, 𝑇 )𝐿(𝜈)𝑒𝛽𝑒𝛾 |𝛿𝛼𝛽𝛾 |, (9)

where
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√︂
~𝜔
2𝐵

(10)

is the coefficient of one-photon light absorption,
which is associated with the direct optical transitions
of charge carriers between the branches of light and
heavy holes in the valence band of 𝑝-GaAs, 𝑓0(𝐸

*
1 )

the distribution function of holes over their energy
𝐸*

1 = 𝑚2~𝜔/(𝑚1−𝑚2), 𝐿(𝜈) are the quantities (with
the dimension of length)

𝐿(3) = −𝐷′
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16𝜋
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used below to quantitatively evaluate the photocur-
rent, and

𝐼0 =

+1∫︁
−1

𝑑𝜇

2𝜋∫︁
0

[︃
𝑂2

𝑦𝑂
2
𝑧

∑︁
𝛼

𝑂2
𝛼

(︀
𝑂2

𝛼+1 −𝑂2
𝛼+2

)︀2]︃1/2
,

where O = k/𝑘.
It should be noted that the contribution to the

SLPVE current arises not only owing to the interfer-
ence between those terms of the matrix element of the
momentum operator that are linear in k, on the one
hand, and the terms that are either k-independent or
quadratic in k, on the other hand, but also as a re-
sult of the appearance of perturbation components in
the wave function and in the distribution functions of
light and heavy holes. According to our estimation,
the account for this circumstance makes an insignifi-
cant contribution to the total photocurrent, because
it is proportional to the band parameters that are
relativistically small with respect to 𝐴 and 𝐵.

The account for Eq. (4) in the Hamiltonian �̂� re-
sults in the splitting of light-hole subbands, i.e.

𝐸±
2 =

~2𝑘2

2𝑚1
±𝐷′𝑘3

[︃∑︁
𝛼

𝑂2
𝛼(𝑂

2
𝛼+1 −𝑂2

𝛼+2)

]︃1/2
. (13)

At the same time, the account for Eq. (5) gives rise
to the splitting of both subbands, i.e.

𝐸±
𝑙 =

~2𝑘2

2𝑚𝑙
±
√
3𝑘0𝑘

√︁
02𝑥 + 02𝑦. (14)
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In the former case, the account for the splitting in
the energy conservation law (in the argument of the
𝛿-function) brings about an additional contribution
to the SLPVE current. In the latter case, according
to the results of calculations, no hole shift emerges in
the real space at the optical transitions 𝐸±

1 → 𝐸±
2 ,

if the splitting of heavy hole subbands is taken into
account. Here, as the hole shift, we understand the
coordinate matrix element calculated with the use of
hole wave functions in the Luttinger representation
[13, 14].

From Eq. (9), one can see that the temperature de-
pendence of the current driven by the photon mech-
anism of the shift linear PVE is determined by the
temperature dependence of the light absorption fac-
tor 𝐾(𝑇 ) [see Eq. (10)].

In Fig. 1, the theoretical results calculated for the
photon mechanism and the experimental data ob-
tained for the temperature dependence of the lin-
ear PVE current in 𝑝-GaAs with the hole concentra-
tion 𝑝 = 7.4 × 1016 cm−3 are compared. The the-
oretical calculations were carried out following the
method proposed in works [10, 12]. Note that the
shift of the theoretical dependence with respect to
the experimental one occurs due to the contribution
of other mechanisms, which were considered in works
[10, 12] in detail. However, the mechanism proposed
here was not taken into consideration in the cited
works.

4. Evaluation of Photocurrent 𝐿(𝜈)

The values of the constant 𝑘0 for various crystals
fall within the limits of (1÷6) × 10−10 eV cm (see,
e.g., work [12]). Accepting those values of 𝑘0 for 𝑝-
GaAs, we obtain that, when illuminating it by a CO2

laser (~𝜔 = 0.12 eV) at room temperature, the quan-
tity 𝐿

(1)
1 = (0.2÷1.4) × 10−8 cm = (0.15÷1)𝑋exp,

where 𝑋exp = 0.17× 10−7 cm. This evaluation testi-
fies that the contribution to the current of the shift
linear PVE, which is associated with the asymme-
try of electron-photon interactions emerging when
the relativistic linear in k terms in �̂� are taken
into consideration, is comparable with the experi-
mental value.

Again, in the case k ‖ [011] for 𝑝-GaAs with the
parameters |𝐷′| = 3.25 × 10−23 eV cm3, 𝐵 = 3.25 ×
10−15 eV cm2, 𝑚2 = 0.68𝑚0, and 𝑚1 = 0.12𝑚0, we
obtain 𝐿(3) = 4.2× 10−8 cm = 2.7𝑋exp.

Fig. 1. Temperature dependences of the linear PVE
current for 𝑝-GaAs at the hole concentration 𝑝 = 7.4×
× 1016 cm−3. Experimental results for the light wavelengths
𝜆 = 10.6 (squares) and 9.5 𝜇m (circles) [12]. Theoretical re-
sults for the photon mechanism of shift linear PVE in 𝑝-GaAs:
𝜆 = 0.5 (solid curve) and 10.6 𝜇m (diamonds)

It should be noted that the analyzed literature
sources contain no information about the signs of
band parameters before the linear and cubic (in
the wave vector) terms in the effective Hamilto-
nian. Therefore, it is impossible to talk about those
contributions to the photocurrent that depend on the
constants 𝐷′ and 𝑘0. However, if we adopt the quan-
tity 𝐷′ to be positive, and 𝑘0 negative, then the total
contribution to the photocurrent approaches the ex-
perimental value. At the same time, if those quanti-
ties are of the same sign, it is quite natural that the
magnitude of the resulting contribution to the pho-
tocurrent is strongly different from the experimen-
tal value.

The results of calculations demonstrate that if the
values of band parameters do not change, the growth
of the photon energy is accompanied by an increase
of the photocurrent maximum and its shift toward
higher temperatures (here, as a photocurrent, we un-
derstand the current driven by the photon mecha-
nism of the shift linear PVE in 𝑝-GaAs). For exam-
ple, in the case 𝑚2 = 0.68𝑚0 and 𝑚1 = 0.12𝑚0,
if ~𝜔 = 117 meV, the photocurrent maximum as-
sociated with the phonon emission takes place at
𝑇 = 120 K, and that associated with the phonon
absorption is observed at 𝑇 = 360 K. At the same
time, if ~𝜔 = 130 meV, the corresponding values
equal 𝑇 = 180 and 420 K. With the growth of the
photon energy, the maximum value of photocurrent
corresponding to the phonon absorption almost does
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Fig. 2. Feynman–Keldysh diagrams, whose interference gives
a contribution to the current of the linear photovoltaic effect
in structures with quantum wells: processes with the partici-
pation of real phonons and virtual photons (A), and processes
with the participation of real photons and virtual phonons (B)

not change, and that corresponding to the phonon
emission becomes 1.135 times larger.

It is worth noting that if the effective mass of light
holes increases (for example, by a factor of 4/3), pro-
vided that the effective mass of heavy holes (𝑚1 =
= 0.12𝑚0) and the light frequency (~𝜔 = 117 meV)
remain the same, the maximum of the photocurrent
associated with the phonon emission grows (by ap-
proximately a factor of 1.6) and shifts toward higher
temperatures. In this case, the maximum of the pho-
tocurrent associated with the phonon absorption al-
most does not change: it slightly – more precisely,
by a factor of 1.08 – decreases, but also shifts toward
higher temperatures.

Finally, we note that the experimental [12] and pre-
sented theoretical temperature dependences of pho-
tocurrent are comparable in the case where the pro-
cesses associated with the phonon absorption prevail
at 𝑚1/𝑚2 = 1.135 as well. Note also that the SLPVE
can arise in nanostructures of a noncentrosymmetric
semiconductor. In this case, the contribution to the
SLPVE current is given by the interference of the pro-
cesses shown in Fig. 2. In this figure, the processes, in
which real phonons and photons participate simulta-
neously, are not depicted. Here, we imply that charge
carriers are asymmetrically scattered at both phonons
(the phonon mechanism of SLPVE) and photons (the
photon mechanism of SLPVE) [14–17].

On the basis of the energy conservation relations
between the initial, final, and one of the transient
states of photo-excited charge carriers, it is not diffi-
cult to obtain the following expressions for the wave
vectors of charge carriers participating in the forma-

tion of the SLPVE current:

𝑘2𝜔 =

√︂
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Here, 𝜔 is the light frequency, 𝑎 the quantum well
width, 𝑛𝑙 the number of the size-quantized state, 𝑚𝑙

the effective bulk mass of holes in the 𝑙-th branch
(𝑙 = 2 or 𝑙ℎ for light holes and 𝑙 = 1 or ℎℎ for heavy
ones in semiconductors with the hole conduction and
a complicated valence band), 𝑚(𝑛)

𝑙 the effective mass
of charge carriers in the 𝑙-th branch in the direction
transverse to the size-quantization axis,

~𝜔(𝑛2𝑛1)
21 = ~𝜔 − ~2𝜋2

2𝑎2

(︂
𝑛2
2

𝑚2
− 𝑛2

1

𝑚1

)︂
,

~𝜔(𝑛
′𝑛)

𝑙′𝑙 = ~𝜔 − ~2𝜋2

2𝑎2

(︂
𝑛′ 2

𝑚𝑙′
− 𝑛2

𝑚𝑙

)︂2
,

where the upper sign corresponds to the absorption
and the lower one to the emission of a longitudinal
optical phonon.

While deriving the expressions given above, it was
taken into account that the quantum well favors the
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appearance of an additional mechanism of intraband
light absorption. This mechanism is connected with
the direct optical transitions of free charge carriers
between the states that emerge owing to the size
quantization. These transitions, when running at the
center of the Brillouin zone, are described by the cor-
responding effective bulk masses. If they run at the
Brillouin zone periphery, they are also described by
effective transverse masses. The latter, in turn, de-
pend on the numbers of size-quantization bands for
both the initial and final states. When calculating the
contribution of those transitions to the photocurrent,
the partial filling of states has to be taken into ac-
count in the formula for the SLPVE current in bulk
crystals. Therefore, the calculation of the photocur-
rent includes not only the summation over the iden-
tical numbers of size-quantized states 𝑛1 and 𝑛2 (this
procedure involves the optical transitions between the
light and heavy hole subbands in the 𝑝-GaAs valence
band), but also over different 𝑛1 and 𝑛2, which cor-
responds to making allowance for optical transitions
within the same subband. This issue will be consid-
ered elsewhere.

It is worth noting that a similar situation arises,
while calculating the photon-drag current in the
nanostructure of a semiconductor with complicated
band consisting of two or several closely located or de-
generate subbands. This problem should also be con-
sidered separately.
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ПОЛЯРИЗАЦIЙНI ЗАЛЕЖНОСТI
ФОТОСТРУМУ В 𝑝-GaAs

Р е з ю м е

Отримано вираз для спектральної i температурної зале-
жностей струму фотонного механiзму лiнiйного фотогаль-
ванiчного ефекту в напiвпровiдниках типу арсенiду галiю
дiркової провiдностi, зумовлений наявнiстю доданкiв рiзної
парностi в ефективному гамiльтонiанi дiрок. Зiставленi те-
оретичнi та експериментальнi результати.
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