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We theoretically investigate the generation and dynamics of photocurrents induced by linearly polarized
single-frequency light pulses in GaAs quantum wells. Our approach is based on the multiband semiconductor
Bloch equations (SBE) formulated in the basis of eigenfunctions on the 14-band k · p model and includes
excitonic effects and carrier longitudinal-optical-phonon scattering processes. By solving the SBE, we obtain
both shift and ballistic currents. For a particular excitation geometry, we obtain a ballistic current which is
absent if the electron-hole attraction is neglected. Whereas in other cases excitonic effects quantitatively modify
photocurrents that originate from single-particle properties, here we demonstrate the existence of a ballistic
current which is absent in single-particle calculations. This photocurrent is of second order in the light-matter
interaction and is purely caused by the asymmetric electron-hole Coulomb attraction that results from the
inversion asymmetry of GaAs. Furthermore, we show that the coherent dynamics of excitonic wave packets
gives rise to oscillations in the photocurrent transients.
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I. INTRODUCTION

The inversion asymmetry of the crystal structure of many
semiconductors allows for the appearance of photocurrents
which are of second order in the light-matter interaction.
One distinguishes three different contributions to the pho-
tocurrents. The first term, called ballistic or injection current,
originates from an asymmetry in the momentum distribution
of photoexcited carriers. Ballistic currents can be generated by
optical excitation with circularly polarized light and therefore
they are referred to as a circular photovoltaic (or photogal-
vanic) effect [1–3]. For the case of excitation with linear po-
larized light, some additional processes, such as asymmetric
electron-hole and electron-phonon scatterings, are required
for the generation of ballistic currents [2,4]. The second term
results from shifts of electrons in real space when they are
photoexcited from the valence to the conduction band, and
hence this term is called the shift current [2,3,5]. The third
term, named rectification current, arises due to the dynam-
ics of nonresonant polarizations. Unlike ballistic and shift
currents which require a resonant excitation, a rectification
current exists for all photon energies since all nonresonant
polarizations can make a contribution [3,6,7].

The generation of ultrafast coherent photocurrents by
excitation with single-frequency light in noncentrosym-
metric semiconductor systems has received considerable
attention [1–26]. Perturbation theory for the light-matter
interaction has been widely used in previous theoretical
approaches [3,4,7,9,10,12]. To the best of our knowledge,
Shelest and Éntin were the first to describe the contribution of
excitonic effects to the photovoltaic effect [4]. Their approach
is based on perturbative calculations using Fermi’s golden

rule. By evaluating Fermi’s golden rule with unbound solu-
tions of the Wannier equation for excitons as the final states,
they obtained the optical transition rate with electron-hole
attraction. In noncentrosymmetric crystals, the asymmetric
electron-hole attraction can result in different transition rates
at momenta ±k and, therefore, lead to a ballistic current.
Though this current has been known for a long time, its
temporal evolution which requires the evaluation of dynamic
equations has rarely been investigated. Recently, microscopic
and nonperturbative calculations for shift currents includ-
ing excitonic effects in bulk semiconductors have been per-
formed [24]. However, ballistic currents were not considered
in these calculations.

In this work, we employ the microscopic approach devel-
oped in Refs. [17,23] to analyze the coherent dynamics of
photocurrents induced by linearly polarized single-frequency
laser pulses in GaAs quantum wells (QWs). By including
the electron-hole interaction, we also obtain, besides shift
currents, ballistic currents which are caused by the asym-
metric electron-hole attraction. The formation of bound ex-
citons leads to several interesting effects which we analyze
below. If the incident light pulse has a sufficiently large
spectral width, it can simultaneously excite multiple exci-
ton states with different energies. The interference between
these excitonic coherences results in coherent excitonic beats.
This phenomenon has been observed by four-wave mixing
experiments [27–29] and here we show that the dynamics
of excitonic wave packets also leads to oscillations of the
ballistic current transients. We furthermore analyze the decay
of photocurrents. We restrict ourselves to the low-density limit
in which carrier-carrier scattering processes can be neglected
and the carrier-phonon scattering dominates the relaxation and
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dephasing dynamics of photoexcited semiconductors. The
carrier longitudinal-optical (LO)-phonon interaction is in-
cluded in our approach on the level of a second-order Born-
Markov approximation.

This paper is organized as follows. In Sec. II, we describe
our theoretical approach, i.e., the derivation of the semicon-
ductor Bloch equations (SBE) in the basis of eigenfunctions
of the 14-band k · p band structure model, which includes the
electron-hole attraction effects and carrier-LO phonon scatter-
ing processes. Numerical results are presented and discussed
in Sec. III. Our main results are briefly summarized in Sec. IV.

II. THEORETICAL APPROACH

In the framework of the envelope function approximation,
the wave function of an electron in a semiconductor QW
grown along the z axis is written as

ψλ
k‖ (r) = 1√

L3
eik‖·r‖uλ

k‖ (r), uλ
k‖ (r) =

14∑
n=1

f λ
nk‖ (z)un(r), (1)

where λ denotes the band index, k‖ = (kx, ky) is the in-plane
wave vector, and un(r) are the basis functions of the 14-band
k · p model. f λ

nk‖ (z) are slowly varying envelope functions
which satisfy the equation

14∑
m=1

[
Hk·p

nm

(
k‖,−i

∂

∂z

)
+ V conf

n (z)δnm

]
f λ
mk‖ (z)

= ελ
k‖ f λ

nk‖ (z). (2)

Here, Hk·p(k) is the 14-band k · p Hamiltonian, V conf (z) is the
band-offset potential of the well, and ελ

k‖ is the band energy.
The 14-band k · p model includes the spin-orbit interaction
as well as the inversion asymmetry of the involved materi-
als [17,23,30].

We now simplify the notation using k instead of k‖. In
the single-particle basis consisting of the Bloch states ψλ

k (r),
we write the many-body Hamiltonian for the photoexcited
semiconductor QW system as [17]

H =
∑
λ,k

ελ
ka+

λkaλk + 1

2

∑
λ1,λ2,λ3,λ4,k,k′,k′′

V λ1λ2λ3λ4
k,k′,k′′ a+

λ1k+k′′a+
λ2k′−k′′aλ3k′aλ4k +

∑
q

h̄ωq(b+
q bq + 1/2)

+
∑

λ,λ′,k,q

gλλ′
k+q,ka+

λk+qaλ′k(bq + b+
−q) + eA(t )

∑
λ,λ′,k

vλλ′
k a+

λkaλ′k, (3)

where a+
λk (aλk) is the creation (annihilation) operator of an

electron at wave vector k in band λ and b+
q (bq) is the creation

(annihilation) operator of a phonon with wave vector q and
energy h̄ωq.

The Coulomb matrix element is given by

V λ1λ2λ3λ4
k,k′,k′′ = Vk′′κ

λ1λ2λ3λ4
k,k′,k′′ , (4)

where Vk = 2πe2

ε∞L2
1
|k| is the ideal two-dimensional Coulomb

potential, and the factor

κ
λ1λ2λ3λ4
k,k′,k′′ =

∫
dz

∫
dz′ e−|k′′ ||z′−z|

×
14∑

n=1

f λ1∗
nk+k′′ (z) f λ4

nk (z)
14∑

n=1

f λ2∗
nk′−k′′ (z′) f λ3

nk′ (z′) (5)

contains the envelope functions and thus the structural char-
acteristics of the material. It is important to note that in
noncentrosymmetric media, κ is not invariant under spatial
inversion, i.e., κ

λ1λ2λ3λ4
k,k′,k′′ �= κ

λ1λ2λ3λ4
−k,−k′,−k′′ . As is shown below,

this missing symmetry is responsible for the appearance of
ballistic currents when excitonic resonances are excited. Since
the k-space Coulomb matrix element is asymmetric, we will
refer to the bound excitonic states as asymmetric excitons.

The matrix element that determines the coupling of elec-
trons to dispersionless LO phonon is written as [10,31]

gλλ′
k+q,k = gqγ

λλ′
k+q,k, (6)

where gq is defined by the Fröhlich relation,

g2
q = 1

2
h̄ωLOVq

(
1 − ε∞

ε0

)
, (7)

and the structure factor γ λλ′
k+q,k reads

γ λλ′
k+q,k =

∫
dz

∑
n

f λ∗
nk+q(z) f λ′

nk(z). (8)

For GaAs, we use h̄ωLO = 36 meV, ε0 = 12.9, and
ε∞ = 10.9.

The light-matter interaction is described in the velocity
gauge which contains the vector potential A(t ) of the light
field and the electron velocity matrix element,

vλλ′
k =

∫
dz

14∑
n,m=1

f λ∗
nk (z)

(
1

h̄
∇kHk·p

)
nm

f λ′
mk(z). (9)

The relation between the vector potential A(t ) and the elec-
tric field E(t ) of the exciting light is given by A(t ) =∫ t
−∞ dt ′E(t ′). The electric field of a linearly polarized

Gaussian light pulse that propagates in the z direction is
described by

E(t ) = E0(cos θ, sin θ, 0)e−t2/2τ 2
L eiωt + c.c., (10)

where E0 is the maximal amplitude, θ is the polarization angle
with respect to the x axis, τL is the duration of the Gaussian
envelope, and ω is the central frequency.

Evaluating the Heisenberg equations of motion for ex-
pectation values xλλ′

k = 〈a+
λkaλ′k〉 and treating the many-body

Coulomb interaction in the time-dependent Hartree-Fock ap-
proximation, we obtain the SBE as [17,32]

d

dt
xλλ′

k = i

h̄

(
ελ

k − ελ′
k

)
xλλ′

k + i
∑

μ

(
�

μλ

k xμλ′
k −�

λ′μ
k xλμ

k

)

+ d

dt
xλλ′

k

∣∣∣∣
scatt

, (11)
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with

�
μμ′
k = 1

h̄

[
eA(t ) · vμμ′

k −
∑

ν,ν ′,k′
V νμν ′μ′

k,k′ xνν ′
k′

]
. (12)

Here, xλλ′
k represents either an occupation (λ = λ′) or a coher-

ence between two different bands or subbands (λ �= λ′) and

we have introduced the notation V νμν ′μ′
k,k′ instead of V νμν ′μ′

k,k′,k′−k
for the Coulomb matrix elements. The term denoted by |scatt

refers to scattering processes. In the low-density limit, the
carrier-carrier scattering rate is small and therefore neglected.
Here we treat the electron LO-phonon interaction on the
second Born-Markov level, which results in the following
scattering contributions for the occupations:

d

dt
xλλ

k

∣∣∣∣
scatt


 2π

h̄2

∑
μ,q

{
δ

(
ε

μ

k+q

h̄
− ελ

k

h̄
− ωq

)∣∣gμλ

k+q,k

∣∣2[
xμμ

k+q

(
1 − xλλ

k

)
(Nq + 1) − xλλ

k

(
1 − xμμ

k+q

)
Nq

]

−δ

(
ε

μ

k+q

h̄
− ελ

k

h̄
+ ωq

)∣∣gμλ

k+q,k

∣∣2[
xλλ

k

(
1 − xμμ

k+q

)
(Nq + 1) − xμμ

k+q

(
1 − xλλ

k

)
Nq

]}
, (13)

and for the coherences (λ �= λ′),

d

dt
xλλ′

k

∣∣∣∣
scatt


 −xλλ′
k

h̄2

∑
μ,q

{[
D

(
ε

μ

k+q

h̄
− ελ′

k

h̄
− ωq

)∣∣gμλ

k+q,k

∣∣2 + D
(

ελ
k

h̄
− ε

μ

k+q

h̄
+ ωq

)∣∣gλ′μ
k,k+q

∣∣2

](
Nq + xμμ

k+q

)

+
[
D

(
ε

μ

k+q

h̄
− ελ′

k

h̄
+ ωq

)∣∣gμλ

k+q,k

∣∣2 + D
(

ελ
k

h̄
− ε

μ

k+q

h̄
− ωq

)∣∣gλ′μ
k,k+q

∣∣2

](
Nq + 1 − xμμ

k+q

)}
, (14)

where D(ω) = ∫ ∞
0 dt eiωt and Nq = [exp (h̄ωLO/kBT ) − 1]−1

is the Bose-Einstein distribution.
The huge number of Coulomb matrix elements that appear

when implementing Eq. (12) numerically is a challenge for
the numerical evaluation. We therefore focus on the most
important ones and take into account the Coulomb matrix
elements V vcc′v′

k,k′ and V cvv′c′
k,k′ , where c, c′ (v, v′) are conduction-

(valence)-band indices, i.e., the matrix elements describing
the electron-hole attraction which give rise to excitonic ef-
fects. The Coulomb interaction between electrons in the con-
duction and in the valence bands and also Auger terms, which
induce interband transitions, are not expected to influence our
results significantly and are neglected.

The dynamics of the photoexcited semiconductor system is
obtained by solving the SBE (11). From the solutions of the
SBE, we compute the density of the charge current induced
by the optical excitation via

j(t ) = e

L2

∑
λ,λ′,k

vλλ′
k xλλ′

k (t ). (15)

The total current j can be separated into a diagonal
contribution,

jball(t ) = e

L2

∑
λ,k

vλλ
k xλλ

k (t ), (16)

describing the ballistic current and an off-diagonal
contribution,

jod(t ) = e

L2

∑
λ,λ �=λ′,k

vλλ′
k xλλ′

k (t ). (17)

As in Refs. [23,24], we use a filter in frequency space to
separate out the low-frequency parts of jod(ω) and an inverse
Fourier transformation to obtain the shift current jshift (t ).

III. NUMERICAL RESULTS AND DISCUSSION

We consider a GaAs/Al0.35Ga0.65As QW of 8 nm thickness
grown along the [110] crystallographic direction. The QW

system is presented in the coordinate system (x, y, z) with x ‖
[001], y ‖ [11̄0], and z ‖ [110]. The band structure of the QW
is obtained from the solution of Eq. (2) using k · p parameters
for GaAs and AlGaAs taken from Ref. [30]. The temperature
dependence of the band gap is described by the Varshni
relation. Our calculations are performed for the temperature
of T = 300 K. In our solutions of the multiband SBE (11),
we include the six energetically highest valence bands, the two
energetically lowest s-like conduction bands, and the six en-
ergetically lowest p-like conduction bands. Evaluation of the
summations over k space and the band indices for the Hartree-
Fock term in Eq. (12) is the most demanding part of the
numerical solution of the SBE. With the total of 14 subbands,
there are 144 = 38 416 combinations of band indices for the
Coulomb matrix elements. By considering only the Coulomb
matrix elements between the six energetically highest valence
bands and the two energetically lowest conduction bands, i.e.,
the electron-hole attraction between the bands that are relevant
when exciting resonantly at or near the band gap, this number
reduces to 62 × 22 = 144 combinations. We discretize the
in-plane k space using a polar grid with 2880 k points. For
the integration of the SBE (11), the fourth-order Runge-Kutta
method with a time step of 0.02 fs is used.

The linear absorption coefficient is given by αi j (ω) ∝
Im[Pj (ω)] (i, j = x, y, z), where Pj (ω) is the j compo-
nent of the Fourier transformed optical polarization P(t ) =
e
∑

c,v,k[ξcv
k xcv

k (t ) + c.c.] with ξcv
k = −ih̄vcv

k /(εc
k − εv

k ). The
interband coherence xcv

k (t ) in the above sum is obtained by
solving the SBE describing the linear optical response,

d

dt
xvc

k = − i

h̄

(
εc

k − εv
k − ih̄/T2

)
xvc

k − i

h̄
eA(t ) · vcv

k

+ i

h̄

∑
c′,v′,k′

V v′cc′v
k,k′ xv′c′

k′ , (18)
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FIG. 1. Linear absorption spectra of a 8 nm (110)-oriented GaAs
QW for light polarization in the x ‖ [001] (red line) and y ‖ [11̄0]
(blue line) direction, respectively.

for excitation with an ultrashort pulse that is linearly polarized
along the i direction. Here, a dephasing time of T2 = 1 ps
was added phenomenologically to describe the decay of the
interband polarizations. The linear absorption spectra of the
QW are shown in Fig. 1 for different light polarization direc-
tions. The spectra exhibit the 1s heavy-hole (e1-hh1) exciton
at h̄ω − Eg = −11 meV, the 2s e1-hh1 exciton at −1.8 meV,
the 1s e1-hh2 exciton at 12 meV, and the 1s light-hole (e1-lh1)
exciton at 17 meV. Here, Eg = 1.474 eV is the band-gap
energy of the QW. As has been received in Ref. [33], the
difference between the absorption amplitudes for different
polarization directions clearly demonstrates the anisotropy of
the QW systems which is contained in the electronic band
structure and the wave functions.

Figures 2(a)–2(c) show the time dependence of the x
components of the ballistic current jball(t ), the shift current
jshift (t ), and the total current j(t ), which are computed using
Eqs. (16), (17), and (15), respectively. These currents are
generated by a linearly polarized Gaussian-shaped laser pulse
with the polarization direction along the y axis. The pulse
duration is of τL = 150 fs, which corresponds to a spectral
width (FWHM) of about 12 meV. The laser pulse has central
photon energies h̄ω which vary from 20 below to 60 meV
above the band gap. With a maximal amplitude of E0 = 5 ×
103 V/cm, we are well within the low-excitation regime, i.e.,
all currents are of second order in the light-matter interaction.

The currents obtained with and without Coulomb interac-
tion are displayed by the solid blue lines and the dashed red
lines in Fig. 2, respectively. When the Coulomb interaction
is neglected, the ballistic current vanishes; see dashed red
lines in Fig. 2(a). With electron-hole attraction, we obtain a
strong ballistic current [see solid blue lines in Fig. 2(a)], which
exceeds the magnitude of the shift current [Fig. 2(b)] and
flows in an opposite direction. Whereas the temporal envelope
of the shift current is determined by the incident laser pulse
intensity, the ballistic currents last much longer and decay due
to dephasing and relaxation processes. For optical excitations
close to the band edge, the ballistic current displays temporal
oscillations when the spectral width of the pulse covers at least
two excitonic resonances. In particular, for a photon energy

detuned by � = −5 meV below the band gap, the current
oscillates with a period of about 490 fs, corresponding to an
energy difference of about h/490 fs = 8.4 meV, which is very
close to the separation of the 1s and 2s excitonic resonances.

To qualitatively explain the oscillations of the ballistic
current, we consider a simple two-band semiconductor model
which includes the interband coherence pk (t ) = xvc

k (t ) and
the occupation nk (t ) = xcc

k (t ) = 1 − xvv
k (t ). Assuming that the

pulse simultaneously excites two excitonic states 1 and 2,
we express the interband coherence as pk (t ) = p̄1,keiω1t +
p̄2,keiω2t , where ω1 and ω2 are excitonic resonance frequencies
and p̄i,k (i = 1, 2) are slowly time-varying functions. We
then separate p̄i,k into a sum of an even and an odd part
as a function of k, p̄i,k = p̄even

i,k + p̄odd
i,k . For weak excitation,

the occupation is approximately given by nk (t ) 
 |pk (t )|2.
Since the ballistic current is evaluated by jball(t ) ∝ ∑

k (vcc
k −

vvv
k )nk (t ), where vcc

k , vvv
k ∝ k, only the odd component of the

occupation with respect to k,

nodd
k (t ) 
 2Re

[
p̄even∗

1,k p̄odd
1,k + p̄even∗

2,k p̄odd
2,k

]
+2Re

[(
p̄even∗

1,k p̄odd
2,k + p̄odd∗

1,k p̄even
2,k

)
ei(ω2−ω1 )t

]
, (19)

contributes to the ballistic current. The first and the second
terms in Eq. (19) correspond to contributions to the DC and
the AC components of the ballistic current, respectively.

Thus the oscillations seen in Fig. 2(a) near � = −5 meV
originate from the interference between 1s and 2s e1-hh1

excitonic wave packets. Similarly, the oscillations near � =
10 and 20 meV are, respectively, linked to e1-hh2 and e1-lh1

excitonic beats, which have longer periods due to the smaller
binding energies.

The oscillation of the ballistic current is somewhat sim-
ilar to that of the two-color photocurrent which has been
theoretically obtained in semiconductor quantum wires [34].
However, for the case of the two-color photocurrent, the
oscillation is due to the interference between the 1s and the
2p excitonic coherences. Unlike the one-color photocurrent,
the two-color photocurrent is induced by optical excitation
with two frequencies ω and 2ω and is a third-order nonlinear
optical process that does not rely on the material symmetry
[34–38].

After generation, the calculated ballistic current decreases
as a function of time. This decay is due to the electron-
LO-phonon scattering. By fitting with an exponential decay
∝exp(−t/τ ), we obtain, for a photon energy of � = 30 meV,
a decay time of τ 
 340 fs. If � is larger than the energy of
the optical phonon h̄ωLO, the current initially decays more
rapidly due to the emission of LO phonons. The decay then
slows down at longer times when the electron kinetic energy
relaxes to a value below h̄ωLO and the LO-phonon emission is
suppressed.

The shift current shown in Fig. 2(b) basically follows
the intensity of the optical pulse, i.e., it has a Gaussian
shape centered at t 
 0. For above-band-edge excitations,
the shift current may also have an oscillatory tail. It was
shown that for bulk GaAs, this contribution is caused by
coherences between the heavy-hole and light-hole valence
bands [24]. In QWs, heavy and light holes are mixed and thus
the coherences between valence subbands lead to oscillations
with frequencies given by the energy spacing between the
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FIG. 2. Time evolution of the x component of (a) the ballistic current, (b) the shift current, and (c) the total current for different photon
energy detunings � = h̄ω − Eg. The currents are calculated with (solid blue lines) and without (dashed red lines) Coulomb interaction. The
polarization direction of light is parallel to the y axis (θ = 90◦). To improve visibility, the currents for different � are shifted vertically.

subbands. In the presence of the electron-hole attraction,
because of the Coulomb enhancement of the absorption, the
shift current is strongly enhanced for excitations near the band
edge. In particular, the shift current shows peaks at � 
 −10
and � 
 10 meV, which are close to the heavy-hole and
light-hole excitonic resonances. Furthermore, we find that
the oscillatory tail of the shift current at photon energies in
between the heavy-hole and light-hole excitonic resonances
(� 
 10 meV) is of the order of a few picoseconds and is
much longer than that at higher photon energies. This can
be explained by the longer dephasing time of the coherence
between heavy-hole and light-hole excitons in comparison to
that of the coherences between uncorrelated holes. Here, we
note that the dephasing times are obtained by a microscopic
calculation using (14). Our results for the oscillatory com-
ponents of the shift current as well as the ballistic current
are in agreement with experimental observations of the Ter-
ahertz emission of GaAs QWs [8,18]. With increasing photon
energy, excitonic effects become less important and, there-
fore, well above the band gap, the results with and without

Coulomb interaction approach each other; see Fig. 2(b). It is
furthermore noteworthy that for � = −20 meV, the excita-
tion is fully nonresonant and in this case the transient appears
in Fig. 2(b) which follows the derivative of the intensity of the
optical pulse and thus originates from optical rectification.

Comparison of the dashed red and solid blue lines of
Fig. 2(c) demonstrates that like the individual contributions,
the experimentally measurable total current j(t ), which is the
sum of jball(t ) and jshift (t ), is also strongly modified by the
electron-hole attraction. Except for the lowest and highest
considered excitation frequencies, jball(t ) dominates clearly
over jshift (t ) and thus the initial maximum of total current
j(t ) is positive. Furthermore, the oscillations originating from
quantum beats between the excitonic states are clearly visible
in the total current. Therefore, the effects obtained from our
numerical analysis should be observable in experiment.

Before examining the dependence of ballistic and shift
currents on the orientation of light polarization, we note that
(110)-oriented GaAs QWs with the symmetry of the C2v point
group have two mirror reflection planes xy and xz. From a
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FIG. 3. Components in the x and y directions of the peak values
of (a) the ballistic and (b) the shift currents as a function of the light
polarization angle θ .

macroscopic symmetry analysis, one obtains, for the second-
order current response, the relations

jx = σ (2)
xxx|Ex|2+σ (2)

xyy |Ey|2, jy = σ (2)
yxyExE∗

y +σ (2)
yyxEyE∗

x . (20)

The x and y components of the computed ballistic and
shift currents versus the light polarization angle θ , which is
defined with respect to the x ‖ [001] direction, are shown in
Figs. 3(a) and 3(b), respectively, for the central photon energy
of h̄ω = 1.474 eV, i.e., corresponding to the band gap. The
ballistic and shift currents are evaluated at their peak values,
i.e., at t 
 100 fs for the ballistic current and t 
 0 fs for
the shift current. The numerical results of Figs. 3(a) and 3(b)
can be formulated as jx = A + B cos 2θ and jy = C sin 2θ and

thus perfectly agree with the above symmetry analysis (20).
Furthermore, Fig. 3 highlights the stronger magnitude of the
ballistic currents and the opposite directions of two currents
for all polarization directions.

IV. CONCLUSION

The dynamical generation and decay of photocurrents in
GaAs QWs induced by linearly polarized single-frequency
laser pulses has been described microscopically. We demon-
strate that the electron-hole attraction gives rise to a strong
ballistic current, which is absent when the Coulomb in-
teraction is neglected, and also enhances the shift current
when exciting near excitonic resonances. The strength of the
Coulomb-induced ballistic current is stronger than that of the
shift current and their directions are opposite. We have also
shown that the coherent dynamics of excitonic wave packets
leads to oscillations in the transients of the ballistic current.

These are general effects that should be present in all non-
centrosymmetric semiconductors. The existence of ballistic
currents solely originating from the asymmetric electron-hole
attraction offers novel possibilities for exploring the coherent
dynamics of excitons. Using appropriate materials and nanos-
tructures, the excitonic energy differences can be tuned and
might be used to generate oscillatory currents with particular
frequencies in the Terahertz range on ultrafast timescales.
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