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Optical Stark effect in type-II semiconductor heterostructures
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Charge-transfer excitons feature a permanent dipole moment introduced by the spatial charge separation of
electron and hole wave functions. This directly influences and qualitatively modifies the coherent nonlinear
optical response monitored in high-quality (Ga, In)As/Ga(As, Sb) type-II heterostructures through an optical-
pump optical-probe experiment. A microscopic analysis based on the semiconductor Bloch equations reveals
that the spatial inhomogeneity native to such type-II heterostructures introduces already on the Hartree-Fock a
finite coupling between excitons of opposite spins which is pivotal for optical Stark effect experiments. This
result in a blueshift of the charge-transfer exciton when pumping below the resonance for both, co-circular
and counter circular polarization configurations, contrary to well-known and observed shifts of spatially direct
exciton resonances.
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I. INTRODUCTION

The nonlinear optical response of excitons has been a
topic of great interest in condensed-matter physics for several
decades [1,2]. In particular, the nonlinear optical response
of spatially direct excitons has been extensively investigated.
These quasiparticles dominate the spectral responses in the
vicinity of the band gap and are very pronounced in low-
dimensional systems such as two-dimensional (2D) materials
or, historically, in type-I semiconductor quantum well (QW)
systems. The quality of the latter structures have been con-
tinuously advanced for many decades, which has consistently
led to a deeper understanding of the underlying microscopic
physics [1,3–5]. Consequently, semiconductor QW structures
are at the heart of many virtually indispensable devices such
as semiconductor lasers. This presumably most wide-spread
technological application relies on population inversion or,
physically speaking on the charge-carrier dynamics. Oth-
ers, particularly switching applications more often rely on
even faster electric field related effects such as the quantum-
confined Stark effect [6]. It is widely used in the development
of electro-optic modulators [5,7], optical switches [8,9], opto-
electronic logic [10], and similar devices. The related optical
Stark effect in semiconductor quantum structures is lately
being applied in the growing fields of quantum information
processing [11,12] and quantum cryptography [13,14].

Recently, high-quality type-II heterostructures featuring
spatially indirect charge-transfer excitons (CTXs) as the
lowest-energy resonances have become available [15–18].

*sangam.chatterjee@physik.uni-giessen.de

These structures are composed of two different materials
with different band offsets, creating a type-II band align-
ment at their interface. This inherently results in a spatial
separation of the electron wave functions and the hole wave
functions. In turn, several significant differences compared
with the established type-I QW systems result such as the
CTXs featuring a nonzero permanent dipole moment. Most
prominently, however, the type-II transition is shifted toward
lower energies. Consequently, such heterostructures appear
ideal for laser applications in the near infrared and midin-
frared, e.g., as active media in W-type semiconductor laser
structures [19–21]. They feature a broad gain bandwidth [18]
while exhibiting lower Auger losses in the constituent mate-
rials [22–24]. These advantageous features should also render
such structures viable candidate systems for other devices
exploiting their nonlinearities. However, their coherent non-
linear response remains virtually unexplored to date. Previous
studies on the influence of carrier-order correlation effects
have focused on pump-probe (PP) experiments in type-I
heterostructures [25–28]. To comprehend the fundamental
physical properties of CTXs more closely, it is essential to
consider the spatially separated excitations, which inherently
result in a net permanent dipole moment. Furthermore, they
exhibit a finite coupling between excitons with opposite spins,
which is already present on the Hartree-Fock (HF) level [29].
This coupling plays a crucial role for absorption changes
when opposite circularly polarized pump and probe pulses are
employed for studying the optical Stark effect.

In this paper, we discuss the influence of carrier-correlation
effects on the pump-induced absorption and present an analy-
sis in the coherent χ (3) limit [26,27,30–36]. Section II presents
the type-II QW structure, including the relevant selection
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rules, gives the relevant details about the PP setup, summa-
rizes the experimental parameters, and presents prototypical
data for the nonlinear optical response. These are analyzed
using a microscopic theory based on the semiconductor Bloch
equations (SBE) [34,35] incorporating coherent biexcitonic
many-body correlations up to the third order in the opti-
cal fields. Section III, introduces this, briefly describing the
one-dimensional (1D) tight-binding model by introducing the
relevant equations of motion to determine the nonlinear re-
sponse within the coherent χ (3) limit. This work focuses on
the nonlinear optical response of CTX resonance for excita-
tions detuned below its transition energy and compares with
the established observations for the energetically higher type-I
exciton transitions as a reference. Varying the magnitude of
the permanent dipole moment contribution clearly dominates
the spectral changes observed at the CTX transition energies
while having virtually no influence on the spatially direct
transitions because they do not feature any such contribu-
tion. The comparison of the differential absorption spectra in
Sec. IV shows the qualitatively excellent agreement between
experiment and theory. The microscopic analysis thus clearly
reveals that the spatial inhomogeneity native to CTXs re-
sults in additional Coulomb related contributions. Therefore,
these additional contributions to the pump-induced absorption
changes need to be considered even at the HF level to cor-
rectly describe the CTX dynamics for all high-quality systems
containing charge-transfer contributions, including molecular
heterostructures or 2D heterostructures unless such intricate
intrinsic spectral features are fogged by disorder or defect-
related signatures.

II. EXPERIMENTAL SETUP AND PROCEDURES

A 5 kHz repetition rate regenerative amplifier system gen-
erates 50 fs pulses centered around 800 nm with a pulse
energy of 1.6 mJ. Approximately 30% of the amplifier emis-
sion is used to generate a white-light supercontinuum in a
6-mm-thick sapphire crystal, while the remaining 70% drives
an optical parametric amplifier (OPA). The main output of the
OPA provides short pulses with tunable central wavelength.
These are spectrally tailored, using a grating pulse shaper set
up in reflection geometry, to a full width at half maximum
(FWHM) of about 2.71 meV/1.6 nm resulting in a pulse
duration of 1.04 ps. The excitation beam is focused onto the
sample to a spot size of 300 µm diameter. The sample is
held at liquid helium temperatures in a cold-finger cryostat.
A wedge beam splitter divides the white-light beam into two.
One part serves as a reference pulse which is directly propa-
gated to the spectrometer. The other part is focused to a spot
diameter of 200 µm on the sample where it probes the sam-
ple’s excitation-induced absorption changes. Both white-light
beams are spectrally analyzed using an imaging spectrometer
equipped with a 600 lines/mm grating and a scientific com-
plementary metal-oxide semiconductor (sCMOS) camera (see
Fig. 1). It has 2160 lines that can be read out individually and
allows multiple lines to be combined into a region of interest
(ROI). The imaging allows for reading out both pulses simul-
taneously and independently. This enables the comparison of
spectra between the two pulses, leading to the calculation of a
transfer function Tf that converts the spectrum of the reference

FIG. 1. (a) Schematic of the experimental setup for optical
pump-optical probe measurements, incorporating a pulse shaper for
the pump pulse. Two wedge beam splitters are employed to estab-
lish a reference path, compensating for white-light fluctuations, in
conjunction with a sCMOS chip and a transfer function. Mechanical
shutters are utilized to capture background and photoluminescence
spectra, as well as to measure the transmission through the sample.
(b) The linear absorption spectrum of the sample (black line) super-
imposed with the applied pump pulse (shaded orange) at an energy
of 1.448 eV (4.8 meV below the CTX). The inset illustrates the
schematic band structure of the sample, emphasizing the spatially
indirect CTX transition indicated by an arrow within a type-II het-
erostructure system.

pulse (Tref) into the spectrum of the pulse transmitted through
the unexcited sample. Consequently, introducing the optical
excitation then simultaneously determines the transmission
through the excited sample (TP) and the transmission through
the unexcited sample (T0). Taking into account the photolumi-
nescence background (TPl) and the scattered light background
(TBg) in both paths at the beginning of each set of pump pulse
parameters then yields the differential absorption �αL for
each time step according to

�αL = − ln

(
TP − TPl

Tf
(
Tref − TBg

)
)

. (1)
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Furthermore, removing the sample from the beam path yields
the transfer function that converts the reference path to the
spectrum of the pulse transmitted through the sample holder.
The sample is then placed back into the beam path, allowing
us to measure the transmission through the unexcited sample
and calculate the linear absorption.

The sample under investigation is a type-II band align-
ment multi QW sample grown using metal organic vapor
phase epitaxy in an AIXTRON AIX 200 Gas Foil Rota-
tion (GFR) reactor system. The active layer of the type-II
system comprises 50 repetitions of compressively strained
(Ga, In)As/GaAs/Ga(As, Sb) layers, which are separated
by thick, tensilely strained GaAs/Ga(As, P)/GaAs barriers.
The latter provide strain compensation and electronic de-
coupling of the individual repetitions. High-resolution x-ray
diffraction and atomic force microscopy analyses confirm the
layer thicknesses of 7.7, 7.5, and 1 nm for Ga0.942In0.058As,
GaAs0.967Sb0.033, and the GaAs interlayer, respectively [15].
In these compositions, the maximum of the electron wave
function in the conduction band is in the (Ga, In)As layer,
while the center-of-gravity of the highest energy hole wave
function in the valence band is in the Ga(As, Sb) layer. The
intentionally low concentrations of In and Sb result in shallow
QWs with depths of only a few tens of meV. In combination
with the electronically almost negligible thin interlayer, this
leads to a significant overlap of the electron and hole wave
functions. Consequently, these high-quality heterostructures
show several clearly resolved resonances in the linear absorp-
tion spectrum, exhibiting significant oscillator strength. The
lowest-energy transition is associated with the CTX and is
clearly visible despite the lower oscillator strength expected
for spatially separated transitions. The higher-energy reso-
nances are associated with spatially direct exciton transitions.
Figure 1 shows the linear absorption of the unexcited type-II
sample (black line). The linear absorption spectrum reveals
three distinct peaks at 1.452, 1.467, and 1.487 eV. The lowest
energy peak corresponds to the CTX transition, the other
two to the type-I heavy-hole exciton peak in the (Ga, In)As
layer and the Ga(As, Sb) layer, respectively. A fourth peak at
1.478 eV is attributed to the transition from the first hole state
in Ga(As, Sb) to the second electron state in the (Ga, In)As
quantum well. The light holes are intentionally shifted to
higher energies due to residual strain to result in more clear
polarization-resolved features.

III. THEORETICAL DESCRIPTION

The SBE represent a powerful framework to describe the
optical properties of virtually all semiconducting systems.
Due to their microscopic nature, i.e., the inclusion of relevant
states and processes in the system Hamiltonian and the sys-
tematic treatment of many-body interactions, they even offer
predictive capabilities including the interplay and formation
as well as decay dynamics of many-body correlations [37,38].

The description of heterostructures featuring charge-
transfer excitons requires the inclusion of a nonlocal dipole
interaction, i.e., the permanent dipole moment of the charge-
transfer exciton in addition to its interband transition dipole
moment. This permanent dipole moment is not present for

FIG. 2. Schematical illustration of the energetically lowest opti-
cal interband transitions within a type-II QW system. The selection
corresponds to zincblende materials, such as GaAs-based semicon-
ductor nanostructures. The numbers label the considered heavy-hole
valence bands and the conduction bands.

quasiparticles in spatially symmetric systems such as excitons
in type-I quantum wells.

Therefore, to theoretically describe the optical excitations
of the type-II quantum-well system investigated here, besides
spatially direct optical intrawell transitions, also spatially in-
direct optical interwell transitions need to be considered. In
the latter process, the photoexcitation moves the electron from
one well to the other. The interband excitations with the low-
est energies can qualitatively be described by the six level
scheme given in Fig. 2. This scheme visualizes the relevant
polarization selection rules for the interband transitions that
start from the energetically highest heavy-hole bands of the
two quantum wells. The type-I intrawell optical transitions are
given by the well-established selection rules for zincblende
materials near the � point, i.e., circularly polarized light la-
beled by the subscripts “direct” [34,35]. The spatially indirect
transitions of the type-II heterostructure are accounted for
by including two additional valence bands (v3,4) which are
located in the other well. These optical transitions also follow
the well-established selection rules for zincblende materials,
i.e., involve circularly polarized transitions which are labeled
by the subscripts “indirect.” As described in Sec. II, in the
investigated type-II heterostructure the transition frequency
of the indirect excitations is smaller than that of the direct
excitations.

It has been shown in several previous studies that
many-body correlations, i.e., terms describing effects of the
many-body Coulomb interaction beyond the time-dependent
Hartree-Fock approximation, are required in order to properly
describe the dependence of pump-probe and four-wave-
mixing experiments on the polarization directions of the
incident pulses, see, e.g., Refs. [26,27,33,34,35].

In this paper, we include biexcitonic coherences which rep-
resent four-particle correlations within the framework of the
coherent χ (3) limit in our theoretical and numerical analysis.
Numerically, we evaluate the resulting SBE for a one-
dimensional tight-binding model, see, e.g., Refs. [26,27,34–
36].

We extend the models used previously by adding the indi-
rect transitions including the permanent dipole moment of the
charge-transfer exciton.

The Hamiltonian that describes the nonlinear optical re-
sponse is given by [34,35]

Ĥ = Ĥ0 + ĤL−M + ĤC. (2)
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It includes the single-particle Hamiltonian Ĥ0, the dipole in-
teraction between light and matter ĤL−M , and the many-body
Coulomb interaction ĤC . The Hamiltonian ĤC contains the
repulsion between electrons, the repulsion between holes,
and the electron-hole attraction and gives rise to the forma-
tion of bound electron-hole complexes such as excitons and
biexcitons.

As is well known, the many-body Coulomb interaction
ĤC introduces an infinite hierarchy problem where lower-
order equations of motion couple to higher orders. Here,
we truncate the many-body hierarchy by limiting the opti-
cal response to the third-order and additionally assume fully
coherent dynamics, i.e., we apply the dynamics-controlled
truncation scheme to obtain the SBE in the coherent χ (3)

limit [18,26,27,30,32,34–36].
This yields a closed set of differential equations that

describe the coupled dynamics of single-exciton pvc
12 and

two-exciton coherences B
v′c′vc
ba12 . For the one-dimensional tight-

binding model the equation of motion for the single-exciton
coherence reads [26,35,36]

−ih̄
d

dt
pvc

12 = −
∑

j

T c
2 j pvc

1 j −
∑

i

T v
i1 pvc

i2 + V vc
12 pvc

12

+ E(t ) ·
[(

μvc
12

)∗ −
∑
abv′c′

(
μvc′

1b

)∗(
pv′c′

ab

)∗
pv′c

a2

+ (
μv′c

b2

)∗(
pv′c′

ba

)∗
pvc′

1a

]

+
∑
abv′c′

(
V c′c

a2 − V c′v
a1 − V v′c

b2 + V v′v
b1

)
× [(

pv′c′
ba

)∗
pv′c

b2 pvc′
1a − (

pv′c′
ba

)∗
pv′c′

ba pvc
12

− (
pv′c′

ba

)∗
B

v′c′vc
ba12

]
. (3)

Here, the subscripts i and j denote sites in real space. The
considered relevant valence and conduction bands are labeled
by v = 1, 2, 3, 4 and c = 1, 2, respectively, see Fig. 2. The
matrices T v/c

i, j include the energies of electrons and holes
on their diagonals and the tight-binding coupling in the first
off-diagonals. The equation of motion for the single-exciton
amplitude, Eq. (3), includes in the first line the band energies
and tight-binding couplings, and the electron-hole attraction
V vc

12 . The second and third lines of Eq. (3) describe the light-
matter interaction including the linear source term [E(t ) · μ]
and nonlinearities which are known as Pauli-blocking or
phase-space filling [E(t ) · μp∗ p] [34,35,39]. The Coulomb
interaction gives rise to two inhomogeneities, the first-
order Coulomb interaction (CI1st ∝ p∗ pp), which represents
a nonlinearity that arises in the time-dependent Hartree-Fock
approximation, and the term (CIcorr ∝ V p∗B) [26,33], which
describes biexcitonic many-body correlations. Due to the ad-
ditive appearance of the different inhomogeneities in Eq. (3)
the contributions to the differential absorption from the three
nonlinear processes can be analyzed separately and the total
signal is simply given by their sum. The equation of motion

for the two-exciton coherence B
v′c′vc
ba12 is given by [26,35,36]

−ih̄
d

dt
B

v′c′vc
ba12 = −

∑
i

(
T c′

2i B
v′c′vc
ba1i + T v′

i1 B
v′c′vc
bai2

+ T c′
ai B

v′c′vc
bi12 + T v′

ib B
v′c′vc
ia12

)
+ (

V v′c′
ba + V v′c

b2 + V vc′
1a + V vc

12

− V v′v
b1 − V c′c

a2

)
B

v′c′vc
ba12

− (
V v′c′

ba + V vc
12 − V v′v

b1 − V c′c
a2

)
pvc′

1a pv′c
b2

+ (
V vc′

1a + V v′c
b2 − V v′v

b1 − V c′c
a2

)
pv′c′

ba pvc
12. (4)

The first two lines of Eq. (4) contain the electronic energies
and the tight-binding couplings. The third line includes the
six terms describing the Coulomb interaction between the
four particles, i.e., the four attractive electron-hole interac-
tion terms and the two repulsive ones between two electrons

and two holes, respectively. The two-exciton amplitude B
v′c′vc
ba12

describes both bound biexcitons, which can form by the at-
tractive interaction between two excitons with opposite spin,

and unbound continuum states. The sources of B
v′c′vc
ba12 are

induced by the many-body Coulomb interaction V pp.
For type-I structures, the linear response originating from

intrawell excitations is fully described by p11 and p22. Ad-
ditional contributions from the interwell exciton coherences
p31 and p42 have to be considered for type-II structures.
Two-exciton coherences B are generated in second order by
interacting once with the pump and once with the probe field.
For co-circular excitation conditions (σ+σ+), only unbound
continuum states are excited, whereas bound biexcitons con-
tribute for counter-circularly polarized fields (σ+σ−). The
total nonlinear response in third order within the coherent χ (3)

limit is given by p11 (X), p22 (X), p31 (CTX), and p42 (CTX).
The nonlinear optical response depends strongly on the

polarization directions of the pump and probe fields. We there-
fore account for the vector nature of the dipole matrix element
μ, the electric field E, and the resulting optical polarization P.
The latter is obtained by summing up over all microscopic
single-exciton polarizations P [34,35]:

P =
∑
i jvc

μvc
i j pvc

i j . (5)

The experiment is performed with two pulses that prop-
agate in the directions k1 and k2. Hence, we describe the
incident electric field within the rotating wave approximation
(RWA) by [26,35]

E(t ) = e1E1(t )ei(k1·r−ω1t ) + e2E2(t )ei(k2·r−ω2t ),

with E1(t ) ∝ e
−

(
t+τ
�t1

)2

and E2(t ) ∝ e
−

(
t

�t2

)2

. (6)

The polarization vectors of the electric fields are denoted e1

and e2, ω1 and ω2 (�t1 and �t2) represent their central fre-
quencies (duration), respectively, and τ denotes the time delay
between the two pulses. Following Refs. [26,34,35] we obtain
the differential absorption which is measured in a pump-probe

075301-4



OPTICAL STARK EFFECT IN TYPE-II SEMICONDUCTOR … PHYSICAL REVIEW B 109, 075301 (2024)

experiment via

�α(ω, τ ) ∝ Im

[∫
(e2)∗ · δP(t, τ )eiωt dt

]
. (7)

The numerical parameters in this simulation are quite simi-
lar to those used in several previous studies, see, e.g., Ref. [35]
and references therein. These values are chosen in order to
match known properties of the investigated quantum-well
systems, e.g., the exciton and biexciton binding energies, as
well as the dephasing times, and the strength of exciton res-
onances in the linear absorption. Here we use tight-binding
couplings T v/c

i j = Jv/c with |i − j| = 1 of Jc = 14 meV and
Jv = 0.7 meV describing the couplings between neighboring
sites in the conduction bands and the heavy-hole (hh) bands,
respectively.

The dipole matrix elements are denoted μvc
i j and the non-

vanishing transitions are given by

μ11
i j = δi j

μtype I√
2

(
1
i

)
, μ22

i j = δi j
μtype I√

2

(
1
−i

)
,

μ31
i j = δi j

μtype II√
2

(
1
i

)
, μ42

i j = δi j
μtype II√

2

(
1
−i

)
. (8)

Thus there is no optical coupling between the spin subspaces,
i.e., μ12

i j = μ21
i j = 0 and μ32

i j = μ41
i j = 0. For the relative

strength of the direct and indirect dipole matrix elements we
use μtype II = 0.4μtype I which provides good agreement with
the measured ratio of the optical absorption of the direct and
the indirect exciton. Additionally, we use phenomenological
dephasing times 1

γp
and γB = 2γp. The dephasing times of

the X and CTX are taken as Tp = 0.8 ps and Tp = 4 ps,
respectively, which again matches experimental results [17].

The Coulomb matrix elements are given by

V νν ′
i j = U0

1

|i − j| + aνν ′ , (9)

with the regularization parameter aνν ′
. For the Coulomb inter-

actions within a quantum well, the regularization parameter
is chosen, as in several previous studies, see, e.g., [35] and
references therein, as aX = 0.5. Together with taking the
strength of the interaction as U0 = 8.3 meV this leads to a
binding energy of the direct exciton X of about 7 meV and
also a binding energy of the direct biexciton which matches
experimental results [15]. To describe the reduced attraction
between electrons and holes in different quantum wells the
regularization parameters a31 and a42 are increased to aCT X =
0.72 which leads to a CTX binding energy of about 4.7 meV,
in agreement with experiment.

Within our model, for type-I QW systems the differential
absorption for counter-circularly polarized pump and probe
pulses (σ+σ−) is entirely given by the correlation contribution
CIcorr [26,27,35].

For σ+σ− excitation the Pauli blocking (PB) contribu-
tion vanishes since the optical transitions do not couple
the two spin subspaces. The CI1st Hartree-Fock contribution
∝pv′c′∗

ba pv′c′
ba pvc

12 has a structure that in general may lead to a

coupling between the spin subspaces:

∂t pvc
12 ∝

∑
abv′c′

(
V c′c

a2 − V c′v
a1 − V v′c

b2 + V v′v
b1

)(
pv′c′

ba

)∗
pv′c′

ba pvc
12.

(10)
However, for homogeneous systems the right-hand side of
Eq. (10) vanishes. This can be easily understood by the fact
that, in a homogeneous system, the relation pvc

ba = pvc
ab is ful-

filled since the electron-hole coherence depends only on the
relative distance. Thus, the product between the coherences
on the right-hand side of Eq. (10) is a symmetric function
g(a, b) = g(b, a) = (pv′c′

ba )∗ pv′c′
ba pvc

12 = (pv′c′
ab )∗ pv′c′

ab pvc
12 with re-

spect to interchanging the site indices a and b. However,
the prefactor f (a, b) = (V c′c

a2 − V c′v
a1 − V v′c

b2 + V v′v
b1 ) changes

its sign when a and b are interchanged. Consequently, the
sum over the sites a and b appearing in Eq. (10) vanishes
and a CI1st contribution does not exist in a homogeneous
system [26,27,29,35].

The situation changes when spatially indirect transitions
are included by the valence bands v = 3, 4, see Fig. 2. In
this case pvc

ba = pvc
ab is still fulfilled and a and b denote spatial

sites in a direction within the plane of the quantum wells.
However, f (a, b) = (V c′c

a2 − V c′v
a1 − V v′c

b2 + V v′v
b1 ) is no longer

asymmetric with respect to interchanging a and b because we
have to take into account the different Coulomb interactions
within one well and between the two wells, i.e., the different
regularization parameters aX and aCT X . This leads to a finite
coupling of the spin subspaces already on the time-dependent
Hartree-Fock level which, as is shown below, significantly
modifies the nonlinear optical response of the CTX. As a
result, in particular, the polarization direction dependence of
the absorption changes at the CTX differ qualitatively from
that at the direct exciton.

IV. RESULTS AND DISCUSSION

Experimental differential absorption signals (�αL) ob-
tained at optimal temporal overlap for circularly polarized
pump and probe pulses are presented in Fig. 3. The left-hand
panel depicts the data for the co-circular polarization geome-
try while the right-hand panel presents the corresponding data
for the counter-circular polarization-geometry data. Signifi-
cant differential absorption signatures are only observed when
the pump and the probe overlap in time. Both polarization
configurations exhibit similar spectral characteristics in the
differential absorption of the CTX resonance. This includes a
discernible bleaching signature accompanied by a substantial
blueshift, which remains consistent regardless of the polariza-
tion configuration of the pump and probe pulses. However,
the differential signal is more pronounced for co-circular
polarization compared with the counter-circular polarization
configuration.

These coherent nonlinear optical responses of the CTX
distinctly contrast the AC Stark effect observed in spatially
direct QWs [27,40,41]. Notably, the nonlinearities for the
spatially direct exciton resonances in the type-II heterostruc-
ture show a behavior consistent with the well-established AC
Stark effect in spatially direct structures where lower energy
states for electrons or holes are not present in adjacent lay-
ers. Co-circularly polarized pulses induce a blueshift in the

075301-5



F. SCHÄFER et al. PHYSICAL REVIEW B 109, 075301 (2024)

FIG. 3. Differential absorption signals (�αL) obtained experimentally for various pump pulse densities. Panel (a) shows data for the
co-circular polarization geometry, while panel (b) shows data for the counter-circular polarization geometry. For reference, the linear absorption
spectrum of the sample is given as a gray-shaded area. Both polarization configurations show a blueshift and a bleaching of the CTX absorption
line while the spatially direct exciton in the (Ga, In)As layer (1.467 eV) exhibits the established responses, i.e., a blueshift for co-circular
polarization and a redshift for counter-circular polarization of the pump and probe pulses. The solid black lines in both graphs represent the
theoretical curves, normalized with respect to the minimum of the direct exciton absorption signal for the maximum pump density.

spatially direct resonance, while counter-circularly polarized
pulses result in a redshift. This observation effectively negates
any suggestions that the blueshift observed for the CTX could
be attributed to disorder-induced effects.

Comparing the differential absorption spectra of the two
types of QW excitons, namely, CTX and spatially direct ex-
citons, in a PP configuration reveals key differences in their
nonlinear response when pumping below the CTX resonance.
These differences are a direct consequence of the distinct spa-
tial configurations of the electrons and holes in the two types
of structures. Comparing the experimental pump-induced ab-
sorption changes to the results from the calculations in Fig. 3
clearly shows that the theory correctly describes the AC Stark
effect at both, the CTX and the type-I exciton resonance
of the (Ga, In)As QW at 1.467 eV [27]. Specifically, both
theory and experiment reveal a slightly asymmetric blueshift
accompanied by a decrease in absorption at the CTX res-
onance for both polarization configurations. The nonlinear
response at the CTX resonance exhibits similarities to the
blueshift observed at the direct excitons in the (Ga, In)As
layer when employing co-circularly polarized pulses. How-
ever, the additional bleaching of the absorption is specific to
the CTX resonance and is not observed at the regular exciton
resonance. This high level of agreement indicates that the out-
lined theoretical framework effectively captures all necessary
features. The few remaining differences between the experi-
mental and calculated spectra, particularly in the amount of
bleaching at the CTX resonance for co-circularly polarized
pulses, suggest the presence of additional factors influencing
the nonlinear response at the CTX resonance that are not
accounted for in the current theoretical analysis. A clear dis-
tinction in the response of the CTX compared with the type-I
excitons becomes apparent for counter-circular polarization
conditions. In this scenario, the CTX resonance exhibits a
blueshift, contrasting with type-I QW heterostructures where
the presence of bound biexcitons leads to a redshift. The ori-
gin of this blueshift becomes evident through the theoretical

switch-off analysis shown in Fig. 4. Here, only the first-order
Coulomb interaction leads to a blueshift of the CTX resonance
for a counter-circular polarization geometry. This first-order

FIG. 4. Variation of the CTX binding energy with a fixed
excitation detuning of 6 meV below the CTX resonance for counter-
circular pump-probe polarizations. The dashed line corresponds to
the first-order Coulomb contributions, while the dotted line rep-
resents higher-order Coulomb correlations. At low CTX binding
energies, the first-order contributions dominate, inducing a net
blueshift. Conversely, for high CTX binding energies, the higher-
order correlations become prominent, leading to a redshift of the
CTX. Please note that the zero of the energy scale corresponds to
the CTX resonance and the CTX components are multiplied by a
factor of two for better visibility.
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FIG. 5. 2D representation of the dynamics of the �αL signals in both experiment and theory. The top row shows the co-circular polarization
configurations for experiment (left) and theory (right). The bottom row shows the corresponding counter-circular polarization configurations.
To enhance visibility, both the minimum value of the differential absorption in all contour plots is normalized to −1 at the energy associated
with the type-I exciton transition in the (Ga, In)As layer and the lower-energy parts of the spectra containing the CTX (left side of the dotted
line) are magnified by the factors are given in the respective bottom-left corners.

Coulomb interaction is uniquely present in inhomogeneous
systems and dominates the redshifting higher-order correla-
tions for CTX binding energies below 6 meV.

Closely analyzing the CI1st term reveals that the hole and
electron involved correspond to spatially separated layers,
with v = 4 and c = 2, respectively.

Performing calculations for different binding energies of
the CTX (which is achieved by varying the regulariza-
tion parameter aCT X which is described in Sec. III) for a
fixed-detuning of 6 meV below the CTX resonance yields ob-
servable changes in the absorption response (refer to Fig. 4).
A comparatively small binding energy of 4.7 meV, which
describes the experimental data well, leads to a blueshift.
Increasing the CTX binding energy in the theoretical cal-
culations to around 6 meV leads to the appearance of a
bleaching effect only. Here, the first-order contributions and
the higher-order correlations are approximately equal and
compensate each other. Any further increases of the binding
energy weaken the first-order effect while the higher-order
effects persist which then results in a redshift of the signal
rather than the originally observed blueshift. Notably, at the

direct X resonance, only the signal amplitude changes for
the different CTX binding energies, while the spectral shift
consistently remains a redshift.

The theoretical framework extends beyond spectral prop-
erties to include dynamic predictions within the coherent χ (3)

limit, which is applicable to negative time delays and near zero
time. This dynamic facet of the analysis is visualized in Fig. 5,
where we compare the temporal dynamics of the observed AC
Stark shifts between experimental data and theory. Remark-
ably, our theoretical model not only impeccably reproduces
the spectral properties when there is perfect temporal over-
lap of pump and probe pulses but also provides an accurate
description of the temporal evolution of the AC Stark shifts.
In particular, we find excellent agreement between the exper-
imental and theoretical dynamics of the AC Stark shift for
both the CTXs and type-I excitons, for both the co-circularly
polarized pulses and the counter-circularly polarized pulses.
However, for the latter case, the type-I transition exhibits a
slightly delayed appearance of the redshift in the experimen-
tal results compared with the blueshift observed in the CTX
resonance which is not reflected in our theoretical predictions.
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Additionally, a minor deviation between theory and ex-
periment surfaces at later delay times. Here, the experiment
reveals weak spectral features due to residual incoherent
excitons in the sample not considered in the theoreti-
cal framework. Overall, the remarkable agreement between
theory and experiment underlines the comprehensive capa-
bility of our applied theoretical framework. It successfully
predicts not only the spectral properties but also the intri-
cate temporal dynamics, thereby providing valuable insights
into the underlying nonlinear physics governing type-II
systems.

V. CONCLUSION

We present a comprehensive experimental and theoretical
analysis aimed at revealing the microscopic mechanism be-
hind the optical Stark effect in charge-transfer excitons in
high-quality (Ga, In)As/Ga(As, Sb) type-II heterostructures.
The experimental pump probe spectra are well described by a

microscopic model based on the SBE taking into account the
permanent dipole moment inherent to the CTXs. A switch-off
analysis reveals its importance for the observed differential
absorption features and how it results in a blueshift of the
CTX resonance for both, co-circular and counter circular po-
larization configurations, contrary to shifts of spatially direct
exciton resonances.
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