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Phase relaxation control in heterostructures featuring charge-transfer excitons
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Type-II quantum well heterostructures are considered high-potential candidates for next-generation active
semiconductor devices. They promise low fundamental transition energies and suppressed Auger scattering
as well as temperature stability in device performance. Understanding their fundamental properties, such as
scattering and diffusion, and revealing intricate differences from type-I quantum structures are important steps
towards optimized structure design. Using degenerate four-wave mixing spectroscopy, we investigate the phase
coherence of excitonic polarizations in a (Ga,In)As/GaAs/Ga(As,Sb) type-II double-quantum-well structure. It
is designed to exhibit spectrally isolated resonances in its linear absorption spectrum including a well-resolved
charge-transfer exciton resonance. This allows us to study the coherent dynamics of the unperturbed charge-
transfer exciton polarization. In addition, the effects of many-body interactions with free charge carriers as well
as excitons that are injected by an optical prepulse are revealed. Scattering of charge-transfer excitons with
free charge carriers is three times more efficient than scattering of charge-transfer excitons with each other. The
comparison with Wannier excitons in a type-I quantum well structure shows that the interaction strength between
charge-transfer excitons is about twice as large as for excitons in a type-I quantum well structure.
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I. INTRODUCTION

Most modern electrical and optoelectronic devices consist
of complex semiconductor heterostructures. These are contin-
uously decreased in size yet increase in complexity due to the
advancing miniaturization of solid-state devices. They often
comprise hundreds of individual layers with thicknesses in
the nanometer regime [1,2]. Consequently, the properties of
internal interfaces between different semiconductor materials
are increasingly important, as they affect their electro-optical
properties and, consequently, the device performances [3,4].

So-called type-II quantum well (QW) heterostructures are
a promising system to study the influence of internal interfaces
on the charge-carrier dynamics [5–7]. In such systems, the
conduction band minimum and the valence band maximum
are localized on different sides of an internal interface. The
attractive interaction between electrons and holes may cause
the formation of excitons that are indirect in real space, com-
monly termed charge-transfer excitons (CTXs). These CTXs
are perfect sensors for the investigation of interface properties
as they are delocalized across internal interfaces. Unfortu-
nately, the weak overlap of the composite electron and hole
wave functions and resulting low oscillator strengths render
them rarely accessible to absorption spectroscopy, hindering
direct optical excitation of coherent CTXs [8]. Consequently,
virtually exclusively the spatially direct transitions in type-
II-like structures have been studied via four-wave mixing
(FWM) spectroscopy in the past [9–11]. The spatially indirect
transitions have only been accessible via photoluminescence
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spectroscopy, which is more readily amenable to the lowest-
energy transitions [12,13]. However, the sophisticated sample
design consisting of a (Ga,In)As and a Ga(As,Sb) layer sepa-
rated by an extremely thin GaAs interlayer and encapsulated
by GaAs barriers allows for the observation of a CTX reso-
nance in the linear absorption spectrum [14,15]. This enables
resonant excitation of CTXs and, thus, detailed analysis of
their previously inaccessible coherent dynamics.

In this paper, we investigate the coherent dynamics of
CTXs in a type-II quantum well structure by four-wave
mixing spectroscopy. In particular, we report on the phase
coherence of a CTX polarization in the presence of incoherent
populations of excitons or free carriers that are injected by
an additional prepulse. Analyzing the phase coherence time
T2 in terms of the present charge-carrier density reveals the
collision-rate parameters for collisions between a CTX po-
larization and either incoherent CTXs or spatially separated
incoherent charge carriers. The comparison with experiments
on a type-I quantum well structure reveals the specific char-
acteristics related to the spatially indirect nature of electrons
and holes in the type-II quantum well sample: Exciton-exciton
scattering is more efficient for CTXs than for their counter-
parts in type-I quantum wells. This is tentatively ascribed to
the larger fermionic character of the CTXs compared with the
Wannier-type excitations in type-I quantum wells due to the
delocalization across the interface.

II. SAMPLE DESIGN

The four-wave mixing experiments are performed on two
different quantum well heterostructures grown by metal or-
ganic vapor phase epitaxy in an AIXTRON AIX 200 Gas Foil
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TABLE I. The homogeneous (�homo) and inhomogeneous
(�inhomo) linewidth of the different excitonic absorption peaks in
the type-I and type-II samples derived from Voigt fits. The phase
coherence time T2 corresponding to the homogeneous linewidth is
calculated via T2 = 2h̄

�homo
.

�homo (meV) �inhomo (meV) T2 (ps)

Type-I (Ga,In)As 0.76 1.54 1.73
Type-II (Ga,In)As 2.2 2.0 0.6
Type-II Ga(As,Sb) 3.9 3.2 0.34
Type-II CTX 2.1 4.0 0.63

Rotation (GFR) reactor system. We use tertiary butylarsine
(TBA), tertiary butylphosphine (TBP), and triethylantimony
(TESb) as group V precursors, while triethylgallium (TEGa)
and trimethylindium (TMIn) are used as group III precursors.
The samples have been grown at a growth temperature of
500 ◦C on a GaAs (001) substrate.

The active layer of the type-II system consists of 50 repeti-
tions of compressively strained (Ga,In)As/GaAs/Ga(As,Sb)
layers separated by tensilely strained GaAs/GaAsP/GaAs
barriers which provide strain compensation on the GaAs sub-
strates. High-resolution x-ray diffraction and atomic force
microscopy yield well thicknesses of 7.7 nm [(Ga,In)As] and
7.5 nm [Ga(As,Sb)], an interlayer thickness of 1 nm, and In
and Sb concentrations of 5.8 and 7%, respectively [15]. Here,
the low In and Sb concentrations provide shallow (only a
few tens of meV deep) quantum wells. The combination of
shallow quantum wells with a very thin interlayer guarantees
a comparatively large reach-in of the electron and hole wave
functions into the neighboring quantum well layer, resulting in
a large wave function overlap between the (Ga,In)As quantum
well electron and Ga(As,Sb) quantum well hole wave func-
tions.

The individual (Ga,In)As and Ga(As,Sb) quantum wells
give rise to different resonances in the linear absorption spec-
trum at 1.46 and 1.44 eV which are assigned to the respective
exciton resonances [see Fig. 1(b)]. Due to the high sample
quality and the comparatively small linewidth for ternary
quantum structures, an additional resonance in the linear ab-
sorption can be identified at 1.4 eV. This resonance at 1.4 eV,
having the lowest transition energy, is associated with the
spatially indirect CTX transition.

A multiple-quantum-well structure containing 50
(Ga,In)As layers separated by barriers similar to the above
barriers is grown under comparable conditions. This type-I
reference structure features only a single resonance at
1.46 eV which is also observed in the type-II sample. It is
therefore unambiguously assigned to the (Ga,In)As quantum
well. Voigt fits to the individual exciton resonances in the
linear absorption spectrum indicate that the lowest-energy
transitions in both samples are mainly inhomogeneously
broadened (see Table I).

III. EXPERIMENTAL DETAILS

A 1-MHz repetition rate regenerative amplifier system pro-
vides 190-fs pulses centered at 1.2 eV which drive an optical
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FIG. 1. (a) Schematic band scheme of the reference sample (left)
and the type-II system (right). The reference sample has a spatially
direct transition (black arrows) within the (Ga,In)As layers. The
lowest-energy transition in the type-II heterostructure is spatially
indirect (red arrow). (b) Linear absorption of the reference sample
(gray) and type-II heterostructure (black) at a temperature of 6 K. The
spectra in red and orange indicate the photon energies of prepulses
injecting excitons or free charge carriers in the type-II structure,
while the arrows in blue and purple indicate the corresponding pre-
pulse photon energies used in the reference sample. A Voigt fit (green
curve) is exemplarily applied to the excitonic resonance at 1.44 eV.

parametric amplifier emitting tuneable, broadband pulses with
a duration of 50 fs. The FWM experiments are performed in a
two-beam self-diffraction geometry, where pulse 1 with wave
vector �k1 injects a polarization into the samples, which are
held at 6 K in vacuum on a cold finger helium flow cryostat.
Subsequently, pulse 2 with wave vector �k2 �= �k1 impinges
on the sample with a time delay T12 and interacts with the
remaining polarization present in the sample (Fig. 2). The
interaction leads to the formation of an interference grating
as long as the time delay between the two pulses is smaller
than the phase coherence time T2 of the initially injected po-
larization. As a result, a part of the second pulse self-diffracts
off the grating into the �k2-�k1 direction. The dependence of the
diffracted signal on the time delay T12 directly monitors the
phase relaxation [16].

Furthermore, we use FWM experiments to study scat-
tering processes between a coherent exciton polarization
and incoherent excitons as well as free carriers since their
interactions affect the phase coherence [9,17,18]. For this
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FIG. 2. Schematic illustration of the four-wave mixing setup in
a self-diffraction geometry. The prepulse (advanced by T ) injects
either free carriers or excitons. Pulses 1 and 2 delayed by T12 form a
transient interference grating. The self-diffracted FWM signal moni-
tors the phase relaxation of the exciton polarization.

purpose, a prepulse (pulse 3) from the optical parametric
amplifier is spectrally tailored using band-edge filters. It in-
jects either free carriers or excitons before pulse 1 impinges
on the sample (T < 0). Excitons are generated by reso-
nant excitation of the energetically lowest exciton resonance.
As shown by Stein et al. [14], these excitation conditions
build an exciton population within a few picoseconds in
type-I as well as type-II samples. Accordingly, time leads
of T = −10 ps and T = −4 ps of the prepulse are ide-
ally suited to resonantly prepare an incoherent heavy-hole
(hh) exciton population in the type-I sample and the type-II
sample, respectively. The larger temporal lead of the pre-
pulse in the type-I sample is chosen because of the longer
coherence time in this sample compared with the type-II
sample.

Free electrons and holes are generated by a prepulse which
is energetically above the excitonic resonance. In this sce-
nario, it takes dozens of picoseconds for a significant exciton
population to build up [14]. At the same time, coherence is
lost almost instantaneously under these nonresonant excita-
tion conditions. Consequently, a time lead of T = −1 ps is
perfect for preparing a population of free electrons and holes
in both samples. With the individually selected lead times,
we ensure that all excitations from the various prepulses have
lost any coherence once the four-wave mixing pulses arrive
and, consequently, provide incoherent scattering partners. A
photodiode measures the time-integrated FWM signal as a
function of the delay time between pulses 1 and 2. We choose
the excitation intensity of pulse 1 so that it will be as low
as possible to obtain a long phase coherence close to the re-
spective zero-density phase coherence time of the resonance.
The phase coherence time T2 is obtained by an exponential
fit to the time decay of the measured diffracted signal. All
pulses are circularly polarized by λ/4 plates. This, in par-
ticular, avoids quantum beats in the time-integrated FWM
signal.

The photoinduced carrier density has been estimated
from the pulse spectrum and the linear absorption of the
sample as well as by power measurements of the pulse
before and after passing through the sample, assuming re-
alistic reflection losses. The spot size on the sample was
determined using a camera-based beam profiler. Both meth-
ods provided a consistent picture of the charge-carrier
density.
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FIG. 3. FWM transients of the reference sample (left column)
and the type-II system (right column) in the presence of additional
incoherent excitons [(a) and (b)] and free charge carriers [(c) and
(d)].

IV. RESULTS

A. FWM signals of type-I and type-II structures

Figure 3 shows the intensity of the FWM signals from
type-I (left column) and type-II (right column) structures as a
function of the delay time T12. For reference, the gray curves
show the decay of the measured signal without a prepulse. The
exponential fit to the measured diffracted curve of the type-II
sample yields a decay time of TDecay = 1.03 ps when no pre-
pulse is present. Since the exciton resonance is predominantly
inhomogeneously broadened as shown in Table I, we calculate
the phase coherence time T2 from the decay time according to
T2 = 4TDecay [19]. Thus we find a phase coherence time of a
CTX polarization of T2 = 4.12 ps in the low-density regime;
we derive a phase coherence time of T2 = 15.12 ps for the
type-I reference structure and similar conditions. Accordingly,
the coherent ensemble of CTXs decays more than three times
faster than the exciton polarization in the type-I quantum
well reference sample, which is similar to the result given by
Stein et al. [14]. Accordingly, we attribute the faster decay
of the CTX polarization to additional scattering processes at
fluctuations in the material compositions of the quantum wells
as well as scattering at internal interfaces. Since the CTX is
distributed over three different material compositions, crosses
four interfaces, and has a larger Bohr radius than a regular
exciton, it is more susceptible to scattering processes.

Please note that the homogeneous linewidth of the two
resonances also differs by about a factor of 3 as shown
in Table I. However, the T2 times resulting from the ho-
mogeneous linewidths of 1.73 and 0.63 ps for the type-I
and the type-II samples, respectively, are almost an order
of magnitude smaller than the phase coherence times deter-
mined via FWM. This suggests that broadening mechanisms
other than the phase coherence time also affect the homo-
geneous linewidth of the samples [18]. Consequently, the
homogeneous linewidth from the linear absorption is not a
suitable quantity to derive the phase coherence time. Prepulses
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detuned into the continuum generate free charge carriers,
i.e., an electron-hole plasma (EHP). The respective photon
energies are chosen such that the energies in excess of the
lowest-energy transitions are comparable between the two
samples. In particular, we excite the type-I structure 22 meV
above the direct exciton resonance and the type-II heterostruc-
ture 19 meV above the spatially indirect CTX resonance as
indicated by the purple arrow and orange pulse spectrum in
Fig. 1(b), respectively. The prepulses are spectrally tailored
by band-edge filters to prevent any resonant excitation of
excitons within the quantum wells. As the carrier density
Neh increases, both the amplitude and the decay time of the
diffracted signals in Figs. 3(c) and 3(d) decrease significantly.
While the amplitude of the diffracted signal is reduced by
the prepulse-induced bleaching of the excitonic resonances
in the absorption, the decay time decreases due to excitation-
induced dephasing (EID) [20,21]. The coherence time T2 in
the low-density regime (Neh = 0) is mainly determined by the
interaction with (acoustic) phonons and disorder potentials.
Collisions between an exciton polarization and free carriers
occur in the presence of additional carriers created by the
prepulse [18]. Such scattering processes destroy the exciton
phase coherence and, consequently, cause a reduction of the
phase coherence time T2.

For resonant excitation, we also use spectrally narrow
pulses indicated in blue and red for the type-I structure and the
type-II structure, respectively. Both pulses are spectrally nar-
rowed by band-edge filters to avoid an excitation of an EHP.
The decay of the FWM signals for both samples is shown in
Figs. 3(a) and 3(b). Decay times decrease with the excitation
density injected by the prepulses. Clearly, scattering with both
free carriers and incoherent excitons leads to a faster loss of
phase coherence at the exciton resonance in both samples.

We quantify these results by applying an exponential fit
to all curves and calculating the associated homogeneous
linewidth. The data are summarized as a function of the ex-
citation density of the prepulse in Fig. 4.

B. Collision-rate parameter

Figure 4 compares the homogeneous linewidths � of the
type-I (blue and purple spheres) and type-II (red and orange
spheres) structures for different free carrier and exciton densi-
ties injected by the prepulse. In all cases, � increases linearly
with density. For low excitation densities, the homogeneous
linewidth is given by [18]

�(Neh,X ) = �0 + γ a2
excEBNeh,X . (1)

Here, aexc is the exciton Bohr radius, and EB is the exciton
binding energy. The dimensionless parameter �0 accounts
for all scattering processes involving phonons, impurities, in-
terfacial roughness, or compositional fluctuations within the
quantum wells. The collision-rate parameter γ is a measure
of the interaction strength between an exciton polarization
and additional carriers injected by the prepulse. The slopes
in Fig. 4 directly reflect the collision-rate parameter for scat-
tering with incoherent excitons (γX -X ) or free electrons and
holes (γX -eh). To calculate γ , we use 7.9 and 3.6 meV as the
exciton binding energies, i.e., 9/8 times the 1s-2p transition
energy of structurally similar heterostructures [14], and 9.95

FIG. 4. Homogeneous linewidths of regular exciton (blue, pur-
ple) and CTX (red, orange) resonances as a function of the exciton
and free-charge-carrier densities generated by the different prepulses.
A linear regression of the measured data (solid lines) is used to derive
the respective collision-rate parameters.

and 14.8 nm as the two-dimensional Bohr radius for the type-I
and type-II samples, respectively [14].

We find the interaction strength γ between an exciton po-
larization and incoherent excitons to be more efficient by a
factor of 2 in the type-II heterostructure. We explain the larger
interaction strength among CTXs by the spatial separation of
electrons and holes within the active region of the type-II
sample. Due to the carrier separation, CTXs have smaller
binding energies and larger Bohr radii than Wannier excitons
in spatially direct quantum well structures. Correspondingly,
the spatial separation results in larger spatial dipole moments
leading to an enhanced dipole-dipole interaction. Moreover,
the larger Bohr radius may induce the spatially indirect CTX
to be more sensitive to its fermionic substructure and thus to
Pauli repulsion [14]. Both a larger spatial dipole moment and
the Pauli repulsion increase the interaction strength between
CTX compared with regular excitons and correspondingly
enhance X-X scattering in the type-II double quantum wells.

For the reference sample, we find a collision-rate parameter
of γX -X = 0.56 for incoherent excitons and γX -eh = 4.3 for
free carriers. Thus free carriers attenuate the exciton phase
coherence by a factor of about 8 (7.7) more efficiently than
incoherent excitons. These data are extremely comparable to
findings on a 12-nm GaAs single quantum well which show
an eight-times-stronger interaction between an exciton polar-
ization and free carriers [18]. Collisions with free carriers
are more effective because of the long-range nature of the
Coulomb interaction. In contrast to free electrons and holes,
excitons are electrically virtually neutral quasiparticles. They
interact with each other via the weaker dipole interaction
[9,17,18]. For the type-II structure, we find a collision-rate
parameter of γX -X = 1.2 for incoherent excitons and γX -eh =
3.86 for free carriers. Collisions with an EHP in type-II struc-
tures contribute to the loss of the CTX phase coherence more
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FIG. 5. FWM transients for resonant excitation of the exciton
resonances of the (Ga,In)As (blue spheres) and Ga(As,Sb) (green
spheres) quantum wells in the type-II heterostructure with photon
densities of 6 × 1012 and 8.2 × 1012 cm−2, respectively. The FWM
transient of the resonantly excited type-I sample (black spheres) with
a photon density of 1.7 × 1011 cm−2 is given for reference. The solid
green curve represents the autocorrelation of the excitation pulses
centered around the Ga(As,Sb) resonance.

effectively than collisions with incoherent CTX, similar to the
results of type-I structures.

Notably, the collision-rate parameters γX -eh of the reference
sample and the type-II sample are very similar. The respective
interaction strengths appear to be driven mainly by the EHP
rather than by the particular nature of the exciton polarization.
Furthermore, even the spatial separation of the electrons and
holes of the EHP in the type-II sample does not significantly
affect the scattering efficiency.

C. Spatially direct exciton polarizations
in the type-II quantum well

Next, we turn to the coherent dynamics of regular excitons
resonantly excited in the type-II sample. We use spectrally
narrow pulses centered around the excitonic resonance of
either the (Ga,In)As [blue arrow in Fig. 1(b)] or Ga(As,Sb)
quantum well. Figure 5 shows the FWM transients for both
spatially direct excitations of Wannier excitons in the type-
II structure. Both FWM signals exhibit a very fast decay
that is almost independent of the excitation density. Further-
more, the diffracted signals are extremely small and hardly
detectable. Accordingly, comparatively high photon densities
are required, despite the pronounced exciton resonances in
the linear absorption spectra. The symmetry of the diffracted
signals and the low signal intensity suggest that the phase
coherence time of the associated exciton polarizations is much
shorter than the pulse duration. Consequently, the coherent
polarization decays to a large extent while the optical pulse is
still present, so that hardly any coherence builds up. Accord-
ingly, the curve of the diffracted signals strongly resembles the
autocorrelation measurements of the corresponding pulses, as
exemplified by the green curve in Fig. 5. A comparison with

the FWM signal from resonant excitation of the reference
sample (black spheres in Fig. 5) shows that regular exciton
polarizations decay orders of magnitude faster in the presence
of a lower-energy state which is given by the type-II structure.
Therefore we attribute the ultrafast loss of regular exciton
coherence in the type-II system to relaxation processes into
states at lower energies by Coulomb scattering. Those re-
laxation processes are accompanied by a charge transfer of
either electrons or holes into the adjacent layers, resulting
in a fast destruction of the phase coherence in a time range
of a few hundred femtoseconds. This observation is consis-
tent with the terahertz emission observed by the fast charge
transfer in structurally similar samples [15,22]. Furthermore,
it is consistent with the observed homogeneous linewidths of
the excitonic transitions. The homogeneous linewidths from
Table I correspond to phase coherence times of 0.6 and 0.34 ps
of the (Ga,In)As exciton resonance and the Ga(As,Sb) exciton
resonance, respectively, which should lead to FWM dephasing
times in a range between 85 and 300 fs depending on whether
one assumes inhomogeneous or homogeneous broadening.
Thus we find that the phase coherence time of a regular
exciton polarization is heavily shortened by the existence of
CTX states at lower energies despite the prominent regular ex-
citon resonance feature in the linear absorption. The Coulomb
attraction between electrons and holes cannot prevent the
relaxation process resulting in the breakdown of the exciton
correlation.

V. CONCLUSION

We study the ultrafast decay dynamics of a pure coherent
CTX polarization by FWM spectroscopy. Our experiments
demonstrate that internal interfaces in semiconductor het-
erostructures considerably affect the coherent dynamics of
exciton polarizations. We find that the phase coherence time
of the CTX polarization is reduced compared with the co-
herence time of regular excitons in a type-I reference sample
due to additional scattering processes at interface imperfec-
tions. Furthermore, we show that scattering processes among
CTXs are by a factor of 2 more efficient than scattering
processes among regular excitons in spatially direct quantum
well structures by applying a prepulse. We suggest that car-
rier separation in the type-II structure leads to larger spatial
dipole moments and correspondingly stronger dipole-dipole
interactions. Moreover, the more fermionic character of CTXs
due to the spatial separation of electrons and holes may be
responsible for enhanced X-X scattering in type-II quantum
wells. Finally, we analyze the coherent dynamics of spatially
direct exciton polarizations in the presence of a CTX state
found at lower energies leading to an ultrafast loss of regular
exciton polarizations.
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