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effect in ZnSe quantum wells
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We investigate the influence of electron density and trion formation on the phase-coherent photorefractive
effect in ZnSe single quantum wells by laser energy and temperature dependent degenerate four-wave-mixing
experiments using 90-fs pulses. Two different structures with the same quantum well width and confinement
energy but different barriers adjacent to the GaAs substrate are studied in order to compare the formation of a
photorefractive electron density grating at specific excitation conditions. At temperatures below 35 K and laser
excitation energy close to the exciton energy the formation of trions significantly suppresses the generation
of an electron density grating. At lower excitation energies increasing space-charge fields reduce the trion
binding energy which leads to an enhanced thermal ionization of trions resulting in a strong phase-coherent
photorefractive effect. Due to the thermal dissociation of trions at temperatures exceeding 45 K a significant
photorefractive effect exists even at exciton resonant excitation. The experimentally observed signal traces
obtained at different excitation conditions are in good agreement with model calculations that are based on the
optical Bloch equations, including inhomogeneous broadening at strong space-charge fields.
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I. INTRODUCTION

Controlled carrier transfer between heterovalent structures
involving II-VI and III-V semiconductor compounds has
recently attracted attention because of possible applications
in spintronics1–4 and photovoltaics.5–7 Based on such carrier
transfer, we recently discovered a phase-coherent photore-
fractive (PCP) effect in ZnSe/ZnMgSe quantum wells (QWs)
grown on (001) GaAs using 90-fs light pulses in a two-beam
four-wave mixing (FWM) configuration with light energies
resonant to QW excitons.8,9 The observed photorefractive
effect is caused by the creation of a spatially modulated
electron density in the QW in a multistep process: A fraction
of the exciting light pulses with 2.81 eV center energy and
noncollinear wave vectors k1 and k2 is used to create an
exciton density grating by the interference of coherent excitons
in the QW. The remaining pulse energy is used to create
electron–hole pairs in the GaAs substrate (with a band-gap
energy of ∼1.48 eV at 10 K). The valence band offset (>0.6 eV)
between the ZnMgSe barrier and the GaAs substrate10,11

prevents holes from crossing the heterovalent interface but the
conduction-band offset allows electrons to pass the interface
after interacting with phonons in the GaAs substrate.12–17

After cooling with phonons in the II–VI materials18–22 these
electrons are captured in the ZnSe QW within a total transfer
time of ∼30 ps, as recently observed in three-beam FWM
experiments.23 Due to the repulsive interaction (Coulomb
interaction and Pauli blocking) with the exciton density grating
in the QW a long living (∼10 μs) π -shifted electron grating
is formed, which is stabilized by localized holes at the
barrier/GaAs interface.8,9 The spatially modulated electron
density in the QW and corresponding hole grating at the
interface create space-charge fields, which are responsible for
the occurrence of the photorefractive effect.

The high diffraction efficiency of this PCP effect (∼0.1%)
and the long electron grating lifetime bear tremendous poten-
tial for optical data storage and real-time holographic imaging.

Unlike in other photorefractive QW devices,24–26 PCP QWs
operate without electrical contacts providing large working
areas for holographic imaging and avoiding device degradation
due to Joule heating. Furthermore, the PCP effect utilizes the
coherence of excitons for time gating. As has been recently
demonstrated,27,28 this time gating enables the acquisition
of single-shot three-dimensional (3D) holographic images of
still and moving objects. However, for an improvement of
PCP QW structures a better understanding of the physical
processes that lead to the formation of a spatially modulated
electron density is necessary. In this paper we investigate the
influence of the captured electron density and the formation
of trions on the PCP effect by performing laser energy and
temperature dependent degenerate FWM experiments. Two
samples with the same QW width and confinement energy
but different barrier structure and barrier width are studied.
The experimentally observed signal traces are compared
with model calculations that are based on the optical Bloch
equation, including field-induced inhomogeneous broadening
at strong space-charge fields.

II. EXPERIMENTAL DETAILS

The investigated ZnSe single QWs (SQWs) were pseu-
domorphically grown on (001) oriented GaAs substrate by
molecular beam epitaxy.29 QW1 (which refers to sample C in
Ref. 30) consists of a 10-nm-wide ZnSe SQW sandwiched
between a 30-nm-thick Zn0.90Mg0.10Se top barrier and a
20-nm-thick Zn0.90Mg0.10Se bottom barrier. QW2 (which
refers to sample A in Ref. 30) consists of a 10-nm-wide
ZnSe SQW sandwiched between two 30-nm Zn0.90Mg0.10Se
barriers, with a 20-nm-thick ZnSe buffer layer between the bar-
rier and the GaAs substrate. Because of the different distance
between the QW and the GaAs substrate we expect a reduced
captured equilibrium electron density ne in QW2 compared
to QW1 as we conclude from earlier FWM measurements
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where the trion signal is significantly reduced in QW2.30 In
addition, due to the presence of the buffer layer in QW2 we
expect a reduced density of dislocations within the barrier at
which electrons can be trapped that reduce the space-charge
field between the QW and the GaAs substrate. The differences
of the captured electron density and density of dislocations
motivated us to study and compare the PCP effect in these two
samples.

A frequency doubled mode-locked Ti-sapphire laser pro-
viding ultrashort pulses of a spectral width of 22 meV at a
repetition rate of 80 MHz was used to excite the sample.
The temporal width of the frequency doubled pulses was
determined to 90 ± 5 fs using an autocorrelation technique
that is based on the two-photon absorption in a SiC photodi-
ode. For the excitation energy dependent measurements the
laser energy has been stepwise shifted with an accuracy of
±0.7 meV. Two-beam four-wave-mixing (FWM) experiments
with collinear polarized pulses k1 and k2 and mutual delay
τ have been performed in backscattering geometry with the
sample mounted in a closed cycle cryostat at temperatures
between 12 and 75 K. The zero delay between different pulses
has been determined by the contrast of the interference pattern
appearing on the sample surface during the temporal overlap
of the pulses. The 1/e2 focus diameter of the laser pulses on
the sample was ∼100 μm. The time integrated and spectrally
resolved four-wave-mixing signal was detected into direction
2k2 − k1 by a combination of a spectrometer and an optical
multichannel analyzer.

III. EXPERIMENTAL RESULTS AND DISCUSSION

A. Laser energy dependent measurements

Figure 1 shows the normalized signal traces at the spectral
position of the Xh heavy-hole exciton transition in the 2k2 − k1

direction of QW1 as a function of delay τ at a temperature of
20 K for different excitation energies as labeled. For better
visibility the traces have been offset with respect to each other
and the signal intensity is given on a logarithmic scale. The
total excitation intensity of pulses k1 and k2 was 40 kW cm−2

FIG. 1. (Color online) Normalized signal traces at the Xh heavy-
hole exciton of QW1 as a function of delay τ on a logarithmic scale
at a temperature of 20 K for different excitation energies as labeled.
For better visibility the traces have been offset with respect to each
other.

in these experiments (corresponding to a total average power
of 24 μW). In the top trace the center energy of the excitation
pulses was set resonant to the Xh heavy-hole exciton transition
energy (∼2.8115 eV). At this excitation energy and for
decreasing pulse energies down to ∼2.800 eV we find a
pronounced signal spike at pulse overlap (PO signal)9 which is
attributed to a photorefractive effect caused by a spatially mod-
ulated electron density that has been transferred from the GaAs
substrate to the ZnSe QW. Longitudinal space-charge fields
between captured QW electrons and localized holes at the
ZnMgSe barrier/GaAs interface cause a periodic modulation of
the optical constants according to the quantum confined Stark
effect (QCSE) resulting in a diffracted exciton polarization
into direction 2k2 − k1. Besides this strong PO signal the
traces reveal a weak χ (3) FWM signal for positive delay τ > 0
(pulse k2 arrives last) exhibiting a small modulation at ∼1.3 ps.
This modulation is caused by the interference of excitons
Xh with coherent trions T being weakly visible at 2.8 meV
lower energy30 with respect to the Xh line in the normalized
diffracted signal spectra at pulse overlap, as displayed in
Fig. 2. The signal spectra are offset with respect to each other
for better visibility. During the laser energy shift of negative
11 meV with respect to the resonantly excited Xh transition
energy the exciton line exhibits a redshift of 0.9 meV with
increasingly weaker trion contribution. The exciton dephasing
rate γ2 extracted from the signal traces (assuming nearly
homogeneous broadening of the exciton line at these excitation
conditions) remains almost constant (∼0.8 ps−1) for laser
shifts below 6.5 meV but increases for higher energy shifts
showing a rate of γ2 ∼ 1 ps−1 at an excitation of 2.800 eV.

For laser excitations below 2.798 eV the signal traces as
well as the observed redshift and exciton dephasing rates
suddenly change. In contrast to the observed signal peak
below a critical Xh redshift of 1.9 meV the signal trace
exhibits a signal dip at pulse overlap and a PCP signal trace
with almost symmetric decay for positive and negative pulse
delay appears (see Fig. 1). (The slightly higher signal at

FIG. 2. (Color online) Normalized signal spectra of QW1 at a
temperature of 20 K for different excitation energies as labeled. For
better visibility the traces have been offset with respect to each other.
The inset shows the energy shift of the exciton position of QW1
(full blue circles) and QW2 (full red triangles) as a function of the
space-charge field as described in the text.
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positive delay is caused by the additional weak χ (3) FWM
signal.) As explained,8,9 this PCP signal is caused by the
formation of a long-living electron grating that is induced
by the repulsive Coulomb interaction and Pauli blocking of
the spatially modulated exciton density in the QW. The PCP
electron grating is π shifted with respect to the electron grating
at pulse overlap leading to a signal suppression within the pulse
autocorrelation time.8,9 Like for the PO signal, longitudinal
space-charge fields cause a diffraction of the exciton polar-
ization into direction 2k2 − k1, however, since the exciton
grating amplitude decreases proportional to exp(−τγ2) the
signal intensity decays with a rate of 2γ2 for negative (τ < 0)
and positive delay times (τ > 0). With decreasing pulse energy
the signal trace reveals a nonexponential decay as a function
of delay τ and the spectral width of the exciton line Xh

considerably broadens. As explained in Sec. III C the observed
increasing decay rate and spectral broadening is attributed to
a space-charge field-induced inhomogeneous broadening of
exciton energies. The spectral shift of the maximum position
of the Xh signal intensity as a function of the laser energy shift
(with initial laser energy being resonant to the Xh transition)
is summarized as full blue circles in Fig. 3. The accuracy of
the stepwise shifted laser energy is ±0.7 meV as indicated by
the error bar in the leftmost data point.

The observed behavior of the diffracted signal as a function
of the laser energy can be explained by the formation of
trions which significantly compensates the generation of a
photorefractive electron grating in the QW at nearly exciton
resonant excitation. Accordingly, the diffracted signal at time
delays beyond pulse overlap merely shows a weak χ (3)

four-wave-mixing signal at positive delay τ > 0. At pulse
overlap transferring substrate electrons enter the QW as
spatially modulated electron density and the diffracted signal is

FIG. 3. (Color online) Spectral shift of the Xh signal as a function
of the laser energy shift in QW1 (full blue circles) and in QW2 (full red
triangles). The crossing points of the full horizontal lines and vertical
line indicate the transition from the PO to the PCP effect at a critical
exciton redshift of 1.9 meV. The dashed horizontal lines indicate
the laser energies, which are used in the temperature-dependent
measurements. Open and open-crossed circles and triangles show
the extracted exciton redshift of QW1 and QW2, respectively, as a
function of the laser energy difference obtained from temperature-
dependent FWM measurements.

predominantly caused by a strong PO effect. With decreasing
laser energy the density of excited QW excitons decreases,
which results in a reduced phase-space filling of electron
states and lowered electron escape rate of captured substrate
electrons in the QW due to Auger processes of recombining
excitons.9 Both effects increase the equilibrium density ne of
captured electrons in the QW. The enhanced electron density ne

causes a stronger static electric field E between the QW
electrons and holes at the barrier/substrate interface shifting
the exciton line towards lower energy. The E-field-induced
tilt and deformation of the QW band energies also separates
the electron and hole wave functions of trions in the QW
leading to a decrease of the trion binding energy,31,32 which
in turn increases the probability of thermal trion ionization at
20 K. At a laser energy of 2.798 eV the generated electric
field E reaches a critical value at which the formation of
trions is significantly suppressed. Repulsive forces between
excitons and captured electrons start to dominate resulting in
a π -shifted PCP electron grating in the QW. Further reduction
of the laser energy increases the electron density ne, which
leads to an increasing redshift of the exciton line as well as
to faster exciton dephasing due to enhanced exciton-electron
scattering rates.

This interpretation is supported by FWM experiments with
pulse intensities of 5 MW/cm2 at 12 K where trions are
thermally more stable. Figure 4 shows the FWM spectra of
coherent trions (T) and excitons (Xh) at pulse overlap as a
function of the exciting laser energy as labeled. Above an
excitation energy of 2.798 eV the FWM signal intensity of
excitons and trions are comparable but the trion binding energy
decreases from 2.8 to ∼1.6 meV resulting in a smaller total
linewidth of the combined exciton/trion band. Below 2.798 eV
the trion signal significantly decreases because of thermal
ionization at further reduced trion binding energy and the onset
of the PCP effect.

To estimate the electron density ne at a given laser energy
as well as the resulting critical electric field E, which is
responsible for the trion suppression, we recall that an in-
creased electron density leads to an enhanced exciton-electron

FIG. 4. (Color online) FWM spectra of coherent trions (T) and
excitons (Xh) at a temperature of 12 K as a function of the exciting
laser energy as labeled. The vertical lines are guides for the eye.
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scattering which increases the exciton dephasing rate γ2

according to

γ2(nX,ne,T ) = γ2(nX,T ) + βXene. (1)

In Eq. (1) βXe is the electron-exciton scattering rate
and γ2(nX,T ) is the dephasing rate due to exciton-exciton
scattering33 and scattering with acoustic and LO phonons
at a given temperature T.34–36 γ2(nX,T ) further includes a
background dephasing rate γ20 due to crystal imperfections.
At low excitation energies we assume nearly homogeneous
broadening of the Xh exciton line. Neglecting γ2(nX,T ) for low
exciton densities nX and low temperature (20 K) and further
assuming γ20 ≈ 0 we estimate an upper limit of the electron
density to ne ≈ 1.9 × 1010 cm−2 at ∼2.798 eV (where the con-
version from the PO spike to the PCP signal takes place) using
an exciton-electron scattering rate of βXe ≈ 100 s−1cm2.37 At
lower excitation energies the trace of the PCP signal becomes
nonexponential due to E-field-induced inhomogeneities within
the QW structure. Accordingly, the exciton dephasing rates
γ2 have been extracted considering a Gaussian distribution
of exciton energies (as described in Sec. III C) providing
an electron density of ne ≈ 5.5 × 1010 cm−2 at the lowest
excitation energy.

The static space-charge field E between QW electrons
and holes at the barrier/substrate interface is estimated by
E = σ/(εε0) with a surface charge density σ = nee, with e
being the electron charge and static dielectric constant ε = 9
assuming no electron trapping in the barrier due to crystal
imperfections. The inset in Fig. 2 shows the observed redshift
of the exciton line as a function of the built-in electric field E.
The exciton redshift shows a sudden increase when the electric
field E reaches a critical value of E ≈ 3.8 × 103 V cm−1

being responsible for the suppression of the trion formation.
Different from the expected quadratic dependence in QCSE
we observe a sublinear dependence of the exciton redshift at
higher fields. We attribute this behavior to the fact that the
space-charge fields end in the PCP QW instead of passing
the QW structure as in externally biased photorefractive
devices.24–26 Furthermore, the saturation of the exciton redshift
is attributed to an increasing repulsive electric potential for
electrons passing the barrier and to enhanced electron grating
diffusion at high electron densities.

For comparison we also performed laser-dependent mea-
surements on QW2 at 20 K using the same excitation intensities
as for QW1. Due to the larger barrier width we expect a
reduced equilibrium electron density ne compared to QW1
which is supported by a significantly reduced trion signal
in earlier FWM measurements30 and no observable coherent
trion spectrum using a total intensity of 40 kWcm−2 in
these experiments (not shown). The general behavior of the
signal trace obtained from QW2 is similar to that observed in
QW1. At laser energies close to the exciton Xh resonance (at
∼2.812 eV) we observe a PO signal spike and a combination
of a weak PCP and FWM signal for delays beyond τ ≈ 0
(compare Fig. 5 at 20 K). However, since the equilibrium
electron density ne is reduced compared to QW1 we observe a
decreased redshift of the Xh line in QW2 at comparable laser
energies. Accordingly, the laser energy needs to be shifted to
∼2.796 eV (2 meV lower as compared to QW1) to achieve

FIG. 5. (Color online) Signal traces at the spectral position of
the Xh heavy-hole exciton of QW2 as a function of delay τ on
a logarithmic scale at temperatures ranging from 20 to 75 K. The
exciting laser energy was 2.800 eV.

a 1.9 meV shift of the exciton line to lower energy where
we find a sudden increase of the PCP signal indicating the
suppression of trion formation. Further decrease of the laser
energy leads to an additional redshift of the Xh line and an
increase of the exciton dephasing rate. The shift of the exciton
line Xh with respect to the laser energy shift is shown in Fig. 3
as full red triangles. The Xh shift as a function of the E field
generated by captured QW electrons ne is given in the inset
of Fig. 2. As in QW1 the dephasing rate γ2 has been extracted
from the signal decay including inhomogeneous broadening
at higher space-charge fields. Different than QW1, the critical
exciton redshift of 1.9 meV already occurs at an electric field
of E ≈ 1.5 × 103 V cm−1. The reduced value of the critical E
field compared to QW1 is attributed to the insertion of a buffer
layer in sample QW2, which reduces the density of dislocations
within the barrier29 at which electrons can be trapped.

B. Temperature dependent measurements

To support our interpretation we further performed temper-
ature dependent FWM measurements at fixed laser energies.
The laser energies were chosen to be 2.800 eV where trion
formation is present, and 2.794 eV where it is suppressed in
both samples (compare dashed lines in Fig. 3). Figure 5 shows
the signal traces on a logarithmic scale obtained from QW2
for temperatures ranging from 20 to 75 K at 2.800 eV laser
energy and 40 kW cm−2 excitation intensity of pulses k1 and
k2. As expected, we find a signal spike at pulse overlap and
a combination of a weak χ (3) FWM and PCP signal at delays
beyond pulse autocorrelation at 20 K. The contribution of
the PCP signal increases with increasing temperature leading
to the occurrence of a dip within the PO signal at 35 K
and reaching a PCP signal maximum at ∼55 K. Above
this temperature the PCP signal starts to decrease, which is
attributed to an increased thermal diffusion of the exciton
density grating during the electron grating formation and
enhanced phonon-assisted tunneling of electrons back to the
GaAs substrate,38,39 resulting in a reduced spatial modulation
of the space-charge fields in the QW structure. The spectral
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FIG. 6. (Color online) Spectral shift of the Xh heavy-hole exciton
line as a function of temperature for samples QW1 and QW2 at
excitation energies 2.800 eV (full blue circles and red triangles,
respectively) and at 2.794 eV (open blue circles and red triangles,
respectively). For comparison the Xh shift in QW2 obtained from
FWM experiments at resonant excitation is shown as full red
diamonds.

shift of the Xh line as a function of temperature, shown as red
triangles in Fig. 6, is caused by both band-gap shrinkage and
E-field-induced redshift due to the captured electron density
ne. The accuracy of the determined exciton energy is ±0.3 meV
as indicated by the error bar in the leftmost data point at 20 K.

With increasing temperature the energy difference between
the fixed laser energy and exciton transition energy Xh

decreases, therefore the electron density ne and E-field-
induced redshift of the Xh line diminishes. In order to
discriminate the E-field-induced exciton redshift from the
band-gap shrinkage the exciton line shift obtained from
FWM experiments at resonant Xh excitation is shown as
red diamonds for comparison. Open crossed red triangles
show the measured exciton redshift as a function of the
laser energy distance with respect to the exciton energy due
to band-gap shrinkage. The reduced redshift of the exciton
line as a function of the reduced laser energy distance at
higher temperatures agrees with the results obtained from laser
energy dependent measurements. Deviations are attributed to
a slightly higher electron capture rate at higher temperature
causing an enhanced redshift due to an increased equilibrium
density ne. Figure 7 displays the exciton dephasing rate γXe =
βXene caused by exciton-electron scattering and the extracted
electric field E as a function of temperature using Eq. (1) and
subtracting the contribution of phonon scattering.34–36 In these
calculations we assume nearly homogeneous broadening of
the Xh exciton. Despite the reduced electron density ne and
decreased space-charge fields favoring the formation of trions,
the PO signal conforms into a PCP signal at ∼45 K due to the
increasing thermal dissociation of trions at higher temperature.

The temperature-dependent traces at 2.800 eV excitation
energy of QW1 (not shown) look very similar to the traces
obtained from QW2. At 20 K the contribution of PCP is smaller
so that the signal at τ > 0 is merely due to χ (3) FWM (compare
Fig. 1) which is attributed to the higher equilibrium electron

FIG. 7. (Color online) Exciton dephasing rate γXe caused by
exciton-electron scattering and extracted electric field E as a function
of temperature for QW1 and QW2 at excitation energies 2.800 eV
(full blue circles and red triangles, respectively) and at 2.794 eV (open
blue circles and red triangles, respectively).

density ne in QW1 leading to a stronger suppression of the PCP
signal due to trion formation. At 35 K the PCP contribution
starts to increase and becomes the dominant process above
45 K. The spectral shift of the Xh line is depicted as full
blue circles in Fig. 6 and the extracted exciton redshift as a
function of the laser energy distance is shown as open crossed
blue circles in Fig. 3. Due to the higher electron concentration
ne at 20 K the Xh redshift in QW1 is more pronounced as
in QW2. The extracted electron dephasing γXe (assuming
nearly homogeneous broadening at this excitation condition)
and calculated electric field E are shown in Fig. 7 as full blue
circles. As in QW2, the transition from the PO signal into a
PCP signal is explained by the increasing thermal dissociation
of trions with rising temperature.

At lower excitation energy (2.794 eV) the increased electron
density ne and resulting electric field E strongly suppress the
formation of trions so that even at 20 K, PCP is the dominating
effect in both QW structures. Figure 8 shows the traces of QW1
at temperatures ranging from 20 to 75 K. Since the electron
density ne is highest at 20 K, the spectral position of Xh is

FIG. 8. (Color online) Signal traces at the Xh heavy-hole exciton
of QW1 as a function of delay τ on a logarithmic scale at temperatures
ranging from 20 to 75 K. The exciting laser energy was 2.794 eV.
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shifted most with respect to its position at resonant excitation,
as demonstrated in Fig. 6 and in Fig. 3 as open blue circles
and open red triangles for QW1 and QW2, respectively. As
mentioned earlier, the traces given on a logarithmic scale do
not show a linear dependence but show a nonlinear decay as
a function of delay τ which is attributed to an E-field-induced
inhomogeneous broadening of the Xh transition energies at
high space-charge fields. Accordingly, the exciton dephasing
rates γ2 have been extracted from the experimental signal
traces and spectra considering inhomogeneous broadening as
described in the following section. Figure 7 summarizes the
extracted exciton dephasing rates γXe and electric-field values
at an excitation energy of 2.794 eV for both samples. Both
the measured exciton redshift (compare Fig. 3) and extracted
E-fields are consistent with the results obtained from laser
energy dependent measurements confirming the importance
of trion formation and the influence of the electron density on
the occurrence of the PCP effect.

C. Modeling of the signal traces

For nearly exciton resonant laser energies, which cor-
respond to a low captured electron density ne and low
space-charge fields, the diffracted polarization PD(ω,τ )
into direction 2k2 − k1 is modeled using the optical Bloch
equations (OBE) of a homogeneously broadened two-level
system for δ-shaped collinearly polarized laser pulses. Small
contributions due to χ (3) FWM from excitons and trions have
been neglected. After Fourier transformation the diffracted
polarization PD(ω,τ ) reads

PD(ω,τ ) = a PPCP (ω,τ ) − bPPO(ω,τ )
(2)

∝ [
ak2−k1 (τ ) − bk2−k1 (τ )

]
Pk2 (ω,τ ).

In Eq. (2) the function

Pk2 (ω,τ ) ∝ −1

h̄

μ2
21

(ω − �21)
exp(iωτ )

describes the exciton polarization into direction k2 and
ak2−k1 (τ ) is proportional but π -shifted to the exciton density
grating that is responsible for the subsequent formation of
a PCP electron grating in regions of low exciton density,
given by

ak2−k1 (τ ) = aθ (−τ ) μ2
21 exp(i�21τ ) + aθ (τ ) μ2

21 exp(i�∗
21τ ).

(3)

In Eq. (3) μ21 accounts for the magnitude of the dipole
transitions and �21 = ω21 − iγ2 contains the angular fre-
quency ω21 between ground state |1〉 and excited level |2〉
and the exciton dephasing rate γ2 as given in Eq. (1). The
empirical parameter a accounts for the contribution of the
PCP polarization to the total diffracted polarization.

Function bk2−k1 (τ ) in Eq. (2) describes the electron-
density grating that is created during pulse overlap and is
given by

bk2−k1 (τ ) = b exp(iωpτ )

[∫
Ek2 (t − τ )Ek1 (t) dt

]
. (4)

FIG. 9. (Color online) Calculated traces at the spectral position of
the Xh heavy-hole exciton in sample QW2 as a function of delay τ at
an excitation energy of 2.800 eV and at temperatures ranging from 20
to 75 K using Eqs. (2)–(4). Nearly homogenously broadened exciton
transitions have been assumed at this excitation condition.

In Eq. (4) the integral gives the field autocorrelation
of sech(t)-shaped pulses with temporal full width at half
maximum (FWHM) of 1.49t where t is the measured
FWHM of the incident laser pulse intensity. ωp is the center
frequency of the pulse and parameter b is a measure of the
contribution of the PO polarization at τ ≈ 0. The minus sign
of parameter b in Eq. (2) considers the π -shift of the electron
grating at pulse overlap with respect to the PCP electron
grating.

Figure 9 demonstrates the calculated traces of QW2 for
different temperatures and excitation energy of 2.800 eV
using Eqs. (2)–(4) where the dephasing rates γ2 of the nearly
homogenously broadened exciton transition were extracted
from the experimental traces shown in Fig. 5 and the spectral
positions ω21 of the Xh transition were taken from Fig. 6.
For the temporal FWHM of the excitation pulses we applied
t = 90 fs, and parameters a and b were adjusted to fit the
experimental data. The calculated traces are in good agreement
with the experimentally observed exciton traces at different
temperatures (compare Fig. 5).

While the assumption of homogeneous exciton broadening
is appropriate for low electron densities ne, the intrinsic inho-
mogeneous broadening of Xh energies due to QW fluctuations
increases at high electric fields due to varying Stark shifts at
different QW widths. Electric-field fluctuations due to crystal
imperfections at the GaAs interface may also contribute to this
field-induced broadening. Modifications of the broadening due
to the spatial modulation of the space-charge field, which is
a function of the delay τ between pulses k1 and k2, have
been neglected since the amplitude of the field modulation is
small compared to the static electric field generated by the
equilibrium electron density in the QW. We therefore model
the field-induced broadening by a Gaussian distribution gN (ω)
of exciton energies with a full width at half maximum � of
exciton energies around the center energy ωc

21,
40

gN (ω21) =
√

4 ln 2

�
√

π
exp

[
−4 ln 2 ×

(
ωc

21 − ω21

�

)2
]

. (5)
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FIG. 10. (Color online) Calculated traces at the spectral position
of the Xh heavy-hole exciton in sample QW1 as a function of delay τ

at an excitation energy of 2.794 eV and temperatures ranging from
20 to 75 K using Eqs. (6) and (7). E-field-induced inhomogeneous
broadening has been considered at this excitation condition.

This inhomogeneous broadening changes the exciton
polarization Pk2 (τ ) in Eq. (2) to

Pk2 (ω,τ )inh ∝ i

h̄

2
√

π ln 2

�
μ2

21 exp(iωτ )

× exp

(
−4 ln 2

(
ωc

21 − ω21
)2 − γ 2

2

�2

)

× exp

(
i 8 ln 2

γ2
(
ωc

21 − ω21
)

�2

)

× erfc

[
2
√

ln 2

(
γ2

�
+ i

(
ωc

21 − ω21
)

�

)]
(6)

and function ak2−k1 in Eq. (3) to

ak2−k1 (τ )inh =
∫ ∞

0
gN (ω21) ak2−k1 (τ,ω21) dω21

= ak2−k1

(
τ,ωc

21

)
exp

(
− τ 2�2

16 ln 2

)
. (7)

Figure 10 shows the calculated traces of QW1 for different
temperatures at excitation energy 2.794 eV. The center fre-
quency ωc

21 of the inhomogeneously broadened exciton line
has been taken from Fig. 6. The inhomogeneous broadening �

and dephasing rate γ2 has been mutually adjusted for each
temperature until the calculated trace and spectrum show
optimum agreement with the experimental trace and spectrum.
In addition, parameters a and b have been adjusted to fit
the signal suppression at the pulse overlap shown in Fig. 8.
The accuracy of the exciton dephasing rates obtained from
this two-parameter fit using Eqs. (6) and (7) is better than

±10% (in ps−1) of the values shown in Fig. 7. Similar
model calculations have also been applied to QW2 at an
excitation energy of 2.794 eV and for laser energy-dependent
measurements on QW1 and QW2. The calculated traces and
spectra are in very good agreement with the experimental data
and were used to determine the exciton dephasing rate and
space-charge fields as discussed in Sec. III A.

IV. SUMMARY

We have performed excitation energy and temperature
dependent two-beam FWM experiments at low pulse intensity
(40 kW/cm2) on two 10-nm ZnSe QW structures grown on
GaAs substrate with different Zn0.9Mg0.1Se barrier thicknesses
of 20 (QW1) and 30 nm (QW2). QW2 further contains a
20-nm-thick buffer layer between the barrier and the substrate.

When the exciting laser pulse energy is shifted below the
exciton transition energy we observe a redshift of the exciton
line and an enhanced exciton dephasing rate. This behavior is
attributed to an increasing E-field-induced tilt of the QW band
structure due to an increasing density of captured electrons
caused by the reduced filling of electron states by excitons and
a decreased electron escape rate due to Auger processes by
exciton recombination. Due to the reduced barrier thickness
in QW1 the captured electron density reveals a stronger
electron density increase and exciton redshift with decreasing
excitation energy as compared to QW2.

At temperatures below 35 K and laser excitation nearly res-
onant to the exciton energy the formation of trions significantly
compensates the creation of a photorefractive electron density
grating. As a result the PCP signal is strongly suppressed
leading to a dominating PO signal at temporal pulse overlap.
At lower excitation energies increasing space-charge fields tilt
the QW band, leading to a reduced trion binding energy and
enhanced thermal trion ionization resulting in a strong PCP
effect even at low temperature. FWM experiments at 12 K with
pulse intensities of 5 MW/cm2 demonstrate the decrease of the
trion binding energy and trion signal intensity with decreasing
excitation energy supporting our interpretation. The critical
trapped electron density in the QW at which trion dissociation
occurs is by a factor of more than 2 reduced in QW2, which is
attributed to the insertion of a buffer layer which reduces the
density of dislocations within the barrier at which electrons
can be trapped.

Because of the thermal dissociation of trions at temper-
atures above 45 K a significant PCP effect exists in both
QW samples even at exciton resonant excitation. Model
calculations of the signal traces which are based on the optical
Bloch equations considering an E-field-induced inhomoge-
neous broadening of exciton energies are in good agreement
with the experimental exciton traces observed at different
excitation conditions.
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