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Spectral dependence of the optical Stark effect in ZnSe-based quantum wells
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An experimental study of the optical Stark effect in ZnSe-based quantum wells using pump-probe spectros-
copy is presented. The Stark shift at both the heavy-hole and the light-hole resonances is measured as a
function of pump detuning for samples with different heavy-hole–light-hole separations. The coupling between
the heavy hole and the light hole has to be taken into account to explain the observed dependence on the pump
wavelength detuning and polarization of pump and probe pulses. For a range of samples the Stark shift
behavior is characterized by the ratio of the detuning to the heavy-hole to light-hole separation; higher order
Coulomb correlations play a prominent role when the ratio is less than 2.
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I. INTRODUCTION

The excitonic optical Stark effect in semiconductors h
attracted considerable attention given the potential appl
tions in developing ultrafast nonlinear optical switches1,2

The shift of the exciton peak following below-gap excitatio
by an ultrafast pulse has been reported in b
semiconductors3–5 and quantum wells.6–9 Detailed experi-
mental results and theoretical analyses have demonst
that for a complete description of the Stark effect in sem
conductors, Coulomb correlations have to be included.10 This
difference from atomic systems is highlighted in the dep
dence of the shift on the pump pulse detuning, which c
even change sign when Coulomb interactions become im
tant. In most cases, the exciton peak shifts to a higher en
during excitation.6–8,10However, Hulin and Joffre observed
red
shift in a CuCl thin film, when the pump pulse was tun
slightly below the exciton to biexciton transition for parall
linearly polarized pump and probe pulses and this shift w
attributed to the influence of the biexcitons.4

In ZnSe layers, with a relatively small biexciton bindin
energy of 4 meV a shift of the heavy-hole polaritons towa
higher energy was reported even when pumping resona
with the exciton-biexciton transition.5 In semiconductor
quantum wells, experimental investigations have conc
trated on GaAs-based structures and have reported a
shift of the heavy-hole resonance.6–8 However, a red shift
was observed in InxGa12xAs/GaAs quantum wells for oppo
site circularly polarized pump and probe pulses. This w
attributed to Coulomb memory effects, rather than to
existence of bound biexcitons.9 The sign of the shift was also
sensitively dependent on the detuning and the splitting
tween heavy hole~HH! and light hole~LH!. As the detuning
was increased or for samples with reduced HH to LH sp
ting, the magnitude of the red shift decreased and fin
switched to a blue shift. The theoretical model developed
explain the experimental results showed that Coulomb co
lations become dominant for a specific detuning and splitt
range, and highlighted for the first time, to the best of o
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knowledge, the influence of light holes on the HH Sta
shift.11,12

Most reports of the nonresonant optical Stark shift
quantum wells focus exclusively on the HH exciton Sta
shift. However, for detunings large compared to the HH
LH energy separation, the LH resonance is also shifted
the pump pulse and should be taken into consideration w
analyzing the experimental results. Additionally, it has be
demonstrated that even when the splitting between the
and LH resonances is larger than the pump pulse detun
so that only the HH exciton is excited, a shift of the L
resonance could still be induced due to intervalence-b
coherences.13,14

In this paper, we present a systematic study of the e
tonic optical Stark effect in ZnSe-based quantum wells. T
large HH-LH energy separation of ZnSe-based quantum w
structures, compared to GaAs-based semiconductors, m
them an ideal material for the study of the Stark shifts at b
HH and LH resonances. Additionally, due to the increas
exciton binding energy in ZnSe-based semiconductors, C
lomb correlations are expected to play a far more import
role in their nonlinear optical properties. Exploiting a ran
of pump pulse detuning and HH-LH splitting combinatio
we study the effect of Coulomb correlations on the obser
Stark shifts and identify detuning regimes for which th
become significant. Further we show that, apart from the
Stark shift, the influence of Coulomb correlations can aff
considerably the LH Stark shift as well.

II. SAMPLES AND SETUP

Four ZnSe-based samples with different HH to LH sp
ting were used in these studies. All samples were grown
molecular beam epitaxy~MBE! on a GaAs substrate. To pe
form transmission experiments the substrate was remo
over windows larger than the beam spot size by wet chem
etching. We used a ternary multiple quantum well struct
consisting of 20 periods of Zn0.8Cd0.2Se well layers with
ZnSe barriers~sampleA) and binary multiple quantum wells
of 10 periods of ZnSe with either ZnMgSSe~sampleB) or
MgS ~samplesC andD) barriers. MgS has a very large ban
gap,'5 eV and so forms an excellent barrier material w
good confinement for ZnSe. The stable bulk crystal struct
of MgS is rocksalt~NaCl! but the zincblende structure i
©2004 The American Physical Society11-1
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TABLE I. Detuning range of pump pulse from HH exciton resonance for each sample.

Sample Structure HH-LH splitting~meV! Detuning~meV! Detuning-splitting ratio

A ~Zn,Cd!Se/ZnSe 2034 nm wells 36 36–71 1–2
B ZnSe/ZnMgSSe 1035 nm wells 33 39–73 1.2-2.2
C ZnSe/MgS 10310 nm wells 20.5 41–86 2–4.2
D ZnSe/MgS 10311 nm wells 16 42–79 2.6–4.9
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metastable when grown epitaxially on GaAs. The ZnSe/M
samples presented here were grown using a novel M
growth method using Mg and ZnS as a source of sulphu15

In order to limit the reaction of S with the substrate, Mg
was grown on a thin ZnSe buffer layer. The ZnSe/M
samples were then capped with a thin ZnMgSSe layer du
the hygroscopic nature of MgS. The characteristics of
samples used are shown in Table I. All samples showed c
HH and LH exciton absorption peaks in their linear abso
tion spectra at 4 K asshown in Fig. 1. The Stokes shift fo
these samples ranges from 1 meV to 10 meV. As the de
ing in what follows is always much larger than this width w
expect the inhomogeneous broadening to be unimportan
these particular experiments.

Nonresonant Stark shifts were measured using polar
tion selective pump-probe spectroscopy. The laser sys
consisted of a 100 fs Ti: sapphire pumped regenerative
plifier ~RGA! and an optical parametric amplifier~OPA!. The
output of the OPA provided tuneable 120 fs pump pulses
repetition rate of 1 kHz. A part of the RGA output beam w
focused into a water cell to produce broadband white li
continuum probe pulses. Polarization of pump and pro
pulses was controlled byl/4 plates. The pump pulse wa
alwayss1 polarized, while the probe beam was either sa
circular ~SCP! or oppositely circular polarized~OCP! to the
pump. The pump beam was focussed onto the sample
380 mm diameter spot. Only the central part of the excit
area was probed by a 160mm diameter probe beam. All th
measurements in this work were performed with the sam
kept in a He cooled cryostat at 4 K. A dual-channel opti
spectrum analyzer, with a spectral resolution of 0.13 m

FIG. 1. Linear absorption spectra of the ZnSe-based mult
quantum wells at 4 K. SampleA ~solid line!, sampleB ~dashed
line!, sampleC ~dotted line!, and sampleD ~dash-dot line!. Spectra
of samplesC andD are vertically shifted for clarity. The shoulde
observed below the HH resonance for sampleD is due to the re-
sidual ZnSe buffer layer. A typical pump pulse spectrum is a
shown~dash-dot-dot line!.
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was used to record the transmitted probe pulse. The temp
overlap between the pump and the probe was adjusted u
a computer controlled delay stage. Changes in the trans
ted probe spectrum were measured as a function of the d
between the pump and probe pulses at different pump wa
lengths. The range of detuning used for each sample
shown in Table I. When the pump pulse is resonant with
HH resonance, the creation of a finite density of excito
produces a blue shift of the HH resonance.16 Therefore, the
pump pulse was tuned sufficiently below the HH resona
to minimize the generation of reale-h carriers either from
direct overlap of the pump pulse with the HH resonance
by two photon absorption via the biexciton. The pump pu
energy was in the range of 0.2–0.7mJ and was kept constan
for each sample studied, as the detuning was varied. For
intensity range of all our experiments the Stark shift w
directly proportional to the pump pulse intensity.

III. RESULTS

Figure 2 shows an example of the absorption spectra
different detunings for the~Zn,Cd!Se/ZnSe sample and fo
pump pulse energy of 0.56mJ. Pronounced shift and bleach
ing of both HH and LH resonances are evident. The pe
positions of the HH and LH are determined by calculati

le

o

FIG. 2. Absorption spectra for the~Zn,Cd!Se/ZnSe multiple
quantum wells for SCP and OCP configurations and different pu
pulse detunings: 36 meV~dashed line!, 46 meV ~dotted line!, 56
meV ~dash-dot line!, 71 meV ~dash-dot-dot line!. The solid line
corresponds to the linear absorption spectrum.
1-2
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SPECTRAL DEPENDENCE OF THE OPTICAL STARK . . . PHYSICAL REVIEW B69, 085311 ~2004!
the first moment of the measured spectrum around the p
and the Stark shift is calculated as a difference of the shi
peak position to the peak position in the linear absorpti
The spectra shown in Fig. 2 correspond to a zero pum
probe delay, which produces the maximum HH shift for ea
detuning. The time-dependent behavior of the absorp
saturation and the energy shift was monitored for'1 ps
around zero pump-probe delay, with a step of 27 fs. In
cases, the time response of the induced energy shift and
sorption saturation of both HH and LH resonances was
served to closely follow the pump pulse profile. Moreov
the shift reduced to zero for pump-probe delays.250 fs.
Therefore, there were no residual effects from incoher
processes.

There were pronounced differences between the sam
when we examine the detuning and polarization depende
of the Stark shift. As the HH-LH separation is not the sa
for the investigated samples, the effect of the HH-LH sp
ting variation needs to be considered, in order to explain
observed differences. We introduce the ratio of the detun
of the pump center wavelength from the HH resonance to
HH-LH separation~Table I!, and we find that the behavior o
the four samples can be categorized into the two follow
groups. SamplesA and B, where the detuning to splitting
ratio is in the range 1–2, show similar detuning and po
ization dependence. SamplesC andD, where this ratio is in
a higher range~2–5!, show a different behavior.

Figures 3 and 4 show the observed energy shift at z
delay as a function of detuning for the HH and LH and f
both polarizations. As we are interested in the spectral
pendence of the Stark shift and the shift is directly prop
tional to the pulse intensity we can choose a slightly differ
pulse energyEp in each sample to maintain a good sign
to-noise ratio.

At the HH resonance, opposite circularly polarized pum
and probe pulses cause an increase of the shift with incr
ing detuning for a small detuning to splitting ratio~samples
A andB), whereas for samplesC andD the shift decrease
as detuning is increased. For SCP the shift decreases
increasing detuning for all samples~Fig. 3!. The described
behavior can also be seen in the absorption spectra pres
in Fig. 2 for sampleA. At the LH resonance, the shift in a
cases shows a decrease with increasing detuning. How
the actual value of the shift for the two polarizations is d
ferent. For samplesA and B the shift is similar for both
circular polarization configurations. This behavior is mo
fied for higher detuning to splitting ratio~samplesC andD)
where the OCP LH shift is always higher than the cor
sponding SCP shift~Fig. 4!.

We now discuss these results in the context of the cur
understanding. Two nonlinear effects, phase-space filling
Coulomb interactions, govern the optical Stark shift
semiconductors.10 The latter can be further divided into
first-order term and higher-order Coulomb correlation ter
incorporating bound and unbound two-exciton states. In
experimental conditions, the pump pulse simultaneously
cites both HH and LH resonances and therefore the coup
between HH and LH excitons also needs to be taken
account. To the best of our knowledge a complete the
08531
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including all these effects at both resonances is not availa
at present. Previous theoretical studies have considered
HH shift11,12 as influenced by the light-hole but not vic
versa. However, combining the polarization dependence
the Hartree-Fock~Pauli blocking and first-order Coulomb!
contributions and the observed behavior at a variety of
tuning to splitting ratios we can identify the influence
Coulomb correlations. In the following we analyze the r
sults of Figs. 3 and 4 in more detail in an attempt to ident
the various underlying contributions to the observed St
shifts.

We first consider Figs. 3~a! and 3~b!, which show the HH
shift dynamics for a low detuning to splitting ratio. The re
evant energy-level diagram and the allowed transitions
different polarizations are shown in Fig. 5. Below resonan
excitation by as1 pump pulse couples them521/2 elec-
tron states with them523/2 HH states and them51/2
electron states with them521/2 LH states with

FIG. 3. Measured heavy-hole energy shifts as a function of
tuningDHH for SCP~gray circular symbols! and OCP~black square
symbols! configurations~a! SampleA, ~b! SampleB, ~c! SampleC.
Fitted dependence of the OCP HH shiftDEocp on the detuning:
dEocp(meV)50.151102/DLH @Top of ~a!: Measured maximum
heavy-hole energy shifts as a function of detuning for OCP aT
5160 K].
1-3
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a ratio of oscillator strengths of 3:1. As1 polarized white
light continuum pulse probes the same HH transition, wh
would blue shift due to phase space filling. The effect fro
this process is expected to be the dominant one.12 On the
other hand as2 polarized probe pulse probes theDm5
21 HH transition, which means that Pauli blocking a
first-order Coulomb terms due to HH excitation are ze
However, excitation of them51/2 electron states due to LH
transition will blue shift the resonance to higher energ
although this blue shift would be less compared to the S
case. The observed shift will also have contributions fr
higher-order Coulomb correlation terms. As shown in Fi
3~a! and 3~b! the blue shift for OCP increases with increasi
detuning. Since the Pauli blocking term would always ca
a blue shift decreasing with increasing detuning the obser
increase implies that there are also terms producing a
shift, which decays faster than the blue shift. Higher-or
Coulomb correlations are known to cause such a red sh12

and we expect that here too the main contributions to

FIG. 4. Measured light-hole energy shifts as a function of
tuning from the HH resonanceDHH for SCP~gray circular symbols!
and OCP~black square symbols! polarization configurations~a!
SamplesA ~solid symbols! and B ~open symbols! ~b! SampleC.
Fitted dependence of the SCP LH shift:dEscp(meV)50.18
1160/DLH ~gray line! and the OCP LH shift:dEocp(meV)52
155/DHH ~black line! on the pump pulse detuning.

FIG. 5. Simplified energy level diagram and transitions induc
by as1 polarized pump~solid thick arrows! and as1 ~SCP! or s2

~OCP! probe beam~dashed arrows!.
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Stark shift are from the LH Pauli blocking and HH highe
order Coulomb correlations. The contributions from the Co
lomb interaction terms at the LH are not expected to be s
nificant in this detuning regime, as we show later.

To further analyze the origin of the higher-order Coulom
correlations, the contributions from the exciton-biexcit
resonance need to be considered. For the~Zn,Cd!Se/ZnSe
quantum wells~sampleA) pump-probe measurements und
resonant excitation found a relatively high binding energy
the biexcitons~13 meV! and the question arises whether th
may play an important role in the Stark shift dynamics.17 To
check this we repeated both the resonant pump-probe m
surements and the Stark shift measurements as a functio
temperature. As shown in Fig. 6, under HH resonant exc
tion, the distinct exciton-biexciton peak visible for OCP
low temperatures disappears at 150 K, indicating that bo
biexcitons do not form at this temperature. Therefore
Stark shift measurements were repeated at 160 K for
sample where the exciton-biexciton transition is homo
neously broadened. As shown in Fig. 3~a! the Stark shift
behavior remained essentially the same at 160 K. There
we conclude that bound biexcitons do not play a promin
role here. In the InxGa12xAs quantum wells it was found tha
Coulomb memory effects and not the biexcitons make a m
jor contribution to the observed red shift.9

Turning to sampleC @Fig. 3~c!#, where the detuning to
HH-LH splitting ratio is higher than that for the other tw
samples, the behavior of the Stark shift for the OCP confi
ration as a function of detuning changes and the shift
creases with increasing detuning. The reduced detunin
the pump from the LH resonance (DLH) will enhance the
effect of light holes on heavy holes. The decay of the sh
shows aDLH

21 dependence, which is characteristic of the Pa
blocking contribution due to the influence of the L
excitons.12 The contribution of first-order Coulomb term

-

d

FIG. 6. Temperature dependence of the biexciton absorption
the ZnCdSe/ZnSe quantum well structure. The absorption spe
~solid lines! were obtained for OCP configuration under HH res
nant pump pulse excitation. Linear absorption spectra~dashed lines!
are also shown.
1-4
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and higher-order Coulomb correlations appears to be m
less at large detuning. This supports our earlier statement
Coulomb interaction contributions from the LH do not si
nificantly contribute to the observed shifts at the HH beca
of the larger detuning from the pump wavelength. The s
ond ZnSe/MgS sample~sampleD) shows essentially the
same behavior and the plots are not shown.

Now we consider the shifts of the LH resonance. As in
case of HH, we can again categorize the samples accor
to the detuning to splitting ratio. We use the same pheno
enological explanation as for the HH case based on the
tributions from Pauli blocking and Coulomb interaction
The Pauli blocking effect can be discussed on the basis o
polarization selection rules presented in Fig. 5. Remem
ing that the pump pulse iss1 polarized, as1 probe pulse
couples them51/2 electron states with them521/2 LH
states, whereas as2 probe pulse would couple them
521/2 electron states withm51/2 LH states. Therefore
Pauli blocking occurs in the case of SCP as the same tra
tion is pumped and probed. For OCP it occurs due to
coupling of them523/2 heavy-hole transition with them
521/2 electron states. Overall, the shift induced by Pa
blocking would always be higher for OCP than for SCP d
to the higher oscillator strength and smaller detuning of
HH transition. The effect of Coulomb interactions involvin
the light holes can be considered very small for the detun
range of the experiment. However, the influence of he
holes on light holes cannot be restricted only to the Pa
blocking effect, as Coulomb terms from the heavy holes c
not be neglected in this case. To our knowledge, there is
theoretical analysis available for evaluation of the Stark s
of the LH resonance including all the above phenome
However, evidence of the significance of the Coulom

*Present address: Laser Programme, Centre For Advanced T
nology, Indore 452013, India.
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