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Determination of band offset using continuous-wave two-photon excitation in a ZnSe quantum-we
waveguide structure
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We investigate exciton subband transitions in a ZnSe/Zn12xMgxSySe12y multiple-quantum-well grown by
molecular beam epitaxy waveguide structure by photoluminescence excitation and two-photon excitation spec-
troscopy. A continuous-wave two-photon absorption is realized by an efficient waveguide coupling scheme
within the cryostat. From the energetic position of the 1s and 2p exciton transitions exciton binding energies
of 33 and 38 meV are deduced for heavy and light-hole excitons, respectively. With these values we are able
to determine the strain free and dimensionless conduction-band-offset parameter toQc50.360.1.

DOI: 10.1103/PhysRevB.63.235319 PACS number~s!: 42.50.Md, 73.21.2b, 71.35.2y, 71.55.Gs
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INTRODUCTION

The nonlinear optical method of two-photon absorpti
~TPA! has been widely used as powerful spectroscopic
in quasi-two-dimensional~2D! semiconductor structures.1–9

Depending on the optical selection rules being different fr
those ruling linear absorption, two-photon excitation~TPE!
spectroscopy provides valuable complementary informa
on excited exciton states. In addition the polarization anis
ropy of the dipole selection rules in quantum wells10–17

~QW’s! favors the use of planar waveguide structures
which the electric wave vector, being polarized either pa
lel or perpendicular to the quantum-well growth direction~z
axis!, propagates as TE~transverse electric! or TM ~trans-
verse magnetic! mode.

While TPE on III-V semiconductor QW’s was used
waveguide structures from the start of these studies,1 most of
the TPA experiments in II-VI semiconductors were pe
formed without optical confinement due to the lack
nearly-lattice-matched systems within the class of wi
gap II-VI compounds.6–8 Based on quaternar
ZnxMg12xSySe12y , we present results on a ZnS
multiple-QW waveguide structure grown by molecular be
epitaxy ~MBE!. The optical confinement together with a
efficient end-fire coupling scheme within the cryostat allo
the observation of two-photon exciton absorption at 12
even with continuous-wave excitation. The combined use
photoluminescence ~PL!, photoluminescence excitatio
~PLE!, and two-photon excitation~TPE! spectroscopy thus
enabled us to determine the heavy-hole (11H) and light-hole
(11L! exciton binding energies and to evaluate t
conduction- and valence-band discontinuities in this Q
structure.

SAMPLE PREPARATION AND EXPERIMENTAL
DETAILS

The ZnSe/Zn12xMgxSySe12y multi-QW ~MQW! wave-
guide structure was pseudomorphically grown by molecu
0163-1829/2001/63~23!/235319~6!/$20.00 63 2353
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beam epitaxy in an EPI twin-chamber system on a~001!
GaAs substrate. Prior to growth a 200-nm-thick buffer lay
was deposited on the substrate. Elemental sources for
Mg, and Se were used, while sulfur was supplied by
cracker cell. The MQW structure consists of 20 nomina
4-nm-wide QW’s that are separated by 20-nm-thi
Zn0.90Mg0.10S0.16Se0.84 barriers. This structure is covered by
2.2-mm-thick Zn0.80Mg0.20S0.26Se0.74 bottom layer and a
1.2-mm top layer of the same composition to enable an
tical confinement of the electric light fields within the MQW
structure. The uncertainty of the compositional contentx and
y is about60.01. More details about the MBE growth a
given elsewhere.18 The typical full width at half maximum
~FWHM! in high-resolution x-ray diffraction~004 reflection!
is 25 arcsec, where a superlattice period of 22.5 nm w
measured, which is close to the nominal period of 24 n
The sample was further characterized by PL and PLE m
surements. In these experiments the sample was kept
variable-temperature helium cryostat and excited by a t
able Ar-ion-laser-pumped dyelaser~Stilbene 3! at moderate
excitation intensities (I exc51 kW/cm2). The emitted signal
was dispersed by a 1-m monochromator and detected
GaAs photomultiplier.

In the TPE experiments the sample was placed in a c
finger helium cryostat and cooled to 12 K. A high end-fi
coupling efficiency was realized by using a cylindrical le
in front of the cryostat window, leading to an ellipticall
shaped focus that was further focused onto the entrance
of the waveguide by a 5-nm-diam ball lens in the cryostat
tunable Ti:sapphire laser was used as excitation source
porting a wavelength range froml5840 nm to 980 nm. In
mode-locked operation, pulses of about 1 ps with a spec
width of 1 nm~FWHM! were provided at a repetition rate o
82 MHz. Continuous-wave operation leads to a spec
width of 0.1 nm. The average excitation power was about
W in front of the cryostat. The TPA-induced PL at the 11H
1s exciton transition was detected perpendicular to the be
©2001 The American Physical Society19-1
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direction ~z direction!, where the PL signal was transferre
by an optical fiber into a 46-cm grating monochromator.
charge-coupled device~CCD! array detector cooled by liquid
nitrogen was used to acquire the spectral response withi
integration time of typically 1 s for each excitation wave
length.

RESULTS AND DISCUSSION

PLE and TPE measurements

The PL spectrum of the waveguide structure at 10 K
shown in Fig. 1 as dashed line revealing a dominant signa
2.848 eV, which is attributed to the 11H 1s exciton in the
strained ZnSe QW. The small signal on the low-energy s
of the 11H exciton transition at 2.841 eV is attributed to th
biexciton transitionXX as identified in similar structures.19

The PL signal of the ZnxMg12xSySe12y barrier appears a
3.011 eV. The PLE spectrum shown as full line was recor
at a detection energy of 2.84 eV, designated by an arrow.
significant Stokes shift of the 11H exciton transition is ob-
served, indicating a weak exciton localization by QW flu
tuation or interdiffusion. In addition the 11L 1s exciton tran-
sition is clearly detected at 2.880 eV, while the PLE signa
2.908 eV is attributed to the 12H 1s exciton transition. At
higher energies the PLE spectrum is governed by L
phonon-assisted relaxation processes into the 11H 1s exciton
state. The LO-phonon energy of\vLO531.6 meV is given
as a double arrow in Fig. 1 for comparison. The obser
fine structure of these signals is attributed to various com
nations of LO and TO phonons. It smears out when the te
perature is raised to 40 K, while the line shape of the 11L 1s
and 12H 1s exciton transitions remains unaffected. Fina
the structure at 3.023 eV is attributed to the heavy-hole
citon transition of the barrier, the corresponding PL be
Stokes shifted by 12 meV due to exciton localization cau
by potential fluctuations in the quaternary material.

After adjusting and optimizing the waveguide couplin
and TPE signal using picosecond excitation pulses the
periments were performed using continuous-wave excita

FIG. 1. PL~dashed line! and PLE~full line! spectra of a MBE-
grown ZnSe/Zn12xMgxSySe12y MQW waveguide structure at 10
K. The detection energy in the PLE measurements is designate
an arrow. In addition the LO-phonon energy of\vLO531.6 meV is
given as a double arrow for comparison.
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revealing a clear TPA-induced signal at the 11H 1s exciton
transition. Small fluctuations of the laser intensity were co
pensated by the arithmetic mean of several measurem
Figure 2 shows the intensity-corrected TPE signal using
~full line! and TM ~dashed line! polarized fields. In the TE
configuration the TPE signal was averaged from 10 sin
measurements, showing a clear resonance atl5431 nm. Ac-
cording to the TPA dipole selection rules, which areD j 50
for the subband transition andD l 561 for the exciton enve-
lope in QW’s,2 the peak at 2.879 eV is attributed to the 11H
2p exciton transition. For wavelengths smaller thanl
5429 nm the TPA is already dominated by electron-h
contributions,12 which are superposed by a second less p
nounced and broader resonance that is assigned to theL
2p exciton transition. As expected the 11H 1s state, indi-
cated by an arrow in Fig. 2, is strongly suppressed in t
measurement. The small minimum on the high-energy s
of the 11H 2p signal might be caused by a fast relaxati
from the 11H 2p state into the 11L 1s state due to state
mixing, thus indicating the spectrally position of the 11L 1s
exciton state.

The TPE signal using TM polarized fields demonstra
in Fig. 2 ~dashed line! shows a completely different behav
ior. The curve is averaged from six single measurements
the signal intensity is magnified by a factor of 10 compar
to the signal obtained in the TE configuration. The TPE s
nal slightly increases at the 11H 2p resonance atl
5431 nm, which is unexpected since heavy-hole exci
states lying in thex-y direction do not possess any dipo
moment along thez direction.20 The reason for its observa
tion is attributed to small deviations from the TM polariz
tion possibly caused by a weak birefringence of the cryo
windows. From the dipole selection rules, which areD j 5
61 for the subband transition andD l 50 for the exciton
envelope function in QW’s using TM-polarized fields,10,11 a
12L 1s transition is expected as the lowest observable T
signal. From energetic reasons, however, the signal enha

by
FIG. 2. Continuous-wave TPE spectra of th

ZnSe/Zn12xMgxSySe12y MQW waveguide structure performe
with TE- ~full line! an TM- ~dashed line! polarized fields at 12 K.
The signal obtained in TM configuration is magnified by a factor
10 compared to the TE-TPE spectrum.
9-2
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TABLE I. Material parameters of zinc-blende crystals for calculation of QW states. In addition, the l
constant of GaAsa050.56480 nm~2 K! ~Ref. 43! was used.

ZnSe ZnS MgSe

a0 ~nm! 0.56596a ~Ref. 30! 0.54041a ~Ref. 36! 0.591~Ref. 42!
C11 ~GPa! 85.9 ~Ref. 31! 106.7~Ref. 37! 62.5 ~Ref. 24!
C12 ~GPa! 50.6 ~Ref. 31! 66.6 ~Ref. 37! 40.8 ~Ref. 24!
E0 ~eV! 2.8234a ~Ref. 24! 3.837a ~Ref. 27! 4.05 ~Ref. 42!
Dso ~eV! 0.43a ~Ref. 24! 0.068a ~Ref. 27! 0.43b ~Ref. 25!

a5ac2av ~eV! 24.9 ~Ref. 32! 25.0 ~Ref. 38! 24.2b ~Ref. 24!
b ~eV! 21.27 ~Ref. 33! 20.75 ~Ref. 39! 21.2b ~Ref. 28!
av ~eV! 21.0 ~Ref. 32! 21.8 ~Ref. 34! 20.5 ~Ref. 28!
mc /m0 0.145~Ref. 34! 0.221~Ref. 35! 0.185~Ref. 28!

g1 2.45 ~Ref. 35! 3.4 ~Ref. 40! 2.14 ~Ref. 25!
g2 0.61 ~Ref. 35! 1.3 ~Ref. 40! 0.47 ~Ref. 25!

R0 ~meV! 20a ~Ref. 24! 34a ~Ref. 41! 57b,c ~Ref. 25!

aAt 2 K.
bExtrapolated.
cCalculated.
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ment atl5427 nm cannot be attributed to a 12L 1s transi-
tion but is again assigned to the 11L 2p transition. This
transition is forbidden in pure 2D systems but weakly a
pears in real QW structures in which the exciton envelo
has a certain extension in thez direction. Since the electron–
heavy-hole TPA contribution vanishes in the TM configu
tion due to the missing dipole moment in thez direction, the
energetic position of the 11L 2p transition at 2.911 eV is
now clearly determinable. As discussed later the expec
12L 1s transition is already out of the tuning range of t
Ti:sapphire laser but is indicated by a strong increase of
TPE signal intensity above 2.94 eV.

Exciton binding energy and QW band discontinuities

From the energetic differences of the 11H 1s ~2.848 eV!
and 11H 2p ~2.875 eV! transition as well as from the 11L 1s
~2.880 eV! and 11L 2p ~2.911 eV! transition, which are
experimentally determined with an uncertainty of62 meV,
we are able to evaluate the fractional dimension 3,a,2 of
the QW structure according to21,22

E2s2E1s

R
5

16a

~a221!2 , ~1!

assuming equal 2p and 2s energies and withR519.9 meV
being the Rydberg energy in bulk ZnSe. The resulting fr
tional dimensions area(11H)52.55 anda(11L)52.45 for
the heavy- and light-hole exciton, respectively. Using
relation21

En5
R

@n1~a23!/2#2 , ~2!

we find exciton binding energies ofE1s(11H)533 meV and
E1s(11L)538 meV. Hence the exciton binding energies e
ceed the LO-phonon energy of\vLO531.6 meV due to
quantum confinement, a fact that cannot be achieved
23531
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GaAs-based QW structures. The higher binding energy
the light-hole exciton is thereby explained by the higher
fective in-plane mass.

With the knowledge of these exciton binding energies
are able to deduce the 11H and 11L subband transition en
ergies, which we can compare with calculated values ba
on the envelope function approximation23 in which heavy-
and light-hole excitons are considered to be decoup
Hence we can evaluate the QW band discontinuities that
determined by the strain-free and dimensionless conduct
band-offset parameter

Qc5
Vc~e!1dEc

w~e!2dEc
b~e!

E0
b2E0

w , ~3!

as outlined in Refs. 24 and 25, whereVc(e) is the strain-
dependent conduction-band offset, andE0

b and E0
w are the

gap energies of the unstrained barrier and well mater
dEc

b(e) anddEc
w(e) are the absolute strain-dependent sh

of the conduction bands of the barrier and well, respective
The used material parameters for these calculations are g
in Table I. Since no reliable experimental values are av
able for cubic MgS so far@with the exception of the lattice
constant, which isaMgS50.562 nm at 300 K~Ref. 26!# the
parameters of the quaternary Zn12xMgxSySe12y barrier were
deduced from the data of ZnSe, ZnS, and MgSe alone. In
case of ZnSySe12y a bowing of the valence and the split-o
band
@b050.51 eV, bso520.22 eV ~Ref. 27!# was considered
whereas a linear increase of the gap energy was assume
Zn12xMgxSe. The gap energy of the unstrained barrierE0

b

thus reads

E0
b5E0

ZnSe1y~E0
ZnS2E0

ZnSe2b0!1b0y21x~E0
MgSe2E0

ZnSe!.
~4!

The unstrained barrier lattice constanta0
b was determined

according to
9-3
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a0
b5~12x!~12y!a0

ZnSe1x~12y!a0
MgSe1y~12x!a0

ZnS

1xya0
MgS, ~5!

where a lattice constant ofaMgS(2 K)50.560 nm was de-
duced from the 300 K value assuming a similar tempera
dependence as in ZnS. The remaining parametersP were
estimated according to the relation

Pb5PZnSe1x~PMgSe2PZnSe!1y~PZnS2PZnSe!. ~6!

The resulting barrier parameters, e.g., the band gapE0
b or the

lattice constanta0
b , are in good agreement with the expe

mental data obtained from PL and x-ray measurements.
best agreement was found using a Mg and S contentx
50.11 andy50.14, respectively, which is close to the nom
nal values.

The only free parameter in our model is thereforeQc ,
which is determined by the minimum mean standard de
tion s between calculated and experimental 11H and 11L
transition energies:

s5S 1

N (
i 51

N

~DEi
expt2DEi

calc!2D 1/2

. ~7!

Since the transition energies of QW states are extremely
sitive to the QW width, we varied the well width in ou
calculations usingx50.11 andy50.14. Figure 3~a! demon-
strates that the experimental data cannot be reprodu
within the experimental error of 2 meV using a 4-nm-wi

FIG. 3. ~a! Variation of the strain-free and dimensionle
conduction-band-offset parameterQc for various well widths in
which a Zn0.89Mg0.11S0.14Se0.86barrier was used and~b! for different
compositional content using a QW width of 3.5 nm. The dash
line gives the experimental error value. The open symbols in~b!
indicate compositional content for which lattice-matched growth
not possible.
23531
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QW. Better agreement is found using smaller QW’s whe
the variation ofQc reveals a pronounced minimum using
QW size of 3.5 nm. The smaller well width is in accordan
with x-ray measurement, providing a shorter superlattice
riod than nominally expected. The optimal fit reveals a
value ofQc50.3.

Finally, the composition of the quaternary barrier w
varied, showing a less effective influence on the mean s
dard deviations. Figure 3~b! gives the data for a varyingQc
and various Mg and S contents as labeled. In all cases
agreement is better than the experimental uncertainty.
higher Mg content the value ofQc tends to values below 0.2
while a higher S content leads to values above 0.3. T
result is in agreement with the experimentally found valu
of Qc50.13 reported from Zn12xMgxSe/ZnSe QW
structures25 and Qc50.35 found in ZnSySe12y /ZnSe
QW’s.29 The deduced value ofQc50.3 in the investigated
Zn12xMgxSySe12y /ZnSe MQW structure nicely fits betwee
these values. It should be noted that Mg content abovx
.0.11 prevents a pseudomorphic growth above a 1-mm layer
thickness. These data are therefore given as open symbo
Fig. 3~b!.

From the performed variational calculations an error
Qc of about 60.03 can be deduced. Uncertainties of t
quaternary material parameters as well as approximating
sumptions in the used model, however, prompted us to
clare an error of about60.1.

The absolute subband energies in
Zn0.89Mg0.11S0.14Se0.86/ZnSe QW, which are summarized i
Fig. 4, are calculated as follows: The QW band edges
EHH

w 52.826 eV andELH
w 52.837 eV and the discontinuitie

are Vc557 meV, VHH5157 meV, and VLH5148 meV.
Therefore only 27% and 28% of the gap energy contribute
the conduction-band discontinuity. This result is in contr
to the common anion/cation rule, which predicts
conduction-band offset of about 60% of the gap energy.44,45

However, this rule already failed for ternar
Zn12xMgxSe/ZnSe~Ref. 25! and ZnSySe12y /ZnSe~Ref. 29!
QW systems, and our value ofQc50.360.1 is supported by
investigations of other groups46–48 with values in the range
0.1,Qc,0.4 using various Zn12xMgxSySe12y systems. Fi-
nally, the energetic positions of the electron and various

d

s

FIG. 4. Calculated absolute subband energies in
Zn0.89Mg0.11S0.14Se0.86/ZnSe MQW structure, using an offset pa
rameter ofQc50.3.
9-4
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and LH subband states are given in Fig. 4. The calculati
predict a 12H 1s transition at 2.910 eV~assuming an exciton
binding energy of 33 meV!, which is in good agreement with
the experimental value of 2.908 eV obtained from the P
measurements. Furthermore a 12L 1s exciton transition is
expected at about 2.975 eV, which might be indicated b
small peak in the PLE measurements at slightly lower en
gies.

CONCLUSIONS

We have performed PL, PLE, and TPE measurements
a MBE-grown Zn0.89Mg0.11S0.14Se0.86/ZnSe MQW wave-
guide structure. The highx (3) nonlinearity in II-VI materials
and an efficient coupling scheme within the cryostat enab
us to perform TPA measurement with high spectral reso
tion using continuous-wave excitation. From the energe
positions of the 11H 1s and 11L 1s transitions provided by
PLE and the 11H 2p and 11L 2p transitions obtained from
23531
s

E

a
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on
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ic

TPE we were able to deduce the exciton binding energ
using the model of fractional dimension. The evaluated v
ues of E1s(11H)533 meV and E1s(11L)538 meV for
heavy and light-hole excitons, respectively, exceed the L
phonon energy and might lead to a modified exciton–L
phonon scattering, which will be the subject of a forthco
ing work. A comparison of 11H and 11L subband transition
energies with calculated values further enabled us to de
mine the value of the strain-free and dimensionle
conduction-band parameterQc . The low value ofQc50.3
60.1 is in contrast to the common anion rule but is su
ported by investigations of several other groups, thus ju
fying the reliability of the used model calculations.
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