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Determination of band offset using continuous-wave two-photon excitation in a ZnSe quantum-well
waveguide structure
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We investigate exciton subband transitions in a ZnSg/2dg,S,Se _, 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 theahd 2 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 param@ter @a3+=0.1.
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INTRODUCTION beam epitaxy in an EPI twin-chamber system ori081)
GaAs substrate. Prior to growth a 200-nm-thick buffer layer
The nonlinear optical method of two-photon absorptionwas deposited on the substrate. Elemental sources for Zn,
(TPA) has been widely used as powerful spectroscopic tooMg, and Se were used, while sulfur was supplied by a
in quasi-two-dimensional2D) semiconductor structurés?  cracker cell. The MQW structure consists of 20 nominally
Depending on the optical selection rules being different fromg-nm-wide QW’'s that are separated by 20-nm-thick
those ruling linear absorption, two-photon excitati@PE) Zno odMTo.1630. 1658 g4 barriers. This structure is covered by a
spectroscopy provides valuable complementary information 2., m-thick Zn, gdMgo.»So.2656,74 bottom layer and a
on excited exciton states. In addition the polarization anisot1 2.,m top layer of the same composition to enable an op-

ropy of the dipole selection rules in quantum welis tical confinement of the electric light fields within the MQW

(QW's) favors the use of planar waveguide structures ingy,cqre. The uncertainty of the compositional conteand
which the electric wave vector, being polarized either paral

28 . :
lel or perpendicular to the quantum-well growth directian y Is about=0.01 More details about the MBE growth are

. : ~given elsewher&® The typical full width at half maximum
32'2('3 ?ng[;?%?;:ﬁozse Thransverse electrjcor TM (trans (FWHM) in high-resolution x-ray diffractioii004 reflection

While TPE on IlI-V semiconductor QW’s was used in is 25 arcsec, _vvhe_re a superlattice pe_:riod Of. 22.5 nm was
waveguide structures from the start of these stublrasst of ~ Measured, which is close to the nominal period of 24 nm.
the TPA experiments in 1l-VI semiconductors were per-1he sample was further characterized by PL and PLE mea-
formed without optical confinement due to the lack of Surements. In these experiments the sample was kept in a
nearly-lattice-matched systems within the class of widevariable-temperature helium cryostat and excited by a tun-
gap I-VI compound$® Based on quaternary able Ar-ion-laser-pumped dyelasgtilbene 3 at moderate
ZnMg;_,S,Se_,, we present results on a ZnSe excitation intensities I,.=1 kW/cn?). The emitted signal
multiple-QW waveguide structure grown by molecular beamwas dispersed by a 1-m monochromator and detected by a
epitaxy (MBE). The optical confinement together with an GaAs photomultiplier.
efficient end-fire coupling scheme within the cryostat allows In the TPE experiments the sample was placed in a cold-
the observation of two-photon exciton absorption at 12 Kfinger helium cryostat and cooled to 12 K. A high end-fire
even with continuous-wave excitation. The combined use o€oupling efficiency was realized by using a cylindrical lens
photoluminescence (PL), photoluminescence excitation in front of the cryostat window, leading to an elliptically
(PLB), and two-photon excitatiofTPE) spectroscopy thus shaped focus that was further focused onto the entrance facet
enabled us to determine the heavy-holeH}Bnd light-hole  of the waveguide by a 5-nm-diam ball lens in the cryostat. A
(11L) exciton binding energies and to evaluate thetynable Ti:sapphire laser was used as excitation source sup-
conduction- and valence-band discontinuities in this QWporting a wavelength range from=2840nm to 980 nm. In
structure. mode-locked operation, pulses of about 1 ps with a spectral
width of 1 nm(FWHM) were provided at a repetition rate of
82 MHz. Continuous-wave operation leads to a spectral
width of 0.1 nm. The average excitation power was about 0.5

The ZnSe/Zp_,Mg,S,Se _, multi-QW (MQW) wave- W in front of the cryostat. The TPA-induced PL at theHL1
guide structure was pseudomorphically grown by moleculad s exciton transition was detected perpendicular to the beam

SAMPLE PREPARATION AND EXPERIMENTAL
DETAILS
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FIG. 1. PL(dashed lingand PLE(full line) spectra of a MBE- 2.84 2.86 2.88 2.90 2.92 2.94
grown ZnSe/Zp_,Mg,S,Se_, MQW waveguide structure at 10 energy [eV]
K. The detection energy in the PLE measurements is designated by
an arrow. In addition the LO-phonon energyfab, o=31.6 meV is FIG. 2. Continuous-wave TPE spectra of the
given as a double arrow for comparison. ZnSelZn_,Mg,S5,Se_, MQW waveguide structure performed

with TE- (full line) an TM- (dashed ling polarized fields at 12 K.

direction (z direction), where the PL signal was transferred The signal obtained in TM configuration is magnified by a factor of
by an optical fiber into a 46-cm grating monochromator. A10 compared to the TE-TPE spectrum.

charge-coupled devid€€CD) array detector cooled by liquid
nitrogen was used to acquire the spectral response within
integration time of typicajl 1 s for each excitation wave-
length.

revealing a clear TPA-induced signal at theHl1s exciton
APansition. Small fluctuations of the laser intensity were com-
pensated by the arithmetic mean of several measurements.
Figure 2 shows the intensity-corrected TPE signal using TE
(full line) and TM (dashed ling polarized fields. In the TE
RESULTS AND DISCUSSION configuration the TPE signal was averaged from 10 single
measurements, showing a clear resonanée=at31 nm. Ac-
cording to the TPA dipole selection rules, which ag=0

The PL spectrum of the waveguide structure at 10 K isfor the subband transition andl = =1 for the exciton enve-
shown in Fig. 1 as dashed line revealing a dominant signal dbpe in QW’s? the peak at 2.879 eV is attributed to theHL1
2.848 eV, which is attributed to the BH11s exciton in the 2p exciton transition. For wavelengths smaller than
strained ZnSe QW. The small signal on the low-energy side=429 nm the TPA is already dominated by electron-hole
of the 1H exciton transition at 2.841 eV is attributed to the contributions'? which are superposed by a second less pro-
biexciton transitionXX as identified in similar structuréS. nounced and broader resonance that is assigned to the 11
The PL signal of the ZiMg, ,S,Se _, barrier appears at 2p exciton transition. As expected the H11s state, indi-
3.011 eV. The PLE spectrum shown as full line was recordedated by an arrow in Fig. 2, is strongly suppressed in this
at a detection energy of 2.84 eV, designated by an arrow. Nmeasurement. The small minimum on the high-energy side
significant Stokes shift of the HL exciton transition is ob- of the 11H 2p signal might be caused by a fast relaxation
served, indicating a weak exciton localization by QW fluc-from the 1H 2p state into the 1l 1s state due to state
tuation or interdiffusion. In addition the L11s exciton tran-  mixing, thus indicating the spectrally position of thel11s
sition is clearly detected at 2.880 eV, while the PLE signal atexciton state.
2.908 eV is attributed to the £ 1s exciton transition. At The TPE signal using TM polarized fields demonstrated
higher energies the PLE spectrum is governed by LOin Fig. 2 (dashed ling shows a completely different behav-
phonon-assisted relaxation processes into thé 14 exciton  ior. The curve is averaged from six single measurements and
state. The LO-phonon energy 6fw, o=31.6 meV is given the signal intensity is magnified by a factor of 10 compared
as a double arrow in Fig. 1 for comparison. The observedo the signal obtained in the TE configuration. The TPE sig-
fine structure of these signals is attributed to various combinal slightly increases at the H1 2p resonance at\
nations of LO and TO phonons. It smears out when the tem=431 nm, which is unexpected since heavy-hole exciton
perature is raised to 40 K, while the line shape of the 1§  states lying in thex-y direction do not possess any dipole
and 1M 1s exciton transitions remains unaffected. Finally moment along the direction?® The reason for its observa-
the structure at 3.023 eV is attributed to the heavy-hole extion is attributed to small deviations from the TM polariza-
citon transition of the barrier, the corresponding PL beingtion possibly caused by a weak birefringence of the cryostat
Stokes shifted by 12 meV due to exciton localization causedvindows. From the dipole selection rules, which ag=
by potential fluctuations in the quaternary material. +1 for the subband transition anll=0 for the exciton

After adjusting and optimizing the waveguide coupling envelope function in QW’s using TM-polarized fieltfs* a
and TPE signal using picosecond excitation pulses the ext2L 1s transition is expected as the lowest observable TPE
periments were performed using continuous-wave excitatiogignal. From energetic reasons, however, the signal enhance-

PLE and TPE measurements
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TABLE I. Material parameters of zinc-blende crystals for calculation of QW states. In addition, the lattice

constant of GaAf,=0.56480 nm(2 K) (Ref. 43 was used.
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ZnSe VAN MgSe
ay (nm) 0.56596 (Ref. 30 0.5404% (Ref. 36 0.591(Ref. 42
Cy, (GPa 85.9 (Ref. 31) 106.7 (Ref. 37 62.5 (Ref. 24
C., (GP3 50.6 (Ref. 31) 66.6 (Ref. 37) 40.8 (Ref. 24
Eo (eV) 2.8234 (Ref. 24 3.837 (Ref. 27 4.05 (Ref. 42
Ag (eV) 0.43 (Ref. 24 0.068 (Ref. 27 0.42 (Ref. 29
a=a,—a, (eV) —4.9 (Ref. 32 —5.0 (Ref. 38 —4.2 (Ref. 24
b (eV) —1.27 (Ref. 33 —0.75(Ref. 39 —1.2 (Ref. 28
a, (ev) —1.0(Ref. 32 —1.8(Ref. 39 —0.5(Ref. 28
m./mq 0.145(Ref. 34 0.221(Ref. 35 0.185(Ref. 28
Y1 2.45(Ref. 39 3.4 (Ref. 40 2.14(Ref. 29
Y2 0.61(Ref. 39 1.3 (Ref. 40 0.47 (Ref. 29
R, (meV) 207 (Ref. 24 347 (Ref. 41) 57°° (Ref. 29
3t 2 K.
bExtrapolated.
‘Calculated.

ment at\ =427 nm cannot be attributed to al1ds transi- GaAs-based QW structures. The higher binding energy of
tion but is again assigned to the l1Rp transition. This the light-hole exciton is thereby explained by the higher ef-

transition is forbidden in pure 2D systems but weakly ap-fective in-plane mass. o .
pears in real QW structures in which the exciton envelope With the knowledge of these exciton binding energies we

has a certain extension in taelirection. Since the electron— are able to deduce the Hiland 11 subband transition en-
heavy-hole TPA contribution vanishes in the TM configura-€rgies, which we can compare with calculated values based
tion due to the missing dipole moment in thelirection, the ~ on the envelope function approximatidrin which heavy-
energetic position of the 112p transition at 2.911 eV is and light-hole excitons are considered to be decoupled.
now clearly determinable. As discussed later the expectetience we can evaluate the QW band discontinuities that are
12L 1s transition is already out of the tuning range of the determined by the strain-free and dimensionless conduction-
Ti:sapphire laser but is indicated by a strong increase of theand-offset parameter
TPE signal intensity above 2.94 eV. b
Vc(€e)+ SEL () — SEL(€)

c b w ’
EO_ EO

Exciton binding energy and QW band discontinuities ®
From the energetic differences of theH 1s (2.848 e\  as outlined in Refs. 24 and 25, whevg(e€) is the strain-
and 1H 2p (2.875 eV transition as well as from the L11s  dependent conduction-band offset, aBfi and E} are the
(2.880 eV and 11 2p (2.911 eV transition, which are gap energies of the unstrained barrier and well material.
experimentally determined with an uncertainty 2 meV,  sE(¢) and SEY(¢) are the absolute strain-dependent shifts
we are able to evaluate the fractional dimensiendd<2 of  of the conduction bands of the barrier and well, respectively.
the QW structure according3b™ The used material parameters for these calculations are given
in Table I. Since no reliable experimental values are avail-
(1) able for cubic MgS so fafwith the exception of the lattice
constant, which isqygs=0.562 nm at 300 KRef. 28] the
. ) , parameters of the quaternary,ZnMg, S, Se _, barrier were
assuming equal 2 and  energies and witiR=19.9meV  gequced from the data of ZnSe, ZnS, and MgSe alone. In the
being the Rydberg energy in bulk ZnSe. The resulting fract55e of Zn$Se , a bowing of the valence and the split-off
tional dimensions are/(11H)=2.55 anda(11L)=2.45 for  p5nq Y
the heai/y— and light-hole exciton, respectively. Using the[b0:0_51 eV, by,=—0.22eV (Ref. 27] was considered
relatiorf whereas a linear increase of the gap energy was assumed for
Zn; _,Mg,Se. The gap energy of the unstrained barﬁér
(2)  thusreads

Ex—Eis 16
R  (a’—1)%

R

Eb: EZnSe+ EZnS_ EZnSe_b +b 2+ EMgSe_ EZnS )
we find exciton binding energies &;(11H)=33meV and 0=Eo T Y(Ey 0 o) boy”+x(Eq 0 ?4)
E.s(11L)=38 meV. Hence the exciton binding energies ex-
ceed the LO-phonon energy dfw o=31.6meV due to The unstrained barrier lattice const&nﬁ was determined

guantum confinement, a fact that cannot be achieved iaccording to
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g Mg% S% =

2 L 9 S% | rameter ofQ.=0.3.

i —a—105 15 . )

P —— }; 1‘21 QW. Better agreement is found using smaller QW’s where

E —o—13 9 the variation ofQ. reveals a pronounced minimum using a

B ‘ . . . LT 7 QW size of 3.5 nm. The smaller well width is in accordance
0.15 0.20 0.25 0.30 0.35 0.40 0.45 with x-ray measurement, providing a shorter superlattice pe-

offset-parameter Q, riod than nominally expected. The optimal fit reveals at a

o ) ) ) value ofQ.=0.3.

FIG. 3. (8 Variation of the strain-free and dimensionless Finally, the composition of the quaternary barrier was
conduction-band-offset parametq, for various well widths in - \4rieq showing a less effective influence on the mean stan-
which a Z1,6M0o.1:50.1456 g barrier was used ar) for different oy geviations. Figure 3b) gives the data for a varyin@
compositional content using a QW width of 3.5 nm. The dashecgnd various Mg.] and S contents as labeled. In all casces the
line gives the experimental error value. The open symbolébin agreement is better than the experimentai uncertainty. At
indicate compositional content for which lattice-matched growth is, : )
not possible. hlg.her Mg_ content the value @, tends to values below 0.2 .

while a higher S content leads to values above 0.3. This
b_ ZnSe MgSe zns result is in agreement with the experimentally found values
2= (1=x)(1=y)ag ™ x(1-y)ag**ry(1-x)ag of Q.=0.13 reported from Zn,Mg,Se/ZnSe QW
+xyalos, (5) structgge? and Q.=0.35 found in_ Zn§S_el,y/ZnSe
) QW’s=” The deduced value d®.=0.3 in the investigated
where a lattice constant ayys(2 K)=0.560nm was de- zn,  Mg,S Se _,/ZnSe MQW structure nicely fits between
duced from the 300 K value assuming a similar temperaturgnese values. It should be noted that Mg content above
dependence as in ZnS. The remaining parame®evsere - 11 prevents a pseudomorphic growth abovearitayer
estimated according to the relation thickness. These data are therefore given as open symbols in
b_ pZnSe MgSe__ pZnSi ZnS__ pZnS Fig- 3(b)
PP= PRI X(PTE=PE +y (P PE™. (® From the performed variational calculations an error of
The resulting barrier parameters, e.g., the bandigppr the Q. of about =0.03 can be deduced. Uncertainties of the
lattice constangy, are in good agreement with the experi- quaternary material parameters as well as approximating as-
mental data obtained from PL and x-ray measurements. The&umptions in the used model, however, prompted us to de-
best agreement was found using a Mg and S content of clare an error of about0.1.

=0.11 andy=0.14, respectively, which is close to the nomi- The  absolute ~ subband  energies in a
nal values. Zng gdM 0o 1150.1456) g/ ZNSe QW, which are summarized in

The only free parameter in our model is theref@gy Fig. 4, are calculated as follows: The QW band edges are
which is determined by the minimum mean standard deviaEpjp=2.826 eV andE;};=2.837 eV and the discontinuities
tion o between calculated and experimentaHland 11.  are V.=57meV, V,,=157meV, and V y=148meV.
transition energies: Therefore only 27% and 28% of the gap energy contribute to

the conduction-band discontinuity. This result is in contrast
1N expt caloo 2 to the common anion/cation rule, which predicts a
o= Nzl (AEPP-AEP9? )| . (7)  conduction-band offset of about 60% of the gap enéfdy.
However, this rule already failed for ternary
Since the transition energies of QW states are extremely se@n, _,Mg,Se/ZnSgRef. 25 and Zn§Se _,/ZnSe(Ref. 29
sitive to the QW width, we varied the well width in our QW systems, and our value §f,=0.3+0.1 is supported by
calculations using=0.11 andy=0.14. Figure 8) demon- investigations of other grouffs*®with values in the range
strates that the experimental data cannot be reproducelil<Q.<0.4 using various Zn ,Mg,S, Se _, systems. Fi-
within the experimental error of 2 meV using a 4-nm-wide nally, the energetic positions of the electron and various HH
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and LH subband states are given in Fig. 4. The calculation§PE we were able to deduce the exciton binding energies
predict a 1M 1s transition at 2.910 eVassuming an exciton using the model of fractional dimension. The evaluated val-
binding energy of 33 me)/ which is in good agreement with ues of E;((11H)=33meV and E;((11L)=38meV for
the experimental value of 2.908 eV obtained from the PLEheavy and light-hole excitons, respectively, exceed the LO-
measurements. Furthermore alL12s exciton transition is phonon energy and might lead to a modified exciton—LO-
expected at about 2.975 eV, which might be indicated by ahonon scattering, which will be the subject of a forthcom-
small peak in the PLE measurements at slightly lower enering work. A comparison of 1 and 11 subband transition
gies. energies with calculated values further enabled us to deter-
mine the value of the strain-free and dimensionless
CONCLUSIONS conduction-band paramet€).. The low value ofQ.=0.3

+0.1 is in contrast to the common anion rule but is sup-

We have performed PL, PLE, and TPE measurements Ofjorted by investigations of several other groups, thus justi-
a MBE-grown Zm gdVgo.1150.145&.86/ZNS€ MQW wave-  fying the reliability of the used model calculations.
guide structure. The higq® nonlinearity in 11-VI materials

and an efficient coupling scheme within the cryostat enabled
us to perform TPA measurement with high spectral resolu-
tion using continuous-wave excitation. From the energetic
positions of the 1M 1s and 11 1s transitions provided by The experimental support of W. Langbein and H.-P. Tran-
PLE and the 18 2p and 11 2p transitions obtained from itz are kindly acknowledged.
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