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We present luminescence and Raman spectra of ZnSe/ZnS quantum wells fabricated
by metal organic chemical vapour deposition. Qur experiments provide information
on the structure of the sample interfaces between adjacent layers. Especially LO
phonon Raman scattering is found to be sensitive to strain and to the undesired
formation of a solid solution between the two compounds. A calculation using a
one-dimensional particle-in-box model with finite barriers gives good agreement
with the measured exciton epergies assuming as fitting parameter a valence band

discontinuity of $1%.

1 Imntroduction

In the last decade, semiconductor quantum well struc-
tures have entered into micro- and optoelectronic de-
vice technology. Directed towards optoelectronic ap-
plications in the near-infrared speciral region, so far
layered structures or quantumn wells mainly of ITT/V-
semiconductors and of silicon became of practical use
and can be fabricated in high quality by refined pro-
duction techniques. It is only recently that efforts are
undertaken to also develop II/VI-semiconductor struc-
tures which have wider bandgaps and would extend the
spectral range into the visible. In particular, the latest
success in p—doping of ZnSe layers [, 2] and the fabrica-
tion of visible light emitting diodes and laser structures
[3] has initiated increased interest in these materials and
shown the necessity to test sirucinres produced by dif-
ferent techniques.

material_LBandgap/eV [m.” [ mu” ]
ZnSe 2.82 0.17 |1 0.6
ZnS 3.82 0.34 1 0.49

Table 1: Bulk material parameters of ZnSe and £nS for
T=2K.

in this paper we present investigations of the lJumine-
scence and Raman spectra of ZnSe/ZnS quantum wells
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that were fabricated by metal organic chemical vapour
deposition. In this system, ZnSe forms the quantum well
while Zn$ is the barrier material (cf. Table 1). While the
large bandgap of the two materials, as opposed to other
II/VI combinations, guarantees light emission up to the
near ultraviolet, a major problem is the relatively large
lattice mismatch. Zn$ has a nearly 5% smaller lattice
constant than ZnSe which results in considerably strai-
ned layers near the interface to the substrate. Starting
from a critical layer thickness, dislocations develop that
relax the strain [4]. These dislocations, however, repre-
sent an additional perturbation in the sample which will
result in non-radiative relaxation processes that reduce
the quantum efficiency of any optoelectronic device. We
therefore have studied quantum wells having relatively
small wellwidths so that higher sample quality can be
expected.

2 Experimental

In our spectroscopic examinations, excitation was ac-
complished by a tunable dye laser which was pulsed
providing pulse durations of 6 ps. It was synchro-
nously pumped by a mode-locked frequency tripled
Nd*t:YLF laser system and, with Stilbene 3 or Exalite
392F as active media, worked in the wavelength ran-
ges 420nm-460nm (2.95-2.69¢V) and 378nm - 395nm
(3.12 - 3.28eV), respectively. In addition, direct exci-
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tation with the frequency tripled pump laser at 351nm
(3.5eV) was used. The spectral analysis of the emit-
ted light was performed by a 1m double monochroma-
tor. In the time-resolved measurements the time reso-
lution was limited by the respense of our set~up which
amounts to about 20 ps with a microchannel-plate mul-
tiplier as photodetector [6]. The samples were mounted
in a He—flow cryostat which allowed a temperature varia-
tion from 1.6K to 300K. We investigated samples grown
by metal organic chemical vapour deposition with GaAs
or CaF; as substrate materials. As the samples with
GaAs substrate had better quality, we here report the
results obtained for these, especially for a sample with
30 periods of ZnSe/ZnS. The well and harrier widths are
nominally 2 rm and 25 nm, the optical measurements
indicating slight deviations from that.

3 Results and discussion

3.1 Photoluminescence and Raman scattering
spectra

The low temperature photoluminescence spectrum of
the 2 nm/25 nm ZnSe/ZnS sample excited at an energy

E; = 3.5V essentiaily shows four emission bands
(Fig. 1), all situated well above the bulk ZnSe-bandgap
(cf. Table 1).

Based on the resonant enhancement of phonon scat-
tering described helow, the most prominent band A is
ascribed to the lowest exciton state in the ZnSe quan-
tum well with the low energy shoulder due to bound
states. The much less intense band B has similar line-
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FIGURE 1:Luminescence spectrum of a ZnSe (2am)/
ZnS (25nm) multiple quantum well structure al T=2K.
The high energy part is multiplied by a factor 50. The
arrows mark the ezcitation photon energies for the Ra-
man spectra displayed in the inset.
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shape like A from which we conclude that it is also of
excitonic nature, but very probably originates from wells
with different (smaller} wellwidth (see below}. Line C
differs distinctly from A and B. It is broader by a factor
of 3 and also very weak. We find the lifetimes of all
emission lines not significantly different from each other
and about 300 ps.

Ef and Ef mark the laser excitation photon ener-
gies to produce the Raman spectra A and C, respecti-
vely, displayed as the inset of Fig. 1. The two lires in
each spectrum are due to LO-phonon scattering with
the phonons propagating in ZnSe and ZnS as indicated.
For resonant excitation in the region of the emission
band A, the measured LO{Zn3e) energy (33.0 meV) is
larger than the bulk value (31.8 meV), while the mea-
sured LO (ZnS) phonon (42.0 meV) has smaller energy
than in bulk ZnS (44 meV) [7]. This contrasts to excita-
tion in band C, where the LO (ZnSe) phonon is shifted to
lower energy (30 meV) like the LO(ZnS) phonon, which
is a well-known behaviour in ZnSe,S;_. solid solutions
[7).

An important observation concerning the interrela-
tion between the emission bands A and C is that no
intensity enhancement at all is found for line A under
excitation in band C (at ES). From this and the Ra-
man data we conclude that A and C are not related but
rather resuit from states in different layers. The excito-
nic state A is localized in a quantum well characterized
by smooth interfaces hetween ZnSe and ZnS, while C is
caused by states in wells with solid solution character
and, hence, lower quality.

To further check if line A originates from exciton
states in the ZnSe quantum well, we employed Ra-
man spectroscopy under resonant excitation in the range
of band A. Due to exciton-phonon coupling, in this
case one would expect a strong enhancement of the
LO{7nSe) Raman process, while LO{ZnS) phonon scat-
tering should not be enhanced. The spectra in Fig. 2 ob-
tained flor different excitation photon energies, together
with the Raman profile in Fig. 3, completely confirm
this expected behaviour. More specifically one obser-
ves a strong enhancement of the LO (ZnSe) Raman line
if the scattered photon energy is equal to the exciton
energy ("outgoing resonance”). Besides, there occurs an
appreciable broadening of this line which in resonance
becomes about 3 meV (FWHM} wide. This broade-
ning agrees fairly well with the range of energies of the
LO(ZnSe) phonons confined in a quantum well about
2 nm wide. The incoming resonance of the LO(ZnSe)
phonon process is weaker as usual. No resonance at all is
found for the LO(ZnS) phonon scattering, All these ob-
servations support our interpretation. In particular, the
measured shift of the LO{ZnSe) and LO(7nS) phonon
to higher and lower energies, respectively, is explained
by the lattice mismatch between adjacent ZnSe and ZnS
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FIGURE 2: Luminescence and Raman spectre under re-
sonant excitation in band A al the laser photon energies
Ey, marked by arrows,

layers. The mismatch leads to lateral strains near the
interfaces resulting in both a compression of the ZnSe
lattice and tension of the Zn$ lattice consistent with the
changes in LO phonon energies.

In contrast, under resonant excitation in band C
(Fig. 1), the Raman signal of both ZnSe and ZnS phonon
branches is enhanced. 1t confirms that this band results
from excitons localized in less strained quantum wells
with unintentionally present solid solution character.

Besides providing information on the Raman proc-
esses, the selective excitation measurements in Fig. 2 de-
monstrate that the exciton band A is inhomogeneously
broadened (6., ~ 30 meV). Lowering the excitation
photon energy Ey, results in a fluorescence line narrowing
typical for inhomogeneously broadened optical transiti-
ons because it implies that emission in each spectrum
stems from states lower in energy than Er. The inho-
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FIGURE 3: HResonance Raman (circles) and Rayleigh
(full points) profiles in comparison with the luminescence
lineshape of emission band A. The full lines are guideli-
nes for the eye. Zero suppressed for Ruman and Rayleigh
profile, T=2K

mogeneous nature of the excitons is confirmed by our
measurements of resonant Rayleigh scattering. As has
been shown for TIT-V quantum well structures [6, 8, 9],
this process is due to spatial static disorder in the in-
terface and becomes strongly enhanced for excitonic re-
sonances. Fig. 3 shows the Rayleigh profile measured
for the ZnSef/ZnS quantum well. It exhibits a clear re-
sonance across the exciton band with the width of the
profile being roughly equal to §Eins.

3,2 Temperature dependence of spectra

Temperature dependent luminescence spectra give in-
formation on the possible activation processes and cor-
responding activatjon energies. Assuming a Boltzmann
type behaviour, the luminescence intensity originating
from state j at energy E; as function of temperature
may be written as

1

LTy~ g :
1+ ;(gir,ﬁ /Q'jrj )e:cp(——AE;j/kT)
i#)

(1)
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FIGURE 4: Luminescence spectra at different ternpera-
tures normalized in (peak) intensity lo exciton line A.
The high energy part of the specira are afl multiplied by
a factor of 10.

Here AE;; = E; — E; denotes the activation energy
into state i, g; and g; are degeneracy factors, I'YY is the
probability for a transition j—i at T— oo and T the
total transition probability of state j. The sum runs over
all energy states of the system, however, since for most
states AE;; kT or the ratio gif‘?f/gjl"j"‘ is small, in
practice only a few activation processes will be relevant.

Fig. 4 displays spectra at different temperatures not-
malized to the intensity of line A. Concerning the low
energy shoulder associated with this line, these spec-
tra reveal that it consists of several components which
we ascribe to bound states. Their temperature behav-
iour is characterized by thermal redistribution among
the states which finally, at 115K, are nearly depopula-
ted. Up to about 100K besides a 10 meV shift of all lines
to lower energies, the main temperature effect is an in-
tensity reduction as shown over the whole temperature
range in Fig. 5. Applying eq.(1) to fit these data, not
quite satisfactory agreement is obtained by taking into
account only one activation energy (AE], in Table 2).
The fits are improved in the low temperature region
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FIGURE &: Luminescence peak intensilies of emission
bands A, B and C as function of sample temperature.

All intensities are normalized lo their low temperature
values.

using two activation processes with activation energies
AE!, and AE?, (Table 2) and corresponding relative
weighting factors of about 90:1. States A and C have
an activation energy of 40 meV in common, in contrast
to the 20 meV activation energy for line B. The second
activation energy for each line is much smaller (10 meV
for A and C, 2meV for B),but contributes only little.

3.3 Model calculation of energy states

To calculate the energies of the confined exciton states,
we treated the ZnSe/ZnS quantum well system as a par-
ticle 10 a one-dimensional box with finite barriers and
continuous boundary conditions for the particle wave-
function and velocity. The energies not only depend on

I Line [A]B] C]
measured F/eV || 2.97 | 3.06 | 3.22
calenlated EfeV || 2.99 | 3.07
AEY [JmeV 40 | 20 | 40
AE?, . [meV 10 2 10

Table 2: Comparison of calculated and experimental va-
lues of various quaniities for excitonic states A, B and
C. E: energy positions of states. AE,, : activalion ener-
gies. For each transition the relative sirength of the ac-
tivalton processes | and £ is about 90:1.

the effective carrier masses and bandgap energies (Ta-
ble 1). Also exact values of the wellwidth, of the exciton
binding energy and for the ratio of the potential dis-
continuities in the valence and conduction hands must
be knowit. Ascribing the 40meV and 20meV meastred
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for state A and B to the exciton binding energy in the
confined system (as opposed to = 20meV in ZnSe bulk
matertal [T]), we calculated the energy positions of the
exciton states for wellwidths of 6 and 5 monolayers cor-
responding to 17 nm and 14.2 nm, respectively, close to
the nominal width. Under the reasonable assumption
of a valence band discontinuity between adjacent ZnSe
and ZnS layers of 91% [5], which enters as the only free
fitting parameter into the calculation, we got very good
agreement with the measured energies of lines A and B
supporting our assignment above (cf. Table 2.

10meV 2meV

80meV —Z- VB L e (p=1)

910meVg ! \ LB ~~p' (n=1)
6 ML 5 ML
ZnSe inS ZinSe

FIGURE 6: Discontinuities of conduction and valence
band (CB, VB} assumed to calculate the energies of stales
in ZnSe/ZnS quantum wells with 6 and 5 ZnSe mono-
layers (ML).

Due to the small clectron effective mass and con-
duction band discontinuity, the electron is only weakly
localized in the 7ZnSe well (Fig. 6). We find from our
calculation that the localization energies of the lowest
electron state are 10 and 2 meV for the two layer thick-
nesses in excellent agreement with the measured acti-
vation energies. This suggests that, subsequent to rte-
laxation into confined clectron-hole states, exciton for-
mation takes place concurrent with thermal activation
of the electron to continuum states extending into the
barrier. In addition the smaller exciton hinding energy
found for state B in comparison to A would qualitatively
be consistent with our assignment, as the less-confined
electron corresponds to a more extended wavefunction
and, hence, a smaller value of the exciton binding energy.

Asimplied by eq.(1), the intensity reduction does not
only depend on the activation energy, but also on the
prefactor g;I'%7 /g T, This factor is determined by the
cross-section for the capture of a completely free exciton
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at the binding center i and certainly will be important
for any practical application of the ZnSe/ZnS quantum
well system.

4 Concluding Remarks

As to the realization of efficient light sources based on
ZnSe/ZnS heterostructures, one is concerned with two
major problems. One is that obviously nonradiative re-
combination processes still affect the lifetime which for
all investigated transitions in our sample was small even
at very low temperatures and most possibly is related to
the strain in the sample. Also the activation energies, in
particular the electron confinement energies, are small
causing a drastic reduction of the quantum efficiency of
the excitonic states at higher temperatures. Both these
features presently would not allow one to produce an
efficient light source.
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