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We report on design and fabrication of alternately-strained ZnS,Sei1—,/CdSe short period superlattices with
the effective band-gap 2.52, 2.58, and 2.61 eV and the total thickness ~ 300 nm. Transmission electron microscopy,
X-ray diffraction, and photoluminescence measurements reveal negligibly small density of misfit dislocations in

the superlattices.

The investigation of carrier transport along the superlattice growth axis, performed by the

photoluminescence measurements of a superlattice with one enlarged quantum well, confirms efficient Bloch-type
transport at temperatures above ~ 100 K. Such superlattices look promising for the applications as a material for
the wide band-gap photoactive region of a multi-junction solar cell comprising both III-V and II-VI materials.
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1. Introduction

Integration of II-VI and III-V based cascades into a
heterovalent multi-junction solar cell can make it possi-
ble to increase energy conversion efficiency in compari-
son with the solar cells based on III-V semiconductors
alone [1]. The improvement is expected due to optimiza-
tion of the captured spectrum of solar radiation as a re-
sult of using an additional wide band-gap II-VI cascade.
High crystal quality of the II-VI cascade is needed to
diminish recombination losses, which can be realized by
pseudomorphic growth of the II-VI layers atop of the
ITI-V cascade. Semiconductor alloys (Zn,Cd)(S,Se) look
most suitable for the application as the II-VI cascade
material because they have direct band-gap, can be lat-
tice matched to GaAs, and can be doped by donor and
acceptor dopants [2]. To obtain optimal band-gap en-
ergies of the II-VI cascade, corresponding to the maxi-
mum energy conversion efficiency of the heterovalent mul-
tijunction solar cell, it is important to be able to ad-
just band-gap of the (Zn,Cd)(S,Se) alloy flexibly within
as wide energy range as possible, while maintaining low
density of defects and efficient transport of photoexcited
carriers. Technological control over the composition of
the quaternary II-VI alloy is, however, a real challenge,
whereas more realistic can be fabrication of an equivalent
ZnS,Se;_, /CdSe short-period superlattice (SL).

In the present work we have designed and grown by
molecular beam epitaxy (MBE) ZnS,Se;_, /CdSe pseu-
domorphic SLs with the effective band-gap energy Egﬁ
in the range 2.5-2.6 ¢V (at 300 K) and investigated their
structural and optical properties. The thicknesses and
composition of the SL layers were calculated using a
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strain compensation concept based on the balance be-
tween tensile strain in ZnS,Se;_, layers and compressive
strain in CdSe layers [3]. While designing the SL we also
took into consideration that carrier mobility along the SL
growth axis is defined by the corresponding lowest-energy
miniband width. The width of a heavy-hole miniband is
smaller than that of an electron one and, therefore, just
this quantity limits the efficiency of the vertical transport
of photoexcited carriers. To provide the efficient trans-
port we have designed the SL with the heavy-hole mini-
band as wide as ~ 50 meV. Investigation of the carrier
vertical transport in the SL was performed by measure-
ments of photoluminescence (PL) spectra of the struc-
tures containing the SL with one enlarged ZnSe/CdSe
quantum well (QW) [4].

2. Experimental details

The structures were grown by MBE using a double-
chamber setup (Semiteq, Russia) on undoped GaAs (001)
substrates with epitaxial buffer layers of GaAs and ZnSe
(= 10 nm). They consist of 140 periods of the SL with a
wider CdSe/ZnSe (3 nm) QW inserted after first fifty pe-
riods. Nominal thicknesses of CdSe (L., ) and ZnS,Se;_,
(Ly) in the SLs are in the ranges 1.3-1.5 and 4-5 mono-
layers (ML), respectively, while the CdSe nominal thick-
ness (Lpqw) in the extended QW is ~ 2.8 ML, which im-
plies formation of self-assembled CdSe quantum dots [5].
Main parameters of the fabricated structures are given
in Table.

TABLE

Parameters of three structures with
a (CdSe/ZnS.;Se;—, SL and a CdSe enlarged
QW.

z|%] | Ly [ML] | Lw [ML] | Leqw [ML]
1 | 35-40 4 1.3 2.8
30 5 1.5 3.2
3 | 35-40 5 1.5 2.95

(1156)
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Fig. 1. XRD 6-20 scans of the structures 1 — (a), 2 —
(b) and 3 — (c) around the GaAs (004) diffraction re-
flex. The SL’s satellites are labeled as “-17, “0”, “1”.

The lattice mismatch of the SL as a whole and the
SL period are obtained by X-ray diffraction (XRD) 6-
20 scans, measured using a Cu K, line (Fig. 1). One
of the structures is studied by transmission electron mi-
croscopy (TEM). The temperature dependences of PL
are registered with excitation by the emission of a halo-
gen tungsten lamp dispersed by a monochromator. The
PL spectra, measured at 77 K and 300 K, are detected
with the excitation by a 404 nm laser line. The PL is
dispersed by a spectrometer Acton 2500 and collected by
a cooled CCD camera.

3. Results and discussion

The XRD 6-20 scans of all three structures are pre-
sented in Fig. 1. The scans allow one to determine the
period of each SL (from the angular distance between
SL’s satellites) and the average lattice parameter per-
pendicular to the SL layers planes aj 4, (from the “zero”
satellite peak position). The calculated SL periods equal
16, 20 and 20.6 A for the structures 1-3, respectively;
they are in a good agreement with the nominal periods
of 15, 19 and 19 A, defined by the structures design. The
average lattice parameters are 5.686, 5.727 and 5.593 A
for 1-3 structures that correspond to lateral compressive
strain in the SL of the 1st and 2nd structures and tensile
strain for the 3rd structure. A TEM image of the cross-
section of the 1st structure displays well resolved layers
of the SL and enlarged QW. The SL period defined by
TEM is 16 A (Fig. 2). More detailed TEM studies re-
vealed a negligibly small density of extended defects in
this structure.

PL spectra of the structures, measured at 77 and
300 K, are presented in Fig. 3. All three structures
demonstrate bright PL indicating perfect crystal qual-
ity. The efficiency of the carrier transport across the SL
is estimated by measuring the relation 7¥QW /5L where
IPQW and IS" are integral intensities of PL from enlarged
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Fig. 2. TEM image of the cross-section of the Ist
structure.

QW and from SL, respectively, measured with an exci-
tation energy above the SL absorption edge. PL inten-
sities TPQW and IS are of the same order of magnitude
at 77 K (Fig. 3a), whereas IS values are considerably
smaller than I1®QW at room temperature (Fig. 3b) that
can be explained by the increase of the vertical transport
efficiency due to temperature induced activation of the
carriers localized within the SL.
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Fig. 3. PL spectra of three structures “1”, “2”, and “1”

measured at 77 K (a) and 300 K (b). PL spectra from
the SL measured at 300 K are multiplied by 100 and
shifted up for clarity.

This interpretation is confirmed by temperature de-
pendences of PL, measured for the 1st and 2nd structures
with excitation by light with the photon energy either
above the SL absorption edge or between the absorp-
tion edges of the SL and the enlarged QW. The spectral
position (Epeax), and spectral width (FWHM) (Fig. 4),
as well as the integral intensity (Fig. 5) of the PL lines
from the SL show a weak temperature dependence at
the lowest temperatures (< 20 K) that corresponds to the
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emission due to localized excitons in the SL. Above 20 K,
the PL line from the SL in both structures shows a non-
monotonous temperature dependence of the Stokes shift
and the line spectral width with characteristic features
observed at 70 K and 83 K, respectively. Such features
are typically related to a carrier mobility increase as a
result of delocalization processes [6]. Consequently, the
exponential decrease of the PL intensity from the SL at
temperatures above 20 K can be attributed to enhance-
ment of the vertical transport of carriers through the SL.
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Fig. 4.
FWHM of the PL line detected from the enlarged QW or
SL in the 1st structure (1, 1’) and 2nd structure (2, 27).
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Fig. 5. Temperature dependence of integral intensity
of the PL line detected from the enlarged QW and SL
in the 1st structure (a) and 2nd structure (b). The
wavelength of excitation is denoted by A°*°.

The non-monotonous temperature dependence of the
PL intensity from the enlarged QW in the 1st structure
takes place only with excitation energy above the SL
absorption edge that clearly demonstrates the increase
of the vertical transport efficiency in the SL with tem-
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perature. The temperature dependences of the peak
energy and FWHM of the PL line from the enlarged
QW (not shown) are very similar for both structures
and have features, mentioned above for the SL, but with
characteristic temperatures 115-120 K (Epeax) and 140—
145 K (FWHM). Consequently, the decrease of I®QW
(Ee=*c < EgL) for the 1st structure at temperatures above
150 K can be ascribed to the carriers delocalization in the
enlarged QW. Unlike the first structure, the decrease of
TEQW (B¢ < EZ%) for the 2nd one starts at tempera-
tures less than 150 K, that can be explained by elevated
nonradiative recombination resulting from the larger lat-
tice mismatch of the 2nd structure (Fig. 1).

4. Conclusions

In this work we have fabricated by MBE the
alternately-strained ZnS,Se;_,/CdSe short period su-
perlattices with the effective band-gap 2.52, 2.58, and
2.61 eV and thickness ~ 300 nm on GaAs substrate.
The SLs are designed to obtain efficient vertical transport
at room temperature while maintaining lattice-matched
conditions. TEM, XRD and photoluminescence investi-
gations of the structures revealed negligibly small den-
sity of misfit dislocations. Photoluminescence study of
carrier vertical transport in the SLs containing enlarged
QW confirms the Bloch-type transport of carriers at the
temperatures above 100 K. Adjustable band-gap energy,
defect-free growth of the SL on the GaAs substrate and
high efficiency of vertical transport make it possible to
utilize such SLs as a material of a wide band-gap cascade
of a multi-junction solar cell comprising both III-V and
II-VI materials.
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