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Abstract — ZnS-ZnSe superlattices(SLs) were grown on the GaAs(100) by hot wall epitaxy. The
period of ZnS-ZnSe SLs grown was confirmed by X-ray diffraction patterns, and compared with
the theoretical pattern calculated considering the strain. It was calculated that the strain ratios
of ZnS and ZnSe parallel to interfaces are decreased with increasing the ZnS thickness for ZnSe
one. The photoluminescence(PL) of ZnS-ZnSe SLs consists of a sharp. line in the high energy
region and of broad spectra in the lower energy region. The peak photon energy of ZnS-ZnSe
PL was compared with the energy of the theoretical calculations using Kronig-Penney model, and
ZnS-ZnSe SLs were considered to be type L
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1. Introduction the short wavelength region. However, it is difficult
to control the electrical properties of ZnS-ZnSe be-
cause of the self-compensation and residual impuri-
ties [4]. To avoid these effects, HWE is preferable

[1,5].

ZnS-ZnSe quantum wells (QWs) and superlattices
(SLs) of II-VI compounds have recently been widely
studied by many research groups using different

methods such as hot wall epitaxy (HWE) [1], mole-
cular beam epitaxy (MBE) [2], and metal organic
chemical-vapor deposition [MOCVD] [3].
ZnS-ZnSe SLs have been of great interest be-
cause they posses excellent luminescent properties
for their applications to optoelectronic devices in
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Lattice mismatched heterostructures such as
ZnS-ZnSe can be grown with essentially no misfit
defect generation if the layers are sufficiently thin
[6]. Although the lattice mismatch of ZnS-ZnSe SLs
is somewhat large, 5%, strained-layer SLs are uni-
formly made. When SLs are formed, ZnSe layers
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are compressed to enhance their bond energy and
to reduce defect which are easily introduced into
tonic crystals. While ZnS layers are subject to ten-
sile strain. Structural analysis of the superlattice
is very iraportant in the research of physical prope-
rties and device application. X-ray analysis is one
of the most important method to investigate the su-
perlattice. especially for the analysis of the strained
layer SLs [7].

The X-ray analysis gives very useful and exact
information about the superlattice structure, strain,
interdiffusion of the constituents, and also about
fluctation of the superlattice period.

ZnS-ZnSe SLs applied to the devices are consi-
dered to show very weak photoluminescence (PL)
associated with deep level defects. It was reported
that strong PL associated with the band edges or
with the excitons and weak PL associated with deep
level defects were emitted by SLs of the thin ZnSe
(<30 A) and or of the thin ZnS(<30 A). These facts
indicate that strained SLs of the thin ZnSe and ZnS
layers without introducing many defect are easily
prepared [5].

In this study, the structure and PL of ZnS-ZnSe
SLs grown by HWE are reported by the analysis
of X-ray diffraction pattern and PL measurement.
These results are compared with the theoretical ca-
Iculation data taking into account the strain of the
layers.

2. Sample Preparation

HWE is a convenient method to make not only
high quality compound semiconductor films, but
also SLs. [8] ZnS-ZnSe SLs were grown on Cr-do-
ped semi-insulating GaAs(100) substrates using a
model FHW 8700 (FUJI SEIKI Inc) system. Fig.
1 shows a schematic diagram of HWE system to
prepare ZnS-ZnSe SLs layer. The system consists
of two independent hot wall (HW) furnaces for gro-
wing ZnS and ZnSe layer. Fig. 2 shows the cross
section of the HW furnaces. For the preparation
of ZnS-ZnSe SLs, the substrate was moved onto
the outlet of each furnace.

For the growth of ZnS and ZnSe layer, the gro-
wth-interruption process was used. [9] This me-
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Fig. 1. Schematic diagram of HWE system to prepare
ZnS-ZnSe SLs layer. Two HW furnaces are set
on a concentric circle as shown in the left side.

HEAD
s [EEFL siwsmare
N

o HfLOGEN
3 LAMP
Si0; i 7
TUBE] WALL
o HEATER
2 87ns
STAINLESS ° SOURCE
STEEL HEATER
HE ATE h-:L—e

HW1

HW 2
Fig. 2. Cross-section of the HW furnaces used to pre-
pare ZnS-ZnSe SLs.

thod means that the first buffer ZnS layer with the
constants interval period on the GaAs(100) subst-
rate, the next alternate ZnS and ZnSe layers are
grown on the substrate sucessively. In this experi-
memt unlike the conventional method, the wall te-
mperature of the furnace for the growing ZnSe lay-
ers was controlled by both the heater wire and ha-
logen lamps. Halogen lamps greatly affected the
growth rate and the morphology of ZnSe layers, and
were installed to obtain photons to get high quality
films. Polycrystalline ZnS and ZnSe as the source
material of SLs were used. The substrates were
cleaned by solvent, etched in H,SO, : H;O : H,0,=
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Table 1. ZnS-ZnSe SLs structures in the experime-

nts
Ny (ZnS) Ng (ZnSe)
Sample  Number of Number of  Number of
layer layer layer
#201 24 2 166
#204 19 2 166
#202 18 2 166
#203 18 3 160
#199 13 3 225

4:1:1, rinsed with deionizd H,O. They were ther-
mally cleaned at 550C for 10 minutes at a pressure
of 2X10° Torr to remove the remaining oxide layer.
During the growth the substrate temperature was
kept at 250C, while the wall and source tempera-
ture of ZnSe furnace were 660C , respectively. Also,
the wall and source temperature of ZnS source were
650C , and 700, respectively. The thickness of the
growing period layer was adjusted by controlling
the growing time, using the basic growth rate data
of ZnS and ZnSe monolayers. The growth rates of
ZnS and ZnSe layer were almost 0.7 A/sec and
2 A/sec, respectively. SLs were grown on the ZnS
buffer layer with the thickness of almost 3,500108
to diminish the misfit of the lattice.

ZnS-ZnSe SLs structures were ascertained by
observing X-ray diffraction satellities. PL spectra
were measured at 77 K, and He-Cd laser as the
light source was used. The samples used to mea-
sure are listed in Table 1.
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3. Results and Discussion

3.1. X-ray diffraction pattern

First of all, the X-ray diffraction of the ZnS-ZnSe
SLs is considered. Fig. 3 shows the superlattice st-
ructure and strain in the superlattice schematically.
The number of atomic layers is represented as N,
and N, respectively, and lattice spacings perpendi-
cular to the superlattice layer as d,4 and d, 5, res-
pectively. Cu(Kay, Ka,) radiation was used for the

X-ray source. Fig. 4 shows X-ray diffraction patte-
rns of ZnS-ZnSe SLs listed in Table 1. X-ray diffra-
ction patterns of SLs with the (400) peaks of the
substrate GaAs and the ZnS buffer layer are shown.
There are some satellite peaks close to (400) peak
of the buffer ZnS layer. These satellite peaks indi-
cate to be a SLs structure. X-ray diffraction peaks
appears near the angle 6 where the equation 2
Dsinf=nA (n: integer, D: SLs period) is satisfied.
The deviation of the peak from the calculated angle
is generally small, but it becomes relatively large
for the SLs with broad diffraction peaks. Lattice mi-
smatch between the SLs and the substrate should
affect the strain in the SLs layer. Different strains
of different layers, near and away from the subst-
rate, must broaden the width of the satellite spect-
rum [10]. The thicknesses (La+Lg) of layers (N,
+Npg) in Table 1 were obtained from the angle of
these satellite peaks. The satellite peaks were shif-
ted by the variation of the number of ZnS and ZnSe

Se

N

e 7n oS

Fig. 3. Schematic superlattice structure and the strain in the superlattice.
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Fig. 4. X-ray diffraction pattern of ZnS-ZnSe SLs.

layer, N,, Ng. The strongest one of them was shifted
towards low (high) angle as ZnSe(ZnS) layer was
increased. Fig. 4(2) and (e) show that the period
of the peaks of SLs increases(decreases) with dec-
reasing(increasing) total thickness of ZnS and ZnSe
layer. Fig. 4(b) and (d) indicate that although the
periods of SLs are nearly equal, the peak positions
and intensity are different. Fig. 5 shows the calcula-
ted diffraction patterns using the strain equation
to determine the number of monolayer N4, Ng in
Fig. 4. The lattice constant d,; i=A or B) of the
SLs is calculated from the parallel lattice spacing
d, and unstrained lattice spacing d; ((==A or B):

d,=d— 2(212

1

(dn - dz) (1)

The d, of the SLs may be written as below:
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Fig. 5. X-ray diffraction pattern calculated by consid-
ering the strain.
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where G; ¢(=A or B) is the value represented as:
2C),)°

Gzzcil“”ciz“‘ i
1

(=4, B) 3

For the ZnS C},=10.5X10" dyn/cm? and C},=
6.53X 10" dyn/cm?, on the other hand, C%,=8.50X
10" dyn/em? and C%,=5.02X10" dyn/cm?® for the
ZnSe. So the ratio of the values G4/Gg becomes
1.17. L, and Lg are layer thickness represented by
Nud, s and Npd, p, respectively. ZnSe(ZnS) lattice
constant in the direction perpendicular to the inter-
face is elongated(shortened), while the one parallel
to the interface is shortened(elongated).
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Diffraction intensities can be calculated using the
equation below:

1—exp@4nL 4 sinB/A)
1—exp(#4nd | 4 sinB/)\)

. . 1—exp(i4nlg sinB/A)
+ 4
Fio explnla sind/N Y= it sinb/n)

I= FA

4

The SLs period can be determined accurately
from the diffraction peak positions, and thickness
of each layers and diffusion can be estimated so
that the diffraction intensities fit to the experimen-
tal values. In our calculation we assumed that thick-
ness of the each layer and period are integral multi-
ples of the each layer and the period are integral
multiples of the perpendicular lattice spacings. Real
superlattice is not always represented by the integ-
ral multiple, and spacing of the peak positions so-
metimes deviates from the calculated values.

The intensity ratio of each peak of the SLs in
Fig. 5 was compared with the area ratio of the peaks
measured. As the results above mentioned, the cal-
culated X-ray diffraction patterns agree with the
measured ones.

Each scattering factor can be represented using
scattering factors of Zn, S and Se layers. To calcu-
late relative peak intensities we used the scattering
factors calculated from the following equations:

FA :on +f5 exp(i2nd 1A Slﬂe/}\.)
Fp=f.+fs. exp(i2nd g sinB/A) (5)

Real lattice spacing may be somewhat differ from
the value calculated above owing to the strain from
the substrates or other influences. Uniform devia-
tion of the theoretical peak positions from the expe-
rimental values also occurs by the misestimation
of the thickness or perpendicular lattice spacing of
each layer. We used d, as a fitting parameter intro-
ducing A in the Eq. (2) using the equation below:

4= ®

Strain from the substrate deviates the lattice spa-
cing parallel to the layer, which somewhat deviates
the superlattice period D and also diffraction angles

gralgeta ), A3 A 23, 1994

according to 2Dsin@=#nA. In the calculation of these
samples we used (a) A=0.001, (bh) —0.001, (c) O,
(d) —0.001 and (¢) —0.003 in Fig. 5 which give
agreement between the experimental and the theo-
retical peak positions. The negative value of the A
means that the superlattice layers have compressive
strain from the GaAs(100) substrate. From the X-
ray diffraction pattern it is calculated that the ratios
of ZnS and ZnSe strain parallel to the interfaces
are decreased with increasing the ZnS thickness
for ZnSe one.

When interdiffusion of the constituents is taken
into account, the lattice constants and scattering fa-
ctors vary with the position according to the compo-
sition variation. Diffusion from a interface is written
as (1/2)erfc(z —20)/1/Dt (D: diffusion constant) using
the error function complement [11]. In the discus-
sion of the diffusion is independent of the depth
(growth time), and defined the /Dt as diffusion
length. Interdiffusion length of S and Se is estima-
ted to be less than 2 A.

Fig. 6(b) and (c) are the calculated diffraction pat-
terns using the strain equation to determine the
thickness L4, Lz of ZnS and ZnSe layers, respecti-
vely. Fig. 6(b) is the pattern calculated without ta-
king into account Se-diffusion between ZnS and
ZnSe layers, and Fig. 6(c) is the one calculated ta-
king Se-diffusion into account. The insert of Fig.
6(c) indicates that Se is diffused into ZnS and ZnSe
layer. These facts indicate that the intensity and
the peak position of X-ray diffarction pattern are
able to change due to the quantity of Se-diffusion.
The interdiffusion length of the superlattice is esti-
mated to be 2 A. However, the calculated diffusion
length may not give real diffusion length directly.

Although the intensities of the satellite peaks in
Fig. 6(c) are different from the measured results,
the positions of the peaks are approximately coinci-
dent with Fig. 6(a) and (b). Therefore, it is confir-
med that the SLs of (ZnSe),-(ZnS),, monolayers are
successfully grown on the GaAs(100) substrates.

Although the total number of the layer are almost
the same, Fig. 7 shows X-ray diffraction patterns
due to the difference of one monolayer in compari-
sion with Fig. 7(b). Fig. 7 shows that if the number
of each layers are different, the intensity and the
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Fig. 6. X-ray diffraction pattern of ZnS-ZnSe SLs (a)
measured, (b) calculated without taking Se-dif-
fusion into account, and (c) calculated taking
Se-one into account. The inserts show that Se
is diffused into between ZnS and ZnSe inter-
face.
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peak position of X-ray diffraction pattern of SLs
change. The diffraction peak intensities vary very
sensitively with the superlattice structure, and the
calculated pattern of Fig. 7(b) is similar with the
experimental pattern in the Fig. 6(a). However, the
peak positions somewhat differ from the experime-
ntal ones. The peak positions are fitted by varying
the A from zero as mentioned above. Thus X-ray
diffraction gives very useful information determi-
ning the thickness of each layer and strain in the
strained layer SLs.

Fig. 8 shows a model of the fluctuation or imper-
fection of the ZnS-ZnSe interface and resultant lat-
tice spacing distribution. If there are atomic steps
shown in the figure, the lattice spacing at the inter-
face deviates and the diffraction intensities becomes
similar to the interdiffusion. Thus real diffusion is
considered to be smaller than the value calculated.
In any any case, it is concluded that the interdiffu-
sion of these ZnS-ZnSe SLs prepared by hot wall
epitaxy is very small and the diffusion length is
less than 2 A.
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Fig. 7. X-ray diffraction pattern due to the difference
of one monolayer. The inserts show that Se
is diffused into between ZnS and ZnSe inter-
face.

3.2. Photoluminescence (PL)

Fig. 9 shows the PL spectra of ZnS-ZnSe SLs
measured at 77 K. As seen from the figure, each
spectrum almost consists of a dominant sharp line
in the high energy region and of broad spectra in
the lower energy region. The former is considered
to be associatedwith band gaps of SLs. The latter
is associated with deep level defects. The peak pho-
tonenergy increases with ZnS thickness owing to
the quantum effect where the ZnS layers form bar-
riers for both electrons and holes and with decrea-
sing the ZnSe thickness at the same time. The inte-
nsity of the broad spectra is decreased more than
one of the samples grown without the ZnS buffer
layer. These facts indicate that ZnS-ZnSe SLs of
the good quality are grown on the buffer ZnS layer,
and deep level defects are decreased. Broad spectra
become weak as the thickness of the ZnSe well la-
yer is decreased and as one of the ZnS is increased.

This fact indicates that the carrier confinement
should be enhanced and the compressive strain in
the ZnSe layer is increased, which will suppress
the introduction of defects. Fig. 10 shows the PL
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Fig. 8. A model of the fluctuation of the interface,
which gives similar influence on the X-ray diff-
raction pattern of the SLs with the interdiffu-
sion of the constituents.
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Fig. 9. PL of ZnS-ZnSe SLs measured at 77 K.
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Fig. 10. PL photon energy compared with the energy
band gap of ZnS-ZnSe SLs calculated using
Kronig-Penney model at 77 K.

photon energy for the various kinds of SLs at 77 K.
The experimental results are compared with the
energy gap between n=1 electron and n=1 hole
level of the SLs of the theoretical calculations using
the Kronig-Penney model. The energy gap of SLs
largely depends on the band offsets of the conduc-
tion and the valence band. Band offset AE, in the
calculation is assumed to be 100, 50, 20 meV, and
for each energy of the conduction band offset the
energy gap of ZnS-ZnSe SLs is shown in Fig. 10.
The PL photon energy is not in good agrement with
the calculated peak energy. Disagreement will be
due to the strain effect on the ZnSe energy gap
which decreases with the compressive strain and
also on the band offset AE, which also decreases
with the compressive strain. Fig. 10 shows that the
binding energy of SLs depends on the thickness
of ZnS layer. As the results of the calculation, ZnS-
ZnSe SLs are considered to be type I, where both
electrons and holes are confined in the smaller ene-
rgy gap material, ZnSe.

4. Conclusions
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ZnS-ZnSe strained-layer SLs were grown on
GaAs(100) by HWE. The X-ray diffraction pattern
showed satellite peaks indicating SLs structures. A
sharp line emission originating from the recombina-
tion of carriers between the quantized levels in the
ZnSe well layer was observed. These experimental
results are compared with a Kronig-Penney model
calculated taking into account the strain effect.
These facts show that ZnS-ZnSe SLs are type 1
SLs.
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