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GROWTH AND EXCITON LUMINESCENCE OF ZnSe AND ZnS,Se,_, SINGLE CRYSTALS
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High-quality single crystals of ZnSe and ZnS, Se, _, were grown by a sublimation method. The very strong peak of free exciton
emission, sharp lines of bound excitons and a fine reflection spectrum are observed, showing the high-quality of the grown crystals,
High-purity ZnSe with excess zinc vacancies through a previous heat-treatment under the saturation pressure of selenium was doped
with Al at a low temperature. A marked increase of the intensity of the luminescence lines related to Al was observed.

1. Introduction

Recently, deep interest has been focussed on
ZnSe and 7nS,Se,_, crystals because of their
direct wide gaps, suitable for the development of
‘blue light emitting diodes. In order to reach this
target, high-quality and large single crystals of
ZnSe and Zns Se, ., must be grown. Many
workers have attempted to grow large and high-
quality crystals of these materials [1-7}, but the
purity and the quality require further improve-
ment. Crystals often contain traces of impurities
such as Al, Ga, In, Cl and ¥, and these impurities
are substitutional type simple donors with shallow
levels. These shallow donors give a number of
bound exciton luminescence Hnes in a complex
way at low temperature, and play an important
rote in determining n-type conductivity of the
ZnSe crystals,

Electrical measurements are not readity appli-
cable for these wide band-gap semiconductors be-
cause of their very low electrical conductivity and
give no information on the impurity species. How-
ever, many sharp exciton emission lines, observed
at liquid helium temperature, provide an extensive

source of experimental data which contributes to
the identification of the impurities and defects in
these semiconductors [8--12] The exciton emission
spectra have been increasingly employed and have
become a very powerful experimental tool for the
evaluation of the crystal guality. In order 1o iden-
tify the chemical origin of the bound exciton
emission in ZnSe, very sharp lines of bound exci-
ton spectra must be obtained with high spectral
resolution of at least .05 meV on high quality
single crystals. In order to avoid line broading,
small amounts of impurities on a level of 0.01
ppm must be added to high-purity ZnSe single
crystals.

The purpose of the present investigation is to
grow high purity ZnSe and ZnS,Se, _, large single
crystals by the sublimation method, and to
evaluate these crystals by optical spectroscopy at
low temperature and to identify the I3, 15} and
15! lines using the back-doping method. For this
purpose the raw materials Se and 5 were refined
by the vacuum evaporation method and a growth
chamber of special shape was designed to obtain
single crystals. The results of the exciton emission
spectra are deseribed.
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2. Experimental procedures

2.1, Refining method

The refining equipment for S or Se is shown in
fig. 1. About .4 mol of S with nominal purity 6N
grade (or 3¢ of 3N up grade) were introduced into
the quartz ampule as shown in fig. 1. After flush-
ing with high purity argon, the ampule was scaled
off at a pressure of 1077 Torr. One end of the
ampule with the specimen was kept in a furnace at
30°C above the melting point and the other end
was immersed in liquid nitrogen. For about one
week, dendritic crystals of S or Se were grown on
the inner wall of the quartz tube over a 30 mm
tength just above the furnace; then the quartz tube
with the specimen was lifted about 35 mm and the
refining run was continued for three weeks. Re-
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Fig. 1. Bxperimental arrangement for the refining of § or Se.
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fined specimens were analysed by an ton micro
analyser (IMA) *.

2.2, Synthesis of the source specimen

About 1/20 mol of ZnSe polyerystals were
synthesized at 1000°C by the chemical reaction of
pure Zn (Cominco, 6N grade) and refined Se. ZnS
polverystals were prepared by a similar procedure.
Synthesized ZnSe and ZnS were refined through
vapor phase transport fwo or three times under a
controller partial pressure of Zn corresponding to
the minimum total pressure [5]. The method used
here for a polycrystal of homogencous Zn5 Se,
solid solution was similar to that reported earler

{6l.
2.3, Growth of single crystals

The schematic construction of the apparatus
used 10 grow ZnBe single crystals is shown ia fig.
2. The fused quartz tube consists of the source
chamber (s) containing refined ZnSe polycrystais,
the Zn reservoir (r) containing high purity Zn and
the growth chamber (¢) which has a special shape
as shown in fig. 3. The end of the growth chamber
consists of a broad head with a neck of diameter
about 1 mm. In the case of growing ternary single
crystals of ZnS Se, .., no reservoir is used, and
appropriate amounts of 8 and Se for the desired
compasition are introduced in the quartz tube.
The temperature difference AT between the tem-
perature of the source chamber (7)) and that of
the growth chamber (T.) is 3-5°C. In the case of
7. =1600°C, the Zn reservoir temperature (15,)
is fixed at 450°C f{rom the condition of the
minimum total pressure.

2.4. Al-doping and photoluminescence

Aluminium was vacuum deposited on both
surfaces of a wafer specimen taken from the growth
ZnSe single crystals on cleaving along the {110}
cleavage plane, after previcus heat-treatment in

* Measurements were cordially performed at the Sermiconduc-
tor Laboratory, Sharp Co. Ltd,, Japan,
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Fig. 2. Schematic construction of growth ampule and an exam-
ple of temperature profile.

the Se saturation vapor pressure at 700°C for 72
h. The Al-deposited wafer was sealed in a guartz
ampule and doped with Al by diffusion at 306°C
for 48 h i argon atmosphere; then the ampule
was quenched in water. To remove the Al remain-
ing on the surface, the wafer was dipped in 12N
MNaOH at 95°C for 2 min and etched at 95-100°C
for 2 min by an ciching solution consisting of
three parts of a saturated aqueous solution (at
60°C) of K,{r,O; and two parts of concentrated
H,80,.

The photoluminescence and reflection spectra
were measured on samples tmmersed in hiquid
helium and cocled to 2 K. A 2 kW Xe lamp

Fig. 3. Schematic ilfustrations of the growth chamber and the
grown crystal. Marker represents 1 cm.

through UV filters was used as the excitation
source. Spectra were recorded using a 1.Y. U-1000
double monochromator with a reciprocal disper-
sion of 0.2 nm/mm and an HTVR-106 UH pho-
tomultiplier.
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3. Results and discussion
3.1 IMA analysis of sulfur

The analytical results obtained through IMA
are shown in table 1. Data arc represented by the
relative value of the jon current and N indicates
that the measured value is lower than the detec-
tion limit. The concentrations of Al 5, As and Se
in the refined sulfur sample are 5-10 times lower
than that of the residue in the second runs as
shown in table 1, This result shows the effective-
ness of the refining method adopted in the present
study. :

3.2. Crystal growth

On keeping AT =3-5°C, a few nuclel had
been formed at the end of the growth chamber
shown in fig. 3a, but a single nucleus among them
was able to grow preferentially through the neck
part of growth chamber, and thereafier a single
crystal in the shape of a hexagonal column was
grown free of the constraint froin the vessel wall
Figs. 3b and 3¢ show a schematic ilusiration of
the growth behaviour. Fig. 4 shows a pale yello- |
wish-green ZnS, Se,_, (x = 0.04) transparent
single crystal. An X-ray diffraction study revealed !
that the six columnar planes were {110} planes
and the growth direction was {111). The growth
rate was about 0.5 mm/day for AT =5°C; the
growth duration was 3 weeks. Using this type of
growth chamber, large single crystals were ob-
tained reproducibly. '

S SO

3.3. Photoluminescence spectra of the undoped ZnSe
crystals

The near band-edge photoluminescence spec-
trum (solid line) and the reflection spectrum
{dotted ling) of the as-grown, undoped ZnSe are
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D

Relative value of the ion current

Sample B
23N3+ 27A1+ 2BSi4- 75AS¢ SOSC+ 3281-
Wrun ND 8.5x107? 5.4%1072 4.5%1077 12xin? 10
Upper portion, fizst run ND 1.5%x107° 4.4x107? S‘EXH}mi 26104 10
Middla portion, first run 87x1074 16x107° 78x1073 10% 10" 2 5% 10 10
Lower pottion, first run ND 50%x107° 1.4%10772 LSx 1072 NI 10
Middle portion, second run 11x107 121077 48x107° 76%1077 6.0x107¢ 1.0

ND means “not detected”.

Fig, 4. Photograph of a typical ZnS, 3e)_, (x= 0.04) single
crystal grown in an ampule. Marker represents 10 mm.

shown in fig. 5. The sharp maxinum and mini-
mum of the reflection spectrum are observed near
2.802 eV. This shape is very similar to that re-
porled by Hite et al. [13]. The prominent emission
peak ai 2.8021 eV, labelled as Ex, is considered to
be due to the radiative annihilation of free exci-
tons, because this peak is located near the maxi-
mum of the reflection spectrum, and this energy is

Table 2

Energies of bound exciton spectral lines and neutral donor levels in ZnSe

m good agreement with a previous report {141 The
peaks at 2.8164 and 2.8175 eV are considered to
arise from the recombination luminescence of free
excitons at the excited states of n=2 and n=13
from a comparison with the reflection spectrum.

Emission near 2.797 eV resolved into five lines
is regarded as due to the recombination emission
of excitons bound to neutral donors. These donors
are considered to be F, In, Ga, Cl and Al impuri-
ties remaining in the ZnSe single crystals from the
comparison with data reported previously [13].
These shallow donor levels ( £,) can be estimated
from the empirical expression [16]

Ex(n=1)— E{™
Ea= 0.20 : (1)

where Ex(n=1) — E{™ is the binding energy of
an exciton bound to a neutral donor, that is, the
energy difference between the free exciton peak
(Ex(n = 1)) and Ji™ lines of the various donor
impurities (£ {TD). The energies of these peaks and

Spectral line Energy {eV)
S“d Al cl Ga In F
onor level
I ) 27977, 2.7976, 27973, 27571, 21969,
I 2.7964, 27953,
27959, 27949, 2.7940,

Lygs 27982,

27999, 2.8010,
Ey 0.0217 0.0236 0.0247 0.0258

0.0222
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Fig. 5. Free-exciton and hound-exciton emission spectra (solid line) and reflection spectrum (dashed line) of an as-grown undoped
ZnSe at 2 K.

donor levels are shown in table 2. The energy
difference between the 151 and 1§ lines is less
thap 0.1 meV, but these lines are very sharp and
clearly split, which means that the crystals are of
very high quality. These donor levels are very
shallow, since these impurities arc helieved to be
simple substitutional defects. The peaks at 2.811
and 2.812 eV are supposed to originate from the
recombination luminescence of excitons in the
excited state of n=2 and n =3 bound to neutral
donorss, respectively, by reference to the peak posi-
tions of the free exciton fuminescences, There are
three weak peaks between the EX and I, lines,
which oroginate from excited states of the bound
exciton complex [15]. These are labelled 13, 15
and 1. The 1§, 1§ and I doublet lines are
considered to be due to the recombination of
excitons bound to the ionized donors {15},

The intensity of the free exciton luminescence
(Ex) is very strong and nearly equal to that of the
I, line as seen in fig. 5. The increased probability
of the radiative annihilation of free excitons is

ENERGY

2.805 2.800 2.795

{eVv)

O e

considered to be caused by the increased lifetime
of the free exciton through the decreased con-

=
;E%
centration of trap centers in the high guality single =

crystals. The sharp lines of bound exciton emis-
sion and the sharp maximum dnd minimum on
the reflection spectrum reflect the high quality of
the crystals and also of the specimen surface.

=

3.4, Exciton emission spectra of ZnSe doped with Al

The exciton emission spectra of the undoped
and Al-doped ZnSe single crystals at 2 K are
shown in fig. 6. Fig. 6a is the undoped specimen
already described in the preceding section, fig. &b
is Al-doped ZnSe, and fig. 6c is the specimen
doped with Al after the prior heai-treatment un-
der Se saturation vapor pressure. On doping with
Al the intensity of Ex decreases, and the intensi-
ties of the 121, 12 and 1%} lines increase. The
equilibrium between the vapor and the ZnSe solid
during the heat-treatment is controlied by the Se
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Fig. 6. Free-exciton and bound-exciton emission spectra of

ZnSe at 2 K: {(a) as-grown, undoped and nearly sicichiometric;

(h Al-doped to specimen (a); {¢) Al-doped to the specimen
previously heat-treated under Se saturation pressure.

partial pressure. Consider the following reaction:
18e,(g) = Seg, + Vg, (2)

where V, is a Zn vacancy and Seg, is a Se atom
occupying 2 normal Se site. Then the concentra-
tion of V,, is known to increase with the increas-
ing Se pressure. The probable sites of Al in ZnSe
crystals are the substitutional site (Al; ) and/or
the interstitial site (Al}). Al was diffused under
the same condition, so that the increased parts of
the intensity of the 137, 12} and 1% lines in the
case of fig. 6¢ in comparison with the case of fig.
6b are considered to be due to the increased
amount of Al, (Al occupying Zn sites). The Zn
sites were left vacant in the prior heat-treatment
under Se saturation pressure. A doped Al atom

reacts with a zinc vacancy:
Al+V, =Al,,. (3)

In the case of fig. 6¢, the concentration of Al on
the Zn sublattice {Al,, ) is highly increased through
the increased concentration of zinc vacancies (V)
by the prior heat-treatment. These results give
definitive evidence for the fact that the lines at
27977, eV (I81), 27982, eV (I5)) and 2.7999; eV
(I3) originate from the recombination lumines-
cence of excitons bound to stmple shallow donors
(Al.), in agreement with the result of the previ-
ous work [15}

4. Conclusion

The IMA resulis of the refined S and Se show
that the refining method used in this study is very
effective. The concentrations of some impurities in
the refined samples are 5~10 times lower than that
of the residue.

Pale vellowish-green transparent single crystals
in the shape of a hexagonal column were obtained
using the novel growth chamber. The very sharp
spectral lines of the bound exciton and the sharp
maximum and minimum of the reflection spec-
trum show that the crystals grown are of high
purity and perfection.

Some bound exciton spectral lines were related
to Al,_ shallow donors using a back-doping
method at low temperature.
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