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BAND GAP CHANGE
OF BULK ZnS𝑥Se1−𝑥 SEMICONDUCTORS
BY CONTROLLING THE SULFUR CONTENTUDC 538.958

ZnS𝑥Se1−𝑥 bulk crystals were grown by the Bridgman–Stockbarger method. The transmittance
of different samples in the range from 67% to 56% at 𝜆 = 1100 nm (for 4-mm samples)
indicates a high optical quality of the crystals. No new states were revealed at the sulfur incor-
poration, and the band gap depends on the composition. The optical band gap of ZnS𝑥Se1−𝑥

bulk crystals varies from 2.59 to 2.78 eV for direct transitions and from 2.49 to 2.70 eV for
indirect transitions.
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1. Introduction

In recent years, a lot of attention was focused on x-
ray and 𝛾-ray detectors based on II–VI semiconduc-
tors [1]. The band gap of such semiconductors is an
important parameter, which affects the energy res-
olution, ionization energy, dark current, and other
scintillation characteristics. The first ZnSe-based x-
ray and 𝛾-ray detectors were developed in the 1960s,
and, nowadays, the detectors are mainly based on
ZnSe(Te) and ZnSe(Al) [2].

As compared to ZnSe, ZnS𝑥Se1−𝑥 semiconductors
have wider band gap allowing to get better scintil-
lation characteristics for ZnS𝑥Se1−𝑥-based detectors.
The higher difference between atomic numbers of Zn
and S as compared to Zn and Se extends the spec-
tral range of ZnS𝑥Se1−𝑥-based detectors to the high-
energy region. ZnS𝑥Se1−𝑥 crystals can be grown by
the molecular beam epitaxy [3, 4], hot-wall epitaxy
[5], atomic layer epitaxy [6], metalorganic atomic
layer epitaxy [7], metalorganic vapour phase epitaxy
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[8], and laser ablation [9]. But these techniques do
not allow one to fabricate large ZnS𝑥Se1−𝑥 crys-
tals required for x-ray and 𝛾-ray detectors. Large
ZnS𝑥Se1−𝑥 crystals can be grown by the direc-
tional solidification techniques [10–14]. Up to now,
few publications were devoted to the growth of
ZnS𝑥Se1−𝑥 bulk crystals [10–14] and growing a mas-
sive ZnS𝑥Se1−𝑥 crystal with required properties is still
a challenge.

A variation of the sulfur content in ZnS𝑥Se1−𝑥 bulk
crystals changes the growth conditions and can lead
to the appearance of different defects or can change
the type of chemical bonds, which, in turn, influ-
ences the width of the optical band gap [15, 16]. Ac-
cordingly, many papers report on a wide range of
ZnSe band gaps between 2.25 eV [17] and 3.23 eV
[18]. However, the dependence of the optical band gap
width on the sulfur content in ZnS𝑥Se1−𝑥 bulk crys-
tals grown by the directional solidification technique
still presents a gap in the study.

The possibility of a optical band gap variation by
controlling the sulfur content for ZnS𝑥Se1−𝑥 bulk
crystals is discussed in this paper.
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2. Experimental

ZnS𝑥Se1−𝑥 crystals were grown from the pre-sintered
charge with 𝑥 = 0.05, 0.1, 0.15, 0.2, 0.25, and
0.3. Before the growth, the raw materials were an-
nealed in a quartz crucible at 1170 K during 5 h
in the hydrogen atmosphere to remove oxygen im-
purities. The crystals were grown by Bridgman–
Stockbarger method in the graphite crucibles with
the diameter of 25 mm in the Ar atmosphere (𝑃Ar =
2 × 106 Pa), the crystallization rate was equal to
7 mm/h, the heater temperature was in the range
from 1870 to 2000 K depending on the composi-
tion of the initial raw materials. More details are de-
scribed in Ref. [10, 11]. After the growth, the chem-
ical analysis was carried out in order to determine
the content of cationic impurities, as well as an ac-
tual composition of the crystal. As a result, six differ-
ent compounds were obtained with the following com-
positions: ZnS0.07Se0.93; ZnS0.15Se0.85; ZnS0.22Se0.78;
ZnS0.28Se0.72; ZnS0.32Se0.68; ZnS0.39Se0.61. The sam-
ples were annealed in zinc vapor (𝑇 = 1223 K,
𝑃Zn = 5× 107 Pa, 𝑡 = 48 h) for the final formation
of luminescent centers, as well as the suppression of
nonradiative relaxation channels [10, 11].

The linear optical transmission spectra of the
ZnS𝑥Se1−𝑥 bulk crystals were measured by a Shi-
madzu UVmini-1240 spectrophotometer in the range
of 200–1100 nm. The linear optical loss coefficient was
calculated according to the Lambert–Beer law taking
the Fresnel reflection from the sample–air interface
into account:

𝑎 =
1

ℎ
𝑙𝑛, 𝑅 =

[︂
𝑛2 − 𝑛1

𝑛2 + 𝑛1

]︂2
, (1)

where 𝑎 is the absorption coefficient, ℎ is the sample
thickness, 𝑅 is the reflection coefficient, which de-
pends on the wavelength, 𝑇 is the linear light trans-
mission coefficient, 𝑛1 and 𝑛2 are the refractive in-
dices of the input and output media [19].

The chemical analysis of the sulfur and sele-
nium concentrations in the ZnS𝑥Se1−𝑥 bulk crystals
was performed by atomic spectroscopy with induc-
tively coupled plasma spectroscopy. For optical stud-
ies, an optical emission spectrometer CAP 6300 Duo
(Thermo Scientific, USA) was used. The measure-
ment limit and the measurement accuracy were 10−1–
10−5 mass.% and up to 0.5% of the measured value,
respectively.

3. Results

The value of the optical band gap was estimated
from the optical transmittance spectra. The trans-
mission studies were carried out at room tempera-
ture for a large number of the ZnS𝑥Se1−𝑥 single crys-
tals with different values of 𝑥. The thicknesses of the
samples were equal to 4 mm. Near-ultraviolet, visible,
and near-infrared transmission spectra of ZnS𝑥Se1−𝑥

single crystals are shown in Fig. 1. The transmit-
tance values of ZnS𝑥Se1−𝑥 bulk crystals were equal
to 67% for ZnS0.39Se0.61 and ZnS0.07Se0.93 ones (at
𝜆 = 1100 nm). This fact indicates a high crystalline
quality of our crystals.

The optical loss coefficient was calculated accord-
ing to Eq. (1) and was used for the calculation of
the direct and indirect transitions [20, 21]. The band
gap value was determined from the transmission spec-
tra. Both direct and indirect optical transitions are
possible. Direct transitions give rise to:

𝑎 ≈ (𝐸pt − 𝐸𝑔)
1/2

, (2)

where 𝐸𝑔 is the vertical separation between the va-
lence and conduction bands, and 𝐸pt is the photon
energy [20].

Figure 2 shows the plot of 𝑎2 versus the photon
energy. If the linear parts are extrapolated to the
zero absorption coefficient, the indicated values for
the direct transitions [20] are lying between 2.59 and
2.78 eV for ZnS𝑥Se1−𝑥 samples, where 𝑥 = 0.07–
0.39. Direct energy transitions for ZnS0.07Se0.93 and
ZnS0.39Se0.61 are 2.59 ± 0.01 and 2.78 ± 0.01 eV,
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Fig. 1. Optical in-line transmission for ZnS0.39Se0.61 (a) and
ZnS0.07Se0.93 (b) crystals
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Fig. 2. Plot of the absorption coefficient squared ver-
sus the photon energy for ZnS0.07Se0.93 (a), ZnS0.15Se0.85
(b), ZnS0.22Se0.78 (c), ZnS0.28Se0.72 (d), ZnS0.32Se0.68 (e),
ZnS0.39Se0.61 (f) crystals
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Fig. 3. Plot of the absorption coefficient root ver-
sus the photon energy for ZnS0.07Se0.93 (a), ZnS0.15Se0.85
(b), ZnS0.22Se0.78 (c), ZnS0.28Se0.72 (d), ZnS0.32Se0.68 (e),
ZnS0.39Se0.61 (f) crystals

Direct (𝐸𝑔1) and indirect (𝐸𝑔2)
transitions of the ZnS𝑥Se1−𝑥 bulk crystals

Compounds E𝑔1, eV E𝑔2, eV

ZnS0.07Se0.93 2.59 2.49
ZnS0.15Se0.85 2.63 2.57
ZnS0.22Se0.78 2.68 2.58
ZnS0.28Se0.72 2.70 2.60
ZnS0.32Se0.68 2.73 2.64
ZnS0.39Se0.61 2.78 2.70

Fig. 4. Dependence of the band gap energy (eV) on the con-
centration of sulfur for indirect (a) and direct (b) transitions for
the ZnS𝑥Se1−𝑥 bulk crystal, where 𝑥 = 0.07–0.39. The points
indicate the experimental results, the solid and dash straight
lines represent the dependences calculated according to Eq. (4)

respectively (see Table). Indirect transitions can be
written as:

𝑎 ≈ (𝐸pt − 𝐸𝑔 + 𝐸ph)
2
, (3)

where 𝐸ph is the phonon energy [21].
Figure 3 shows a plot of 𝑎1/2 versus the pho-

ton energy. The extrapolation of linear parts to the
zero absorption coefficient gives the values for indi-
rect transitions equal to 2.49 ± 0.01 and 2.70 ± 0.01
for ZnS0.07Se0.93 and ZnS0.39Se0.61, respectively (see
Table). The transmission spectra were measured five
times in different parts of the crystal. According
to these spectra, the error of measurements of the
direct and indirect transitions is not larger than
0.01 eV. The direct (𝐸𝑔1) and indirect (𝐸𝑔2) tran-
sitions of the ZnS𝑥Se1−𝑥 bulk crystals are shown in
Table.

An increase of the sulfur concentration leads to
an increase of the band gap energy for both direct
(Fig. 2) and indirect (Fig. 3) transitions. The depen-
dence of the band gap on the concentrations of sulfur
was fitted by Eq. (4) with 𝑏 as a variable parameter
[22]. The resulting curves are shown in Fig. 4. Here,
𝐸𝑔(𝑥) is a continuous function of 𝑥. The last was ob-
tained by a chemical analysis

𝐸𝑔 (𝑥) ≈ 𝑥𝐸𝐴 + (1− 𝑥) 𝐸𝐵 − 𝑏 𝑥 (1− 𝑥), (4)
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where 𝑥 is the concentration of 𝑆, 𝐸𝐴 is the energy
gap of pure ZnS, 𝐸𝐵 is the energy gap of pure ZnSe,
and 𝑏 is the bowing coefficient.

The optical bowing parameters 𝑏 for ZnS𝑥Se1−𝑥

bulk crystal are equal to 0.1 falling into the range
of the reported optical bowing parameters (0–0.63)
[3, 23–26]. The energy of the band gap for pure ZnS
and ZnSe compounds was calculated by means of
Eq. (4). The indirect transitions for ZnS and ZnSe
compounds are equal to 3.17 eV and 2.43 eV, and the
direct transitions are 3.22 eV and 2.54 eV, respec-
tively, according to

𝐸𝑔 (𝑥) ≈ 𝑥𝐸𝐴 + (1− 𝑥) 𝐸𝐵 − 𝑏 𝑥 (1− 𝑥). (5)

4. Discussion

The optical band gap change of bulk ZnS𝑥Se1−𝑥 semi-
conductors (𝑥 = 0.07–0.39) obtained by the direc-
tional solidification method is investigated. The cal-
culated values of the optical band gaps for ZnS and
ZnSe are 3.22 eV and 2.54 eV, respectively, which is
close to the values reported for the bulk crystals (3.54
and 2.58 eV, respectively) [27, 28]. The estimated too
small value of the energy gap of ZnS is probably
caused by the not correct estimation of the bowing
parameter due to the lack of experimental data for
large 𝑆 contents in the crystal.

In a normal isovalent AB𝑥C1−𝑥 crystal, an increase
of 𝑥 leads to the moving of the conduction and valence
bands, and no new (defect) levels appear in the band
gap. The continuous change of the band gap of the
ZnS𝑥Se1−𝑥 crystals with the composition indicates
the normal isovalent formation of crystals grown by
the directional solidification. The high optical qual-
ity and smooth dependence of the optical band gap
on the composition indicate a possibility of growing
ZnS𝑥Se1−𝑥 crystal by directional solidification tech-
niques for x-ray and 𝛾-ray detectors.

The wider band gap and higher atomic mass ra-
tio of ZnS𝑥Se1−𝑥 as compared to ZnSe(Te) or/and
ZnSe(Al) crystals extend application areas of such
semiconductors. In addition, this may offer a com-
pletely different new type of x-ray and 𝛾-ray detec-
tors based on ZnS𝑥Se1−𝑥 bulk crystals. However, it
should be noted that knowledge about the energy
gap is not sufficient for the development of x-ray and
𝛾-ray detectors based on ZnS𝑥Se1−𝑥, and other in-
vestigations are required. Therefore, the further work

should involve: luminescence properties, light output,
afterglow and kinetic parameters of ZnS𝑥Se1−𝑥 bulk
crystal.

5. Conclusion

The band gap and optical properties of ZnS𝑥Se1−𝑥

bulk crystal have been analyzed as functions of the
sulfur concentration. A change of the sulfur content
does not lead to the appearance of new states or
defects, and the band gap is changed continuously
with the composition. Good optical properties and
the smooth composition dependence of the optical
band gap of ZnS𝑥Se1−𝑥 bulk crystals grown by the
directional solidification techniques indicate a possi-
bility of the development of ZnS𝑥Se1−𝑥-based x-ray
and 𝛾-ray detectors.

The authors thank Alexander Shkurmanov (Felix
Bloch Institute for Solid State Physics, Universität
Leipzig) for discussions.
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ЗМIНА ЗАБОРОНЕНОЇ ЗОНИ ZnS𝑥Se1−𝑥

ОБ’ЄМНИХ НАПIВПРОВIДНИКIВ ШЛЯХОМ
РЕГУЛЮВАННЯ ВМIСТУ СIРКИ

Р е з ю м е

Об’ємнi кристали ZnS𝑥Se1−𝑥 були вирощенi за методом
Бриджмена–Стокбаргера. Прозорiсть зразкiв ZnS𝑥Se1−𝑥

становила вiд 67% до 56% на 𝜆 = 1100 нм (товщина зраз-
ка 4 мм), що вказує на високу оптичну якiсть кристалiв.
Оптичнi експерименти показали вiдсутнiсть нових станiв з
включенням сiрки, заборонена зона безперервно рухається
зi складом. Оптична ширина забороненої зони ZnS𝑥Se1−𝑥

кристала варiювалася вiд 2,59 до 2,78 еВ для прямих пере-
ходiв i вiд 2,49 до 2,70 еВ для непрямих переходiв
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