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ZnS:Cr single crystals obtained by diffusion doping are investigated. The spectra of
optical density in the range of energies 0.3-3.8 eV are investigated. The chromium
concentration in the studied crystals is determined using the magnitude of the shift of the
absorption edge. Optical transitions determining the impurity absorption spectrum of
ZnS:Cr single crystals are identified. The diffusion profile of Cr impurity is determined by
measuring the relative optical density of crystals in the visible spectral region. At first,
the diffusivities of Cr in ZnS crystals are calculated for temperatures of 1170-1320 K. At
1270 K, the diffusivity of Cr is 8-:10710 ¢m?/s.

Meromom nudPysuoOHHOro JEernpoBaHUA II0JydeHbl MOHOKpucTasabl ZnS:Cr. HMccaenosa-
HBI CIIEKTPBLI OITHUYECKOIl maoTHocTH B obaactu sHepruii 0.3—3.8 »B. Ilo BenmuuunHe cmelre-
HUA Kpas IOrJIOIIEHUA OIpeJes eHa KOHIEHTPAIUS XPOMa B HCCIEAYyeMBbIX KPHUCTAJIIAX.
W penTuunupoBadbl ONTUYECKHNE [IE€PEX0LbI, 00YCIABIUBAIOIINE CIEKTP IPUMECHOTO IIOIJIO-
meHus MoHokpucrawnos ZnS:Cr. MuddysroHHBIH npoduib NPUMECH XPOMa OIpeIeseH
oyTeM H3MEPeHHA OTHOCHUTEJbHON ONTUYECKOH IIIOTHOCTH KPHCTAJJIOB B BUIMMON obyacTu
creKTpa. BmepBhle paccumTambl KoadpuimmuenTn! Aup@ysuu XpoMa B KpucTajamax ZNnS mpu
Temmepatypax 1170-1320 K. IIpm 1270 K xosddumuent auddysmuu xpoMmMa COCTABIAET
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810710 ¢m2/c.

1. Introduction

The zinc sulfide single crystals doped
with chromium can be used as active media
environments and passive gates for the mid
infrared (IR) spectral region lasers. The ef-
fective laser generation in the spectral re-
gion 2.35 um has been realized in ZnS:Cr
crystals [1]. At the same time, in order to
obtain efficient laser structures based on
zinc sulphide, the chromium concentration
should be no lower than 1019 em™3. The
emission realized in a laser is conditioned
by the intracentre radiative transitions
SE(D) — 5T2(D) between the lower excited
state PE(D) and the ground state 5T2(D).
These states of Cr2* ion are most studied
both in theory and experimental [2, 3]. The
high-energy states of Cré* ion are not yet
known. The calculations of the high-energy
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states executed in a number of works [4, 5]
are not confirmed by experimental re-
searches [6]. Therefore the obtaining of
ZnS:Cr crystals, research of their optical
properties, identification of the nature of
the high-energy states of Cr2* ion is actual.

The purpose of this study is development
of a method of diffusion doping of ZnS
crystals with Cr, identification of optical
absorption spectra, and determination of Cr
diffusivity in ZnS ecrystals.

In this investigation the procedure of
diffusion doping, which allows one to obtain
ZnS:Cr single crystals with a specified con-
centration of Cr impurity. The concentra-
tion of chromium is determined by means of
magnitude of the absorption edge shift. The
structure of optical absorption spectra of
ZnS:Cr in visible and infrared wavelength
regions is studied and identified. The calcu-
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lations of the energy states of Cr2* ion in
the zinc sulfide matrix are executed. Analy-
sis of the relative optical density profiles in
a visible region allowed to determine the
diffusivity of chromium in ZnS crystals.

2. Experimental

The samples for study were obtained by
diffusion doping with Cr of ZnS single
crystals. The undoped crystals are obtained
via free growth method on a single crystal
ZnS (111) substrate. No polytypes were dis-
covered in the crystals structure. The de-
tailed description of this growth method
and main characteristics of ZnS crystals are
described in [7]. Selection of temperature
profiles and design of the growth chamber
excluded the possibility of a contact be-
tween the crystal and chamber walls. The
dislocation density in the crystals was no
higher than 104 cm~2.

The crystals were doped by impurity dif-
fusion from a metal Cr layer deposited on
the crystal surface. Chromium was depos-
ited on one of the large surfaces of a crystal
plate (10x5x1 mm3) cut out parallel to (111)
plane. The chromium layer thickness was
about 10 um. The crystals were annealed in
He + Ar atmosphere at 1170-1320 K (see
Table 1). The diffusion process was 10 h
long.

Diffusion of Cr was performed under
conditions in which the impurity concentra-
tion of admixture in the source remained
virtually constant. In this case the solution
of the Fick’s diffusion equation for the one
dimensional diffusion has the form

Clx,t) = 00(1 — erf \/4’%} 1)

where C; is the activator concentration at
the surface, D is the impurity diffusivity
and the symbol “erf” denotes the error
function (Gaussian funection).

After annealing the crystals ZnS:Cr were
characterized by the presence of diffusion
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Fig. 1. Spectra of optical density of ZnS (1) and
ZnS:Cr samples 2 (2), 3 (3), 4 (4) and 5 (5).

profile with a thickness increasing with the
annealing temperature elevation. The pro-
file color wvaried from colorless to yellow
with the temperature increasing.

Optical density D* spectra were measured
using MDR-6 monochromator with 1200,
600 and 325 grooves/mm diffraction grates.
The first grate was used to analyze the ab-
sorption spectra in the 3.8-1.2 eV photon
energy range, the second, in the interval
1.2-0.6 eV one, and third, in the 0.6-
0.3 eV one. FEU-100 photomultiplier was
used as a light flow receiver in the visible
spectral region, while FR-1P photoresistor
working in the alternating current mode in
the IR region. The optical density spectra
were measured at 77 and 293 K. The optical
windows of cryostat chamber used to study
the optical density were of 8 mm diameter.

For measuring the diffusion profile of
chromium impurity a thin plate of the crys-
tal (0.2-0.4 mm) was cleaved in the plane
parallel to the direction of the diffusion
flux. The measurement of the profile of op-

Table 1. Optical characteristics of ZnS:Cr crystals in the absorption edge region

Sample No. Type of the crystal Eg, eV AE,, meV N, em™3
1 ZnS starting 3.75 - -
2 ZnS:Cr, annealing 1170 K 3.74 20 2.1017
3 ZnS:Cr, annealing 1220 K 3.71 40 2.1018
4 ZnS:Cr, annealing 1270 K 3.69 60 5.1018
5 ZnS:Cr, annealing 1320 K 3.66 90 2.1019
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tical density of Cr-doped crystals was per-
formed using MF-2 microphotometer. This
device allowed us to measure a magnitude
of optical density with a step of 10 um in
the direction of diffusion flux. In this case
the integrated optical density was measured
in the spectral range 2.8-2.4 eV.

3. Analysis of the optical density
spectra

The spectra of optical density of undoped
ZnS crystals at 77 K are characterized by
an absorption edge with energy 3.75 eV
(Fig. 1, curve I). In the range 0.30-3.6 eV,
no features of the absorption spectra of the
undoped crystals are found.

Doping crystals with chromium results in
the absorption edge shift towards lower en-
ergies (Fig. 1, curves 2-5). The shift value
increases with annealing temperature
growth and it is conditioned by interimpu-
rity Coulomb interaction. The band gap
width variation AE, (in meV) as a function
of impurity concentration depending on con-
centration of introduced impurities is deter-
mined in [8] by the relation:

173 1/3 (2)
AE, =2 105(§J (e
Y 4mene,

where e — is electron charge, N is impurity
concentration in ecm S, €, = 8.3 is ZnS di-
electric constant. The concentration of chro-
mium in the studied crystals was calculated
from band gap width changing (see Table 1).
The maximum concentration of chromium

was 2:1019 ¢cm™3 for the crystals annealed at
1320 K.

In the visible spectral region the spectra
of optical density of ZnS:Cr crystals at 77 K
is contain a series of poorly resolved lines
(Fig. 2). Light absorption in this region in-
creases as the chromium concentration
growth. In the absorption spectrum of the
lightly-doped ZnS:Cr crystals obtained at
1170 K, twenty absorption lines can be dis-
tinguished, namely, at 3.31, 3.17, 3.08,
3.0, 2.94, 2.85, 2.69, 2.65, 2.59, 2.54,
2.48, 2.40, 2.28, 2.21, 2.14, 2.09, 2.0,
1.88, 1.82, 1.76 eV (Fig. 2, curve I). With
increase of the doping level the location of
these lines remained unchanged (Fig. 2,
curves 2—3). Studies of the optical density
in the temperature range 77—300 K showed
that location of these lines remained un-
changed. Such behavior is characteristic for
the absorption lines conditioned by the opti-
cal transitions of electrons within the impu-
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Fig. 2. Spectra of optical density of ZnS:Cr
crystals in the visible region. Samples (1) 2,
(2) 3 and (3) 4.

rity ion limits [9]. In the Table 2 the ener-
gies of optical transitions and their identifi-
cation in the limits of Cr* ion are given.
This table is created on the basis of our
experimental results and our calculations of
Cr2* jon energy states in ZnS lattice per-
formed on the Tanabe-Sugano diagrams
[10]. It is achieved the best accordance of
experiment and theory at the parameters of
the crystalline field of A = 6100 cm™1 and
B =600 cm™l. Values of A and B parame-
ters correspond with the results of the cal-
culations performed in [11].

In the IR-region the spectra of optical
density of ZnS:Cr crystals are characterized
by the broad absorption bands at 1.36, 1.22
and 0.75 eV. The optical density of the
crystals increased with chromium concen-
tration growth. The location of these bands
was unchanged under the temperature vary-
ing from 77 to 300 K and chromium tem-
perature varying. This absorption bands was
observed before in [5, 6, 12]. The first ab-
sorption band is due to 5T2(D)—>3T2(H)
transitions occurring in the limits of Cré*
ion [5]. The absorption band at 1.22 eV is
related to 5T2(D) - 1Al(I) transitions (see
Table 2). The absorption band at 0.75 eV is
related to the well studied [5, 12] transi-
tions between °%T,(D) ground state and
S5E(D) first excited state of Cr2* ions. At
excitation by light corresponding to the
high-energy intrinsic absorption region of
Cr2* ions intracenter emission SE(D) — 5T(D)
transitions were observed.
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Table 2. Optical transitions in the limits of
Cr2* jon

Line Eexp, eV|E, ... eV Transition
No
1 3.31 3.32 5T(D) — 1E(G)
2 3.17 3.18 STo(D) — 1T%(G)
3 3.08 3.07 5Ty(D) — 3E(D)
4 3.00 3.01 STy(D) — 3T1(G)
5 2.94 2.97 5Ty(D) — 3T1(G)
6 2.85 2.82 STy(D) — LAy(I)
7 2.69 2.69 5T(D) — 3T(D)
8 2.65 2.65 STy(D) — 3A,(G)
9 2.59 2.62 5Ty (D) — 1T o(I)
10 2.54 2.56 STy(D) - 14,(®)
11 2.48 2.51 5To(D) — LE(I)
12 2.40 2.45 STy(D) — 3T(F)
13 2.28 2.28 5To(D) — 3E(G)
14 2.21 2.22 STo(D) — 3A4(F)
15 2.14 2.14 3To(D) — 1Ty(I)
16 2.09 2.07 STy(D) — 3TH(G)
17 | 2.00 2.00 STy(D) — 3T(P)
18 1.88 1.88 STy(D) — 3E(H)
19 1.82 1.83 STo(D) — 3T5(F)
20 1.76 1.79 3Ty(D) — 1T,(D)
21 1.36 1.36 5To(D) — 3Ty(H)
22 1.22 1.19 3To(D) — 1A;(I)
23 0.75 0.75 5Ty(D) — °E(D)

It should be noted that the absorption
bands broadened with an increase of the
crystals doping level. A similar broadening
of the structure of the lines takes place in
the absorption spectral in the visible region.
This is apparently associated with manifes-
tation of the impurity-impurity interaction
of Cr2* ions.

4. Diffusion profile of chromium
in ZnS crystals

The presence of characteristic chromium-
absorption lines in the visible region of the
spectrum indicates that it is possible to de-
termine the impurity-diffusion profile by
measuring the relative optical density (A).
This quantity is a function of the coordi-
nate x in the direction of the diffusion flux
and is defined by the expression
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Fig. 3. Profiles of relative optical density
(points in the curve) and diffusion profiles of
Cr (solid lines) of ZnS:Cr crystals, samples (1)
3, (2) 4 and (3) 5. The temperature depend-
ence of the Cr diffusivity in ZnS crystals is
in the inset.

A¢ = D) = D(eo) (3)
D*(0) - D¥(s0)’

where D*(x) is the crystal’s optical density
as a function of the coordinate x, D*(0) is
the optical density of the crystal in the sur-
face layer with the coordinate x = 0, and
D*(c0) is the optical density of the crystal in
the region, where the chromium concentra-
tion is negligible (the crystal is not doped).
The chosen definition of relative optical
density makes it possible to compare the
dependence A*(x) with the impurity concen-
tration profile C(x)/C, calculated by for-
mula (1). By choosing the value of the dif-
fusivity in Eq.(1), we managed to obtain
good agreement between the relative optical
density and chromium concentration pro-
files in the crystals (Fig. 8). The diffusivi-
ties of Cr in ZnS crystals at temperature
1170-1320 K were calculated similarly. The
temperature dependence of diffusivity D(T),
presented in inset to Fig. 3, is described by
Arrhenius equation

D(T) = Doexp(—kE—T} (4)

where the factor Dy = 2.2:1073 cm?/s, while
the activation energy of diffusion E = 1.62 eV.
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At the crystals annealing temperature of
1270 K the diffusivities of chromium is
810710 cm2/c. This value is a few orders
less than chromium diffusivity in ZnSe
crystals, which we determined according to
the procedure described in [13].

5. Conclusions

The study allows a number of conclu-
sions. These are as follows: The method of
chromium diffusion doping of ZnS single
crystals was developed. The maximum con-
centration of chromium impurity deter-
mined by the shift of the absorption edge in
ZnS:Cr was 2-1019 em™3. The nature of ab-
sorption lines of ZnS:Cr crystals in the vis-
ible and IR regions of the spectrum was
identified. The diffusivities of chromium in
ZnS crystals in the temperature range
1170-1320 K were calculated for the first
time. Analysis of the temperature depend-
ence D(T) allowed us to determine the coef-
ficients in Arrhenius equation: Dy = 2.2.1073
ecm?2/s and E = 1.62 eV. At 1270 K the dif-
fusivity of Cr is 810710 ¢m2/s.
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Audysia xpomy i fOMIIIKOBEe NMOTJIUHAHHSA
y Kpucraiaax ZnS

I0.A.Hiyyx

Meromom mudysiiinoro seryBannsa orpuMmaHi moHoxpucrtanu ZnS:Cr. JocuaigxeHo CIEeKT-
pu onruuHol rycruHu B obuacri eHepriii 0.8—3.8 eB. 3a BeJMUYMHOIO 3CYBY Kpaw IIOTJIMHAH-
HfA BUSHAYEHO KOHIIEHTPAIII0 XPOMY V IOCHIIKYyBaHHX Kpucraaax. [mreHTudikoBano omTuvHIL
mepexoau, 10 BU3HAYAITH CIEKTP AOMINIKOBOro mMorjamHaHHa MoHOoKpucranie ZnS:Cr. Mu-
dysitinutt npodins AOMIMIKM XpoMy BU3HAUYABCSA 38 BUMIPIOBAHHAMMK BiJHOCHOI OITHYHOL
TYCTUHM KPUCTANIB y BUAMMIi obmacti cmekTpa. Brepmie pospaxosano Koedimientu audysii
xpomy y Kpuctamax ZnS npu Temmueparypax 1170-1320 K. IIpu 1270 K xoedimienr gudysii

xpomy cranosuts 8:10710 em2/c.
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