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ZnS:Ni single crystals obtained by nickel diffusion doping have been investigated. The
diffusion was performed from nickel metallic layer in helium and argon atmosphere. The
optical density spectra in the 3.8-0.4 eV region have been measured. Basing on the
absorption edge shift, the nickel concentration in the studied crystals is calculated. The
optical absorption and luminescence spectra of ZnS:Ni crystals are identified.

Hccnemosansl moHOKpHcTaMLnbl ZNS:Ni, monydennsie MmeTogoM Ju(Py3MOHHOIO JErnpoOBa-
Husa HukKeseM. Juddysusa oCylHIeCTBJIANACH U3 METAJJIMYECKOIO CJIOSI HUKeIs B armocdepe
reaus U aproma. VcciemoBaHbl CIIEKTPLI ONTHYECKOi muoTHocTu B obmactu 3.8—0.3 »B. Ilo
BeJMUYNHE CMEI[eHNs] KPas IOIJION[eHNs OIIpereieHa KOHIeHTPAIUSA HUKEeJs B HUCCIeIyeMbIX
Kpucraminax. WaeHTu@UIupoOBaHbl CIEKTPHl OITUYECKOrO IOTJIOMIEHUs M JIOMUHECIeHIIUN

kpucrtaanos ZnS:Ni.

1. Introduction

The zinc sulfide single crystals doped
with transition metal ions are used as active
media for the mid-infrared (IR) spectral re-
gion lasers. In particular, the effective laser
generation in the spectral region of 2.35 ym
has been realized in the ZnS:Cr crystals [1].
At the same time, essentially nothing is
known about possibility of infrared laser ra-
diation realization using ZnS:Ni crystals.

The ZnS crystal doping during the grow-
ing process is difficult because the transi-
tional metal evaporation temperatures ex-
ceed considerably that of zinc sulfide subli-
mation. In [2], we have described the
procedure of pure ZnS crystals with cobalt.
A method for diffusion doping of ZnS single
crystals with nickel is offered in this work
that provides crystals with known nickel
impurity concentration. The structure of
the optical absorption and luminescence
spectra for the ZnS:Ni crystals has been
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studied and identified in the visible and in-
frared regions. Basing on the optical ab-
sorption edge shift, the nickel concentration
has been determined.

The purpose of this study is to develop a
procedure for diffusion Ni doping of ZnS
crystals and to identify the optical absorp-
tion and luminescence spectra.

2. Experimental

The samples for the study were prepared
by Ni diffusion doping of pure ZnS single
crystals. The undoped crystals were ob-
tained by free growth on a ZnS single crys-
tal substrate with the (111) growth plane.
No polytypes were discovered in the crystals
structure. The method and the main charac-
teristics of the ZnS crystals were described
in detail in [3]. The selection of tempera-
ture profiles and design of the growth
chamber excluded any contact between the
crystal and chamber walls. The dislocation
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density in the crystals obtained did not ex-
ceed 104 ecm2.

The crystals were doped by impurity dif-
fusion from a metal Ni layer deposited on
the crystal surface. Nickel was deposited on
one of the large surfaces of a crystal plate
(10x5x1 mm3) cut out parallel to the (111)
plane. The nickel layer thickness was about
10 um. The crystals were annealed in He +
Ar atmosphere at 1100-1270 K. The diffu-
sion process was 5 h long. After annealing,
the ZnS:Ni crystals were characterized by
the presence of diffusion profile with a
thickness increasing with the annealing
temperature elevation. The profile color
varied from light yellow to dark yellow as
the temperature increased, in contrast with
colourless undoped crystals.

The nickel layer remaining on the crystal
surface was etched out using hydrochloric
acid. Then the large surfaces of the crystal
plate were polished. To study photolumines-
cence, the samples were etched in boiling
hydrochloric acid to obtain a mat surface,
because the luminescence was examined in
the reflected light to eliminate the reab-
sorbtion influence.

The optical density spectra were meas-
ured using a MDR-6 monochromator with
1200, 600, and 325 grooves/mm diffraction
gratings. The first grating was used to ana-
lyze the absorption spectra in the 3.8-
1.2 eV photon energy range, the second, in
the 1.2-0.6 eV one, and third, in the 0.6—
0.3 eV one. A FEU-100 photomultiplier was
used as a light flow receiver in the visible
spectral region, while a FTG-5 phototransis-
tor and a PbS photoresistor working in al-
ternating current mode in middle IR region.
The optical density spectra were measured
at 77 and 293 K. The optical windows of
cryostat chamber used to study the optical
absorption were of 3 mm in diameter.

The photoluminescence spectra were
measured using an ISP-51 prism spectro-
graph. The luminescence was excited (at an
angle of ~45°) using an EDEV-3LA1 light-
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Fig. 1. Optical density spectra of ZnS (1) and
ZnS:Ni ZnSe (2—4) crystals obtained at an-
nealing temperatures (K): 1100 (2), 1170 (3)
and 1220 (4).

emitting diode having the emission spec-
trum in the visible region of ZnS:Ni crystal
impurity absorption. When analyzing the
luminescence spectra, the emitted light re-
absorbtion was not taken into account.

3. Oplical densily spectra of the
ZnS:Ni crystals in the
fundamental absorption edge
region

The optical density spectra of the un-
doped ZnS crystals at 77 K are charac-
terized by absorption edge at 3.75 eV
(Fig. 1, curve 1). No peculiarities were found
in the optical density spectra of undoped
crystals in 0.30—-3.5 eV energy region.

The nickel doping of crystals results in
the absorption edge shift towards lower en-
ergies (Fig. 1, curves 2—4). The shift value
increases with annealing temperature and is
due to by the interimpurity Coulomb inter-
action. The band gap width variation as a
function of impurity concentration was de-
termined in [4] as

Table 1. Calculation results of Ni concentration from ZnS:Ni optical absorption edge shift

Type of crystal Bh44{BEg, eV AEg, meV N, ecm ™3

ZnS, initial 3.75 - -
ZnS:Ni annealed at 1100 K 3.74 10 2.1016
ZnS:Ni annealed at 1170 K 3.65 100 2.1019
ZnS:Ni annealed at 1220 K 3.62 130 5.1019
ZnS:Ni annealed at 1270 K 3.55 200 2.1020
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where AE, is measured in meV; e, electron
charge; N, impurity concentration in cm 3;
g, = 8.3 is ZnS dielectric constant; gj, elec-
tric constant. The nickel concentration in
the studied crystals was calculated from the
band gap width changing (see Table 1). The
maximum Ni concentration (1029 em~3) was
observed for the samples annealed at
1270 K.

4. Absorption and luminescence
of ZnS:Ni crystals in the visible
spectral region

The ZnS:Ni crystals show a series of ab-
sorption lines in the visible region (Fig. 2,
curve I1). In this region, the light absorp-
tion increases with Ni concentration. Seven
absorption lines at 1.91, 2.01, 2.14, 2.21,
2.38, 2.68, and 2.80 eV are observed in low-
doped crystals obtained at 1100 K (Fig. 2,
curve I). The optical absorption studies in
the 77-300 K temperature range has shown
that the first seven line positions do not
change at temperature increasing. Thus, the
indicated absorption lines are caused by in-
tracenter transitions. The high-energy ab-
sorption line at 2.80 eV changes its position
as the temperature and Ni impurity concen-

Table 2. Optical transitions in ZnS:Ni?* crystals
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Fig. 2. Optical density (1) and photolumines-
cence (2) spectra of ZnS:Ni crystals in the
visible region.

tration vary. This line was found in [5] and
identified as the charge transfer band. This
is also confirmed by a photoconductivity
presence in this region.

Optical transitions in the ZnS:Ni2* crys-
tals are presented in Table 2 that is built
basing on our experimental results and cal-
culations of the Ni2* ion energy states for
the zinc sulfide cubic lattice. In [6—8], the
Ni2* jon energy states are calculated respon-
sible for the visible spectral region absorp-
tion. The absorption line at 1.90 eV was
observed before in [7].

Line Absorption Luminescence
No.
EexpB

1 2.80 2.8-3.1 [5] d®>d" + e - - -

2 2.68 2.70 [6-8] 37 (F)—>'A,(S) - - -

3 2.38 2.86 [6-8] 3T, (F)>1A(G) 2.36 2.38 [9] LA(G)-3T(F)
4 2.21 2.24 [6-8] 3T, (F)->1T,(G) 2.19 - 1T (@-3T(F)
5 2.14 2.12 [6-8] 3T, (F)>1E(G) 2.12 - LE(G)-°T(F)
6 2.01 - - 1.99 - _

7 1.91 1.90 [6-8] 3T, (F)>1TH(G) 1.89 - 1T(@—-3T(F)
8 1.65 - - - - -

9 1.60 - - - - -

10 1.54 1.52 [10, 11] 37 (F)—=3T,(P) 1.52 1.52 [10] | 3T,(P)-3T,(F)
11 - 1.22 [11, 12] 3T (F)>'E(D) - - -

12 - 1.18 [11, 12] 3T, (F)=>1To(D) - - -

13 1.12 1.13 [11, 12] 3T, (F)—34,(F) - - -

14 0.56 0.54 [11, 12] 3T, (F)->3To(F) - - -
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Fig. 3. Optical density (1) and photolumines-
cence (I, 2) spectra of ZnS:Ni crystals in the
near IR region measured at 77 (I, 3) and
300 K (2).

The luminescence studies of high-doped
crystals in the visible spectral region obtained
at 1220-1270 K have revealed also a broad
nonelementary emission band involving five
lines at 1.89, 1.99, 2.12, 2.19, and 2.36 eV
at T=177 K (Fig. 2, curve 2). The line posi-
tions remain unchanged as the temperature
increases from 77 to 300 K. Thus, the ob-
served emission lines are related to transi-
tions between the high-energy excited states
and the ground state 3T (F) of Ni¢* ion
(Table 2). As is seen in Table 2, the Stokes
shift value of luminescence lines in relation
to corresponding absorption lines 1.91, 2.01,
2.14, 2.21 2.88 eV is 20 meV. The line of the
ZnS:Ni visible emission at 2.38 eV was ob-
served before in [9].

5. Absorption and luminescence of
ZnS:Ni crystals in IR spectral
region

The nickel doping of crystals has been found
result in a series of absorption line in the near
IR-region. In all investigated crystals, there are
three absorption lines at 1.54, 1.60, 1.65 eV.
Fig. 3 (curves 1, 2) shows the optical density
and photoluminescence spectra of the ZnS:Ni
crystals obtained at 1170 K. It is established
that the nickel concentration increase results in
increased absorption in the observed spectral
region. It has been shown that the temperature
change from 77 to 300 K does not cause any
noticeable shifting of these lines. This testifies
to the intracenter character of optical transi-
tions. The absorption line at 1.54 eV was ob-
served before in [10] and, according to calcula-
tions of Ni2* ion energy states in the zine
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Fig. 4. Optical density spectra of ZnS:Ni crys-
tals in the mid-IR region.

sulfide cubic lattice [11], it is due to the
3T(F)>3T{(P) transitions (Table 2). Two
other lines are observed for the first time.
Those are obviously caused by the transitions
to the 3T1(P) states of the Ni2* ion which are
split due to the spin-orbit interaction.

The luminescence investigations in the
near IR region exposed also an emission line
at 1.562 eV at T = 77 K (Fig. 3, curve 3). This
emission line was observed before in [10] and
corresponds to the 3T(P)—>3T,(F) transitions
in Ni2* ion (Table 2). The Stokes shift value
of luminescence line at 1.52 eV in relation
to the absorption line at 1.54 eV is 20 meV.

The absorption spectra of the ZnS:Ni crys-
tals obtained at 1220 K in the middle-IR re-
gion are presented in Fig. 4. The nickel dop-
ing results in appearance of absorption bands
at 0.56 and 1.12 eV. The crystal optical den-
sity increases with nickel concentration and
spectral band positions did not shift as the
temperature varies from 77 to 300 K. Ac-
cording to the calculations (see Table 2), the
absorption line at 0.56 eV is due to the
3T1(F)—>3A2(F) transitions while that at
1.12 eV, to the 3T (F)>3T4(F) transitions.
The absorption line at 1.13 eV was observed
in the ZnS:Ni crystals and the spectral evolu-
tion of this line in the ZnSSe solid solution
with Se concentration increase was investi-
gated in [12].

It should be noted that as the degree of
doping of the crystal increases, the absorption
bands are broadened. A similar smoothing of
the line structure is observed for the absorption
spectra in the near IR region and the visible
region. Perhaps this phenomenon is associ-
ated with the manifestation of the interim-
purity interaction of the Ni2* ions.
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6. Conclusions

A procedure of diffusion Ni doping of
ZnS crystals has been developed allowing to
obtain crystals with a different concentra-
tion of nickel impurity. The concentration
of nickel impurity in the studied crystals is
determined basing on the absorption edge
shifting. The highest Ni impurity concentra-
tion in the ZnS:Ni crystals obtained at
1270 K is estimated to be 1020 cm 3. The
nature of absorption and emission lines of
the ZnS:Ni crystals in the visible and IR
spectral regions has been identified.
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Ontuuni Baactusocti Kpucraiais ZnS:Ni,
oTpMMaHUX AUPY3IMHUM JeryBaHHIM

I0.®.Baxkcman, I0.A.Hiyyx, B.B.Ayyn,
IO.M.ITypmos, O.C.Haci6oes, II1.B.Illankin

IOocaimxeno wmouokpucranu ZnS:Ni,

oTpuMaHi

merogoM audysifiHOro JeryBaHHS

Hikesem. Hudysia sgilficHOBasacsa 3 MeTaJiuHOrO CJIOI0 HiKeJio B aTMocdepi resiro ta apro-
uy. Hocaimxeno cmexkTpu omTuuHOl ryctuHu B obmacti 3.8—-0.3 eB. 3a BesmnumHOO 3CYyBY
Kpamo MOIJIMHAHHS BHU3HAUYEHO KOHIIEHTPAI[II0 HiKeao B KpHCTaJdaX, IO LOCIiIKyBaJIKCH.
IgenTudikoBaHO CHEKTPU ONTUYHOrO MOTVIMHAHHSA 1 JroMinecreniii kpucranis ZnS:Ni.
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