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ZnS:Fe single crystals obtained by diffusion doping were investigated. Spectra of
optical density in the range of energies 0.4—3.8 eV were obtained. The concentration of
iron in the studied crystals was determined using a magnitude of the shift of the
absorption edge. Optical transitions determining the impurity absorption spectrum of
ZnS:Fe single crystals were identified. The diffusion profile of Fe impurity was deter-
mined by measuring the relative optical density of the crystals in the visible spectral
region. The diffusivities of Fe in ZnS crystals in the temperature range of 1220-1320 K
were calculated for the first time. At 1270 K the diffusivity of Fe is 2:10710 e¢m?2/s.

Meromom nudPysruOHHOr0 JErMpOBAHUSA IIOJYyYeHBl MoHOKpucrasiiawl ZnS:Fe. Hccaemnosa-
HBI CIIEKTPBLI OITHUYECKOIl maoTHoCcTH B oOaactu sHepruii 0.4—3.8 »B. Ilo BenmuuunHe cmelre-
HUA Kpas IOTJIOLIEHUWs OIIpeJe/]eHa KOHIEHTPAIMA JKejle3d B HCCIEIYEeMBIX KPHUCTAJIAX.
W penTurunupoBadbl ONTUYECKHNE [IE€PEXO0Lbl, 00YCAaBIUBAIOIINE CIEKTP IPUMECHOTO IIOIJIO-
meHud MoHoKpuctawioB ZnS:Fe. MuddysuoHHBIN Opoduib NPUMECH JKejesa OIlpereseH
oyTeM H3MEPEeHHA OTHOCHUTEJbHON ONTUYECKOU IIIOTHOCTH KPHCTAJJIOB B BUIMMON obsacTu
creKTpa. BmepBnle paccumTanbl KoadduimenTtsl auddysun xeaesa B Kpucraaiax ZnS mpu
Temuepatypax 1220-1320 K. IIpm 1270 K xoshdunuent auddysuu Kejie3a COCTABIAET

© 2012 — STC "Institute for Single Crystals”

210710 em2/c.

1. Introduction

The zinc sulfide single crystals doped
with transition metal ions (Cr, Fe, Co, Ni),
can be used as active media and passive
gates for the mid infrared (IR) spectral re-
gion lasers. The effective laser generation
in the spectral region 2.35 um has been re-
alized in ZnS:Cr crystals [1]. Iron-doped ZnS
crystals are less studied as compared to
crystals doped with cobalt and chrome. In
the work [2] it was reported about creation
of impulsive laser based on ZnS:Fe crystal
with continuous tuning of the laser wave-
length within the range of 8.49-4.65 um.
Lasing in this crystal was obtained at room
temperature under pumping by 40 ns pulses
of ErYAG laser at 2.94 pum wavelength.
Therefore the obtaining of ZnS:Fe crystals
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and research of their optical properties is
actual.

The goals of current study are: develop-
ment of a procedure of diffusion doping of
ZnS crystals with Fe, identification of the
optical absorption spectra, and determina-
tion of diffusivity of Fe in ZnS crystals.

In this investigation the procedure of
diffusion doping is realized, which allows
one to obtain ZnS:Fe single crystals with a
specified concentration of Fe impurity. The
structure of optical absorption spectra in
the visible and infrared wavelength regions
is studied and identified. The maximum
concentration of Fe impurity is determined
by means of a magnitude of the absorption
edge shift. Analysis of the profile of rela-
tive optical density allowed us to determine
the diffusivity of Fe in ZnS crystals.
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2. Experimental

The samples under study are obtained by
diffusion doping with Fe of ZnS single crys-
tals. Undoped crystals are obtained via free
growth on a single crystal ZnS (111) sub-
strate. No polytypes were discovered in the
crystals structure. A detailed description of
this growth method and main charac-
teristics of ZnS crystals are described in [3].
Selection of temperature profiles and design
of the growth chamber excluded any contact
between the crystal and the chamber walls.
The dislocation density in the crystals was
no higher than 104 ecm™2.

The crystals were doped via diffusion of
impurity from powdery Fe in He + Ar at-
mosphere. In order to avoid etching of crys-
tals, powdery ZnS in the ratio 2:1 was
added to the powder of Fe. The crystals
were annealed in evacuated quartz cells at
temperatures from 1170 to 1320 K (see
Table 1). Duration of the diffusion process
was 10 h.

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

Clx,t) = C 1 — erf 1)

X
\/4Dt}
where C; is the activator concentration at
the surface, D is the impurity diffusivity
and the symbol "erf” denotes the error
function (the Gaussian function).

After annealing ZnS:Fe crystals were
characterized by the presence of diffusion
profile with a thickness increasing with the
annealing temperature elevation. The pro-
file color varied from yellow-green to yel-
low-brown with the temperature increasing.

Optical density D* spectra were measured
using MDR-6 monochromator with 1200,
600, and 3825 grooves/mm diffraction
grates. The first grate was used to analyze
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Fig. 1. Spectra of optical density of ZnS (1)
and ZnS:Fe samples 4 (2) and 5 (3).

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-
0.4 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 38 mm diameter.

For measuring the diffusion profile of Fe
impurity a thin plate of the crystal (0.2—
0.4 mm) was cleaved in the plane parallel to
the direction of the diffusion flux. The
measurement of the profile of optical den-
sity of Fe-doped crystals was performed
using MF-2 microphotometer. This device
allowed us to measure a magnitude of opti-
cal density with a step of 10 pm in the
direction of the diffusion flux. In this case
the integrated optical density was measured
in the spectral range of 2.8-2.4 eV.

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

Sample No. Type of the crystal Eg, eV AEg, meV N, em™3
1 ZnS starting 3.75 - -
2 ZnS:Fe, annealing 1170 K 3.74 10 2.1016
3 ZnS:Fe, annealing 1220 K 3.73 20 2.1017
4 ZnS:Fe, annealing 1270 K 3.72 30 7.1017
5 ZnS:Fe, annealing 1320 K 3.68 70 9.1018
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Fig. 2. Spectra of optical density of ZnS:Fe
crystals in the visible region. Samples (1) 2,
(2) 3 and (3) 4.

3. Analysis of the optical density
specira

The spectra of optical density of undoped
ZnS crystals at 77 K are characterized by
an absorption edge with energy of 3.75 eV
(Fig. 1, curve I). In the range 0.40-3.6 eV,
no features of the absorption spectra of un-
doped crystals are found.

Doping crystals with iron results in the
absorption edge shift towards lower ener-
gies (Fig. 1, curves 2-3). The shift value
increases with annealing temperature and it
is conditioned by interimpurity Coulomb in-
teraction. The band gap width variation AE,
(in meV) as a function of impurity concen-
tration depending on concentration of intro-
duced impurities is determined in [4] by the
relation:

178 A71/3 (2)
AE,=2-1092) N2
i 4me e,

where e is electron charge, N is impurity
concentration in em™3, ¢, = 8.3 is ZnS di-
electric constant, €, — electric constant.
The concentration of iron in the studied
crystals was calculated from band gap width
changing (see Table 1). The maximum con-
centration of Fe was 9-1018 cm™3 for the
crystals annealed at 1320 K.

In the visible spectral region the spectra
of optical density of ZnS:Fe crystals contain
a series of poorly resolved lines (Fig. 2).
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Table 2. Optical transitions in the limits of
FeZ* jon

Line Eexp, eV | E,0m eV Transition

No.

1 3.18 3.15 [4] SE(D) - LE(®)
2 3.06 3.05 [4] SE(D) — A,(G)
3 2.94 2.95 [4] | PE(D) — 3Ty(F)
4 2.84 2.85 [4] SE(D) — 1Ty(I)

5 2.78 2.80 [4] 5E(D) — 3E(G)
6 2.72 2.72 [4] | PE(D) - 1T,(D)

7 2.60 2.60 [4] | SE(D) — Ax(I)

8 2.50 2.50 [4] | PE(D) — 14,(])

9 2.39 | 2.40 [4, 5] | PE(D) — 3Ty(P)
10 2.830 |2.32[4,5]| °E(D)— 3T(F)
11 2.22 | 2.25[4, 5] | PE(D) — 3Ty(F)
12 2.11 | 2.14 [4, 5] | PE(D) — 3A,(F)
13 2.03 | 2.07[4, 51| SE(D) — 34,(P)
14 1.94 | 1.92[4, 51| SE(D) — 3T,(H)
15 1.85 | 1.81[4, 51| SE(D) — 3T,(H)
16 1.75 | 1.68 [4, 5]| SE(D) — 3E(H)
17 1.35 1.28 [6] SE(D) — 3T, (H)
18 0.44 0.44 [4] PE(D) - °To(D)

Light absorption in this region increases as
the iron concentration growth. In the ab-
sorption spectrum of the lightly-doped
ZnS:Fe crystals obtained at 1170 K, sixteen
absorption lines can be distinguished,
namely, at 1.75, 1.85, 1.94, 2.03, 2.11,
2.22, 2.30, 2.39, 2.50, 2.60, 2.72, 2.78,
2.84, 2.94, 3.06, 3.18 eV (Fig. 2, curve I).
With increase of the doping level the loca-
tion of these lines remained unchanged
(Fig. 2, curve 2). Studies of optical density
in the temperature range 77—-300 K showed
that the location of these lines remained
unchanged. Such behaviour is characteristic
for the absorption lines conditioned by the
optical transitions of electrons within the
impurity ion limits [5]. In the Table 2 the
energies of optical transitions and their
identification in the limits of Fe2* ion are
given. This table is created on the basis of
our experimental results and calculations of
Fe2* jon energy states in ZnS lattice per-
formed in [6—8]. The lines of ZnS:Fe in-
tracenter absorption at the range of 1.7-
2.3 eV was observed before in [7].

In the near IR-region the spectra of opti-
cal density of ZnS:Fe crystals contain the
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Fig. 3. Spectra of optical density of ZnS:Fe
crystals in the IR region. Sample 4.

absorption band at 1.35 eV (Fig. 8). The op-
tical density of the crystals increased with
iron concentration growth, while a location
of the spectral lines was unchanged as the
temperature varied from 77 to 300 K. The
absorption line at 1.35 eV was observed be-
fore in [8, 9]. According to calculations (see
Table 2), this absorption line can be ex-
plained by °E(D) — 3T(H) transitions oc-
curring in the limits of Fe2* jon.

In the middle IR-region the optical den-
sity spectra of the crystals are characterized
by the absorption band at 0.44 eV (Fig. 3).
The optical density of the crystals increased
with iron concentration growth. The loca-
tion of this band was unchanged under the
temperature and iron concentration vary-
ing. The absorption band at the range 0.3—
0.6 eV was observed before in [10]. The ab-
sorption band at 0.44 eV is related to
SE(D) — 5To(D) transitions occurring in the
limits of Fe2* ion (see Table 2).

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 spectra in the visible spectral
region. This is apparently associated with
manifestation of the impurity-impurity in-
teraction of FeZ* ions.
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Fig. 4. Profiles of relative optical density
(points in the curve) and diffusion profiles of
Fe (solid lines) of ZnS:Fe crystals, samples
(1) 3, (2) 4 and (3) 5. The temperature de-
pendence of the diffusivity of Fe in ZnS crys-
tals is in the inset.

4. Determination of iron
diffusivity in ZnS crystals

A presence of the absorption bands in the
visible range (Fig. 2) testifies to the possi-
bility of determining the diffusion profile
of the impurity by measuring the relative
optical density (A). This magnitude is the
function of x coordinate in a direction of
the diffusion flux; it is determined by the
relation

A < D7) = D¥() (3
D*(0) - D*(=)’

where D*(x) is the optical density of crystal
as function of x coordinate, D*(0) is the
optical density of crystal in the near surface
layer with coordinate x = 0, and D¥(e) is
the optical density of crystal in the region
where Fe concentration is negligibly low
(crystal is undoped). The chosen definition
of the relative optical density allows us to
compare the dependence A(x) with the con-
centration profile of impurity C(x)/C, cal-
culated by formula (1). By means of dif-
fusivity fitting in (1), we obtained good
agreement between profiles of the relative
optical density and Fe concentration in the
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crystals (Fig. 4). The diffusivities of Fe in
ZnS crystals at 1220-1320 K were calcu-
lated similarly. The temperature dependence
of diffusivity presented in inset to Fig. 4 is
described by Arrhenius equation

D(T) = Doexp(—]f—Tj, ()

where the factor Dy = 0.16 cm?/s, while the
activation energy of diffusion E = 2.2 eV. At
the crystals annealing temperature of 1270 K,
the diffusivity of Fe is 2.10710 em2/s. This
value is several times less than Fe diffusivity
in ZnSe crystals, which we determined ac-
cording to the procedure described in [11].

5. Conclusions

The performed studies allow us to con-
clude the following. The procedure of iron
diffusion doping of ZnS single crystals was
developed. The maximum concentration of
Fe impurity determined by the shift of the
absorption edge in ZnS:Fe crystals was
9.1018 em™3. The nature of absorption lines
of ZnS:Fe crystals in the visible and IR re-
gions of the spectrum was identified.

The diffusivities of Fe in ZnS crystals in
the temperature range of 1220-1320 K
were calculated for the first time. Analysis of
the temperature dependence D(T) allowed us
to determine the coefficients in Arrhenius
equation: Dy =0.16 cm?/s and E = 2.2 eV.
At 1270 K, the diffusivity of Fe is 2:10710 ¢m?/s.
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Phys.

OnTuuyHe morauHaHHA 1 Tu(y3ia 3axiza
B Kpuctajgax ZnS

I0.A.Hiyyx, I0.®P.Bakxcman, B.B.Ayyn, I0.M.Ilypmosé

Meromgom gudyysiiinoro jerysamus orpuMano moHoKpucrtanu ZnS:Fe. Mocximskeno crmekr-
pu ontuuHOI ryctuHM B 00sacti eHepriit 0.4-3.8 eB. 3a BeIUUMHOI 3CYyBY Kpal MOTJIWHAH-
HfA BUBHAUEHO KOHIEHTPAIIiIO0 3aJi3a B JOCJiMKYyBaHUX KpucTanax. [meHTM(diKOBaHO ONMTUYHI
mepexoau, 10 BU3HAYAIOTH CIEKTP AOMIIITKOBOTO MOTJIWHAHHS MoHOKpuctanis ZnS:Fe. Mu-
dysitinutt npod)inb moMImMIKM 3akiza BU3HAUABCA 38 BUMIPIOBAHHAMMK BiJHOCHOI ONTHYHOL
TYCTUHM KPUCTANIB y BUAMMIi obmacti ciekTpa. Brnepmie pospaxosano Koedimientu audysii
saisisa B Kpucraaax ZnS npu temneparypax 1220-1320 K. IIpu 1270 K xoedinicar audyaii

sanisa cramosurs 2-10710 cmZ/c.
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