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The melt growing of ZnSe crystals doped with Cr2* for tunable mid-IR (2-8 pm) lasers
has been described. A good quality crystal material with high homogeneity of both
composition and physical properties has been obtained. The optimum concentration of
dopant has been estimated. For an active element of 3 mm in thickness, it amounts to
2.8-1018 ¢m 3. The laser emitters have been manufactured operating with efficiency up to
70 % in continuous and pulse modes.

OnuncaH IpoIlecC PACILIABHOIO BBLIPAIUBAHUA KPUCTANIOB ZNSe, JIerupOBaHHBLIX IIPUMeE-
coio Cr?*, nns mepecrpaumBaeMblx jasepoB cpexero WK puamnasona (2...3 mrm). IToxyuen
KAUeCTBEHHBLIM KPUCTAJJIUUYECKUHA MaTepraj ¢ BBICOKOW CTEeleHbI0 OJHOPOLHOCTH COCTaBa U
(pusnueckux cpoiicTB. IIpoBeeHA OllEHKA ONTUMAJLHOM KOHIEHTPAIIMU aKTHUBATOPHON IIPHU-
Mecu B Kpucrajaiaax ZnSe, KorTopas AJjs AKTHUBHOI'O JIA3€PHOT0 9JIeMEHTa TOJINUHON 8 MM
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cocrasmia 2.3-1018 cm3.

HUsroroBnensl JnasepHble uanydareau, paborarmomume ¢ KIII mxo

70 % B HempepLIBHOM U UMITYJbCHOM PEXUMAaX.

The short-wave edge of the mid-IR
(2-3 um) range of the solar radiation spec-
trum near the Earth surface is notable for
characteristic lines of many atmospheric
gases and vapors (H,O, CO,, CO, N0,
HCN, etc.). The maximum optical absorp-
tion of biological tissues also falls within
this range due to the predominant influence of
hydroxy and amino groups. The obvious prac-
tical importance of mid-IR inspires the search
for an optimal laser emitter for this range.

Lasers comprising Co2* jon-doped MgF,
crystals and emitting in the range from 1.8
to 2.4 um are widely represented on the
market among commercial emitters. These
lasers, however, have relatively low effi-
ciency due to a low luminescence yield of
Co?* jons in the magnesium fluoride ma-
trix. Meantime, practical and compact semi-
conductor lasers based on lead salts (PbSe),
antimonides (GaSb), heterojunctions and
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quantum cascades exhibit the output powers
of several milliwatts and require cryogenic
cooling to suppress the nonradiative recom-
bination mechanisms. Lasers with rare-
earth ions (YAG:Er3*, Tm3*, Ho3*) have lim-
ited tuning capability in this range. Non-
linear optical converters (Raman frequency
converters, optical parametric amplifiers)
are complex in operation and large in size
[1].

Today, the most promising material for
the mid-IR range emitters is ZnSe crystal
doped with Cr2* ions [2, 3]. This material is
chemically and mechanically stable and has
high thermal conductivity. The state of
chromium ions in the crystal matrix en-
sures that this laser medium provides the
highest gain among vibronic lasers, and ef-
ficient tunability. In addition, the intrinsic
lasing band from 2.1 to 3.0 um falls within
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the transparency range of the matrix (Fig.
1) [4]-

With ZnSe:Cr2* crystals as the laser me-
dium, it has been the first successful at-
tempt to build a laser tunable in this range
operating in continuous-wave (CW) mode at
room temperature [5—7]. The high efficiency
and tunability of this medium allows mak-
ing a universal laser for environmental
monitoring (detection of noxious gas pollut-
ants in small concentrations), optical com-
munication in space, medicine (laser sur-
gery and optical tomography), military ap-
plications, ete. The  possibility of
high-sensitivity laser spectroscopy of atmos-
pheric air in the wavelength band from 2.41
to 2.46 um utilizing a ZnSe:Cr2* laser has
been demonstrated [8].

In this work, we describe the process of
crystal growth from melt of Cr2*-doped
ZnSe. To assess the grown crystals quality
and suitability for production of laser ele-
ments, their chemistry, together with me-
chanical, optical and dielectric parameters,
was investigated. Based on the data ob-
tained, the optimum concentration of the
dopant in ZnSe crystals has been estimated.

ZnSe crystals with Cr dopant were grown
by Bridgman method from melt under pres-
sure of argon up to 15 atm in a original
multi-zone growth furnace. Automatic regu-
lation of the thermal field together with
programmable modes for crystal growing
and cooling provided perfect crystalline in-
gots of 40 mm in diameter and 80 to
100 mm in length. As containers for load-
ing the charge material, graphite crucibles
were used with a pyrocarbon reinforcing
coating. The charge material was pre-syn-
thesized zinc selenide powder of a purity
not lower than 5N. Doping of the crystals
was carried out by introducing chromium
oxide Cr,O5 or pure Cr metal into the
charge, followed by melt homogenization.
Introduction of the chromium dopant into
the charge during its melting and the melt
homogenization prior to crystallization re-
vealed an undoubted advantage of this tech-
nology over other methods of obtaining
heavily doped crystals, first of all, over
vapor-phase methods. The crystal ingots
had a color from yellow to dark cherry, de-
pending on the active impurity concentra-
tion in the range of 1017 to 1019 cm™3.

The effectiveness of a laser is defined
first of all by the active medium quality, in
the case of ZnSe:Cr2*, by the crystal lattice
perfection, as well as by homogeneity of op-
tical and other physical properties through-
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Fig. 1. Spectra of fundamental absorption
(1), luminescence (2) and lasing (3) of
ZnSe:Cr2* crystals.

out the active element volume and the opti-
mum doping level.

The ZnSe:Cr system can be regarded as a
substitutional solid solution of the two com-
pounds, ZnSe—-CrSe, hence, basing on the
relation between their melting points, one
can judge the value of the Cr segregation
coefficient at the ZnSe solid-melt interface.
The mentioned temperatures are very close:
T,e1(ZNSe) = 1525°C  and T,,,,(CrSe) =
1495°C, which gives reason to assert that
the segregation coefficient of Cr in ZnSe is
close to unity. Our measurements of chro-
mium concentration distribution throughout
the volume of a grown crystal (Fig. 2) by
chemical analysis fully confirmed this as-
sumption. It is seen from the Figure that
almost 80 % of the crystal volume is charac-
terized by similar chromium concentrations.

The second important experimental fact
is that we have shown possibility of a homo-
geneous doping of crystals with chromium
within the whole concentration range of
practical interest. This range, at which the
absorption band peaked around 1.78 pum
(Fig. 1) becomes distinguishable that is re-
sponsible for intracenter transitions in Cr
ions [1], is limited to the minimum chro-
mium concentration of about 1017 em3.

The Cr2* dopant concentration in the
grown crystals was determined by induc-
tively coupled plasma atomic emission spec-
trometry (ICP/AES). This method allows de-
tection of low concentrations of metals,
having a sensitivity of 1073 to 107% wt. %.
The research was conducted by means of a
Trace Scan Advantage unit made by Thermo
Jarrell Ash Corp. According to ICP/AES,
the chromium concentration in ZnSe:Cr2*

crystals falls within the range of 6.2:1074 to
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Fig. 2. Chromium concentration distribution
along the crystal growth axis.

4.9103% wt. %, which
3.8:1017-3.1018 cm~3.

To control the content of a wide variety
of impurities (about 75 elements), the laser
mass spectrometry was employed. The ex-
perimental setup consists of a high-resolu-
tion double-focusing laser mass spectrome-
ter MS 3101, and recording microphotome-
ter IFO-451. The random error of the
analysis is characterized by the relative
standard deviation of 0.15 to 0.3. The study
has revealed trace impurities of several
most abundant elements (e.g., metal impuri-
ties: Fe, Al, Mg, Cu, as well as oxygen and
carbon). According to the research, the av-
erage concentration of the mentioned impu-
rities did not exceed 107% wt. %. It is
known that such a concentration level of
technological impurities cannot significantly
impact the crystal optical parameters.

The ultimate stress limit of grown crys-
tal samples was determined by mechanical
compression tests on an "Instron” type test
machine at room temperature. The ultimate
stress limit was defined as the stress, at
which the first crack appeared. The results
obtained (see Table) indicate that the ultimate
stress limit along the [110] direction is some-
what higher than that along [111], and in-
creases towards the ingot heel. The hardening
is likely related to the rejection and accumu-
lation of impurities towards the crystal heel.
For all the crystallographic directions con-
sidered, the wultimate stress limit of
ZnSe:Cr2* crystals falls within the range
from 4 to 11 kg/mm?2, which meets the re-
quirements for power laser optical elements.

Mechanical properties of ZnSe:Cr2* crys-
tals were also studied using concentrated
loading. The microhardness was measured
on a cleavage plane by the standard tech-
nique on the PMT-3 setup under 100 g load.
The results showed the value of microhard-
ness of 111 kg/mm?2, i.e. it does not differ

corresponds to
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Fig. 3. Dependence of the linear light absorp-
tion coefficient at 1.78 um wavelength on the
chromium concentration in a ZnSe:Cr2* sample.

from the one typical for undoped zinc se-
lenide crystals. No anisotropy of microhard-
ness of first kind on the cleavage plane is
observed; the anisotropy factor being £ = 1.

The examination of ZnSe:Cr2* crystal cleav-
ages in polarized light passing through crossed
Nicol prisms has shown no birefringence
bands. This fact indicates that doping with
chromium leads to disappearance of twin
bands, which are characteristic for undoped
ZnSe crystals grown from melt by Bridgman
method. The absence of twin bands and of first
kind microhardness anisotropy shows that the
doping zine selenide crystals with chromium in
the studied concentrations range results in a
stabilization of the crystal structure.

The real and imaginary parts of complex
permittivity € = & + ¢’ have been measured
as functions of the measuring field fre-
quency (f = 5-102-2.10% Hz) and tempera-
ture (T = 300-500 K) using the scanning
dielectric spectroscopy [9, 10]. It was found
that variation of Cr2* dopant concentration
in the range of 1017-1019 ¢m 3 is accompa-
nied by variation of &’ by two to three or-
ders of magnitude without appreciable
change of ¢'. The doping alsoc causes an im-
portant increase in both parameters with
temperature. The dependences €'(T) and &"(T)
are activational in nature. Their appearance
is changed when an uniaxial compression is
applied to the sample (c = 2 kgf/cm?).

Basing on the experimental data obtained,
the optimum dopant concentration in the
grown ZnSe:Cr2* crystals has been estimated.
The main criterion was the complete and ho-
mogeneous absorption of pumping radiation
in the laser crystal combined with a high
lasing efficiency.
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The upper acceptable limit of the chro-
mium ion concentration in ZnSe crystals is
defined by the dependence of the photolumi-
nescence lifetime opj, on the crystal doping
level. As is known from [11], introduction
of chromium at concentrations exceeding
3-:1019 em 3 leads to a sharp drop in the OpL
value and, therefore, reduction in the
ZnSe:Cr?* lasing efficiency.

The dependence of the absorption factor
at the pumping wavelength (1.78 um) 3; 7g
on the activator concentration in the grown
crystals was measured. It is seen from
Fig. 8 that the B, 75 value varies from 1.5 to
28 em™! and may be sufficient for a signifi-
cant inhomogeneity of the pumping radiation
absorption in laser elements. The distribution
homogeneity of the energy absorbed in a hy-
pothetical crystal sample shaped as a paral-
lelepiped of 3 mm thickness typical of a laser
active element, was considered involving the
Bouguer-Lambert-Beer law:

I, = IOeXp_Bl.mX, 1)

where Iy is the radiation intensity at the
input plane; I, that at a distance x from
the input plane.

Fig. 4 shows the theoretical dependence
of the optical transmittance I,/I; on the
crystal sample thickness x. To plot a set of
curves, the absorption coefficients closest to
the actual ones at the pumping radiation wave-
length of 1.78 um were used. It can be con-
cluded from the Figure that at B; g =3 em 1
only about half the pumping energy will be
absorbed in the crystal, and at B, ;5=
8 em™1, over 90 % of the pumping energy
will be absorbed, but its distribution over
the sample thickness will be highly inhomo-
geneous. In practice, such a distribution
may cause overheating of a thin layer of the
semiconductor, which would significantly
reduce the lasing efficiency. It follows that
the optimum absorption coefficient for pump-
ing radiation may be as high as B; 73 =5 em1,

Table. Ultimate stress limit of ZnSe:Cr2*
crystals along different crystallographic

directions
Ingot Ultimate stress limit, kg/mm?
part . .
Compression Compression
direction [111] direction [110]
nose 3.9 6.9
center 3.7 4.4
heel 6.1 10.9
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Fig. 4. Dependences of optical transmittance
on the crystalline sample thickness. Parame-
ters of optical absorption b is equal to 8 em™! (1),
4 cm™ (2), 5 em™ (3), 6 em™! (4), 7 em™! (5),
8 cm™! (6).

the corresponding optimal concentration of
chromium in the crystal being 2.3.1018 em~
3

Two optical layouts of laser emitters
making use of our ZnSe:Cré¢* crystals were
designed and tested at General Physics In-
stitute of Russian Academy of Sciences
(Moscow) and Czech Technical University
(Prague) [12, 13]. The first layout implied
pumping by a laser on erbium ions (Er¥*) in
the yttrium-aluminum perovskite (YAIOj3)
matrix at 1.66 um wavelength. The emitter
operated in a pulse mode with the efficiency
of 70 % . The pulses have been obtained of
120 us duration and the repetition rate of
1 GHz. The pulse energy is 14 mJ. The sec-
ond layout utilized pumping by a laser on
thulium ions (Tm3*) in YAIO; matrix at
1.97 um wavelength. The emitter operated
in the CW mode with the 66 % efficiency.
The output power reached its maximum at
195 mW. The spatial structure of a radiation
beam with thulium laser pumping is close to
the Gaussian shape that corresponds to the
principal mode. This indicates a high homoge-
neity degree of the laser crystal.

Thus, the results of this work indicate a
significant potential of the ZnSe:Cr2* laser
crystal melt-growth technology developed at
Institute for Single Crystals, NAS of
Ukraine. A high-quality crystal material
with a high homogeneity of the composition
and physical properties has been obtained.
The optimum dopant concentration in ZnSe
crystals has been estimated. Laser emitters
have been prepared operating with effi-
ciency of up to 70% in both the CW and
pulsed modes.
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Jlazepni kpucraau ZnSe:Cr2*,
0 BUPOLIeHi MeTogoM BpumxmMena

B.K.Komap, J.Il. Hanusaiixo, C.B.Cynuma, I0.A.3azopyiixo,
0.0.®Pedopenko, O.M.Yyzai, H.O.Koeéanenkxo, I1.C.Tep3in,
A.C.'epacumenko, H.I'.[y6una

OmmcaHo mpollec POSBIJIABHOTO BUPOIIYBaHHS KpHcTaldiB ZnSe, JeroBaHux MLOMIIIKOIO
Cr?*, mns mepecrpoloBaHEX JasepiB cepeguporo 1Y giamasomy (2...8 mMrm). OTpuMaHO sKic-
HUI KPUCTAJIUYHMI MaTepiaj 3 BUCOKHMM CTYIIEHEM OJHOPiZHOCTI cKaaxy Ta (PiSMUYHHX BJacC-
Tuocreii. IIpoBemeHO OI[IHKY OIITMMAJILHOI KOHIEHTPAIlil aKTUBATOPHOI JOMIIIKKM y KpPHCTa-
nax ZnSe, sKa oI AKTHBHOIO JIA3€PHOrO eJeMEeHTa TOBIIMHOK0 3 MM cKuaasa 2,3-1018 cm 3.
Burorosneno sasepui Bunpominioaui, mo mparioors i3 KK 1o 70 % y GesmepepBHOMY it

iMOyJabCcHOMY peKmMax.
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