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Pbl: single crystals containing cadmium 0.001-10 at. % have been obtained by means of crystallization
from vapor phase in an enclosed system with over-stoichiometric iodine vapor pressure. The influence of
cadmium concentration in source burden material and the influence of temperature gradient upon the
mass-transfer rate in the system and on the crystals’ characteristics have been researched. With addition
of cadmium within the concentration range from 0.001 to 0.5 at. % into Pbls-Iz system at optimal growing
conditions for pure Pbls crystals, the mass-transfer rate is decreased by not more than 2 %, while Cd con-
centration in the single crystals grown remains of the same order as their content in the source material.
The increase of dopant content from 0.5 to 5.5 at. % in the source material leads to two-fold decrease of
mass-transfer rate compared to its initial value, with cadmium content in single crystals 5 times lower
than in the source material and with decreased dimensions of single crystals. To obtain Cd-doped crystals
up to 10 at. %, temperature gradient in the system has been decreased. Cd doping facilitates the growth of
single crystals mainly in the form of plates and tapes. By means of X-ray diffraction spectra, it has been
defined that Pbl: single crystals belong to 4H-polytype. The lattice parameters and the unit cell volume of
pure and doped crystals have been determined. The influence of cadmium dopant upon the PbIz absorption
spectra has been defined. Increasing cadmium content in Pbls crystals to 3 at. % results in a shift of intrin-
sic absorption edge into the short-wave area and increase of the band gap width.
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1. INTRODUCTION

Wide-band gap-layered Pblz semiconductor attracts
attention of researchers due to potentiality of using it
in ionizing radiation detectors, electro-optical devices,
solar cell technology, solid-state flexible supercapaci-
tors [1-5]. The scientific and practical interest towards
Cd-doped Pbl: crystals is caused by the fact that doping
allows purposefully change and improve the crystal’s
characteristics, since many properties are governed not
just by strict correctness of crystal lattice, but exactly
by disturbances of this correctness and structure de-
fects. As a result of research of nanostructures of pure
PblI: and Cd-doped Pbls, obtained by one-pot synthesis,
it was defined that Cd-doping intensifies the photolu-
minescence, improves the radiation absorption proper-
ty and increases the electrical conductivity of Pbls [6].
Heterogeneous solid solutions of Pbi-:Cdxl2, grown by
Bridgeman’s vertical method, are characterized by
intensive photo- and X-ray luminescence at room tem-
perature, in contrast to pure Pbls, as well as by high
radiation resistance [7, 8], while it opens up a possibil-
ity of using these materials for the production of high-
efficient rapid-action non-cooled scintillation detectors
of X-ray and gamma radiation.

In the majority of scientific works published with
research results set forth for Cd-doped Pbl: crystals,
obtained mainly from melt, gel, solutions [6-8], the
crystals grown from vapor phase have been studied
insufficiently. The work presented continues the works
[9-11] on studying the process of growth from vapor
phase in an enclosed system of pure Pbl2 crystals and
ones doped with Fe, Ni, Ag, Cu or Mn, along with stud-
ying the properties of the said Pblz crystals. Object of
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the work — to research the influence of cadmium dopant
upon the mass-transfer rate, crystal growth, structure,
morphology and absorption spectra of lead iodide.

2. EXPERIMENTAL

Doping of Pblz with cadmium has been done during
the process of growth from vapor phase in an enclosed
system at over-stoichiometric iodine vapor pressure
following the same procedure as doping with Mn, de-
scribed in the work [11]. Lead and cadmium iodides
were synthesized from separate components, while the
amount of impurities in them did not exceed 10 -5 at. %.
Todide alloy was used as a vaporization source.

Cd concentration in the source material, as well as
in grown single crystals, was determined with “Come-
backs” X-ray microanalyzer. A carbon film with a
thickness of = 10 nm has been deposited upon the sin-
gle crystals. The analysis was performed in different
parts of the sample in 5-10 places with a probe = 1 um.
Several samples have been studied during one cycle.
Pure elements were used there as reference standards.
The analysis was conducted by Le-lines at accelerating
voltage of 20 kV and beam current of = 10-8 A.

X-ray diffraction patterns of the crystals were ob-
tained by means of “DRON-3” X-ray diffractometer
with iron anode radiation. The analysis of diffraction
patterns was done on the basis of “ICSD 1” structural
database. Lattice parameters and unit cell volume were
determined by means of “DHN_PDS” program package.

The morphology and quality of the crystals grown
were studied using both optical microscope and scan-
ning electron microscope.

Crystal absorption spectra in the range from 350 to
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1000 nm have been measured by spectrophotometer
“AvaSpec-2048” produced by “AVANTES” company. As
a source of optical excitation a halogen lamp has been
used.

3. RESULTS AND DISCUSSION

For CdI2 synthesis, cadmium and iodine (in stoichi-
ometric ratio) were loaded into a quartz ampoule,
which was vacuumed, soldered and placed into a two-
zone furnace with the source zone temperature of 800-
900 K and the crystallization zone temperature of 500-
600 K for 3-5 hours. In the low-temperature part of the
ampoule, cadmium iodide crystallized as a polycrystal-
line material and as small single crystals, having area
of 1 mm2. To improve the purity of doping material,
the CdIz synthesized repeatedly recrystallized in vacu-
um soldered ampoule at lower temperature gradient (8-
10 K/cm). As a result of recrystallization, Cdlz single
crystals with an area of up to 6 mm?2 were obtained,
while the temperature range for their settling (550-
650 K) was detected, which is close to Pbl: crystalliza-
tion temperature.

In order to estimate the influence of mass-transfer
rates of cadmium and lead iodides upon the crystal
doping level, for Cdlz there was experimentally detect-
ed the mass-transfer rate at optimal technological con-
ditions for pure Pblz single crystals growth [10]: source
zone temperature of 770 K and crystallization zone
temperature of 650 K, at over-stoichiometric iodine
vapor pressure of 8.5 kPa. The mass-transfer value for
CdIz constitutes is 6.4-10-5 mol/(m2s), and it is of the
same order that for Pblz — 4.5-10 ~5 mol/(m?s).

To find correlation between the quantity of cadmi-
um added into the system and its concentration in
single crystals grown, mass-transfer rate in the system,
the studies were conducted at optimal growing condi-
tions for pure Pblz crystals with Cd content in the
source burden material ranging from 0.001 to 30 at. %.

In the case of changing cadmium concentration
from 0.001 to 0.1 at. % in the source material, the
mass-transfer rate in the system is the same as for
undoped crystals (flow decrease not more than 1 %). Cd
concentration in the single crystals grown is of the
same order and it changes proportionally to their con-
tent in the source alloy. This result coincides with the
results obtained for doping Pblz with iron, nickel, sil-
ver, copper or manganese [10, 11].

Cadmium doping facilitates Pbls crystals growth,
mainly in the form of plates as long as up to 15 mm, as
wide as up to 5 mm and as thick as 0.1 mm, while also
in the form of tapes as long as up to 12 mm, as wide as
0.2-2 mm and as thick as up to 0.1 mm. Besides the
plate-like and tape-like single crystals, growth of elon-
gated-shape crystals with sharpened ends, crystals
having shape of concave tapes, as well as compound
formations of tape-like crystals and concretions of
plates and tapes is observed.

The increase of Cd content in burden material from
0.1 to 0.5 at. % does not influence Pbl: flow (Table 1).
Dopant content in single crystals is of the same order
as in the alloy. Growing crystals are mainly plate-
shaped having area of up to 10x3 mm?2.
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Table 1 — Doping of Pblz with cadmium (CdIz)

at. % Cd in [Mass trans-
tgleeaglll“gzvilﬁl f?for_a 5t’e Characteristics
charge) mol/(m?s)
Single crystals 10x3 mm? in
0.5 44 area; = 0.2 at. % Cd
1 2,93 Single crystals 9x2 mm? in
) area; = 0.2-0.5 at. % Cd
Crystallization zone extended
2 2.51 into the low-temperature
area; =~ 0.5 at. % Cd
Growth zone is wide. Lower-
size crystals 5x1 mm?;

5.5 2.05 =~ 1 at. % Cd. The growth zone
for transparent Cdlz crystals
at 7= 590 K is formed
Crystals 2x1 mm? in area;

10 189 | 5.3at.%Cd

30 147 In crystallization zone light-

) yellow crystals; = 10 at. % Cd

Table 2 — Temperature influence upon Cd-doping

at. % Cd in the |Mass transfer | Temperature |at. % Cd
alloy (in the rate -10-5, | of cold part of | in the
growth charge) mol/(m?s) |the ampoule, K| crystals
5 2.14 590 2
5 2.16 620 3.2

The mass-transfer rate decreases from 4.4-10-5 to
2.05-10 - % mol/(m2s) with dopant content growth in the
alloy from 0.5 to 5.5 at. %, while it can be explained by
the increase of Cdlz partial pressure in the system. Due
to cadmium concentration of 2 at. % the extension of
crystallization zone to the low-temperature area occurs.
Starting from cadmium concentration in source mate-
rial of 5 at. %, the formation of CdIz transparent single
crystals additional growth zone is observed in the cold
part of the ampoule at 590 K. The concentration of
cadmium in single crystals, which have grown in the
zone of 650 K, is 5 times lower than in the source bur-
den material, while the single crystals’ dimensions
decrease (Table 1).

To obtain substantially doped with cadmium Pbls
single crystals, temperature of ampoule’s cold part has
been raised to 620 K, which resulted in the decrease of
temperature gradient. The correction of growth condi-
tions hardly brings change to mass-transfer rate (the
flow increases by 5 %), but increases the cadmium con-
tent in the single crystals grown (Table 2). In Table 1,
the characteristics of the obtained doped single crystals
with dopant content in burden material of 10-30 at. % in
the adjusted growing conditions are shown. Upon the
increase of doping component content from 10 to
30 at. % the mass-transfer rate slowly decreases from
1.89-10-5 to 1.47-10 -5 mol/(m?s), while the dopant con-
tent in crystals is 2-3 times lower than in burden mate-
rial. In the crystallization zone, growth of small plate-
like crystals (area = 2x1 mm?) of light-yellow color, as
well as polycrystalline material settling, is observed.

It is worth noting that on Pblz doped with transi-
tion metals (Fe, Ni, Mn) (with doping component con-
centration in the system exceeding 5 %), additional
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crystallization zone in the area with higher tempera-
tures of 670-770 K arises, while the increase of dopant
content in single crystals source zone temperature
increases (i.e. increased temperature gradient) [11].

Cadmium iodide, as well as lead iodide, belongs to
wide-band gap-layered crystals (width of band gap for
Pblz is E;= 2.3 eV, while for Cdlz — Eg= 3.8 eV [12]).
The iodide structure is formed by layered packets, each
of which contains two monolayers of metalloid atoms,
and between each there is a monolayer of metal atoms
present. Polytypism phenomenon is inherent to lead
and cadmium iodides. Due to this phenomenon, modifi-
cations of the said substance differ just by the method
of packing for identical layers. More than 250 polytypes
of CdIz and nearly 50 polytypes of Pblz are known. The
most widespread polytype for Cdlz is 4H, whereas for
Pbl2 crystals: 2H-polytype for growth of crystals from
solutions, gels, melt and 4H and 12R-polytypes for
growing from vapor phase [12, 13]. Crystals of 4H-
polytype have a hexagonal crystal lattice, which is
depicted by the space group of symmetry P63mec.

To determine the polytype, as well as the lattice pa-
rameters for the crystals grown, X-ray structure analy-
sis of the crystals has been done. In Fig. 1, the X-ray
diffraction spectra for the pure and Cd-doped Pblz crys-
tals are presented. From the diffraction patterns ob-
tained it can be determined that Pbl: single crystals
grown from the vapor phase in an enclosed system at
over-stoichiometric iodine vapor pressure belong to 4H-
polytype. This result coincides with the results of work
[12]. According to [12], the Bi-, Cd- and Sn-doped lead
iodide crystals have 4H and 4H + 12R structure. Thus,
doping of Pbls with cadmium facilitates the crystals
growth for 4H-polytype.

To determine grown crystals’ lattice parameters, the
diffraction patterns of powder samples were used. In
Table 3, determined parameters of the lattice and unit
cell volume for pure and Cd-doped crystals are present-
ed. Increasing cadmium concentration till 3 at. % results
in non-linear decrease of unit cell volume and parameter
c of the lattice.

400

300

200

Intensity, a.u.

100

Fig. 1 — X-ray diffraction patterns of 1—pure, 2— 1.5 at. %,
3 — 3 at. % Cd-doped Pbl; crystals

J. NANO- ELECTRON. PHYS. 12, 01019 (2020)

Table 3 — Lattice parameters and unit cell volume for Pbl;
crystals

at. % Cd in
the crystals

Lattice pa-,
rameter a, A

Lattice pa-, | Unit cel]
rameter ¢, A |volume, A3

0 4.529 14.00 248.6
1.5 4.529 14.02 248.9
3 4.530 13.96 247.9

20.00kV
b

x1.20k

Fig. 2 — Morphological features of Pbl: crystals doped with
3 at. % Cd (see text for explanation). The micrographs were
obtained on a scanning electron microscope

The morphology of crystal faces’ surface is a sensi-
tive indicator of crystallization conditions for the com-
pleting stages of crystal formation, as well as for the
degree and character of crystal defectiveness. In Fig. 2,
Pbl> (Cd-doped with 3 at. %) crystal face (0001) areas
are shown, obtained by means of scanning electron
microscope. Based on Fig. 2, one can see that the crys-
tal’s surface is sculptured with growth figures. In par-
ticular, these are observed: growth layers, sub-
individuals, vicinals, microtwins and other growth
accessories. In Fig. 2a, the growth of tangential recti-
linear and curvilinear layers on the crystal face is ob-
served, caused by the fact that in large crystal sizes a
new layer appears sooner than the previous one is
completed. The curvilinear growth layers are formed
from rectilinear layers as a result of alignment in cer-
tain conditions of speed growth with tangential accre-
tion in different azimuths.
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In Fig. 2b, one of the most widespread defects of
crystals grown from vapor phase — defects of packing in
the form of a triangle — which are inherent to com-
pounds, for which polytypism is typical, are shown. The
mechanism of packing defects occurrence is explained
by the fact that with the formation of a new atomic
layer, small areas appear crystallographically incon-
sistent with the surrounding material.

The spectral dependences of optical absorption of
pure and Cd-doped Pbls crystals at room temperature
are shown in Fig. 3. Upon growth of cadmium concen-
tration in the crystals studied, the shift of the intrinsic
absorption edge into the short-wave area occurs.
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Fig. 3 — Absorption spectra of 1-—pure, 2-—1.5at. %, 33—
3 at. % Cd-doped Pbl: single crystals

By the crystal absorption spectra, the values of the
band gap have been obtained by means of Tauc relation:

(ahv)=A(hv—Eg)g,

where « is the absorption coefficient, hv is the incident
photon energy, A is the coefficient, which depends on
the type of interband transition, Eg is the band gap, n is
the index, which may take on different values depend-
ing on the type of optical transitions. As far as lead
iodide is a direct band gap semiconductor, the index
n =1, i.e. corresponds to the direct allowed transitions.
In Fig. 4, the dependences of absorption in coordi-
nates (@hv)? on the photon energy Av are shown. The
crystals’ band gap width was determined by means of
extrapolation of the linear part of spectrum by straight
line till crossing with energies axis. For pure Pbls crys-
tals, the band gap width of 2.374 eV was found; this
value agrees with the results of the works [14, 15]. In
work [14], for lead iodide crystals grown by the chemical
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Bupomysauus i Biracrusocti kpucrasie Pblz, meropanux Cd
O.B. Pubax, I.B. Cemkis, M.B. Yeraiino

Haujionanvruii ynisepcumem «J/Ivsiscorka nonimexnixar, gyn. C. Banodepu, 12, 790013 Jlveis, Yipaina

Kpucramizarieo 3 maposoi dasu y 3aKpuTiii cUCTeMI IPU THUCKY IIapiB HAJICTEXIOMETPUYHOTO MOIy Ojle-
psxanl moHokpucrasu Pblz 3 Bmictom rammio 0,001-10 at. %. JlocmigxeHo BIUIMB KOHIIEHTPAITI KaqMio0 y
BUXIIHIN MIKAXTI 1 TEMIIEPATYPHOTO I'PAIieHTy HA IMIBUIKICTh MACOIEPEHECeHHS B CHCTEMI Ta XapaKTepPUCTH-
KU Kpucramis. Beemenns y cucremy Pble-I2 kammito B miamasoni xorrentpariiit Big 0,001 go 0,5 aTt. % mpu
ONITUMAJIbHUX YMOBAX BHPOIILyBaHHs uncTux Kpucramis Pblz amenmniye mBunkicTs MacomepeHeceHHs He 0i-
Jblre HiK Ha 2 %, koHmeHTpalia Cd y BUPOIIeHNX MOHOKPHCTAJIAX OHOTO MOPSAKY 3 IX BMICTOM y BHUXITHIN
muxTi. 301IbIIeHHS BMICTY OOMIITKH y mwmxTi Bix 0,5 mo 5,5 ar. % 3MeHIye MIBUIKICTH MAaCOIIePEeHECeHHS
BABIYl, BMICT KagMil0 y MOHOKPHCTAJIAX ¥ 5 pas3iB HUKUMY HIK y IMHXTI, PO3MIPU MOHOKPHCTAJIIB 3MEHIIY-
0ThCS. SHUKEHHS TeMIIePaTyPHOTO IPAIIEHTY B CUCTEMI JO3BOJIMIIO OTpuMaTu kprcranu Pble 3 BMicToM ka-
nmito 1o 10 at. %. Jlerysanua Cd cupusie pocTy MOHOKPHCTAJIIB IIePeBaKHO y (opMi ILIACTHH 1 CTPIUOK. 3a
crrekTpamMu audpakiiii X-IpoMeHIB BCTAHOBJIEHO, IO oIepskaHi MoHOKpucrayim Pbls mamesars mo 4H-
TOJINTUILy, BU3HAYEH] ITapaMeTpPy TPATKU 1 00'€M eJIeMEeHTapHOI KOMIPDKM YHMCTHX 1 JIETOBAHUX KPHUCTAJIIB.
Beranosieno srume gomimkn Cd Ha cnexkrpu normmaanasa Pbls. 3pocTanssa BMicTy KaaMino y KpUCTAIaX 10
3 aT. % CYIpPOBOIIKYETHCS KOPOTKOXBUJILOBUM 3CYBOM KPAI0 BJIACHOTO IOTJIMHAHHS 1 30L/IBIIIEHHAM IIUPUHA
3a00pOHEHO1 30HMU.

Kmiouosi cinosa: Jluttonuy ceunirio, [llBunkicts Macomeperecenns, Jlerysauns, Jomimka xaamimo, Judpa-
krorpamu, CIIeKTpH ITOrJTHHAHHS.
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