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The influence of doping on the luminescent and scintillation parameters of zinc tung-
state crystals was investigated. The reasons for the deterioration of the scintillation
characteristics of ZnWO, caused by molybdenum impurities are discussed. Ways of obtain-
ing scintillators based on ZnWO, doped with Me'* and Me®" and fluorine compounds with
improved scintillation parameters are proposed.
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Honinmrenns CUMATHAANIHHANX XapAKTePHCTHE NIpu JerysanHi kpucranais ZnWO,.
I A Tyniyuna, O.M Jy6oseur, B,JI.Oxrercees

IIpoBemeno mocaimKeHHsA BIJANBY JIeTYBAaHHA HA JIOMiHECIIeHTHI Ta CIMHTUJIAIINHI mapa-
MeTpu KpuctaliB Boabdpamara IUHKY. OOGTOBOPIOIOTHCA NPUUYMHMN IIOTIPIIEeHHS CIIMHTU-
nanifiamx xapaxrepuctuk ZnWO,, BUKINKaHHX JoMimKow MomibmeHy. 3aIpoIOHOBAHO
IIIAXY OTPUMAHHSA CUMHTUIATOPIB Ha ocHoBi ZNWO,, merosanux Mel" ta Me®" ra cmonyxka-

Mu GTOpy, 3 MOJININTeHNMN CHUHTUIAIINHIME IapaMeTpaMHt.

1. Introduction

A single crystal of cadmium tungstate is
actively used as a scintillator for detecting
X-rays and y-rays [1-4]. The zinc tungstate
crystal (ZnWO,) has the same crystal struc-
ture (space group P2/C) as CdWO,. Their
luminescence spectra are in the region
where it is convenient to use both photom-
ultipliers and photodiodes as radiation de-
tectors. In addition, zinc tungstate does not
contain toxic elements, unlike cadmium
tungstate. The high density, thermal and
mechanical strength, non-hygroscopicity,
short radiation length, and low afterglow in
the millisecond range of ZnWO, make it
promising for radiation monitoring systems
and digital radiography, high energy physics
and other areas of scintillation technology,
where cadmium tungstate is already used.

In addition to physical and chemical pa-
rameters of scintillation materials, their
price, which is mainly determined by the
cost of raw materials, is of great impor-
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tance. One of the ways to improve the func-
tional characteristics of the scintillator is
the use of high-purity raw materials, which
cost, however, is rapidly increasing. To obtain
scintillation materials, raw materials with
99.99 % and higher purity are usually used,
but it is also possible to improve the functional
parameters of lower quality materials by dop-
ing [5-12]. As a result, scintillation materials
with all necessary characteristics can be ob-
tained for relatively low cost.

It was previously shown that Mo [18,14]
and Fe [15] impurities, as well as intrinsic
defects, such as oxygen vacancies [16], form
additional low-energy luminescence bands in
ZnWO,. The presence of external channels
of radiative relaxation of electronic excita-
tions usually leads to the suppression of
intrinsic luminescence and a decrease in
light output. Impurities and intrinsic de-
fects also form capture centers that can
lead to long-lasting afterglow or coloration.
The molybdenum impurity is a companion
in tungsten compounds and, as a rule, can

5



I.Tupitsyna et al. / Enhancement of scintillation ...

Table 1. Impurity composition of the raw material

Sample The content of impurities, wt.%
atonial | Fe Cu Mn Mg Mo Si Pb Ni, Cr, Ca
Bi, Ti, Sn

WO; 5N | 1.10% | 2.107° |<2.107%| <510 5| 1.10* | <2104 | <2103 |<1.10%| .10°° -
ZnO 5N |1.5:107%| 1075 |<2.107%| 3.107% | 2.107% | <5.107°% | <2.1073 | <1.107% | <5.107°% | <5.10
WO; 4N [1.5-107%| 2.107% |<2.107%| 51078 | 2.107* | 2.107* | <2108 | <1.107*| <5.107® -
ZnO 4N | 2.107* |<2.107%|<2.107%| 1.107* | 5.10™* | 5.107* |<2.1073| 1.10™* | <5.107° | 2.1073
ZnWO, 8N| 8.10* |<3.10*|<3810%| 410 | 7.10* | 4102 |<2103|<810*| <310 | <310

be found in tungstate crystals. In this re-
gard, the role of molybdenum admixture in
single crystals of tungstates was studied in
many works [13, 14, 17-20], but ways of
improving the scintillation characteristics
were not considered. Also, intrinsic defects
are formed in the zinc tungstate lattice, for
example, WP* centers, O~ centers, and oxygen
vacancies and their associates, which can
worsen the scintillation parameters [21-23].

In this work, possible ways of improving
the scintillation characteristics of ZnWO, sin-
gle crystals due to doping and co-doping were
investigated and crystals with improved scin-
tillation parameters were obtained.

2. Experimental

Single crystals from stoichiometric raw
materials of different purity (Table 1) were
obtained and doped with mono- or trivalent
cations and fluorine anions to study the in-
fluence of doping on the optical charac-
teristics of ZnWO, crystals. The single crys-
tals of zinc tungstate were grown by the
Czochralski method from a melt in a plati-
num crucible under air atmosphere using an
induction-heated furnace. The automated
control of crystal growth was organized
through the use of a weight sensor. A small
ZnWO, crystal, oriented along the [010] di-
rection was used as a seed.

The scintillation characteristics of sam-
ples of 10x10x10 mm3 ZnWO, crystals were
measured relative to a CdWO, single crystal
standard of this size. Luminescence and af-
terglow  were studied for  samples
10x10x2 mm3. Scintillations were excited
by vy-rays from a 137Cs  source (EY =
662 keV). A Hamamatsu R1307 photomulti-
plier was used as a photoreceiver. Radio-
and thermally stimulated luminescence
(TSL), when excited by y-radiation of a
241Am source (E., = 59.3 keV), was analyzed
using a MDR-23 monochromator. To meas-
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ure TSL curves, the sample was placed in a
vacuum thermostat. The heating rate was
0.05 K/s. The relative afterglow was de-
fined as the ratio I/I;-100 %, where I is
the photodetector current of the
Hamamatsu Si PIN S5106 photodiode pro-
portional to the radiation intensity, meas-
ured after a predetermined time interval
(20 ms) after the completion of the irradiation;
I, is the current of the photodetector propor-
tional to the emission intensity of the crystal
under X-irradiation (150 keV, 0.3 mA).

3. Results and discussion

3.1 Radioluminescence of ZnWQO,

The undoped ZnWO, crystal, which was
grown from raw materials with a purity of
5N, when excited by y-radiation of a 24'Am
source (E, = 59.83 keV) at room temperature
had an intense band with a maximum at
490 nm (Fig. 1, curve 1). Similar spectra we
have obtained for the zinc tungstate crys-
tals with Li, F, WOz and La. The radiolumi-
nescence of these crystals is described by
this band, the relative intensity of which
correlates with the value of the light output
for different crystals (Tables 2—4). For the
zinc tungstate crystals with Eu and Sm in
addition to the band with a maximum at
490 nm at the low-energy side of the lumi-
nescence spectrum, there are luminescence
bands characteristic of Eu3* (Fig. 1, curve
8) and Sm3* [24].

It is known that the intrinsic lumines-
cence of a zinc tungstate crystal has a maxi-
mum at 480-500 nm with a decay time of
T~20 us at T =300 K. The luminescence
band is associated with radiative transitions
of electrons from 2p O to 5d W, tradition-
ally described as the recombination of self-
trapped exciton (STE) at WO66‘ complexes
[25—-2T7]. Crystals obtained from raw materi-
als with a purity of 8N with a high content
of molybdenum (4:1072 %) (Table 1) had a

Functional materials, 30, 1, 2023
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Table 2. Influence of doping on the scintillation parameters of the ZnWO, crystal

# Raw Dopants Light output, Energy Afterglow, % Color
material % vs CAWO, resolution, after 20 msl
purity % 37Cs
(662 keV)
4N - 11 23 0.79 Brown
4N WO, — 0.05 % 30 15.3 0.031 Slightly pink
4N WO, — 0.05 % 46 9.8 0.02 Colorless
Li,CO; — 0.2 %
4. 4N Li,CO; —0.06 % 50 8.95 0.002 Colorless
ZnF, — 0.6 %
WO, — 0.05 %
4N LiF — 0.05 % 32 11 0.104 Colorless
4N LIF —1 % 42 9.6 0.004 Colorless
WO, — 0.038 %

radioluminescence spectrum different from
the spectrum of a pure 5N single crystal. It
shows a low intensive STE luminescence
with a pronounced sideband at 600-700 nm
(Fig. 1, curves 1 and 2). Additional low-en-
ergy luminescence bands traditionally ob-
served in ZnWO, were associated with the
presence of Mo impurities [13, 14]. The ex-
ternal channels of radiative relaxation of
electronic excitations suppress the effi-
ciency of STE luminescence.

When the crystal with a high molybde-
num content was excited by UV light (A =
330 nm), we have observed intense photolu-
minescence with maximum at ~ 700 nm
typical for ZnWO, crystals with molybde-
num impurities. This emission was associ-
ated with recombination at the molybdenum
luminescent center [25]. Zinc tungstate
crystals obtained from raw materials with a
high content of molybdenum and doped with
Eu203 excited by y-radiation, had STE radi-
oluminescence almost at the level of a pure
crystal (Fig. 1, curves 1 and 3). The addi-
tion of Eu,O5 impurity to a crystal with a
high content of molybdenum leads to the
suppression of energy transfer to molybde-
num centers, which prevents the reduction
of STE luminescence.

3.2 Thermally stimulated luminescence of

ZnWwo,
The TSL curves of ZnWOQO, single crystals
grown from raw materials with a

stoichiometric composition of 4N purity are
presented in Fig. 2. The undoped crystal
showed a TSL of low intensity with a small
peak at 233 K (curve 1), which was also
observed in the crystal with LiF (0.05 %)
(curve 2). In addition to this peak, curve 2

Functional materials, 30, 1, 2023
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Fig. 1. Radioluminescence spectra of ZnWO,

single crystals: I — raw material 5N, 2 —

raw material 3N (Mo — 4.1072 %), 3 — raw

material 8N (Mo —4-1072 %) with the addi-

tion of Eu,O5 (1.5 %).

also has intense TSL bands at 185, 154, and
176 K. The effect of the dopants containing
Li* on the TSL of ZnWO, was investigated
from the point of view of changes in struc-
tural defects that form charge carrier traps
with TSL peaks at temperatures above
160 K. Such traps are responsible for after-
glow in the millisecond range. It is known
that doping CdWO, single crystals with
lithium compounds leads to the destruction
of the capture centers responsible for TSL
at temperatures above 160 K [10]. We did
not observe this effect for ZnWOQ, crystals.
Addition of an excess of WOj leads to the
destruction of the traps responsible for the
TSL of 233 K (curves 3 and 4). In the proc-
ess of ZnWO, growth, WOj; is predomi-
nantly evaporated, which leads to a devia-
tion from the stoichiometric composition
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IIIO, a.u.

100 150 200 250 300 350
Temperature,K

Fig. 2. TSL curves of ZnWO, single crystals
(4N raw material with stoichiometric compo-
sition): I — undoped, 2 — doped with LiF
(0.05 %), 3 — doped with LiF (1 %) and WO,
(0.08 %), 4 — doped with ZnF, (0.06 %),
Li,CO4 (0.06 %) and WO, (0.05 %).

and the formation of intrinsic defects in the
crystal structure, primarily tungsten vacan-
cies and, possibly, associates with these va-
cancies. Thus, the double doping of LiF
(1 %) and WO3 (0.038 %) provides a crystal
with defects that are responsible for TSL
only at temperatures lower than 160 K
(Fig. 2, curve 3). At the triple doping of
ZnWO, by ZnF, (0.06 %), Li,CO3 (0.06 %)
and WO3;. (0.05 %), no peaks were observed
on the TSL curves at temperatures from
77 K to 350 K.

The admixture of molybdenum, which re-
places tungsten in the tungstate lattice of
ZnWO,, as well as CdWOQ,, provides traps
of charge carriers [183, 14, 18-20], which
participate in the recombination process at
the molybdenum luminescent center. Two
broad non-elemental peaks with maxima at
113 and 170 K are observed on the TSL
curve of a ZnWO, single crystal grown
from raw material with a purity of 3N
(Fig. 8, curve 1). It was shown in [25] that
the spectrum of TSL peaks at temperatures
above 150 K corresponds to the lumines-
cence of a molybdenum defect center with a
maximum of ~ 700 nm. The luminescence of
both molybdenum and STE can be distin-
guished in the spectral composition of the
peaks at lower temperatures. Moreover, the
contribution of the STE prevails. When
Eu,O35 (1.5 %) is added, only one peak with a
maximum at 127 K is observed on the TSL
curve of the crystal (Fig. 8, curve 2).

I, a.u.

80 100 120 140 160 180 200
Temperature, K

Fig. 3. TSL curves of ZnWOQ, single crystals

(raw material 3N (Mo — 41072 %): I — un-

doped, 2 — doped with Eu,O5 (1.5 %).

3.3 Scintillation parameters and after-
glow of ZnWO,

The results of measuring the scintillation
parameters of ZnWO, crystals grown from
raw materials of 4N and 5N purity with the
addition of monovalent cations and fluorine
anions are in Table 2. The crystals obtained
from raw materials of purity 4N without
additions were brown even after high-tem-
perature air annealing. Experiments have
shown that the brown color of ZnWOQO, crys-
tals obtained from a charge of stoichiomet-
ric composition is due to defects in the crys-
tal lattice, which are created by the prefer-
ential evaporation of tungsten oxide from
the crucible during the growth process. This
effect has a negative impact on the scintil-
lation parameters: low light output of
11 %, energy resolution — 28 %, afterglow
level after 20 ms — 0.79 %. It should be
noted that in our studies we did not observe
a clear correlation between the intensity of
TSL at temperatures above 160 K and the
value of afterglow after 20 ms. Thus, the
undoped crystal from a 4N charge does not
store a large amount of light (Fig. 2, curve
1). Perhaps it possesses no TSL in the 300—
650 nm spectral range of photodetector
used in our measurements (PMT
Hamamatsu R1307). However, this crystal
has the maximum afterglow of all the crys-
tals we examined (Table 2). The crystal is
defective, which is evidenced by intense per-
sistent coloration. It is likely that the crys-
tal stores a fairly large amount of light, but
the spectral composition of the TSL is in
the sensitivity range of the S5106 photo-
diode (320—-1100 nm), with which we meas-

Functional materials, 30, 1, 2023
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Table 8. Scintillation parameters of the ZnWO, crystal grown from raw material with high

molybdenum content

# Raw Dopants Light output, Energy Afterglow,, % Color
material % vs CdWO, resolution, % after 20 ms
purity 137Cs (662 keV)
1. 3N WO, — 0.05 % 18.43 17.55 0.54 Colorless
Li,CO, — 0.15 %
2. 3N WO, — 0.05 % 33 12.5 0.12 Colorless
Eu,0, — 1.5 %
ured the afterglow. We observed such an 250
effect in single crystals of CdWO, doped 137Cg
with Fe [28]. 200 4 2 1
Introduction of an excess of 0.05 wt. % &
WOg3; helps to reduce the color of the crys- 2 1504
tal, and the introduction of an excess of 2
WO; (0.05 wt.%) and Li,CO3 (0.2 wt.%) .|
leads to discoloration of the crystals. Dop- &
ing ZnWOy, crystals with lithium compounds
in combination with zinc fluoride made it 501
possible to improve their scintillation prop-
erties. For ZnWQ, crystal samp}es obtained 0 500 1000 1500 2000 2500
from 4N raw materials, the light output Channel

was 50 % relative to the CAdWOQO, crystal,
the energy resolution was 8.5 %, and the
afterglow level after 20 ms was 0.002 %
(Table 2). This effect is explained by a
change in the defect structure of the crys-
tal, which is responsible for the formation
of charge carrier traps: monovalent lithium
ions compensate for the charge of heterova-
lent uncontrolled impurities, and fluorine
ions, due to its high electronegativity, pre-
vent the reduction of WP* to WP*. It should
be emphasized that doping made it possible
to significantly reduce (by more than two
orders of magnitude) the afterglow of the
ZnWO, crystal. The use of high-purity raw
materials (5N) made it possible to grow
crystals with even higher scintillation pa-
rameters — the light output is more than
63 % relative to the CdWO, crystal, the
energy resolution of '37Cs (662 keV) is 8 %
(Table 2, Fig. 4).

In the work, an attempt was made to
improve the scintillation parameters of
ZnWO, crystals grown from raw materials
of lower purity (3N) with the content of
accompanying tungsten with a molybdenum
admixture of about 41072 wt. % (Table 1).
Single crystals from this charge are color-
less, so their low light output is not related
to reabsorption, which we observed for the
colored brown crystal (Table 2, #1). But in
crystals with molybdenum impurities, de-
fect luminescence centers are formed, which
compete with STE, reduce the intensity of

Functional materials, 30, 1, 2023

Fig. 4. Amplitude spectra of crystals: 1 —
CdWOQ, (standard), 2 — ZnWO, (# 7, Table 2).

scintillation light and increase the decay
time. It also leads to the reduction of the
light output, because the decay time of ra-
diation associated with defects and impuri-
ties, exceeds the time limits of registration
by scintillation equipments. In addition, the
modification of the spectral composition of
scintillation light also negatively affects the
light output, because the sensitivity of the
PMT is optimized for the main spectral re-
gion of the scintillator emission band. The
STE radioluminescence of ZnWO, single
crystals with such molybdenum defect cen-
ters decreases almost by half. At the same
time, we observe low-intensity luminescence
of the defect centers in the red part of the
spectrum. These centers can be charac-
terized as centers with a low emission prob-
ability. The relaxation of the molybdenum
centers occurs mainly without radiation due
to the transfer of excess energy to the crys-
tal lattice. In this process, molybdenum acts
as a quenching center. This was observed
for crystals grown from raw materials con-
taminated with molybdenum. Such samples
had a light output more than two times
lower than crystals purer in terms of molyb-
denum (Tables 2, #38). Doping with euro-
pium (Table 3, # 2) leads to an increase in
light output almost to the level of 4N pu-
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Table 4. Scintillation parameters of ZnWO, crystals doped with REE

# Dopants Light output, % vs CdAWO, |Energy resolution, % '37Cs (662 keV)
1. - 33.5 15.6
2. Eu,0, — 0.2 % 41.6 13.1
3. Eu,0, — 0.5 % 39.5 14.7
4. Eu,0, — 0.8 % 29.3 15.6
5. La,0, — 0.1 % 32.0 11.3
6. La,0; — 0.05 % 41.1 11.2
7. Sm,0, — 0.05 % 47.7 10.0

rity crystals, and a 5-fold decrease in after-
glow. These results correlate with the TSL
of these samples. Thus, for an undoped
crystal with an uncontrolled impurity, we
are talking about an intense peak at T =
170 K (Fig. 8). This confirms the fact that
the Mo admixture generates electron traps
in ZnWO, crystals, which partially prevent
the transfer of energy to their intrinsic lu-
minescence centers and lead to the appear-
ance of an inertial emission, which leads to
an increase in the afterglow level and a de-
crease in light output. Doping with Eu3*
leads to a redistribution of the light sum at
the level of a low-temperature peak
(127 K), which corresponds to a shorter
decay time and the spectral composition of
this peak corresponds to the STE. This may
explain the improvement of characteristics
in the Eu3* doped crystals. The assumption
that the 127 K TSL peak is related to in-
trinsic defects was confirmed in studies of
crystals doped with other trivalent rare
earth elements. Table 4 shows the scintilla-
tion characteristics of a series of crystals,
undoped and doped with different concen-
trations of impurities. It has been shown
that the doping of ZnWO, by 0.05 wt.% of
Lay,O3 or SmyO3 in a charge increases the
light output of crystals obtained from low-
purity raw materials by almost 1.5 times.

4. Conclusions

Comprehensive studies of the effect of
doping with mono- and trivalent cations and
fluorine compounds on the luminescent and
scintillation parameters of zinc tungstate
crystals were carried out. Ways of obtaining
scintillators based on doped ZnWO, with im-
proved scintillation parameters are proposed.

It was determined that the doping of
ZnWO, crystals with modifying impurities
(Li,CO3 ~ 0.06 wt. %, ZnF, ~ 0.6 wt. %,
WO3 ~ 0.05 wt. %) allows produce single
crystals with improved scintillation charac-
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teristics: light output ~ 50 % vs CdWOy,,
energy resolution 8.5 % with '37Cs excita-
tion (EY= 662 keV), afterglow level after
20 ms of 0.002 %.

It was determined that the molybdenum
admixture provides defect luminescent cen-
ters in the ZnWO, crystal lattice, which are
also quenching centers, and traps of charge
carriers, which led to a significant decrease
of scintillation parameters and increase of
millisecond afterglow. Single crystals of
ZnWO, obtained from a 3N charge with a
high content of molybdenum and doped with
Eu, La, and Sm, have scintillation parame-
ters at the level of zinc tungstates obtained
from raw materials with a purity of 4N.
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