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The sublimation of the bulk Csl crystal with optimal activator concentration instead of
powder source use at vacuum deposition of Csl(Tl) films has been shown to provide CsI(Tl)
films with required content and uniform distribution of activator in the film volume. The
CslI(Tl) films produced by this technology demonstrate superior scintillation characteristics
in comparison with Csl|(Tl) films deposited by a usual technology. The dependence of the
film crystalline structure on the deposition conditions has been studied in detail.

IlokasaHno, uro npumeHenue cybaummanuu MoHOKpucraaaa Csl(Tl) ¢ onTumanbHON KOH-
LeHTpanueil aKTHBATOPA BMECTO I[IOPOIIKOBOIO MCTOUYHMKA IIPU BAKYYMHOUW KOHJEHCAIUHU
nnesok Csl(TI) mosBoasier monyunurs nienku Csl(Tl) ¢ Heobxoxmmoit KoHIEHTpaI[Meil U OFHO-
POAHBIM paclpegejieHreM akrtuBaropa B obbeme mueHku. Ilmenxku Csl(Tl), momyuemnsie c
NpUMeHEeHUeM TaKOW TeXHOJOTMHU, JeMOHCTPUPYIOT CHUHTUJIIAINOHHBIE IapaMeTphl, IpeBoc-
xogsamue napamerpsl mieHok Csl(Tl), monyyeHHBIX MO 00wwienpuHATON TexHoJornu. Ilogpos-
HO HCCJIe[I0OBAHA 3aBUCUMOCTb KPUCTAINYECKON CTPYKTYPHI IIJIEHOK OT YCJIOBHUI OCAKIAEHUS.

Csl(Tl) films produced by vacuum deposi-
tion are used now as scintillation medium
for image forming devices in X-ray or y-ra-
diation. The application of Csl(TI) films in
those devices is justified by its high light
yield and short scintillation decay time.
Moreover, the Csl(Tl) emission spectrum
matches well with photon sensitivity of
amorphous silicon detector arrays (a-Si:H)
[1, 2]. Due to the trend of Csl(Tl) films pro-
duced by vacuum deposition to grow in co-
lumnar morphology, these films possess in-
creased spatial resolution. The reason is
that the separate Csl(Tl) columns act as
light guides, suppressing the lateral light
scattering due to the total internal reflec-
tion on the column boundaries [3].

The proper activator content and uni-
form activator distribution play a key role
for high scintillation efficiency of CsI(TI)
films. To achieve the required activator
content and distribution in the films at vaec-
uum deposition, evaporation from two pow-
der sources containing Csl and some thal-
lium compounds is often used [2]. Another
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way is the dopant diffusion to Csl from an
additionally deposited TII layer under an-
nealing [4]. An alternative way to produce
Csl(Tl) films with required activator content
and uniform distribution without evapora-
tion from two sources or annealing is pro-
posed in this work. Moreover, the crystal-
line structure and scintillation properties of
Csl(Tl) films obtained by vacuum deposition
are discussed.

The Csl(Tl) scintillator films were pro-
duced by physical vapour deposition (PVD)
technique in a vacuum better than 51073 Pa
from Csl source with 0.1 wt.% TI. The
Csl(Tl) films were deposited onto two sub-
strate types. The first type, the (100) cleav-
age plane of LiF single crystal, was used as
an orienting substrate while the second one,
glass, was employed as an amorphous non-
orienting substrate. The substrate and cru-
cible temperatures were controlled by com-
puter-driven interface that provided the as-
signed deposition rate and substrate
temperature during the whole deposition
process. The substrate temperature varied
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from 373 K to 573 K. The deposition rate
was measured using a previously calibrated
quartz oscillator placed near the substrate
holder; it was from 1 A/s to several hun-
dreds A/s. The film crystalline structure
was examined by X-ray diffraction in Cu
K, radiation using diffractometer with a
graphite monochromator in the primary
beam. In the case of single crystalline layer
blocks, their structure perfectness was esti-
mated by X-ray rocking curves obtained by
a double crystal X-ray spectrometer with a
Si monochromator adjusted to (400) reflec-
tion of Cu K, ; radiation. The cross section
images of samples were obtained by a JSM
820 scanning electron microscope. Scintilla-
tion processes in the samples were excited
by 5.15 MeV a irradiation from 23%Pu
source. The Csl(Tl) film pulse height spectra
were obtained using a Hamamatsu 1307
photomultiplier connected to the multichan-
nel amplitude analyzer AMA-03F.

The deposition of CslI(Tl) films by PVD
results in columnar morphology of the
growing layers. Moreover, the columnar
morphology of Csl(Tl) films appears regard-
less of the substrate type (Fig. 1). The pre-
viously published results [5] show that
Csl(Tl) films produced by PVD usually pos-
sess a polycrystalline structure. In this
work, the relationship between the deposi-
tion conditions and the film structure has
been examined in detail. It is well known
that the substrate temperature (T,) should
be no less than two thirds of melting point
(T,,) of the material being condensed for
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Fig. 1. SEM images of Csl(Tl) films cross section: a) Csl(Tl)/(100) cleavage plane of LiF single
crystal, b) Csl(Tl)/glass.

good adatom mobility that, in turn, defines
the growing layer structure. So, the sub-
strate temperature was chosen to be 573 K,
since the Csl melting point is 933 K. At
this substrate temperature and low deposi-
tion rate (below 10 A/s), the Csl(Tl) conden-
sation onto (100) LiF single crystal sub-
strate provides the single crystalline struc-
ture of the film column blocks. X-ray
diffraction shows that Csl(Tl) films obtained
at these conditions have two preferred orien-
tations, namely, [110] and [112], in contrast
to the [100] substrate orientation (Fig. 2a).
To confirm the single crystalline structure
of reflecting blocks, X-ray rocking curves
were obtained. The half-widths of reflec-
tions were in the range from 10 to 24 arc
minutes for (110) reflections and from 6 to
23 arc minutes for (112) reflections. These
halfwidth wvalues can be compared with
2 arc minutes halfwidth of the (200) LiF
substrate reflection, consequently, it was
concluded that Csl(Tl) films deposited under
these conditions possess adequate crystalline
perfection. However, at the same substrate
temperature 573 K, 1°:he deposition rate in-
creasing up to tens A/s leads to deteriora-
tion of the film crystal perfection. This fol-
lows from immeasurable values of the rock-
ing curve halfwidth and appearance of new
reflections from other crystallographic
planes (Fig. 2b). In these conditions, the
well-defined film texture with (110) and
(112) preferred orientations is observed
(Fig. 2b). So, the preferred film orienta-
tions are retained but the single crystalline
structure disappears. At decreased substrate
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Fig. 2. X-ray diffraction patterns of the
Csl(Tl) films deposited onto LiF (100): a)
deposition rate 3 A/s, substrate temperature
573 K; b) deposition rate 45;\/3, substrate
temperature 573 K; c¢) deposition rate
120 z&/s, substrate temperature 443 K.

temperature (423 K) and deposition rate in-
creased to hundreds A/s, the Csl(Tl) films
possess typical polycrystalline structure
without any preferred orientations (Fig.
2c).

The obtained morphology of CsI(Tl) lay-
ers (Fig. 1) can be well explained in terms
of the Structure Zone Model [6]. It is well
known that the adatom mobility depends on
the substrate temperature and surface and
bulk diffusion that is characterized by
T,/T,, ratio. Let us consider the case when
substrate temperature is about 423 K and
deposition rate is about hundred A/s, the
T,/T,, ratio being about 0.45. So, we fall to
Zone T (Transition zone) that is charac-
terized by T,/T, < 0.2-0.5. During film
growth in a mode corresponds to the T Zone
area we observe the fine fiber texture develop-
ment. The saturation nucleation density
sets initial in-plane grain sizes. Adatom mo-
bilities are low and columns preserve the
random orientation of the nuclei as pre-
dicted by the ballistic deposition model [7].
Thus, the crystallites in the film are nearly
random or only weakly textured, that is
confirmed by X-ray diffraction (Fig. 2¢).

The second case is realized when the sub-
strate temperature is 573 K and deposition
rate is less than ten A/s. In this case,
T,/T,, ratio is about 0.61 that corresponds
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to Zone II (T,/T,, < 0.83—0.7). Here, the sur-
face diffusion rates are significant, thus,
the film thickening proceeds through local
epitaxy on individual grains. Moreover, at
higher T,/T,,, the volume diffusion becomes
significant. So, the grain coarsening, i.e.
recrystallization through grain boundary
migration, takes place not only during coa-
lescence, but also throughout the film
thickening process. The decrease in the
total grain boundary areas as well as mini-
mization of interface and surface energy
are the driving forces for orientation selec-
tion during the coalescence stage. As a re-
sult, the island with lower energy per atom
consumes the others, resulting in a new sin-
gle crystal island, as the system attempts to
minimize the overall surface and interface
energy. So, large grains with low surface
and interface energy grow at the expense of
smaller or unfavorably oriented grains.
Thus, the coarsening during coalescence is
the most probable cause resulting in selec-
tion of preferred orientation. So, the film
structure is composed of columnar crystals
(Fig. 1). In addition, the diffusion processes
are not limited by high deposition rate,
thus, the single crystalline columnar blocks
appear (Fig. 2a). But in case of the sub-
strate temperature 573 K and deposition
rate of tens A/s, a weak limitation of con-
densed atoms migration on the surface of
substrate takes place. This results in dete-
rioration of crystalline perfectness of co-
lumnar blocks, the preferred orientations in
layer being, however, retained (Fig. 2b).

Appearance of two preferred orientations
[110] and [112] in Csl(Tl) films can be ex-
plained as follows. As mentioned above, the
coarsening during coalescence provides a se-
lection of preferred orientations. The is-
lands terminated with close packed planes
are typically selected, that is, (110) for
body-centered cubic lattice. Another reason
is that (110) and (112) are the particular
low index crystallographic planes of body-
centered cubic ionic crystals that are neu-
tral.

All diffraction data shown in Fig. 2 were
obtained using the 6 — 20 symmetric scan-
ning mode. From these data, we obtain in-
formation only about orientations of film
planes that are parallel to the substrate. To
clarify the orientation of film blocks in lat-
eral direction to the substrate, the X-ray
diffraction reflections from inclined crystal-
lographic planes of the substrate and film
were examined in asymmetric mode. As a
result, relations between (210) and (400)
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Fig. 3. Stereographic projections of Csl/LiF(100). <110> (a) and <112> (b) layer orientation. Dark
dots correspond to LiF and light squares to Csl film. Proposed structure of Csl/LiF(100) interface

for (110) (c) and (112) (d) Csl orientation.

film planes inclined to (110) and (112)
planes, respectively, and (210) substrate
planes inclined to (100) plane were deter-
mined. Basing on the data obtained, the cor-
responding stereographic projections were
plotted (Fig. 3a, b). As follows from Fig.
3b, angles between proper reflections from
inclined planes of the film and substrate
can either coincide with each other or be
turned by 45°. Hence, the film blocks of the
same orientation can coexist in two
equiprobable positions relative to the sub-
strate and the angle between these positions
is 45°. Using these data, the model of the
film /substrate interface structure was pro-
posed (Fig. 3c, d). From that model, it can
be concluded that interaction between Csl
and LiF is weak, because only a half of the
inversely charged ions of the film and sub-
strate are situated opposite to each other.
Therefore, there is balance between repul-
sion and attraction forces at the interface.
This weak interaction between the layer and
the substrate and large value of Csl and LiF
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lattice misfit provide film growth according
to coincident nodes mechanism. As follows
from the obtained structural data, at high
substrate temperature and rather low con-
densation rate, the substrate influences on
the growing layer structure. This influence
is not strong but it is sufficient to order the
film columnar blocks accordingly to the sub-
strate in-plane orientation. But at high
deposition rate and low substrate tempera-
ture, the orientation influence of substrate
on the growing layer orientation disappears
(Fig. 2c¢).

Csl(Tl) films deposited onto glass sub-
strate demonstrate a similar dependence of
the structure on the deposition conditions.
That is, decrease of the substrate tempera-
ture from 573 K to 373 K and increase of
the condensation rate result in the film
crystalline structure change from highly
textured to usual polycrystalline Csl struec-
ture (Fig. 4). Of course, the absence of ori-
enting substrate prevents the development
of the single crystalline areas in the film
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Fig. 4. X-ray diffraction patterns of the
Csl(Tl) films deposited on the glass substrate:
a) deposition rate 1.3 fo\/s, substrate tempera-
ture 573 K; b) deposition rate 7 fo\/s, sub-
strate temperature 573 K; c) deposition rate
7 A/s, substrate temperature 373 K.

even at the most favorable deposition condi-
tions.

To achieve the highest possible scintilla-
tion efficiency of Csl(Tl) films, the concen-
tration and homogeneous distribution of
thallium are essential. In most cases, thal-
lium concentration in the wvacuum evapo-
rated Csl(Tl) layers is inhomogeneuos due to
the differences of partial vapor pressures of
Csl and TII. In this work, the usual deposi-
tion method from powder source was re-
placed by sublimation of the bulk Csl crys-
tal with optimal Tl concentration. Determi-
nation of Tl content in the source had
shown that it is constant and equals to
0.1 wt.%, both prior to and after deposi-
tion. So we supposed that, at constant TI
content in the source prior to and after
deposition, the Tl content in a film corre-
sponds to it of the source. This assumption
was confirmed by the voltammetric analysis
of Tl content in the film. The TI concentra-
tion in the deposited films was 0.1 wt.%,
too. Hence, this technique provides a proper
concentration and homogeneous distribution
of dopant during deposition.

To compare the scintillation efficiency of
Csl(Tl) films deposited from different
sources, the scintillation pulse height spec-
tra were obtained. For comparison purposes,
all pulse height spectra shown in Fig. 5
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Fig. 5. Pulse height spectra of Csl(Tl) films
deposited from different sources: a) Csl(TI)
films deposited from powder source: 2 —
thickness 5 um, deposition rate 1 A/s; 3 —
thickness 10 um, deposition rate 10 z&/s; 4 —
thickness 30 um, deposition rate 5 z&/s. b)
Csl(Tl) films deposited from bulk CsI(TIl) sin-
gle crystal: 2 — thickness 140 um, deposition
rate 3 fo\/s; 3 — single crystal Csl(Tl); 4 —
thickness 60 um, deposition rate 63 z&/s; 5 —
thickness 30 pum, deposition rate 5 A/s. All
film spectra are normalized to the a-detector
peak.

were normalized to the peak of the standard
Csl(Tl) o particle detector. All samples
shown in Fig. 5 were deposited under simi-
lar conditions to exclude the influence of
crystalline structure on the obtained scintilla-
tion results. The films were deposited using
the same CsI(Tl) crystal with known dopant
concentration of 0.1 wt.%. For deposition
from powder source, this crystal was pow-
dered and for deposition from the bulk, the
bulk part of this crystal was used as source.

As is shown in Fig. 5, Csl(Tl) films de-
posited from the bulk crystal show a higher
energy resolution than the films deposited
from powder source. This difference in en-
ergy resolution of Csl(Tl) films deposited
from various sources can be explained as
follows. During deposition from the powder
Csl(Tl) source, an inhomogeneous dopant
concentration takes place over the volume
of growing layer due to the source depletion
of Tl during deposition. Therefore, the parts
of film with different dopant concentration
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respond differently to exciting radiation.
This feature results in broadened scintilla-
tion pulse height spectra.

As it is seen from Fig. 5, Csl(Tl) films
deposited from powder source have lowered
light yield as compared to the films depos-
ited from bulk source. This distinction in
light yield can be explained by the source
depletion of Tl during deposition in the case
of evaporation from Csl(Tl) powder. The fact
of TI depletion in powder source during
deposition was confirmed by voltammetric
analysis. In turn, this Tl depletion in source
results in depletion of dopant in the grow-
ing layer.

To conclude, it has been demonstrated
that the use of Csl(Tl) bulk crystal sublima-
tion during vacuum deposition provides a
reproducible dopant content and uniform
distribution in the growing films. That, in
turn, results in improved scintillation char-
acteristics of Csl(TI) films, such as light
yield and energy resolution, as compared to
Csl(Tl) films deposited from the powder
source. The dependence between deposition
conditions and film crystalline structure is
the same both for deposition from bulk

Csl(Tl) erystal and for deposition from pow-
der Csl(Tl) source. It has been shown that
in both cases, Csl(Tl) columnar layers can be
obtained under proper deposition conditions
with the single crystalline structure of co-
lumnar blocks.
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IInisku Csl(TIl): orpumanHA, MOCHiaKeHHS CTPYKTypH
Ta CHUHTHJIIAIisA

O./1e6eduncoxuii, O.Pedopos, A.Ananenko, II. Mameiiuenkxo

Tlokasano, mo 3acrocyBanusa cybuaimanii monokpucrasa Csl(Tl) 38 onTuManbHOI0 KOHIIEHT-
pamielo akTmBaTOpa 3aMiCTh MOPOIIKOBOI'O [IKepejia IIPH BaKyyMHIM KoHaeHcamii mIiBOK
Csl(Tl) mossonsie omepsxatu muiBku Csl(Tl) 3 HeoGxigHOI KOHIEHTPAIi€d Ta OZHOPiIAHHUM
posmoxisom akruBaropa B 06’emi miaisku. Ilnisku Csl(Tl), orpumani 8 Bukopucranusam rakxoi
TeXHOJIOTil, AeMOHCTPYIOTh CIUHTUJIAININHI DapamMerpu, N0 IIepeBepIIYIOTH IapaMeTpu
mrisok Csl(Tl), omeprkanmx 3a 8araJbHONPUNHATOI TexHoJoOTi€n. [leTalbHO TOCIiIKEeHO
3aJIe}KHICTh KPUCTANIYHOI CTPYKTYPH ILJIiBOK BiJf yMOB OCaiKeHHS.

Functional materials, 14, 1, 2007

47



