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Thin Y,0,:Eu films with activator concentrations of 1, 2.5, and 5 mol.% are
obtained by radio-frequency (RF) ion—plasma sputtering. A study of the sur-
face morphology of thin films by atomic force microscopy (AFM) show that,
with an increase in the activator concentration, the average size of the crys-
talline grains forming the films increases. Based on the analysis of the re-
sults of grain-size distribution, it is found that, at activator concentrations
of 1 and 5 mol.% , monomodal distributions are observed, and, at an activator
concentration of 2.5 mol.%, a bimodal distribution is observed due to the
growth of secondary grains. An analysis of the lognormal dependence is car-
ried out that is used to describe the size distribution of crystalline grains.

Metomoo BucokouacToTHOro (BY) HOHHO-IIJIA3MOBOTO PO3IIOPOINIEHHA OZEep-
skaHo ToHKI mriBKku Y,0;:Eu 3 KoHIeHTparieio aktusaropay 1, 2,51 5 mon.% .
Hocaig:xeHHA MOp@OJIOTii TOBEPXHI TOHKUX IIJIIBOK METOI0I0 aTOMHO-CHUJIOBOI
mikpockormii (ACM) mokasanu, 110 i3 3poCTaHHAM KOHIIEHTpAIlil akTUBaTOpa
3pocTae cepeqHiil po3Mip KpucTadiuHUX 3epeH, AKi popmyroTh niaiBku. Ha oc-
HOBi aHaJIi3u pe3yJIbTaTiB PO3TOAiIy PO3MipiB 3epeH BCTAHOBJIEHO, ITTO 34 KOH-
meHTparii akrusaropa y 1i 5 mon.% cmocrepirarorbcsa MOHOMOJAIBHI PO3IIO-
Iinu, a 3a KOHIeHTpAaIlil akTuBaTopa y 2.5 MoJa.% crmocrepiraerbcs 6iMmogarn-
HUIT PO3IMOMAiJ 3a paXYHOK 3POCTaHHSA BTOPUHHUX 3epeH. IIpoBemeHo aHasrisy
JIOTHOPMAJBHOI 3aJIeKHOCTH, IKY BUKOPHUCTAHO AJISA OIMNCY PO3IOAiTY pPO3Mi-
PiB KpUCTaJIiYHUX 3€PEH.
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1. INTRODUCTION

Today, interest in thin films of metal oxide materials is due to the wide
possibilities of their use in optoelectronics and instrument engineer-
ing. Among them, a special place is occupied by materials doped with
rare-earth ions (REI), one of the most used among which is europium
Eu®'. In particular, Y,0;:Eu®" is the most efficient phosphor that emits
in the red region of the spectrum [1-3]. Considering the linear depend-
ence of the luminance of the glow on the current density and excitation
energy, well-known manufacturers use only Y,0;:Eu®" as the red com-
ponent of projection televisions, as well as when creating flat full-
colour vacuum fluorescence displays (VFD) and displays with field
emission (DFE). The combination of small sizes of crystalline particles
and the presence of a dopant, a luminescent centre, and a Eu®*" ion pro-
vide a uniform screen coating during the deposition of thin Y,0;:Eu®"
films consisting of nanocrystalline grains. This improves the efficien-
cy and stability of luminescence and the expansion of potential appli-
cations [4—6]. Taking into account that the luminescence efficiency in
thin Y,0;:Eu®" films is determined by the size, morphological, and
structural characteristics of nanoparticles, we studied the effect of the
concentration of the Eu®" activator on these characteristics. The films
were obtained by the method of radio-frequency (RF) ion-plasma sput-
tering, which is considered optimal for applying semiconductor and
dielectric films and allows you to control the structure and stoichiome-
try of the resulting films [7]. Among the high-precision methods for
determining the size and morphology of nanoparticles, there is atomic
force microscopy (AFM), which was used in this work.

2. EXPERIMENTAL TECHNIQUE

Thin films of Y,0,:Eu®" with a thickness of 0.2—1.0 um obtained by RF
ion-plasma sputtering and discrete evaporation in vacuum on fused v-
SiO, quartz substrates. RF sputtering was carried out in an argon at-
mosphere in a system using the magnetic field of external solenoids for
compression and additional ionization of the plasma column. The feed-
stock was Y,0; grade ‘UT0O-1’ and Eu,0; with grade ‘oc.u’. The activa-
tor concentration was 1, 2.5 and 5 mol.% . After the deposition of the
films, they were heat-treated in air at a temperature of 950-1000°C.
Using the x-ray diffraction analysis (Shimadzu XDR-600), the struc-
ture and phase composition of the films were studied. X-ray diffraction
studies showed the presence of a polycrystalline structure with a pre-
dominant orientation in the (222) plane. The form of the obtained dif-
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fraction patterns is almost analogous to the diffraction patterns of pure
Y0, films, which we presented in [8]. All diffraction maxima are iden-
tified according to the selection rules and belong to the space group
T = Ia®, which indicates the cubic structure of the obtained films.

The surface morphology of films was investigated using an atomic
force microscope (AFM) ‘Solver P47 PRO’. Processing of experimental
data and calculation of surface morphology parameters was carried out
using the Image Analysis 2 software package.

3. RESULTS AND DISCUSSION

Microphotographs of the surface of Y,0;:Eu®" films obtained by the RF
sputtering with different activator concentrations are shown in Fig. 1.
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Fig. 1. Image of the surface morphology of thin Y,05:Eu films obtained by RF
sputtering in an argon atmosphere at activator concentrations of 1.0 mol.%
(a, b), 2.5 mol.% (¢, d) and 5 mol.% (e, f). Images a, c, e are two-dimensional;
b, d, f are three-dimensional.
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Continuation Fig. 1.

TABLE 1. Parameters of crystalline grains of thin Y,0;:Eu films.

Parameter Eu®" activator concentration
1.0 mol.% | 2.5 mol.% | 5.0 mol.%
Root mean grain diameter, nm 15.7 63.1 196.0
Root mean square roughness, nm 0.7 5.7 34.1
Max height grains, nm 6.1 48.4 213.6

The topography of the samples was quantitatively characterized by
standard parameters: root mean square roughness, maximum grain
height with diameter and grain height, which were calculated accord-
ing to AFM data for sections of the same size (2000x2000 nm). The
characteristic parameters of thin Y,0; films with different activator
concentrations are given in Table 1. As can be seen from the results ob-
tained, the activator concentration has a significant effect on the size
of crystalline grains and the surface roughness of the films.

An analysis of AFM images (Fig. 1) and parameters of crystalline
grains (Table 1) on the surface of Y,0;:Eu films shows that with an in-
crease in the activator concentration in thin Y,0;:Eu films, the sizes of
crystalline grains that form these films grow. Such an increase in the size
of crystalline grains and, in particular, an increase in the root mean
square roughness parameter indicates a complication of the surface struc-
ture.

A comparison of the histograms of the distribution of grain heights
(Fig. 2) shows that an increase in the activator concentration in thin
Y,0;:Eu films leads to the formation of sharper peaks on the film sur-
face.

An increase in the size of crystalline grains and a simultaneous de-
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Fig. 2. Grain distribution on the AFM image of thin Y,0,:Eu films obtained by
RF sputtering with an activator concentration of 1.0 mol.% (a), 2.5 mol.% (b)
and 5.0 mol.% (¢).

crease in the concentration of grains in thin Y,05:Eu films with an in-
crease in the activator concentration (Fig. 1) indicate the possibility of
the transition of the surface of the Y,0;:Eu film with an increase in the
activator concentration to a more nanostructured state due to crystal-
lization of the surface layer.

The characteristic size distributions of grain diameters in thin
Y,0;:Eu films with different activator concentrations are shown in
Fig. 3.

A thorough inspection, which analysed the growth of crystalline
grains and the evolution of crystalline structures [9], showed that pol-
yerystalline thin films with a thickness of about 1 um or less often have
2D similar structures, for which most grain boundaries are perpendic-
ular to the film thickness. Most of the materials analysed in [9] have
nonequilibrium grains with sizes that are smaller than the film thick-
ness and form two-dimensional structures only after annealing. Based
on numerous results in Ref. [9], it was also concluded that the for-
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Fig. 3. Distribution of grain diameters and calculated approximation of the di-
ameter distribution on AFM images of thin Y,0;:Eu films obtained by RF sput-
tering with an activator concentration of 1.0 mol.% (a), 2.5 mol.% (b) and 5.0
mol.% (c).

mation of grains in thin films is difficult to describe accurately on the
basis of model concepts or analysis of experiments that are used to
study foam or monolayers. In general, the grain sizes in polycrystalline
films are lognormally distributed in size.

In some cases, further grain growth occurs due to the ‘abnormal’ or
predominant growth of several grains, which usually have specific crys-
tallographic orientation ratios relative to the plane of the substrate sur-
face. When the number of growing grains leads to a ‘matrix’ of grains
with static limits, a bimodal grain size distribution develops, which is
called the growth of secondary grains [10]. Grains that grow abnormally
often have a limited or uniform texture. Secondary grain growth in thin
films usually includes evolution in the distribution of grain textures, as
well as evolution in grain size distribution. Using the chi-squared y? Pear-
son criterion, it was found that the size distribution of grain diameters in
thin Y,05;:Eu films at different activator concentrations describes a
lognormal distribution. Recall that a random variable has a lognormal
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distribution, if its logarithm has a normal distribution. The lognormal
distribution is fully described by two parameters: u (mathematical expec-
tation) and o (standard deviation) of the associated normal distribution.

To analyse the results of grain diameter size distributions in thin
Y,0,:Eu films with a change in activator concentration, we use the
lognormal distribution technique[11].

The density function of the lognormal distribution with parameters
p and o has the form:

1 (In(d) - p)*
d) = 1, 1
f( ) dc\/z—nexp 202 } ( )

The parameters p and o are calculated by the relations:

u=In(d)-0.5In(V* +1), (2)
c= ,/m(vz +1), (3)

= 13 . .
where d = M(d) = —Znidi is expected value, n is sample size,
n i=1
V =S/M is coefficient of variation, S = JD is standard deviation,

n 13
D=—" (M (d*) - M?(@)) is dispersion, M (d*) = - Zl nd? .

Based on the calculations, it was found that at an activator concen-
tration in thin films of Y,05:Eu 1.0 mol.% and 5.0 mol.% Monomodal
distributions are observed with maxima of grain diameters at 19 and
137 nm, respectively. At an activator concentration of 2.5 mol.%, a
bimodal distribution is observed with maxima of about 41 and 160 nm.
The characteristic parameters of the lognormal distribution of grain
diameters in thin Y,05:Eu films with a change in the activator concen-
tration are given in Table 2.

Analysing the obtained values of the coefficient of variation for the
distribution of the diameter sizes of low-dimensional grains, we notice

TABLE 2. Parameters of the lognormal distribution of grain sizes in thin
Y,05:Eu films.

Concentration of activator, mol.% |E(d), nm| n | G S, nm |4
1.0 19.3 2.85 0.48 9.7 0.50
95 40.7 3.58 0.50 21.7 0.53

159.7 5.05 0.22 354 0.22
5.0 137.4 4.79 0.51 75.7  0.55
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a somewhat significant scatter in the values of grain sizes, due to the
asymmetry of the lognormal distribution and the presence of a ‘long’
right tail. Given the relationship between lognormal and normal divi-
sions, going over to the normal distribution, it is easy to see that the
data set under study is homogeneous, since, for thin films of Y,0,:Eu
with a concentration of 1 mol.%, 2.5 mol.% and 5 mol.%, the coeffi-
cient of variation is equal to V,=0.176 and V,=0.125, respectively
[11].

For the distribution of large grains in thin Y,0;:Eu films with an
activator concentration of 2.5 mol.%, an even more uniform distribu-
tion pattern and, correspondingly, smaller mean square deviations S
(the coefficient of variation for the corresponding normal distribution
is equal to V, = 0.044) are observed. In addition, it can be seen from the
obtained results (Table 2) that, regardless of the activator concentra-
tion in thin Y,0;:Eu films, the lognormal distribution for describing
low-dimensional grains is characterized by close values of the shape
parameter ¢ =0.48-0.51. Moreover, for these distributions, with an
increase in the activator concentration, an increase in the scale param-
eter pis observed from 2.85 to 4.79.

4. CONCLUSIONS

It has been established that during RF ion—plasma sputtering poly-
crystalline Y,05:Eu films consisting of nanometre grains are formed.
According to AFM data, it is shown that with an increase in the activa-
tor concentration from 1 to 5 mol.%, the average diameters of crystal-
line grains grow from 15.7 nm to 196.0 nm. Based on the analysis of
grain size distribution results, it was found that at an activator con-
centration of 1.0 and 5.0 mol.%, monomodal distributions are ob-
served, and, at an activator concentration of 2.5 mol.%, a bimodal dis-
tribution is observed due to the growth of secondary grains. The ob-
tained dependences of the grain size distributions are well described by
the lognormal dependence with close values of the shape parameter o
and the scale parameter u growing with increasing activator concen-
tration.
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