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Thin films of ZnGa,0,:Cr®* and ZnGa,0,:Mn®*" are obtained by high-
frequency (RF) ion-plasma sputtering in an argon atmosphere. The surface
morphology is studied by AFM, and the sizes of nanocrystallites forming
the films are analysed. Based on the interference technique, the refractive
index is determined. As found, in films of both types in the visible re-
gion, a normal dispersion of the refractive index is observed. The analysis
of the single-oscillator three-parameter model used to describe the disper-
sion dependence is carried out, and the static refractive index n,, the
characteristic energy E,, the approximation parameter A, and the plasma-
oscillations’ energy for valence electrons v, are determined.

Metomom BucoxouactoTHOTo (BY) HOHHO-TIJIa3MOBOTO PO3MOPOIIEHHS B aT-
Mocepi aprouy ofep:xano TOHKI mriBku ZnGa,0,:Cr®' i ZnGa,0,:Mn2*. Me-
Togom ACM mpoBezeHo HocaimskeHHA MopGoJIoTii IMOBEepXHi Ta mMpoaHai3o-
BaHO PO3Mipu HAHOKPUCTAJIITIB, AKi (GopMyOThH ofnepskaHi nmuiBku. Ha ocHo-
Bi iHTep(depeHIiTHOI MeTOAMKU IIPOBEIEHO BU3HAUEHHS BEJIWYNHHU ITOKA3-
HUKa 3aJIOMJIEHHSA Ta BCTAHOBJEHO, IO B IIiBKaxX 000X THUMIIB y BUAUMIiH
obJiacTi cmocTepiraeTbcsi HOpMaJbHA [JHCIEPCiA MOKa3HWKA 3aJOMJIEHHS.
IIpoBeneno aHanidy OZHOOCIUJIATOPHOTO TPUIIAPAMETPUYHOTO MOJEJIO, KOT-
poro 0yJi0 BUKOPUCTAHO IJIA ONMCY AMCIIEPCifiHOI 3aJIe’KHOCTH, Ta BHU3HAUe-
HO CTAaTUYHUY IOKa3HUK 3aJIOMJIEHHSA n,, XapaKTepUCTUUHY eHepriio E,,
mapamMerep ampokcumarllii A i eHepriio miIasMOBUX KOJMBAHL AJIS BaJICHT-
HUX €JIEKTPOHIB Av,,.
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1. INTRODUCTION

ZnGa,0,-based thin films are promising materials for practical ap-
plications in optoelectronics and instrumentation. Due to their opti-
cal, dielectric, and performance characteristics, both nominally pure
and activated ZnGa,O, thin films are used in electron-optical devic-
es, vacuum fluorescent and field emission displays, and gas sensors
[1-10].

In general, the optical and electrical properties of thin films are
determined by the preparation methods, deposition modes, the pres-
ence of heat treatment in different environments, and the introduc-
tion of impurities that can change the properties of thin oxide films
in the desired direction. In this work, we studied ZnGa,0,:Cr and
ZnGa,O,:Mn thin films prepared by the RF ion-plasma sputtering
method, which is considered optimal for the deposition of multi-
component semiconductor and dielectric films [11].

The study of the optical properties of such films, including the
dispersion properties and their relation to the energy structure and
crystal-chemical properties, seems relevant. This is because they are
used to illuminate optical parts, manufacture optical light filters,
or create luminescent screens. The value of the refractive index de-
termines the reflective properties of films, and, accordingly, the
dispersion properties determine their spectral distribution.

2. EXPERIMENTAL TECHNIQUE

Thin films of ZnGa,0, activated with Cr* and Mn?" ions with a
thickness of 0.3—1 um were obtained by RF ion-plasma sputtering
in an argon atmosphere on amorphous substrates of fused quartz v-
Si0,. The starting material for the target was a mixture of ZnO and
Gay0; oxides of stoichiometric composition (purity 99.99%). The
activator concentration of Cr®* and Mn?*" was of 1 mol.%.

The phase composition and structure of the obtained thin films
were studied by x-ray diffraction analysis (Shimadzu XDR-600). X-
ray diffraction studies have shown the presence of a polycrystalline
structure with a predominant orientation in the (002), (113), (004),
and (333) planes. The diffractograms and their analysis are de-
scribed in more detail in [12]. All diffraction maxima are identified
according to the selection rules and belong to the Fd3m space
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group. This indicates the cubic structure of the obtained films.

The surface morphology of the obtained thin films was studied
using an ‘Integra TS-150’ atomic force microscope (AFM).

The optical transmittance spectra of the thin films were meas-
ured on a CM 2203 spectrofluorimeter with a Hamamatsu R928
measuring head. Spectrophotometric techniques are the most com-
mon for determining the refractive index n, absorption coefficient,
and film thickness A& in semiconductor and dielectric films. The
technique of Ref. [13] is quite often used, and we used it to deter-
mine the optical parameters of ZnGa,0,:Cr and ZnGa,O,:Mn thin
films.

3. RESULTS AND DISCUSSION

The surface morphologies of ZnGa,0,:Cr and ZnGa,0,:Mn thin films
were studied by AFM. Characteristic micrographs of the surface of
freshly deposited thin films are shown in Fig. 1.
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Fig. 1. Images of the surface morphology of freshly deposited ZnGa,0,:Cr
(a, b) and ZnGa,0, Mn (c, d) thin films. Images a and c¢ are two-
dimensional, b and d are three-dimensional.
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The surface topography of the samples was analysed based on
standard parameters listed in Table 1. These values were calculated
based on AFM images for areas on the surface of the films of the
same size 5000x5000 nm.

The obtained results show that the formation of the structure of
ZnGa,0,:Cr thin films occurs from significantly larger nanocrystal-
lites, the average volume of which is almost 5 times higher than the
average volume of nanocrystallites in ZnGa,O,:Mn thin films. The
volume growth is due to both the increase in the size of nanocrys-
tallites perpendicular to the film surface and the growth of nano-
crystallites in the film plane. In particular, the root mean square
roughness of ZnGa,0,:Cr films is almost 3 times higher than the
root mean square roughness of ZnGa,O,:Mn films, and the average
grain diameter, respectively, is almost 2 times higher than the av-
erage grain diameter in ZnGa,0,:Mn films.

The characteristic optical transmission spectra T(A) of freshly de-
posited ZnGa,0,:Cr and ZnGa,O,:Mn thin films are shown in Fig. 2.

According to the results obtained, films of both types have simi-
lar transmission spectra and the edge absorption region is observed

TABLE 1. Parameters of crystalline grains on the surface of ZnGa,0, thin
films activated with Cr®" and Mn?" ions.

Parameter ZnGa,0,:Cr®" thin film | ZnGa,0,:Mn?* thin film
RMS roughness, nm 9.6 3.9
_ Average 211 113
grain diameter, nm
_ Average 67600 11400
grain volume, nm
100
80+
ﬁ 60 B
& 40}
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900 300 400 00 600 700

A, nIm

Fig. 2. Transmittance spectra of ZnGa,0,:Cr (1) and ZnGa,0,:Mn (2) thin
films; T =295 K.
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at 260 nm. At the same time, a slight increase in light transmission
is observed in ZnGa,0,:Mn films. Given that, the interference pat-
tern is evident in the transmission spectra for both types of films,
we calculated the optical constants of the films using the interfer-
ence technique [13].

The obtained dispersion dependences of the refractive index n(})
for the studied films are shown in Fig. 3.

As can be seen in Fig. 3, both types of thin films obtained are
characterized by a normal dispersion of the refractive index. To de-
scribe such dispersion dependence, we used a single oscillatory
three-parameter model of the Zelmeyer type [14], which is used to
describe normal dispersion:

2 2
n, -1 Ao
=1L, 1
n®-A (l) o

In relation (1), the value A, determines the characteristic wave-
length of ultraviolet absorption or the average wavelength between
the oscillator bands. This characteristic absorption is typical for
most semiconductor and dielectric materials and thin films [14-17].
The value A is the approximation factor, and n, is the static refrac-
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Fig. 3. Refractive index dispersion of ZnGa,0,:Cr (I) and ZnGa,0,:Mn (2)
thin films.

TABLE 2. Energy parameters of the dispersion curve of freshly deposited
thin films in relation (1) and (2).

Thinfim | A4 | n, | X, nm E,, eV hv,, eV
ZnGa,0,Cr**  2.35 1.41 250 4.96 4.93
ZnGa,0,Mn*  2.48 1.38 260 4.78 4.58
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tive index, which gives some idea of the structure and density of
the material. The values of n, and A, are determined by the depend-
ence (n> —A)"' on A2 The obtained values of A, n,, Ay, and the os-
cillator energy E,, which was determined from A,, are shown in Ta-
ble 2.

The difference of the coefficient A from 1 in relation (1) indi-
cates the presence of other absorption bands besides the band with a
maximum of E,, which determines the course of the dispersion de-
pendence. Such bands can be observed in both the UV and IR spec-
tral ranges. At the same time, such additional absorption bands are
more characteristic of ZnGa,0,:Mn thin films.

Previous studies have shown that the band gap in ZnGa,0, is
about 4.4 eV [18, 19]. At the same time, according to the calcula-
tions of the electronic structure of ZnGa,0O, [20, 21], the bottom of
the conduction band is formed by hybridized 4s4p states of Zn and
4s4p states of Ga. The top of the valence band is formed by 2p oxy-
gen orbitals and 3d zinc orbitals.

Taking into account our E, values for the obtained thin films, it
can be argued that the dispersion dependence in the visible region
of the spectrum of ZnGa,0, thin films activated by Cr and Mn im-
purities is mainly determined by electronic transitions from the
zone of 2p-states of O and 3d-states of Zn, which form the upper
filled level of the valence band, to the bottom of the conduction
band formed by hybridized 4s4p-states of Zn and 4s4p-states of Ga
with impurities of electronic levels Cr®** and Mn?’, respectively.

According to Ref. [22], the average value of the oscillator energy
E, is related to the static refractive index n, by the relation

ng ~1+—=2—, (2)

where hv, is the energy of plasma oscillations for valence electrons.
As can be seen from expression (2), there is an inversely propor-
tional relationship between the static refractive index and the aver-
age oscillator energy and a directly proportional relationship be-
tween the static refractive index and the plasma oscillation energy.

The determined characteristic values of hv, for the obtained thin
films are given in Table 2. Comparison of the E, and hv, values
shows that in ZnGa,0,:Cr thin films these values are quite close to
each other. For ZnGa,0,:Mn films, a slightly larger discrepancy is
observed, which may be due to a disorder or defect in the structure.
In particular, given that thin ZnGa,0,:Mn films are formed from
smaller nanocrystalline grains, it is clear that they are character-
ized by greater imperfection due to a larger number of grain
boundaries.
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4. CONCLUSIONS

The studies show that polycrystalline thin films of ZnGa,0,:Cr and
ZnGa,0,:Mn are obtained by RF ion-plasma sputtering in an argon
atmosphere. At the same time, ZnGa,0,:Cr films are formed from
significantly larger crystallites than ZnGa,O,:Mn films. In particu-
lar, the average grain diameter on the surface of the ZnGa,0,:Cr
film is 211 nm, and the root mean square roughness of the films is
9.6 nm. For ZnGa,0,:Mn films, these values are 113 nm and 3.9
nm, respectively.

It was found that both types of films are characterized by a nor-
mal dispersion of the refractive index, which is determined mainly
by transitions from the zone of 2p states of O and 3d states of Zn,
which form the upper filled level of the valence band, to the bottom
of the conduction band formed by hybridized 4s4p states of Zn and
4s4p states of Ga with impurities of electronic levels of Cr®" or Mn?'
ions, respectively. The energy parameters of the approximation sin-
gle-oscillator three-parameter model of normal dispersion depend-
ence, which is typical for these films, are analysed.
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