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The long-wavelength edge of the fundamental absorption band of thin Y203 and Sc20s films obtained by the
method of discrete evaporation in vacuum is investigated. On the basis of its temperature dependence, the
excitons - phonon interaction is investigated, which made it possible to interpret the absorption edge as the
absorption of self-trapped excitons. To analyze the experimental results, we used a model of a heavily doped or
defective semiconductor in the quasi-classical approximation. The use of this model made it possible to estimate
the radius of the ground electronic state a and the screening radius rs and the concentration of free charge carriers

N in the films under study.
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Introduction

Due to their optical and operational properties, Y203
and Sc,0s thin films are very promising for antireflection
of optical parts, the manufacture of optical filters and
other multilayer systems [1-3]. The Y and Sc oxides have
a number of important common properties, which are
based on their crystallographic identity [4], as well as the
similarity of the outer unfilled electron shells (3d4s! in
Sc and 4d'5s? in Y). Although the optical properties of
these films were studied earlier [5-7], their properties in
the region of the fundamental absorption edge and the
features of the interaction of excitons with crystal lattice
vibrations in these films have been studied in detail. In
this regard, in this work, we investigate the long-
wavelength edge of the fundamental absorption band of
thin Y,03 and Sc,0s films and analyze it using the model
of a heavily doped or defective semiconductor in the
semiclassical approximation.

I. Experimental technique

Thin films of Y,03 and Sc;03 0.3 -1.0 pm thick on
fused silica (v-SiOy) substrates were obtained by discrete
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evaporation in vacuum (10 Torr) followed by annealing
in air at 1000°C. Oxides Y203 of the MTtO-1 brand and
Sco03 of the E brand were used as the initial raw
material. X-ray diffraction studies revealed the presence
of a polycrystalline structure of the films with a preferred
orientation in the plane (222), (400), and (440). Typical
diffraction patterns for Y03 films are presented by us in
[8]. All diffraction maxima are identified in accordance
with the rules for selecting the space group Tx’, which
indicates the cubic structure of the films obtained.

The absorption spectra were measured on a
photometric setup based on an MJ/IP-12 monochromator
and recorded with an ®3Y-18A photomultiplier, the
signal from which was fed through a resonant amplifier
and an analog-to-digital interface converter to an
IBM/PC computer for spectrum recording. Films for
measuring optical absorption were placed in a cryostat,
where the temperature varied within 85-350 K. The
results obtained were normalized to the spectral
sensitivity of the setup. To take into account the
reflection and scattering of light, the measurements were
carried out for films of various thicknesses. The scanning
of wavelengths by the monochromator was carried out
using a stepper motor, which was controlled by a
computer through a control unit.
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I1. Results and discussion

Our spectral studies show that in the regions
hv <5 .60 eV for thin Y03 films and hv <5.80 eV for
thin Sc,03 films the spectral behavior of the absorption
coefficient a is described by the Urbach empirical rule
[9]. Analytically, Urbach's rule is written by the
expression [10]:

o
a=a, exp{—ﬁ(h v, —h v)} , @
h
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where a0, hvo and oo are the approximation
parameters, ¢ is the value characterizing the slope of the
dependence In a=f(hv) for the corresponding temperature,
hvg - in some cases corresponds to the average energy of
phonons that interact with excitons and make the main
contribution to the fundamental absorption edge. The
strength of the exciton-phonon interaction g is related to
the approximation parameter oo by the relation
oo =(2/3)g7t [10].

Typical absorption spectra of Y,03; and Sc,0s thin
films in the temperature range 85-300 K are shown in
Fig. 1 and Fig. 2.
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Fig. 1. Edge absorption spectrum of Y03 thin films:
T=264 (1), 207 (2), and 110 K (3).

It is known that such a shape of the absorption edge
arises when there is a noticeable exciton-phonon
interaction [10]. The nature and strength of the exciton-
phonon interaction determine the nature of the existing
exciton states and, consequently, the nature of the
physical processes that occur during the formation of
excitons.
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Fig. 2. Edge absorption spectrum of Sc,0s thin films:
T=295 (1), 112 (2)i 85 K (3).

The exponential shape of the fundamental absorption
edge also manifests itself in the case of heavy doping or
strong defectiveness of the samples. In the general case,
the screened Coulomb interaction is considered [11],
which arises due to the defectiveness of the crystal
structure, including defects and phonons in the discharge.
Taking into account that the films under study have a
polycrystalline structure, the presence of structural

defects should also be taken into account in their
analysis. In this case, the absorption edge is
approximated by the dependence
1
a=a, exp{— Z(hv,=h v)} : @)
v

where y is a parameter characterizing the disordering of
the crystal lattice [12]:

1 [o/kT, a=da'
y |\Vy, a<d

In expression (4), the upper expression describes the
"phonon" disorder, the lower one describes the "defect"
disorder due to structural defects (vacancies,
dislocations, impurities).

Our results in the temperature range 85-300 K
showed that the spectral behavior of the a(hv)
dependence remains similar. As can be seen from Fig.1
and Fig.2, the spectral dependences of the absorption
coefficient in coordinates Ina = f(hv) for the

corresponding films are well described by a linear
dependence. The intersection point of the extensions of
the obtained straight lines makes it possible to determine
the approximation parameters oo and Avy.

Based on the values of o determined from the graph
Ina= f(h v) for the temperatures under study with (2),

hvph and 60 were determined, which, together with ap
and A, for the corresponding films, are given in Table 1.
The obtained values of the effective phonon energy hvy,
in accordance with [13], fall on the high-energy
boundary of fundamental phonon vibrations caused by
the translational motion of YOs (or ScOs) polyhedra and
metal ions located between the polyhedra and more
weakly bonded to oxygen atoms.

(4)
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Table 1.
Parameters of the energy spectrum of Y03 and Sc,0s thin films.
Thin film o, 104 cm? hv, eV hvg, eV Go g Jdef
Y203 1.35 5.58 0.028 0.12 5.56 1.01
Sc203 2.65 5.70 0.034 0.11 6.06 1.09
Taking into account that, in the theoretical hic
substantiation of Urbach's rule (3), the condition 6o < 1 is a= e’ 8

accepted as a criterion for self-trapping [10], based on
the obtained values of 60 for these films, we can speak of
the possibility of self-trapping of excitons in thin Y03
and Sc,0s3 films. Based on the obtained values of 60, the
total constant of the exciton-phonon g and excitons-
defect interaction gqer Were determined, the values of
which are also given in Table. 1. The determination of
the value of the exciton-phonon interaction g was carried
out taking into account that the structural disordering of
the crystal lattice of Y03 and Sc,03 in the temperature
range under study is constant. It is known [14] that for
semiconductors g < 1, for alkali-halide compounds g > 1.
This indicates that the degree of ionicity is dominant in
the determination of g as compared to the degree of
covalence in Y203 and Sc;0s.

Based on the theoretical model of a heavily doped or
defective  semiconductor in the quasi-classical
approximation [15], the density of states associated with
fluctuations in the concentration of charged anion
vacancies decreases exponentially into the energy gap

ME):@(AJ% exp(— E7 ) (5)
4r’n® \ E N
where A is the root-mean-square potential that

determines the smearing of the bands due to the
disordered arrangement of vacancies:

N
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where N is the concentration of vacancies, and the
screening radius
1

. —z@% -

and the radius of the ground state

U]

m* is the effective mass of charge carriers, ¢ is the
dielectric constant of the sample.

The physical meaning of the rms potential A is
determined by the fact that the rms fluctuation of the

number of impurities or defects in the volume rs3 is of

the order of (N rs3 )¥2, and the potential energy of an
electron in the field of such fluctuations is
A = (€%/erS)(N rss)l’z. As shown in [15], fluctuations of

the scale rS make the main contribution to the rms
potential. The ground state energy in the well is above
the well bottom by an amount of the order of

Es=h%mre.
To find the quantities included in expressions (5) —

(8), we use the results of previous studies [16, 17]. In
particular, the values of the refractive index n necessary
for determining the dielectric constant &£=n? were
determined by extrapolating the dependence n(hv)
determined for the region of transparency and weak
absorption [16] to the studied energy region. The value
of the effective mass of free charge carriers is
m* =0.388 in thin Y;03; films and m*=0.438 in thin
Sc,03 films taken by us from [17]. Assuming, according
to [18], that the disordering parameter of the crystal
lattice is y=A, we estimate the parameters of the quasi-
classical model of the change in the density of states.

Analyzing the results obtained, it should be noted
that the Bohr radius a in semiconductors can be quite
large. So, according to the results of [15] in n-InSh, the
radius is a~60 nm, although according to [18] in fianites
0.9Zr0,-0.1Y,05 the radius is a = 0.4 nm, and according
to [19] in thin films of B-Ga,0Os;, depending on heat
treatment atmosphere a varies from 0.6 to 0.8 nm. The
values we obtained are quite close to the results [18, 19],
and values of this order are more likely to be
characteristic of oxide compounds. It is characteristic
that for thin Y>03 and Sc,0s films the screening radius rs
in the investigated temperature range rs >a, and for
Y0s films this difference is somewhat larger.

Table 2.

Model parameters of a heavily doped or defective semiconductor in the quasi-classical approximation for Y,03
and Sc,0s thin films.

Thin film T, K A, eV N, cm3 rs, Nm a, nm
264 3.28x1072 1.51x10'8 1.4
Y103 207 2.97x1072 7.59x10%7 1.6 0.9
110 2.65%1072 5.77x10Y7 1.7
295 7.98x1072 7.44x1018 1.0
Sc,03 112 6.21x1072 4.85%x1018 1.0 0.7
85 5.74x1072 4.03x1018 1.1
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The results of the rms potential A obtained by us are
in good agreement with the results of studies of other
oxide compounds. In particular, according to [18], in
cubic zirconias A=7.22x1072 eV, and according to [19] in
thin B-Ga;O3 films, the value of A varies from
4.78x1072 eV to 23.30x1072 eV. In this case, this value
for thin Sc,0; films is more than twice the value of A for
thin Y203 films.

Our estimates of the concentration of free charge
carriers N indicate that with an increase in temperature,
this value increases both in Y;03 films and in Sc;03
films. In this case, this tendency is more pronounced in
Y203 films. It is known [20] that in heavily doped or
defective, degenerate semiconductors, the concentration
of charge carriers is from 10% to 10%cm3.
Concentrations up to 102 c¢cm are sometimes observed.
The values of N obtained by us indicate that for thin
films of Y,03 and Sc,0s3 there is such a concentration of
free charge carriers, which is characteristic of heavily
doped or defective degenerate semiconductors, for which
we used a quasi-classical approximation.

Conclusions

The study of the temperature dependence of the
fundamental absorption edge of thin Y,0s; and Sc;0s
films showed that the spectral behavior of the absorption
coefficient in them is well described by the Urbach
empirical rule. The presence of a strong exciton-phonon
interaction is established, which leads to the appearance
of localized exciton states at the edge of fundamental
absorption, the formation of which occurs through the
capture of excitons by local deformations of the crystal
lattice. To explain the experimental data, we used
theoretical concepts based on the model of a heavily
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I'ycTuHa cTaHiB Ta MiZK30HHE MOTJIMHAHHS CBIiTJIa B TOHKHMX IJIIBKAaX
Y203 i SCzoS
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JlocIiKeHO TOBrOXBUIIbOBUH Kpail cMyrH (yHIaMEHTaJbHOTO MOTJIMHAHHS TOHKUX IUTiBOK Y203 i SC203,
OJIep’)KaHUX METOJIOM JMCKPETHOTO BHUIIAPOBYBaHHS y BakyyMi. Ha ocHOBI Horo temrepaTypHOi 3aJeKHOCTI
JIOCHIPKEHO EKCHTOH-()OHOHHY B3a€MOJII0, IO [ajl0 MOJKJIWBICTh IHTEPHOPETYBAaTH Kpail MOTIMHAHHS SK
MOTJIMHAHHS aBTOJOKAII30BAHUX EKCHTOHIB. [l aHamizy eKCICpUMEHTAIbHUX PE3yJbTAaTiB BHUKOPHCTAHO
MOJIEJIb CHJIBHO JIETOBAHOTO 200 1e(eKTHOTO HAMiBIPOBIIHUKA y KBa3UKIACHYHOMY HaOIIKeHHI. BUKoprcTaHHs
JaHoi MOJeNi JO3BOJIMIIO OLIHWTH pPalaiyC OCHOBHOTO ENIEKTPOHHOTO CTaHy a, pajiyC eKpaHyBaHHA s 1
KOHIICHTPALIIO BIIbHUX HOCITB 3apsay N y TOCHiKyBaHUX IUTiBKaX.

KorodoBi ciioBa: okcup iTpito, OKCHII CKaH[IiI0, TOHKA ILTiBKa, Kpal pyHIaMEeHTaIbHOTO MOTIIMHAHHS.
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