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DETERMINATION OF THE URBACH ENERGY E,
AND THE OPTICAL BAND GAP E;, IN SUBMICRON
Ceéo AND Cro FULLERENE FILMS. DEPENDENCES

OF E, AND E, OF THE FILMS ON THEIR
THICKNESS IN THE RANGE 20—5000 nm

The long-wavelength spectral edge of the absorption coefficient o has been studied in detail
within a spectral interval of 1.492-2.605 eV for Cso and Cro fullerene films with thicknesses
ranging from 20 to 5000 nm. The values of the optical band gap E4 and the Urbach energy
FE,, in submicron Cso and Cro films are determined for the first time. It is found that the E,-
value decreases and the Eg-value increases, as the thickness of Cso films increases from 20 to
5000 nm, and the thickness of Cro films from 20 to 1000 nm. The highest, intermediate, and
lowest Eg4-values for Cso and Cro films are obtained using the Tauc, classical, and Cody meth-
ods, respectively. The average value of Eg, (E4), coincides with the Eg4-value obtained using
the classical method. The average values of the parameter ao, (o), within the exponential sec-
tions of the a(E) spectra are estimated; they turned out significantly larger for Cqo films. The
long-wavelength edge of the spectra o(E) is approzimated by exponential dependences with the
parameters (ao), (Eq), and E,.

Keywords: film, absorption spectrum, approximation, Gaussian function, Cgo and Cro

fullerenes, Urbach energy, optical band gap.

1. Introduction

Fullerenes Cgy and Cro were discovered in 1985 [1]. A
Cgo molecule is a quasi-spherical cluster with I,
symmetry, which is formed by 12 pentagonal and
20 hexagonal faces with 60 carbon atoms at their
vertices. In a C7¢ molecule with Ds;, symmetry, two
hemispheres of the Cgg cluster are connected along
the equatorial line by means of a belt consisting of
5 additional benzene rings; as a result, a C7g molecule
has a quasi-ellipsoidal shape [2]. These materials are
widely used as electron acceptors in organic solar cells
[3]. In particular, Cgg was used in solar cells [4], pho-
tovoltaic devices [5], photocatalysts [6], photother-
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apy [7], and biosensors [8]. Cr¢ absorbs more strongly
in the long-wave spectral interval of 1.771-2.480 nm,
and it is suitable for replacing Cgg in solar cells [9].

The photoelectric properties of bulk heterojunc-
tions based on Cgy and Cr7¢ derivatives with non-
aromatic and tetracyclic aryl substituents (electron
acceptors) incorporated into the PTB7-Th polymer
matrix (an electron donor) were studied. The highest
performance was observed for the indicated deriva-
tives with monocyclic and bicyclic aromatic frag-
ments. In particular, the open circuit voltage V. was
equal to 0.8 V, and the short circuit current density
Jse to 10 mA /em? [10].

According to mass spectrometry data [11], dur-
ing the process of fullerene synthesis, molecules with
different numbers of carbon atoms are formed. The
main components of this mixture are the most stable
molecules Cgo and Crp. In work [12], the dynamics of
changes in the composition of Cgg/Crp films during
their thermal deposition in vacuum was studied using
the absorption spectra of Cgp, Crg, and the Cgo/Cro
mixture.
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Tauc et al. [13] described indirect electronic tran-
sitions between the extended energy states in the va-
lence and conduction bands of amorphous germanium
(a-Ge) films using the relationship w?ey ~ (hw—E,)?,
where w is the cyclic light frequency, €2 is the imag-
inary part of the complex dielectric function e, hw
is the energy of light photon, and E, is the opti-
cal band gap width. The value of E, was determined
by extrapolating the straight-line section in the de-
pendence hw(ez)'/? = f(hw) to the zero ordinate
value. Using the photothermal deflection and trans-
mission spectroscopy methods, the distribution of lo-
calized states in the band gap of the films of amor-
phous silicon-based alloys (hydrogenated a-SiC and
a-SiGe) 0.52-1.28 pm in thickness was studied. In
the dependence loga = f(hv), three regions in the
absorption edge of those films were distinguished:
the defect region (1.0-1.5 €V), the Urbach tail (1.5—
1.9 €V), and the region of transitions between the ex-
tended states near the edges of the valence and con-
duction bands (1.9-2.2 ¢V). For the a-SiC and a-SiGe
films, the values of E; and the Urbach energy E,, were
found to equal 1.79-2.17 ¢V and 58-115 meV, respec-
tively [14].

The absorption edge of Cgg films is similar to that
of the films based on amorphous Si (a-SiC and a-
Si:H). A vibronic structure (resonances at 1.51, 1.68,
1.83, 1.93, and 2.00 eV) was observed in the band
gap of Cgo films. For these films, £, = 1.64 eV and
E, = 61 meV [15,16]. The absorption edge of 1-pum
Cro films is similar to that of a-Si: H/SiN films 1.6 ym
in thickness. For Crg, the values £, = 1.65 eV and
FE,, = 55 meV were obtained, which are close to their
counterparts for a-Si: H/SIiN (1.66 eV and 69 meV, re-
spectively). In the photon energy interval E < 1.6 €V,
the Cro absorption shoulder at 1.5 €V is amazingly
similar to the absorption of dangling silicon bonds in
a-Si:H/SIN [17].

Under the external pressure action, an increase
in the magnitude and a red shift of the absorp-
tion edge in polycrystalline granules of the Cgo/Crg
mixture were observed. The value of E; decreases
at that and approaches zero at a pressure of
20.5 GPa. After removing this pressure, the absorp-
tion edge in those granules is restored to its orig-
inal form, which testifies to the absence of de-
struction of Cgg and Cry molecules. It is assumed
that, at pressures >21.5 GPa, Cgp/Cro granules may
have metallic conductivity [18]. For polycrystalline
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Cro granules, a red shift of the absorption edge wi-
thout changing its slope was observed at pressures
<10 GPa [19].

Cgo films are characterized by three phases exist-
ing at different temperatures, T": orientational frozen
phase 1 (T < 150 K), phase 2 with orientational dis-
order (150 K < T < 260 K), and phase 3 with free
rotation of Cgyp molecules (260 K < T' < 470 K). The
values of Fy and F, in Cgp films 1.0-8.5 um in thick-
ness do not change in phase 1, change slowly in phase
2, and change quickly in phase 3. In the 8.5-um Crq
film, when the temperature grew, the value of I, de-
creased and the value of E, increased in phases 2 and
3. The corresponding values were 1.6-1.7 eV and 30—
59 meV, respectively. The value of F, is strongly af-
fected by the orientational disorder of Cgy molecules,
whereas the O intercalation does not change it. This
fact means that the tail parameter F, is an intrinsic
characteristic of Cgo films [20].

Preparation conditions strongly affect the struc-
ture, optical properties, and mechanical stresses in
Cgo films. Comprehensive optical and electron micro-
scopic studies have shown that polycrystalline Cgg
films have a fundamental absorption edge at about
1.65 eV and the dependence of E, on the mechan-
ical stress magnitude P with dE,;/dP = —2.8x
x 10710 eV /Pa. In amorphous Cgq films, mechanical
stresses decrease, and the absorption edge is located
at about 2.2 eV [21].

In works [13-21], the long-wave absorption edge
was investigated, and the values of Fy and £, in Cgg
and Crg films with thicknesses d > 1 pm were de-
termined. However, there are no data on determining
the values of E, and E, in Cgp and Crq films with
thicknesses d < 1 pm. For submicron Cgy and Crg
films, such studies are challenging and necessary for
a deeper understanding of the operation of solar cells,
sensors, and other devices based on various compos-
ites including thin Cgg and Crg layers. The value of
FE,, governs the steepness of the long-wave absorption
edge, and it is required to assess the degree of struc-
turing in submicron Cgy and Cr films induced by
defect electronic states in the band gap. The value of
E,; makes it possible to estimate the possible value
of the absorption threshold for these films, which is
very important for determining the efficiency of light
energy conversion into electrical energy in solar cells
and other similar devices based on composites with
submicron Cgg and Crq layers.
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In this work, the values of E, and F,, in submicron
Cego and Crq films are determined for the first time
in order to reveal possible features in the absorption
edge behavior of those films. The absorption spectra
of Cgp and Cry films 20-5000 nm in thickness are
analyzed in order to determine the dependence of the
Eg4- and E,-values on the thickness of those films.

2. Direct and Indirect
Electronic Transitions and Optical
Band Gap in Semiconductors

According to the semiclassical theory, where the en-
ergy of electrons is quantized and photons are de-
scribed as classical electromagnetic waves, the transi-
tion rate (the probability of transition per unit time)
of an electron in a crystalline semiconductor from the
valence to the conduction band is determined by the
equation [22]

w= 2T |MEN (B) (1)

where M is the transition matrix element, N(FE) is
the total electron-hole density of states, and E =
= fw = hv is the photon energy. In the case of di-
rect (vertical) transition, the wave vector k of elec-
tron does not change. Then the absorption coefficient
a(E < Ey) =0 and

a(E > Ey) ~ (B~ E)'?, (2)

where F, is the optical bandgap width of crystalline
(polycrystalline) semiconductor. In this case, accord-
ing to relationship (2), the value of E; can be de-
termined by extrapolating the straight-line section of
the plot a? = f(E) to the point with the ordinate o?
= 0 and the abscissa E = E, [22, 23].

In the case of indirect (non-vertical) transition, the
wave vector k of electron changes. Then, with regard
for the law of conservation of momentum, the absorp-
tion of a photon by the electron is accompanied by
the absorption or emission of a phonon. The rate of
indirect transition W [Eq. (1)] is lower than that of
direct transition. The corresponding absorption coef-
ficient o = 0 at the photon energy £ < E;, and

a(E>E,) ~(E+hQ—E,)? (3)

where the term £ is the energy of the phonon at its
emission (+h£2) or absorption (—h€Q) [22, 24]. Since
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R} < E and taking into account that £ = hv, rela-
tionship (3) can be written in the form

a/? = A(hv — E,), (4)

where A is a constant. Therefore, according to
Eq. (4), the value of E, for indirect transitions in crys-
talline (polycrystalline) semiconductors can be deter-
mined by extrapolating the straight-line section of
the plot o'/? = f(hv) to a point with the ordinate
a'/?2 = 0 and the abscissa hv = E,. Below, for con-
venience, the method of determining the value of E,
according to Eq. (4) will be called classical.

The absorption edge in amorphous germanium
films is described by the Tauc relationship [13]

wieg ~ (hw — Eg)z. (5)

This relationship can be transformed into the equa-
tion

wey = Ay (hw — E,)?, (6)

where A; is a constant. The imaginary component
of the dielectric function equals €5 = 2nk, where n
and k are the refractive and absorption indices of
the medium, respectively. The absorption coefficient
of the medium equals a = 2wk/c, where c is the speed
of light in the medium [25]. After mathematical trans-
formations, we obtain that e2 = aen/w. Substituting
this expression for 5 into Eq. (6), taking into ac-
count that hw = hr, and, after some mathematical
transformations, we obtain:

(ahv)'’? = A (hv = By), (7)

where Ay = Ajh/(cn) is a constant. Equation (7) is
used to describe the absorption edge of indirect elec-
tronic transitions in amorphous semiconductors.
Another approach to describe indirect transitions
in amorphous semiconductors was proposed by Cody
et al. [26] on the basis of their assumption that the
transition dipole moment M [see Eq. (1)] is constant:

(a/hv)''* = A3 (hv — E,), (8)

where Ajz is a constant. Based on the methods of Tauc
and Cody, the value of E; can be determined by ex-
trapolating the straight-line sections of the plots of
Egs. (7) and (8) to the zero values of the ordinates
(ahv)'/? and (o/hw)'/2, respectively.
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The spectral edge of the absorption coefficient «
for amorphous semiconductors, in contrast to the
sharp edge for their crystalline counterparts, is broad,
and it can be conditionally divided into three re-
gions: a) interband absorption with o > 10* em™1,
b) an exponential region (the Urbach tail) with o =
= (1+10%) em~!, and c) a weak absorption tail with
a < 1 ecm™!. The Urbach edge is a result of the elec-
tronic transitions among defect states located in the
band gap near the upper edge of the valence band
and the lower edge of the conduction band. The weak
absorption tail may arise due to impurities. If we as-
sume that defect states in an amorphous semiconduc-
tor are approximately described by parabolic bands,
then the electron densities of states N(E) near the
edges of the valence and conduction bands can be ex-
trapolated deeper into the forbidden gap. Then E, =
= Fcopt — Fyopt, Where E¢ope and Iy, ot are the min-
imum and maximum of the extrapolated parabolic
density bands near the conduction and valence band
edges, respectively [27, 28].

The Urbach absorption tail is described by the fol-
lowing functional dependence [27]:

F—-F
o = ao exp( - ) (9)

where q is a constant (measured in cm~! units), and
E, is the Urbach energy. After taking the logarithm
of Eq. (9), we obtain
E-F

1 =1 —a

og o ogozo+Eu 10’

where In10 ~ 2.3026. Then, for two values, a(Es)
and a(FE7), the difference

E—-F
log a(Ez) —loga(Ey) = Ma
. u

and
By — By

E, = .
Y 2.3026 [log a(Fs) —loga(F)]

(10)

So, the Urbach energy E, is numerically equal to or
inverse of the tangent of the slope angle of the straight
section in the plot loga = f(F) extrapolated to the
ordinate or the abscissa axis, respectively.

In work [22], the a(E) spectra of Si, Ge, and
GaAs crystals, powders, and amorphous specimens
were studied in detail. The calculation of E, for those
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semiconductors was carried out by analyzing the de-
pendences of a (linear regression), o, a'/2, (a B)'/2,
and (a/E)'/? of the photon energy E, as well as us-
ing other methods. A new methodology for determin-
ing E, via approximating the spectrum a(E) by the
sigmoid-Boltzmann function was proposed.

In recent decades, the Tauc method became pop-
ular for studying direct and indirect transitions
in crystalline and polycrystalline semiconductors. A
necessary condition for using this method consists
in that the absorption edge should be formed by
only one interband transition between the parabolic
bands. Quantum materials of various dimensions
(two-dimensional, one-dimensional, and point-like)
cannot be studied making use of the Tauc method,
because they have strong band tails that overlap the
fundamental absorption [27].

In this work, formulas (4), (7), (8) and (10) were
used to determine the values of E, and £, in Cgo and
Cro films with various thicknesses.

3. Absorption Spectra of Cgg and Crg
Fullerene Films with Various Thicknesses

In works [9, 15-17, 20, 29|, the original absorption
spectra of Cgg and Crq films with various thicknesses
were presented in the coordinates D vs E, log D vs E,
and log o vs E/, where D is the optical density, « is the
absorption coefficient, and E is the photon energy. In
this work, these spectra were transformed to the co-
ordinates D vs ¥ and reduced to the initial Dy-values
within an interval from 0.001 to 0.005. Afterward, the
reduced spectra D(F) were recalculated into the co-
ordinates o vs E. In our opinion, the spectra a(F)
are more informative. For all those transformations,
the computer program Origin was applied.

In work [12], the absorption spectra of Cgg and Crg
films 20 nm in thickness were approximated by Gaus-
sian functions within the interval of 1.4-6.2 eV. For
the Cgp film, absorption bands at 1.999, 2.469 (the
shoulder), and 2.774 eV were observed within the
long-wavelength region of 1.4-3.0 V. They were iden-
tified as the h, — t1, transition (the first band)
and two h, — ti4 transitions (the second and third
bands). The absorption spectra of the Cry film in
the interval of 1.4-3.0 eV revealed a broad band at
2.344 €V (the ef — af transition) and weak bands
(shoulders) at 1.889 €V (the ef — efor af — af
transition), 2.022 €V (a vibronic repetition of the
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1.889-eV band with an intramolecular frequency of
1073 cm~1), and 2.176 eV (the a} — €/ transition).

At the photon energy F = 1.999 eV (the region
of h, — t1, transition), the following values of the
effective absorption coefficient o were obtained for
Cgo films with thicknesses of 20, 70, 900, ~1000,
and 5000 nm: 8.88 x 103, 6.33 x 103, 3.18 x 103,
0.85 x 10, and 6.60 x 10® cm™!, respectively (see
Fig. 1, curves I to 5, respectively). A comparison of
these spectra shows that the values of a decrease
with the increasing thickness of the Cgg films, i.e.,
the Bouguer—Lambert law is not fulfilled (curves 1 to
4). For the 5000-nm Cgp film (curve 5), the value of a
is larger than that for the Cgq films with thicknesses
of 900 and ~1000 nm (curves 3 and 4, respectively),
and it is close to that for the Cgg film with a thick-
ness of 70 nm at £ = 1.999 ¢V (curve 2). The val-
ues of « for the Cgo films with thicknesses of 20 and
70 nm are identical and equal to 3.17 x 10% cm™! at
E =1.796 €V (curves I and 8). An analysis of the ab-
sorption spectra D(E) (they are not presented in this
work) showed that the optical density D of Cgp films
with a thickness of ~1000 nm is lower than that of
900-nm Cgo films. These facts testify that the thick-
ness of ~1000 nm was overestimated for Cgg films in
works [15, 16]. Provided that the Bouguer—Lambert
law is obeyed, it should be equal to 241 nm instead
of the reported Cgo film thickness of 900 nm.

At the photon energy F = 1.999 eV (the region
of the af — af transition), the following values of
« were obtained for Crq films with thicknesses of 20,
160, ~1000, and 1000 nm: 36.44 x 103, 19.32 x 103,
2.96 x 103, and 12.86 x 103 cm™!, respectively (see
Fig. 2, curves 1 to 4, respectively). A decrease in the
absorption coefficient « is observed, as the thickness
of the Cyy films increases from 20 to 1000 nm; i.e.,
the Bouguer-Lambert law is not obeyed, similarly to
the Cgg films. The thickness value of ~1000 nm for
the Crg film in works [15, 16] was overestimated. Our
estimates showed that if the Bouguer-Lambert law is
fulfilled, then, for the 1000-nm Cr( film (curve 4), it
should be equal to 230 nm. For the Cgg and Crq films
with a thickness of 20 nm, the absorption coefficient
a of the second film is 4.1 times larger, which testifies
to a stronger absorption in the Crg films in the long-
wavelength interval of 1.6-2.1 eV.

In work [15], bands at 1.51, 1.68, 1.83, 1.93, and
2.00 eV were observed at the long-wavelength edge
of the absorption spectrum loga = f(FE) of the
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Fig. 1. Long-wavelength edges of the spectra of absorption
coefficient o for Cgp films with thicknesses of 20, 70, 900,
~1000, and 5000 nm (curves I to 5, respectively). The curves
were plotted on the basis of original spectra taken from works
[9] (curve 1), [29] (curves 2 and 3), [16] (curve 4), and [20]
(curve 5)
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Fig. 2. Long-wavelength edges of the spectra of absorption
coefficient « for Crq films with thicknesses of 20, 160, ~1000,
and 1000 nm (curves I to 4, respectively). The curves were

plotted on the basis of original spectra taken from works [9]
(curve 1), [17] (curves 2 and 4), and [16] (curve 3)

Cego film with a thickness of ~1000 nm. It was as-
sumed that these bands form a vibronic progression,
with the 0 — 0 transition at 1.51 eV [15]. In or-
der to confirm this assumption, we have studied here
the long-wavelength edge of the absorption spectrum
loga = f(FE) of the 5000 -nm Cgp film, for which
this structure should better manifest itself. The corre-
sponding absorption spectrum, the baseline, and their
difference are shown in Fig. 3, a (curves 1, 2, and 3,
respectively). Curve 8 was approximated using Gaus-
sian functions, and the bands at 1.536, 1.640, 1.757,
1.855, and 1.939 eV are obtained (Fig. 3, b), which
are close by their positions to the above bands, ex-
cept for the band at 2.00 eV. The 2.00-eV band was
observed in the absorption spectra of Cgg films with
smaller thicknesses and is close by its position to the
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Fig. 3. Fitting of the long-wavelength edge of the spectrum
of absorption coefficient a for the 5000-nm Cgg film. Original
spectrum, its baseline, and their difference are shown in the
inset by curves 1 to 3, respectively. All dependences are plotted
in the semi-logarithmic scale.
taken from work [20]

Initial data for curve 1 were
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Fig. 4. Long-wavelength edges of the spectra of absorption
coefficient a for Cgg films with thicknesses of 20, 70, 900,
~1000, and 5000 nm (curves I to 5, respectively) in the semi-
logarithmic scale. The short-dashed line demonstrates the
straight-line fitting of the exponential section in curve 4. Ini-
tial data for curve 1 were taken from work [9], for curves 2 and

3 from work [29], for curve 4 from work [16], and for curve 5
from work [20]

energy of 1.999 eV of the singlet h, — t1, transition
[12]. The 1.536-eV band is close, by its position, to
the energy of 0 — 0 triplet exciton Cgg, which equals
1.50 €V [30]. Taking into account these data, it can
be assumed that the long-wavelength absorption edge
of Cgp films is formed as a result of the superposition
of the bands of triplet exciton vibronic progression
at 1.536, 1.640, 1.757, 1.855, and 1.939 eV and the
singlet exciton band at 1.999 eV.

The above-described reduction of the absorption
coeflicient o with the increasing thickness of the Cgg
and Crg films occurs due to the following reasons:
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a) the measurement accuracy of the film thickness
in works [9, 15-17, 20, 29| was different, and b) the
effective absorption decreases due to the increasing
concentration of various molecular aggregates in the
films with larger thicknesses. A detailed analysis of
these reasons is not the aim of this work and may be
the subject of a further research.

4. Determination of the Urbach Energy
E, From the Spectra of the Absorption
Coefficient o« for Cgg and Crg Films
with Vrious Thicknesses

The Urbach energy E, is an important characteris-
tic of Cgg and Crg films. Its value can be used to
determine the steepness of the long-wave absorption
edge and assess the degree of structure ordering in
these films.

To determine the value of E,, Eq. (10) and the re-
sults of the straight-line approximation of the expo-
nential sections in the «a(FE) spectra using the Ori-
gin program were applied. The absorption spectra
log a(FE) of Cgg films with thicknesses of 20, 70, 900,
~1000, and 5000 nm are shown in Fig. 4 (curves I to
5, respectively). On the semi-logarithmic scale, the
exponential sections in those plots are observed as
straight lines for all examined Cgg films. For exam-
ple, the short-dashed line corresponds to an extrap-
olated straight-line approximation of curve 4. The
log a(E) plots for the Cgp films with thicknesses of
~1000 and 5000 nm (curves 4 and 5, respectively)
have S-like profiles. Three regions are observed in
these plots: the beginning of weak absorption (E <
< 1.63 eV, log a(E) < 1.26 a.u.), exponential absorp-
tion (1.63 eV < E < 1.89 eV, 1.26 a.u < loga(E) <
< 2.62 a.u.), and absorption at the h, — t1,, transi-
tion (1.89 eV < E < 2.000 eV, 2.62 a.u. < loga(E) <
< 3.81 au).

The corresponding yield spectra were measured us-
ing the optical transmission and photothermal de-
flection spectroscopy methods [16, 20]. The latter
method is more sensitive in the long-wavelength spec-
tral interval and allows more accurate measurements
to be carried out in the weak and exponential absorp-
tion spectral intervals of those films. The absorption
spectra of the films 20, 70, and 900 nm in thickness
(curves 1 to 3, respectively) were measured only us-
ing the optical transmission spectroscopy method [9,
29]. For these films, the second and third absorption
intervals were observed in this work.
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Table 1. Values of optical band gap Eg4, Urbach energy E,,
and parameter (o) for Ceo and Crg fullerene films with various thicknesses

Eg4, eV
Fullerene | d, nm i (Eg), eV | Ey, MeV | logai, a.u. | logaz, a.u. | By, eV | B2, eV | (ag), cm™!
(a*E)O’S (a)O,S (Oz/E)O’S
Cso 20 1.596 1.586 1.576 1.586 82 2.700 3.502 1.645 1.796 244.71
70 1.637 1.632 1.625 1.631 66 2.464 3.387 1.645 1.785 235.92
900 1.653 1.649 1.645 1.649 60 1.722 2.923 1.645 1.811 56.32
~1000 1.665 1.658 1.651 1.658 81 1.276 2.439 1.638 1.856 24.00
5000 1.675 1.675 1.672 1.674 35 1.215 2.889 1.632 1.767 54.40
Cro 20 1.663 1.652 1.640 1.652 79 2.805 4.037 1.614 1.837 1039.79
160 1.604 1.595 1.582 1.594 77 2.442 3.758 1.562 1.795 420.14
~1000 1.662 1.637 1.608 1.636 79 1.002 2.811 1.492 1.808 67.77
1000 1.683 1.678 1.673 1.678 57 2.410 3.526 1.673 1.820 279.31

The value of E, was determined from the slope
of the extrapolated approximation straight lines ac-
cording to Eq. (10). The following values of FE, are
obtained for the Cgg films with thicknesses of 20,
70, 900, ~1000, and 5000 nm: 82, 66, 60, 81,
and 35 meV, respectively. A decrease in the value
of E, may indicate a decrease in the concentration
of defect states in the band gap and, accordingly,
an increase in the structure ordering degree in the
Cgo films, as their thickness increases from 20 to
5000 nm.

Figure 5 demonstrates the log a(F) spectra of the
Crp films with various thicknesses. The values of F,,
for the Crg film ~1000 nm in thickness were de-
termined within the photon energy intervals F =
=1.492+1.618 and (1.492+1.808) eV (curve 3);
the obtained values were 61 and 79 meV, respec-
tively. The former value coincides with that for the
Cgo film with a thickness of ~1000 nm, which was
obtained in works [15, 16]. In this work, the value
of 79 meV, which was determined in a wider photon
energy interval, was used for the analysis. Thus, the
values of E, are equal to 79, 77, 79, and 57 meV for
the Crq films with thicknesses of 20, 160, ~1000, and
1000 nm, respectively (curves I to 4, respectively);
i.e., E, also decreases, as the thickness of Crofilms
increases from 20 to 1000 nm. Exceptions are the
Cgo and Crg films with a thickness of ~1000 nm,
for which E, = 81 and 79 meV respectively. It can
be assumed that thermally deposited Cgy films with
a lower degree of structural ordering were studied in
works [15, 16].
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The values of F, and the coordinates of the begin-
ning, (F1,log 1), and end, (Es,log as), points of the
coincidence of the extrapolated straight-line approxi-
mations with the plots loga = f(E) for all examined
Cgo and Crq films are quoted in Table 1. It is found
that the values of E,, determined using Eq. (10) and
the straight-line approximation in the Origin program
practically coincide for all films. For the straight-line
approximation, the relative measurement error of F,,
for the Cgg and Crq films did not exceed 5%, with
the correlation coefficient greater than 0.995. In this
work, the values of E,, for all those films are obtained
at Do within an interval from 0.001 to 0.005.

loga, a.u.

14 16 18 20 22 24
E, eV

Fig. 5. Long-wavelength edges of the spectra of absorption co-
efficient « for Crg films with thicknesses of 20, 160, ~1000, and
1000 nm (curves I to 4, respectively) in the semi-logarithmic
scale. The dashed line demonstrates the straight-line fitting
of the exponential section in curve 4. Initial data for curve 1
were taken from work [9], for curves 2 and & from work [17],
and for curve 4 from work [16]
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5. Determination of the Optical
Bandgap width Eg in Cgp and Crg Films

It was shown above that the value of the optical
bandgap width E, for indirect electronic transitions
in amorphous and glassy semiconductors is deter-
mined using the Tauc and Cody methods by extrap-
olating the straight-line sections of the dependences
of (ozE)l/2 and (a/ E)'/2, respectively, on the photon
energy E to the zero ordinate values. The values of
the corresponding abscissa values determine the value
of E,. To find the value of F, for indirect electronic
transitions in crystalline and polycrystalline semicon-
ductors, the dependence a'/? = f(E) is applied (ear-
lier, we conditionally called this method classical).
The dependences of the quantities (« E)I/Q, al/?,
and (a/E)'/? on the photon energy E were plotted

150 , /./l (G.*E)o's
100+ —o—* (a)*°
%,;;'«H—‘ (a/E)°*®
50 ‘J(AKA(A"
0 f,/
16 18 2.0 2.2
E, eV

/2 1/2

Fig. 6. Dependences of the quantities (a E)
(oz/E)l/2 on the incident photon energy E for the long-
wavelength edge of the absorption spectrum for the 20-nm Cgg
film. The y-axis numerical scale is the same for all plots. The
values of o and E, are measured in cm~! and eV units, re-

a/#, and

spectively

500

* 0,5
400 )

300 (@

2001
(/E)™®

100+

0

16 18 20 22 24 26
E, eV
Fig. 7. The same as in Fig. 6, but for the 20-nm Cr¢ film
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on the basis of Egs. (7), (4), and (8), respectively. For
the Cgo film with a thickness of 20 nm, these plots to-
gether with their extrapolated straight-line sections
are shown in Fig. 6. The value of E, was determined
by extrapolating the straight-line section of the plot
until it intersects the horizontal line with zero ordi-
nate. The following values of E,; were obtained as the
abscissas of those points: 1.596 eV for the function
(o E)'/? (the Tauc method), 1.586 eV for the function
a'/? (the classical method), and 1.576 eV for the func-
tion (a/E)'/? (the Cody method). The largest value
of F, is given by the Tauc method, the intermediate
one by the classical method, and the smallest one by
the Cody method. The value (E,;) = 1.586 €V is the
average of the E; values obtained in all three meth-
ods. It practically coincides with the Fg-value deter-
mined in the framework of the classical method. The
relative deviations of the Eg-values from (E,) are
0.63%, 0.00%, and —0.63%, respectively.

The plots of the quantities (a E)'/2, o'/2, and
(a/E)Y/? on E for the 20-nm Cyq film are shown
in Fig. 7. The corresponding values obtained for E,
are 1.663, 1.652, and 1.640 eV. The relative devia-
tions of the Eg-values from (E,) = 1.625 €V for the
three methods are 0.67%, 0.00%, and —0.73%, re-
spectively. A comparison demonstrates that the devi-
ations of the F¢-values obtained in all three methods
from (E,) are close by magnitude for the Cgo and
C70 films.

The value of (Ey) for the Cgq films increases from
1.586 to 1.674 eV as the film thickness increases from
20 to 5000 nm. For the Crg films, the (E;)-value in-
creases from 1.594 to 1.678 eV, as their thickness in-
creases from 160 to 1000 nm. An exception is the Crq
film with a thickness of 20 nm, for which F, is larger
and is equal to 1.652 eV. If this value is considered
as invalid, then it can be stated that the value of E,
also increases with the growth of the Cr7g film thick-
ness from 20 to 1000 nm.

According to the results of the straight-line approx-
imation in the Origin program, the relative measure-
ment error of £, in all Csp and Cro films did not
exceed 5%, with the correlation coefficient being of
at least 0.992. Therefore, the (Ej)-values for the Cgg
and Crg films are close by magnitude and increase
with the growth of film thickness within the intervals
of 20-5000 and 20-1000 nm, respectively.

Electron microscopic studies of the structure of
the 195-nm films of the Cgp/Crg mixture showed
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that it depends on the substrate type, being pre-
dominantly amorphous and filled with interspersed
rounded and needle-shaped crystallites 50-200 nm in
dimension [12]. Taking all that into account, it can
be stated that, with the growth of the Cgg and Crg
film thickness, the intensity of crystallite formation,
which is governed by the van der Waals interaction
between the Cgg and Crg molecules, increases in those
layers of the indicated films that are remote from the
substrate. As a result, the relative mass of the crys-
talline phase increases in the Cgg and Crq films with
larger thicknesses. The crystalline phase is character-
ized by a steeper slope of the long-wave absorption
edge (a smaller value of E,) and a larger value of
E, in comparison with the amorphous phase. The-
refore, the growth of the structural ordering degree
(the reduction of the E,-value), which was described
above, and the growth of the Eg-value as the thick-
ness of the Cgg and Crg films increases occur due to
the enlargement of the crystalline phase contribution
to light absorption in those films.

6. Determination of the Parameter
() for Cgp and Cro films

After taking the logarithm of Eq. (9) and substituting
E, by (E,), we obtain

E—(E,)
2.3026 B,

where the photon energy E belongs to the abscissa
interval [Eq, E5] where the extrapolated straight-line
approximations and the exponential sections of the
dependences loga = f(E) coincide. After exponen-
tiating formula (11), we find the value of ag. Accor-
ding to Eq. (11), the parameter log (o) = log g
(i.e., E = (E,)) on the plot loga = f(E) if (Ey)
belongs to the interval [E7, F5]. This method can be
conditionally called the direct potentiation. If (E,)
does not belong to the interval [E, Es], then it is
necessary to calculate the value of ag using Eq. (11)
where the photon energy E is taken from the interval
[E1, Es]. By averaging those data, the average value
(o) of the quantity ap was determined.

An analysis of the data quoted in Table 1 showed
that (E,) belongs to the interval [E4, Es] for the Cgo
films with thicknesses of ~1000 and 5000 nm, and
all Crg films. In this case, the {ag)-value can be de-
termined by means of the direct potentiation oper-
ation. For example, the direct potentiation brought

log ag = log o — (11)
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Fig. 8. The spectrum of absorption coefficient « for the 5000-
nm Cgo film (solid curves) and its approximation by exponen-
tial curves (dashed curves): in the interval of 1.414-1.822 eV
and (inset) 1.414-1.654 eV. Initial data for the spectrum were
taken from work [20]

us to the values ap = 23.83 and 54.12 cm ™!, which
are close by magnitude to the values (o) = 24.00 and
54.40 cm~! (see Table 1) calculated using Eq. (11) for
the Cgp films with thicknesses of ~1000 and 5000 nm,
respectively. The relative difference (g — (o)) /{ao)
for those films equals —0.7% and —0.5%, respectively.

As an example, in Fig. 8, the long-wavelength edge
spectrum of the absorption coefficient a of the 5000-
nm Cgg film (the solid curve) is approximated by
an exponential function (the dashed curve) calcu-
lated according to Eq. (11) with the following pa-
rameters: (qp) = 54.40 cm™ !, (E,) = 1.674 €V, and
E, = 0.035 eV. One can see that the exponential
curve and the spectrum «(F) coincide in the interval
of photon energies £ = (1.632+1.767) eV. Beyond
this interval, the exponential curve passes below or
above the spectrum « (the inset in Fig. 8 or Fig. 8
itself, respectively). The same is valid for the spec-
tra a(F) of the Cgp and Cyy films with the thick-
nesses d > 1 pm if those spectra are approximated by
exponential curves with the parameters (o), (Eq),
and FE, that are characteristic of these films (see Ta-
ble 1). It was found that for the submicron Cgy and
Crp films, the approximated exponential curves coin-
cide with the corresponding spectra a(F) in the in-
tervals By < F < FE5 and pass above them if £ > Fs.

The interval of weak absorption (1.4-1.6 €V) in
the oroginal spectra of submicron Cgy and Crg films
was shown in works [17, 29] as a horizontal straight
line. This interval corresponds to the condition E <
< E;. We may assume that for submicron Cgy and
Cro films, the approximated exponential curve for
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this interval will pass below the spectrum «(FE), as in
the case of the 5000-nm Cg film (Fig. 8, the inset).

7. Comparison of the E4- and E,-Values
Obtained in This Work for Cgg and Crg
Films with Various Thicknesses

and the Corresponding Literature Data

The focus of scientific interest is to analyze the de-
pendence of the Fy- and E,-values on the thickness
of Cgp and Cr( films. Three methods for determining
the value of £, have been proposed under the com-
mon name “Tauc equation”. They are distinguished
by the quantity—(a E)'/2, a'/?, or (a/E)'/?-whose
dependence on the incident photon energy FE = hv
is considered [17]. In this work, these methods corre-
spond to Egs. (7), (4), and (8), and, according to the
data of work [22], are classified as the Tauc, classical,
or Cody methods, respectively.

In this work, the values of F; and E,, for Cgg films
with thicknesses of 20, 70, and 900 nm and Cr( films
with thicknesses of 20 and 160 nm were determined
for the first time. For the examined Cgq films, the
average value (F,) was found to equal 1.586, 1.631,
and 1.649 eV, respectively, and the parameter E, to
82, 66, and 60 meV, respectively. The (E,)-values for
the Crq films with submicron thickness are 1.652 and
1.594 eV, and the E,-value are 79 and 77 meV, re-
spectively (see Table 1).

The literature data and the results obtained of
this work for Cgg and Crq films are compared in Ta-

Table 2. Comparison of literature
and experimental E4, and E, data for Cgo
and Crg films with various thicknesses

Fulle- Diffe- | E,, | Diffe-
rene d, nm Eg, eV rence, % |MeV |rence, %
Ceo |~1000 (1.658) 81

~1000 [15, 16] 1.640 | -1.1 | 61 | -24.7

5000 (1.674) 35

5000 [20] 1.650 -14 37 5.7
Cro | 1000 (Tauc) 1.683 57

1000 (Tauc) [17] 1.660 | -1.7 | 55 | -3.5

1000 (classical) | 1.678 57

1000 (classical) [17]| 1.650 | -1.7 | 55 | -3.5

1000 (Cody) 1.673 57

1000 (Cody) [17] | 1.640 | 2.0 | 55 | -3.5

~ 1000 (1.636) 79

~1000 [16] ~1.500 | -8.31 - -
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ble 2. The results obtained of this work are shown in
bold italics. In works [15, 16], the values of E, and E,,
for the Cgo film with a thickness of ~1000 nm were
equal to 1.640 eV and 61 meV, respectively. These val-
ues are 1.1% and 24.7%, respectively, smaller than the
corresponding values obtained in this work: 1.658 eV
(the average value) and 81 meV, respectively. For
the 5000-nm Cgo film, the values of E, and E, re-
ported in work [20] are 1.650 €V and 37 meV, respec-
tively. These values differ by —1.4% and 5.7% from
the values obtained in this work, namely, 1.674 eV
(the average value) and 35 meV, respectively.

For the C;( film with a thickness of 1000 nm, the
E4-values were determined using the Tauc, classical,
and Cody methods. The corresponding obtained val-
ues are 1.660, 1.650, and 1.640 ¢V [17], which are
1.7%, 1.7%, and 2.0% smaller than their counterparts
obtained in this work 1.683, 1.678, and 1.673 €V, re-
spectively. The value E,, = 55 meV obtained in work
[17] is 3.5% smaller than the value E, = 57 meV ob-
tained in this work. For the Crq film with a thickness
of ~ 1000 nm, the estimated value of I/, was about
1.5 €V [16], which is 8.31% smaller than the value ob-
tained in this work: (Ey) = 1.636 V. In work [16],
the value of F,, for C7g films was not determined. In
this work, F,, = 79 meV.

Thus, the values of E, obtained in this work are
in good agreement with the corresponding literature
data. Their relative difference did not exceed 2.0%,
if we omit the relative difference of 8.31% for the es-
timated value E, ~ 1.5 eV for the Cr film with a
thickness of ~1000 nm.

The values of E, are in satisfactory agreement
for the Cgg films with thicknesses of 5000 and
1000 nm (the relative difference is 5.7% and —3.5%,
respectively). For the Cgp film with a thickness of
~1000 nm, the relative difference for F, is significant
and equals —24.7%.

8. Conclusions

The long-wavelength edge of the spectra of the ab-
sorption coeflicient «(E) in the spectral interval F =
= (1.492+-2.605) €V for the films of fullerenes Cgp and
Cro with thicknesses ranging within an interval of 20—
5000 nm has been studied in detail.

The values E, and E,, for the Cgg films with thick-
nesses of 20, 70, and 900 nm and the Crg films with
thicknesses of 20 and 160 nm are determined for the
first time. For the indicated Cgo films, the average
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value of E, is (E,) = 1.586, 1.631, and 1.649 eV,
respectively; and F, = 82, 66, and 60 meV, respec-
tively. The (E,)-values for the Crq films with submi-
cron thicknesses are 1.652 and 1.594 eV, respectively;
and the E,-values are 79 and 77 meV, respectively.

Based on the results obtained in this work and the
literature data, it is found that the value of FE,, de-
creases and the value of F, increases as the thick-
nesses of the Cgp and Cyry films grow from 20 to
5000 nm and from 20 to 1000 nm, respectively. This
fact testifies to the growth of the structural order-
ing degree and the enhancement of the contribution
made by the crystalline phase to the light absorption
in those films.

For the Cgp and Cyg films, the largest, intermedi-
ate, and smallest values of the optical bandgap width
E, were obtained using the Taus, classical, and Cody
methods, respectively. Their average value (E,) coin-
cides with the Ej-value obtained using the classical
method.

The average values of the parameter ag are eval-
uated for the exponential sections in the long-
wavelength edge of the spectra a(FE), and they are
found to be substantially larger for the Crq films. This
is a result of the stronger absorption by C7¢ molecules
than by Cgo ones. The value of log («g) is equal to
the ordinate of a point with the abscissa E = (E;)
provided that the (E,)-value falls within the abscissa
interval [E1, Es] of the points where the straight-line
approximations and the exponential parts of the spec-
tra log a(E) coincide.

The long-wavelength edge of the spectra a(FE) were
approximated by exponential curves with the param-
eters (o), (Eq), and E,. It is found that for all Cgq
and Cyq films, the approximating exponential curve
coincides with the spectrum «(F) at the photon ener-
gies F1 < FE < F5 and passes above it at £ > Fs. For
the Cgp and Crg films with the thicknesses d > 1 um,
this exponential curve is located below the spectrum
a(E) at E < Ejy.
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M.II. INopiwrut

BU3HAYEHHS EHEPI'II YVPBAXA E,

I OIITUYHOI ITNPUHU 3ABOPOHEHOI 30HU E,
CYBMIKPOHHUX IIJIIBOK ®YJIEPEHIB Cgo i Cro.
3AJIE2KHOCTI E,, I E, IUX TIJIIBOK BIJI IX

TOBILIMHU B ATAITASOHI 20-5000 HM

JleTaspHO HOCTIPKEHO NOBIOXBU/ILOBUI Kpail CIEKTPiB Koedi-
nienTa norsinHaHHA o TWIBOK dynepenis Cgp 1 Crp TOBIUHOIO
20-5000 M B obsiacti 1,492—2,605 eB. Brepiie Busnaueno Be-
JINYMHYU OIIPUHA ONTHYHOI 3aboponeHoi 30uu Ey i enepril Yp-
6axa FE, cybmikpounmnx miiBok Cgo i Crg. Beranosiieno, 1o
BenuuuHa, [y, 3MEHIIyeThCH, a BeaudnHa [y 36imbnryerses mpu
3pocranni ToBimHK mIiBok Cgo i Crg Big 20 g0 5000 uM i Bijg,
20 mo 1000 uM Bigmosigxo. Haitbinbure, mpomikHe i HafiMeHIIIe
snavennsa Ey mmisok Cego i Cro omepkano meromamu Tayka,
knacmananM 1 Koni sinmosingno. Cepenne suadenus (Eg) cnis-
najae 3 BesinunHow Ey s knacuanoro meromy. Orineno ce-
pesHi BeIMUnHE IapamMerpa ((p) eKCIIOHEHIIAIbHUX JiIbHULb
JIOBrOXBHJIOBUX KpaiioBux crekrtpiB a(FE), ki 3HauHOo Glibri
i wiBok Cro. Josroxsuibosi Kpaitosi cnekrpu o E) amnpo-
KCHMOBAHO €KCIIOHEHI[aJIbHUMU JIHIsAME 3 apaMeTpamu (ag),
(Eg) i Ey.

Katowoei cao06a: CHEKTD IOIVIMHAHHS, allpDOKCUMAaIlist, QyH-
kuiz Tayca, dynepenn Cgog i Cro, enepris Ypbaxa, omruuna
mupuHa 3a00POHEHOT 30HU.
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