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This study investigates the compound CdI,, which is active-
ly used as a component in scintillation detectors for the detection
of alpha-particle radiation. The research addresses the task to cor-
relate experimental results with theoretically determined parameters
of CdI, films. One of the primary objectives for studying this com-
pound is to determine its electronic structure and optical properties.

The CdI; thick film was obtained by cleaving from a bulk sam-
ple. The average thickness of the Cdl, thick film is 2 um. The optical
properties of CdI, thick film were investigated by optical absorption
spectra. The absorption spectrum fitting method was applied to
estimate the optical band gap and Urbach energy of the Cdl, thick
film. This method requires only the measurement of the absorbance
spectrum, and no additional information, such as the film thickness
or reflectance spectra. The optical band gaps and Urbach energy
obtained for the CdlI thick film are 3.05 eV and 5.17 eV, respectively.

Electronic band structure and energy properties were studied
for CdI,. We calculated the electron dispersion at high symmetry
directions of the Brillouin zone and density of electron estimated
with the generalized gradient approximation (GGA). A Perdew-
Burke-Ernzerhof functional for solids (PBEsol) was applied.
Based on the dispersion of energy bands, the predominant type of
conductivity in the studied materials was determined.

Consistency of theoretical and experimental parameters
exceeds that reported in previous studies, which supports the use of
CdI; as a model compound, especially in the search and design of
novel crystalline materials. The established parameters could be
used in the development of components for a scintillation detector
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1. Introduction

Semiconductor compounds are actively used as com-
ponents in devices for various industries. Semiconductor
compounds are investigated by various experimental and
theoretical methods [1]. Given the experimental conditions
and limitations of some research methodologies, scientists
are increasingly turning to theoretical calculation meth-
ods. For example, in work [2], the optical properties of the
semiconductor compound Rb,SO, are studied. It should
be noted that the authors were unable to experimentally
determine the value of the band gap for Rb,SO, [2]. In-
stead, the use of the theoretical research method (density
functional theory) allowed us to determine this param-
eter (band gap) [2]. A similar case was observed in the
study of the compound T1,Pbls; a discrepancy was found
between the experimentally determined and theoretically
calculated band gap [3]. Taking into account the informa-
tion reported in papers [1-4], we note the effectiveness of
using the calculation method within the framework of the
density functional theory. Deviations from the determined
optical and energy parameters in comparison with the ex-
perimental results were found in [1-4].

Attention to investigating the physical properties of
layered crystalline semiconductor compounds (CdI, [5],
CdBr; [6], Pbl, [7]) is high. Traditional crystals with heavy
cations, including CdI,, can be used as modeling samples, in
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particular for the search and design of new crystals [8]. They
have a rare coexistence of ionic and covalent chemical bonds,
which in turn affects the anisotropy of effective masses and
the mobility of charge carriers [8].

Layered CdI, crystals have been practically applied as
components for scintillation detectors, phosphors, materials
for memory elements, lithography, and others [9]. This class
of binary semiconductor compounds (CdI,, Pbl,, and others)
has promising optical parameters. The unit cell of the CdI,
layer contains three monolayers of I-Cd-I atoms, which are
interconnected by a strong ionic-covalent bond. It should be
noted that weak Van der Waals forces exist between their lay-
ers. In study [10], the existence of about 250 polytypes of the
CdI, compound was reported. In particular, the formation
of the polytype is influenced by the synthesis method. CdI,
crystals are most often grown by the method of crystalliza-
tion from the melt, vapor phase, and also by chemical deposi-
tion of thin films on various types of substrates.

Taking into account the above considerations, it should
be noted that one of the current applied and fundamental
tasks of physical materials science is to establish the main
energy and optical properties of the CdI, compound. The
combination of complementary theoretical and experimental
research methods could allow for a comprehensive solution
to the tasks. Therefore, it is a relevant task to conduct a study
aimed at comparing the energy parameters established ex-
perimentally and theoretically for the CdlI, film.




2. Literature review and problem statement

The CdI, compound has been studied for a long time. The
main optical and energy properties depend on their synthesis
method. For a more accurate and detailed description of the
experimentally detected results, theoretical models are used
to interpret them. In particular, in [11], the study of the elec-
tronic and optical properties of Cdl, with different electric field
strengths, as well as the phonon energy spectrum, was carried
out. Calculations were performed using the generalized gradient
approximation (GGA) employing the Purdue-Burke-Ernzer-
hoff (PBE) functional, HSE06, PBE +SOC, HSE06+SOC. The
deviation of experimental parameters from the theoretically
determined ones was shown. In particular, the established band
gap for CdL,, by the GGA+PBE method, is 2.4645 eV [11]. In [11],
there are no experimental studies on the basic energy properties.

In [12], a similar calculation method (GGA+PBE) was
used to determine the electronic, optical, and thermodynamic
parameters similar to [11]. The basis of [12] is to establish the
influence of substituting Cd atoms for Zn, Ni, and Cu atoms on
the physical properties of the resulting compounds. One of the
basic energy parameters was determined, namely the band gap
width, which was 2.1 eV. However, this parameter is smaller
than the experimentally determined one (2.53 €V [12]).

In addition, theoretical studies on the energy properties
of the CdI, compound are reported in [13]. The GGA+PBE
method was used for the calculation; the dynamics of changes
in the main physical parameters depending on the number
of monolayers were established. The bandgap width was set
to 2.53 €V [13], the value of which differs from the experimen-
tally established one. The results of experimental studies on the
optical and structural properties of CdI, depending on the phys-
ical and technological parameters (film deposition temperature,
crystallite size, film thickness) are reported in [14]. The bandgap
value for a CdI, film with a thickness of ~500 nm was estab-
lished to be ~3.1 €V [14]. However, in [14] there is no information
on the optical, energy, and structural properties of thick CdlI,
films (thickness more than 1 um). Instead, films with a thick-
ness of 50-600 nm were studied. However, in [15], the change in
the optical band gap width in the range from 3.3 to 3.82 eV de-
pending on the film thickness was shown. The optical properties
of CdI, thin films in the thickness range d ~ 500-1500 nm were
studied [15]. The dependence of the direct-gap and indirect-gap
optical transition on the thickness of the CdI, film was described
in [16]. A value of 3.17 eV was obtained [16] for a CdI, film with a
thickness of 250 nm. However, in [16], the optical and structural
properties of Cdl, thin films with a thickness of 55 to 500 nm
were studied. In addition, in [14-16] there is no information
about the electronic energy spectrum of the CdI, compound.
The dependence of the band gap width on pressure for CdI, was
given in [17]. A decrease in the band gap width with increasing
pressure was found [17]. The band gap width value was deter-
mined to be E; =3.17 €V at a pressure of 0.6 GPa [17]. In [17],
there is no information on the optical properties of CdI, films
and no measurement of the optical absorption spectrum is given.

In [13], the electronic energy spectrum of the CdI, com-
pound under the action of hydrostatic pressure was calculated
using the GGA+PBE method. The bandgap width was deter-
mined to be 2.53 eV. This parameter shows a discrepancy with
the experimental results [14-17]. In addition, in [13], there is
no information on the experimental determination of the basic
energy parameters of the CdI, compound.

Therefore, summarizing the literature [6, 12, 13] on calcu-
lating the electronic energy spectrum of the CdI, compound, it

should be noted that the established energy parameters deviate
from the experimentally known data. In particular, this devi-
ation concerns the width of the forbidden zone (Eg). The use
of other pseudopotentials (for example: B3LYP, GGA+PBEsol,
HSEO06, or others), taking into account spin-orbit decoupling or
Hubbard corrections could lead to a higher convergence of the
energy parameters established experimentally and theoretically.
In addition, in the reviewed papers [11-17] there is no informa-
tion on the value of the Urbach energy for the CdI, compound.

All this gives grounds to argue that it is advisable to
conduct a study aimed at clarifying and establishing mutual
correlations between the optical and energy properties of the
CdI, film using experimental (optical spectroscopy) and the-
oretical (first-principles calculations) methods.

3. The aim and objectives of the study

The aim of our study was to determine the optical and ener-
gy parameters of the Cdl, film using optical absorption spectra
and the results from density functional theory (DFT) calcula-
tions. This could allow for a more accurate interpretation of the
results of experimental studies. Correlation between theoretical
calculations and experimental results might lead to the use of
the CdI, compound as a modeling sample, in particular for the
search and design of new crystals. From a practical point of
view, such an opportunity would have the advantage of reduc-
ing the time and financial costs of conducting research.

To achieve this aim, the following objectives were accom-
plished:

- to measure the optical absorption spectra of a thick CdI,
film (thickness ~2 pm);

- to determine the optical band gap (E,) and the Urbach
energy (Epy) using the absorption spectrum approximation
method;

- to calculate the electronic energy spectrum and elec-
tron density of states of CdI, using the generalized gradient
approximation (GGA) and the Purdue-Burke-Ernzerhoff
functional for solids (PBEsol).

4. The study materials and methods

The object of our study is the CdI, compound, which is
actively used as a component of scintillation detectors for
detecting a-particle radiation. The principal hypothesis of the
study is to verify the mutual correlation between the energy
properties of the CdI, film, which are established theoretical-
ly and experimentally.

Taking into account the data reported in [11-13], it was
assumed that the method of the density functional theory in
the general approximation (GGA) and the Purdue-Burke-Ern-
zerhoff functional for solids (PBEsol) could make it possible to
achieve a higher correlation of the energy parameters, which
are established theoretically and experimentally. In addition,
for experimental studies of the optical absorption spectrum,
a simplification was adopted, namely, not taking into account
the scattering of light (S) on the CdI, film. This is due to the
fact that this parameter S is proportional to A in magnitude
and its contribution is usually much weaker than absorption
and can be neglected.

The polycrystalline CdI, sample was synthesized by melt
crystallization. The starting material was a binary compound
CdI, (powder with a purity of ~98%), which was placed in



a quartz ampoule (@12 mm) and pumped using a forevac-
uum pump with a nitrogen trap to a residual pressure of
p ~ 1073 mm Hg. The ampoule was placed in a vertical furnace
with a temperature gradient AT / Al~ 1°C/mm. After synthe-
sis, the resulting polycrystalline CdI, compound was zone
purified in order to recrystallize and obtain a higher degree of
sample purity.

The CdI, film was obtained by splitting from a bulk sam-
ple (Fig. 1). The average thickness of the CdI, film is 2 um.
The spectral dependence of the optical absorption spectra of
the obtained CdI, film in the visible region (300-1000 nm
with a step of 0.5 nm) was studied at room temperature using
an AvaSpec-ULS2048-UA-50 spectrophotometer (Avantes).
The reference beam passed through a black plate, after which
a CdI, sample was placed on its surface.

Theoretical calculations were performed within the
framework of density functional theory (DFT). To calculate
the properties of CdI,, the crystal lattice shown in Fig. 2 was
used. The initial stage of the calculations involved optimiz-
ing the CdI, structure in accordance with the methodology
described in [18]. The following parameters of the optimized
structure were set: a = b = 4.288456 A, ¢ =49.433283 A,
V =787.321189 A3, a = f = 90°, y = 120°.

The GGA+PBEsol functional [19] was used to describe
the exchange-correlation energy of the electronic subsystem.
The plane wave cut-off energy was E.,.o;f = 660 V. The total
energy convergence was about 5 X 107® eV/atom. Integration
over the Brillouin zone (BZ) was performed ona4 x 4 x 1 grid
of k points according to the Monkhorst-Pack scheme. The
atomic coordinates and unit cell parameters were optimized
using the Broyden-Fletcher-Goldfarb-Shannot method. Opti-
mization was continued until the forces acting on the atoms
became less than 0.01 eV/A, the maximum displacement
was less than 5.0 x 104 A, and the mechanical stresses
in the cell were less than 0.02 GPa. The energy band dia-
gram was constructed using the points I'(0, 0, 0), A(0, 0, 0.5),
H(-0.333,0.667, 0.5), K(-0.333, 0.667,0), M(0,0.5,0) and
L(0, 0.5, 0.5) BZ in the inverse space.
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Fig. 1. Images of synthesized Cdl, samples: a — under room light; 6 — under
ultraviolet light; 1 — sample used to measure the optical absorption spectrum

5. Results of investigating the optical and energy
properties of CdI, film

5.1. Analysis of optical absorption spectra of CdI, film

Fig. 3 shows the optical absorption spectra of CdI, film
measured in the spectral range of 300-1000 nm at room
temperature.
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Fig. 3. Optical absorption spectra of Cdl, film

From Fig. 3 we observe the presence of an intense peak in
the spectral region 350-420 nm. The optical absorption coef-
ficient monotonically decreases with increasing wavelength
for the spectral range greater than 390 nm.

5.2. Determining the optical band gap and Urbach
energy of a CdI, film

In semiconductors, the following relationship be-
tween the absorption coefficient and the photon energy
is used [20]

a(v)hv:B(hv—Eg)m, €y

where «, Eg, B and hv are the absorption co-
efficient, the optical band gap, the constant,
and the incident photon energy, respec-
tively. However, to analyze the absorption
spectra according to equation (1), it is nec-
essary to know the sample thickness (ac-
cording to the Bouguer-Lambert-Beer law:
a() = [2.303Abs(A)] / d, where d is the
film thickness). Another method for es-
timating the absorption coefficient is the
method of absorption spectrum approxima-
tion [21] (Fig. 4). This method make it pos-
sible to determine not only the value of the
optical band gap (Eg) but also the Urbach
energy (Eyp).

The optical band gap (Eg)
canbe determined from a lin-
ear extrapolation of the plot
(Abs(V)/2)'™ = f(A) (Fig. 4),
and the value of the Ur-
bach energy (Ey) from the

slope of the linear region
of the curves [n(Abs(})) =
= f(A") (Fig. 4 (inset)).
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Fig. 5. Electronic energy structure of Cdly: blue line — bottom
of the conduction band; green — top of the jack complex

However, it should be noted that a disadvantage of the
GGA calculation method is the inevitable underestimation
of the band gap [22]. A comparative analysis of the deter-
mined band gap with known literature results is given
in Table 1.

The dispersion of the energy bands of the top of the jack
complex and the bottom of the conduction band was deter-
mined from equation (2)

47> @’E(k)

1
m n dkd @

where h is Planck’s constant, and E(k) is the dependence of
band energy E on electron wave vector k.

tion R?), it was observed that a similar fitting holds for
m = Y2 and 2. That is, the discrepancy between the value of
the band gap for the direct-gap (E:") and indirect-gap (E;”d"')
optical transition is insignificant. The established discrepan-
cy between these transitions (AE =B - E:"’) isAE <0.1¢eV.

The optical band gap (E,) determined for the CdI, film
is 3.05 eV. The accuracy of the approximation for calculating
the E, values was established by the least squares meth-
od (R? = 0.979). Correlation analysis of the band gap values,
the results of which are given in Table 1, reveals the consis-
tency of the results established in this work with the results
reported in the literature [11-17].

The values of the Urbach energy (Ey) were obtained
from the slope of the linear region of the curves In(Abs(})) =
=f(A1) (Fig. 4 (inset)) using the relation Ey=1239.83/slop.
The coefficient of determination R? was 0.992 for determin-
ing Ey. The value of the Urbach energy indicates the degree



of blurring of the absorption edge, as well as the degree of
disordering of the material. The Urbach energy obtained for
the CdI, film is 5.17 V. A relatively high value (5.17 eV) of the
Urbach energy was found, which indicates a smooth behavior
of the absorption edge (its blurring). Additionally, this indi-
cates the presence of significant energy disorder in the sample.

Analysis of the results from theoretical calculations of
the energy band spectrum reveals that the top of the valence
band is localized near point I" of BZ. On the other hand, the
bottom of the conduction band is localized at point L of BZ.
This means that CdI, is characterized by indirect energy
transitions (E;"di’). However, it should be noted that the dis-

crepancy between the direct (E;ﬁr) and indirect (E;”d") transi-

tions of the band gap (AE =E}" - E;”’) is ~0.14 eV. This result
shows agreement with the results from experimental studies.

The established band gap E;=2.76 eV turned out to
be smaller than the experimentally established value for
CdI, (E; = 3.05 eV). This discrepancy in the experimental
and theoretical results can be explained by not taking into
account infrared absorption during the calculations of
the electronic energy spectrum [4, 8, 22]. Table 1 gives the
correlation of the established parameters with other experi-
mental and theoretical results in the literature [11-17].

In addition, one can see a clear difference in the anisot-
ropy E(k) between the valence band and the conduction
band (Fig. 5). The top of the valence complex is gentler,
which is explained by the fact that holes are less mobile than
electrons. This behavior is due to the inverse relationship
between the effective mass (m) of the electron (m.)/hole (my)
and the spread E(k) of energy levels [22].

Analysis of the partial contributions of individual levels to
the total density of states (DOS) function (Fig. 6) and the par-
tial contributions of individual bands to the electronic density
of states allows us to understand the genesis of the valence
band and conduction band for CdI,. The bands with the low-
est energies, which lie in the range from -10.5 to -7.5 €V, are
formed by the s - electronic states I and the d - states Cd. The
top of the valence band actually consists of the p - electronic
states I. On the other hand, the bottom of the conduction band
mainly consists of the s - electronic states Cd. Taking into ac-
count the selection rules and the Pauli exclusion principle, we
can conclude that the smallest forbidden gap is formed from
the s-p transitions in the Cd-I subsystem.

As a result of investigating the CdI, film, a convergence
of theoretical and experimental parameters of more than 90%
has been achieved. This allows us to propose the use of the
CdI, compound as a modeling sample, in particular for the
search and design of new crystals. The established energy
and optical parameters of the CdI, film could be used in the
development of scintillation detector components for detect-
ing a-particle radiation.

Given the shortcomings of the theoretical calculation
method (DFT), it should be noted that infrared absorption is
not taken into account in the calculations. In addition, a higher
energy position of the 3d states Cd was found (~ -9 eV, Fig. 6)
compared to the experimental results (~ -18 eV). It is assumed
that this discrepancy could be reduced by taking into account
Hubbard corrections and/or spin-orbit decoupling.

The disadvantage of our study is the impossibility of
calculating the Urbach energy based on our set of theoretical
studies and comparing its value with the experimentally
determined value (Ey = 5.17 eV). As a result, future studies

might calculate the spectral dependence of the transmission
and reflection coefficients, based on the electronic energy
spectrum, and comparing them with experimentally mea-
sured spectra. This would make it possible to compare the-
oretical and experimental spectral dependences and conduct
their qualitative and quantitative analysis.

7. Conclusions

1. Optical absorption spectra of a CdI, film with a thick-
ness of 2 um were measured in the spectral region from 300
to 1000 nm. A monotonic decrease in the absorption coeffi-
cient with increasing wavelength was found for the spectral
region greater than 390 nm.

2. Using the method of absorption spectrum fitting, the opti-
calband gap (E, = 3.05 €V) and the Urbach energy (Ey = 5.17 eV)
were determined. Based on the Urbach energy value, it was
found that the absorption edge smoothly increases with wave-
length and there is energy disorder in the studied sample.

3. The electronic energy spectrum of CdI, was calculated
using the generalized gradient approximation (GGA) and the
Purdue-Burke-Ernzerhoff functional for solids (PBEsol). It was
found that the studied sample is characterized by the smallest
indirect-type band gap. The difference between the direct-band
and indirect-band optical transition is ~0.14 eV, which is in good
agreement with the experimental results. The theoretically
established value of the band gap (2.76 V) is smaller than the
experimentally determined value (3.05€eV). This discrepancy
can be explained by the choice of the calculation method since it
does not take into account infrared absorption. The discrepancy
between the experimental and theoretical results is ~9.5%. It
was found that the peak of the valence complex is gentler, which
is explained by the fact that holes are less mobile than electrons.
The genesis of electronic energy levels was analyzed based on
the results of density of states calculations. It was found that the
top of the valence band consists of p-states of I, and the bottom
of the conduction band consists of s-states of Cd.
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