Optical Materials 118 (2021) 111221

ELSEVIER

Contents lists available at ScienceDirect
Optical Materials

journal homepage: www.elsevier.com/locate/optmat

Research Article

Check for

Electronic transitions and energy band structure of CuGayAl; 4Sey crystals [

A. Masnik®, V. Zalamai ", V. Ursaki ™"

2 Department of Electronics and Telecommunications, Technical University of Moldova, 168, Stefan Cel Mare Av., Chisinau, MD, 2004, Republic of Moldova
b National Center for Materials Study and Testing, Technical University of Moldova, 168, Stefan Cel Mare Av., Chisinau, MD, 2004, Republic of Moldova

ARTICLE INFO ABSTRACT

Keywords:

CuGayAl;_,Se solid solutions
Optical reflectance spectra
Energy band structure
Brillouin zone

Critical points

Optical reflectance spectra have been investigated at photon energies higher than the band gap of CuGaxAl; xSe
solid solutions with x values varying from O to 1. The spectral dependence of the real ¢ and imaginary &3
dielectric functions was calculated from experimental reflectivity spectra by means of Kramers—Kronig relations.
The behavior of features observed in reflectivity spectra and in the spectral dependence of the dielectric functions
was analyzed as a function of the solid solution composition. The experimentally observed peaks have been

tabulated and related to the electronic band structure of materials computed in previous works.

1. Introduction

The crystal structure of A'B™CYY, compounds is related to the zinc
blende A"BY! materials, since they can be viewed as an alternative stack
of two zinc blende cells with two cations A! and B™ instead of the All
cation, which results in a non-centrosymmetric D}2 space group struc-
ture with anisotropy of optical properties. The anisotropy of these ma-
terials and their inherent birefringence makes them suitable for the
development of optical filters [1-10]. Apart from that, narrow bandgap
materials like Culnj.xGaySe, are used in solar cells [11-14], while
prospects for nonlinear optics applications have been demonstrated for
wider bandgap compounds, such as AgGaS; and AgGaSe; [15-23].
Nanostructured A'BTCY!; compounds are also used in light-emitting
devices [24,25] and photocatalysis [26,27].

The availability of data concerning the energy band structure of
these materials is a key point for a series of applications including the
development of microelectronic and optoelectronic devices. Among
other experimental tools, optical spectroscopy is a versatile, nonde-
structive and simple method to provide such information. Exciton pa-
rameters at the center of the Brillouin zone have been studied by optical
reflectance spectroscopy in a series of Culnj 4GaySy, Culnj yGaySeo, and
CuAl; 4xGaySey quaternary solid solutions [28,29], in addition to highly
focused investigation of this issue in ternary end-point compounds with
x = 0 and x = 1. As concerns electronic transitions at other critical point
of the Brillouin zone, they have been investigated at the T and N
critical-points in Culnj 4GaySs, Culn; yGasSeo, and Culnj xAl,Ses solid
solutions [28,30]. In ternary end-point compounds, electronic structure
and inter-band transitions have been investigated at the T and N
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critical-points in CulnS,, CuGaS,, CulnSe,, CuGaSey, and CuAlSe, [31,
32], as well as at Z, X, P, N critical-points in CuInS;, CuGaS,, CuGaSe,,
CuAlS,, and CuAlSe; crystals [33-36].

The experimentally observed electronic transitions in spectroscopic
ellipsometry or optical reflectance spectroscopy have been interpreted
on the basis of theoretical calculations of the electronic structure. The
electronic structure of ternary A'B'GYY, chalcopyrite semiconductors
with A = Cu; B = In,Ga,Al; and C = S, Se at the T, I, and N points of the
Brillouin zone has been calculated self consistently within the density-
functional formalism with a potential-variation mixed-basis (PVMB)
approach around 40 years ago [37]. Later-on, electronic structure of
some compounds has been computed at other points of the Brillouin
zone using the method of full-potential linear muffin-tin orbital
(FPLMTO) in Ref. [38], and the linear combination of atomic orbitals
scheme within density functional theory (LCAO-DFT) and full-potential
linearized augmented plane wave (FP-LAPW) methods in Refs. [39,40].
Particularly, the features observed in experimentally measured optical
reflectance spectra and those of dielectric functions deduced from these
spectra by means of Kramers—Kronig relations in CuGaS,, CulnS;, and
CuGaSe; [33,34] as well as in CuAlS; and CuAlSe; [35,36] were pre-
viously interpreted on the basis of a generic band diagram for A'BT'C',
compounds deduced from electronic structure calculated by the
FPLMTO method [38]. However, the univocal assignment of features
observed in experimental spectra to electronic transitions at
critical-points of the band structure was complicated because of very
close values of some energy intervals between the valence and con-
duction bands.

The goal of this paper is to make use of a comparison of trends in the
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Fig. 1. Experimental set-up scheme for measurements of optical reflec-
tance spectra.

energy band structures of CuAl;.xGa,Se; solid solutions as a function of
the x-value for a more reliable assignment of experimentally observed
electronic transitions to specific critical points of the previously pro-
posed generic band structure diagram.

2. Sample preparation, experimental details, and methodology
of dielectric functions calculation

CuAl; xGaySey crystals with mirror-like surfaces containing the op-
tical c-axis have been grown by chemical vapor transport [29]. They
were mounted on the cold stage of a cryostat, and the reflectance spectra
were measured with an installation which scheme is illustrated in Fig. 1.
A halogen or a hydrogen lamp served as light sources (L). The light from
the lamp was polarized by a Glan-Thomson polarization prism (P) and
focused by a condenser (C) to the sample surface. The reflected light
from the sample surface was modulated by a chopper and focused by
another condenser at the entrance slit of SDL-1 spectrometer. The signal
from a photomultiplier tube was registered by a lock-in amplifier and
transmitted via an [EEE interface to a computer for data processing.

The anisotropy of optical properties of CuAl; yGaySey crystals was
revealed from the investigation of spectral dependences of dielectric
functions in E||c and E_L ¢ polarizations. The spectral dependences of the
real ¢; and imaginary e, dielectric functions were calculated from
experimental reflectivity spectra by means of Kramers—Kronig relations
taking into account that

n—ik—1

= _ \Re ™ 1
e~ VRe M

where r is the complex reflectivity, R is the measured reflectivity, n is the
real refractive index, k is the extinction coefficient, and ¢ is the phase
angle.

The phase angle is calculated as:

Pla) =2 / IR(®) 4, @)
0

- 2
n w5 — @

Experimentally, the reflectivity R was measured in a limited spectral
range a < w < b. In our case measurements have been performed in a
spectral range from 2.0 eV to 6.5 eV. In the high-energy region an
approximation of the spectral dependence of the reflection coefficient is
used to calculate the dielectric constants using an analytic function. A
simple approximation was used: R(w) = R(a) for 0 < w < a and R(w) =
cw® for b < w < o0, where ¢ and p are constants according to Ref. [34].

Knowing the experimental spectrum R(w) and the function ¢p(w)
calculated according to eq. (2), the optical constants were calculated as
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Fig. 2. Optical reflectance spectra measured in E||c polarization for CuGayAl;.
xSe crystals at temperature of 77 K.

g = n? — 12, and €y = 2nk, 3
where

1-R 2+/Rsing

- k= : 4
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3. Experimental results and discussions

Fig. 2 shows spectral dependences of reflectance spectra measured in
E||c polarization for CuGayAl; 4Se crystals with various compositions
from x = 0 (CuAlSe,) to x = 1 (CuGaSe,).

The observed peaks in the reflectance spectra are related to electron
transitions at specific points of the valence and conduction bands.
Therefore, data related to the energy band structure of CuGayAl; 4Se
solid solutions can be extracted from the spectral position of features
observed in the reflectance spectra, which are connected to features of
the complex dielectric function.

The imaginary part of the complex dielectric function is determined
by the optical transition probability W¢y according to the expression
below [9,10]:

&(w) :%ch- %)
where E is the amplitude of the electric field.

The optical transition probability W¢y is given by the following
expression:

41 e* A2
Wey =— — —2 ¢
o= m (2;1)3/' cv

*8(Ec — Ey — ho)d’k, (6)

where A is the amplitude of the vector potential, which is related to the
electric field as:

R
E = 7?_Aoea)sm(k [ 7wt>, (2]

It follows from eqs (5) and (7) that:

e’ )
&(w)= pp / |HC‘V
e

where -function implies the fulfillment of energy conservation law. The
first necessary condition for electron transitions to occur between the
valence and conduction bands is the requirement that the photon energy

*8(Ecy — hw)dk, (®)
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Fig. 3. Spectral dependences of optical functions &; and &5 in E||c polarization
for CuGayAl;_,Se crystals calculated from experimentally measured spectra in
Fig. 2 according to Kramers-Kronig relations.

is in resonance with energetic intervals Ec—Ey. Apart from that, the
matrix element I7¢,, # 0 should be different from zero, and according to
the momentum conservation law for direct transitions, it should be Ak =
ky—kc = 0. The imaginary component of the complex dielectric function

€9(®) depends on the magnitude of the matrix element |HCEV 2, which is
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Fig. 4. Optical reflectance spectra measured in E_Lc polarization for CuGa,Al;.
xSe crystals at temperature of 77 K.

determined by the wave functions of the initial and final states partici-
pating in the transition. These relations should be analyzed separately
for each polarization in anisotropic crystals. Respectively, the value of
the imaginary component of the complex dielectric function and the
absorption coefficient are considerably higher in the allowed polariza-
tion than the respective values in the forbidden polarization.

The feature Agy. in the reflectance spectra is caused by the excitonic
transitions in the center of the Brillouin zone (I" point), but the analysis
of these transitions is not the topic of this paper, since they have been
discussed in a previous paper [29]. The peak Ag; may come from some
indirect transitions, taking into account its weak feature in the reflec-
tance spectrum.

The spectral dependences of the real ¢; and imaginary e; components
of the complex dielectric function ¢ calculated from the reflectivity
spectra using equation (3) for CuGayAl; 4Se crystals with various com-
positions are shown in Fig. 3.

The energetic positions of features A; — Ajg determined from the
reflectance spectra in Fig. 2 and from the spectral dependence of the
dielectric function €3 in Fig. 3 are summarized in Table 1.

Fig. 4 shows spectral dependences of reflectance spectra measured in
E_Lc polarization for CuGayAl;4Se crystals with various compositions.
The comparison of the behavior of peaks in reflectance spectra measured
in different polarizations is expected to provide information about the
optical anisotropy of CuGayAl; 4Se crystals. Features similar to those of
Fig. 2 are observed in Fig. 4, but at slightly different spectral positions.

The spectral dependences of the real ¢; and imaginary €5 components

Table 1
Energies of electronic transitions in CuGayAl; 4Se crystals determined both from reflectance spectra and from features in the dielectric function €5 in the E||c
polarization.
X value Ay A, As As As As A, Ag Ao Ao
0.0 R 4.01 4.12 4.40 4.68 4.94 5.21 5.36 5.63 6.31
€2 4.02 4.13 4.42 4.65 4.90 5.19 5.35 5.63 6.21
0.2 R 3.71 3.83 4.06 4.27 4.51 4.86 5.20 5.36 5.60 6.19
€ 3.75 3.83 4.30 4.51 4.86 5.30 5.58 6.11
0.4 R 3.65 3.75 4.10 4.38 4.87 5.18 5.36 5.56 6.11
€ 3.67 3.77 4.17 4.40 4.87 5.27 5.56 5.95
0.5 R 3.56 3.67 3.88 4.01 4.21 4.84 5.14 5.51 6.01
€2 3.58 3.69 4.22 4.82 5.12 5.51 5.99
0.6 R 3.28 3.42 3.59 3.81 4.10 4.80 5.11 5.32 5.93
€ 3.31 3.38 3.54 3.75 4.14 4.73 5.09 5.86
0.8 R 3.26 3.35 3.51 3.70 4.12 4.74 5.07 5.88
€2 3.29 3.37 3.54 3.73 4.11 4.70 5.05 5.85
1.0 R 3.19 3.29 3.48 3.69 4.02 4.71 5.03 5.27 5.75
€2 3.21 3.32 3.50 3.71 4.03 4.71 5.01 5.27 5.70
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Fig. 5. Spectral dependences of optical functions €; and €, in E L ¢ polarization
for CuGayAl; «Se crystals calculated from experimentally measured spectra in
Fig. 4 according to Kramers—Kronig relations.

of the complex dielectric function in the E_lc polarization were calcu-
lated from the reflectivity spectra of Fig. 4, and they are presented in
Fig. 5.

The energetic positions of features E; — Eqo determined from the
reflectance spectra in Fig. 4 and from the spectral dependence of the
dielectric function e; in Fig. 5 are summarized in Table 2.

The peaks A1, Ay, as well as Ej, E; are related to electron transitions
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in the center of the Brillouin zone from the V; and V3 valence bands to
the Cy conduction band, respectively, since these are the narrowest
interband intervals in the band structure illustrated in Fig. 6, except for
the electronic transitions to the C; conduction band, related to excitonic
transitions, marked as Agy in Fig. 2.

The next intervals correspond to the Z and P critical-points, and the
energies of these intervals are very close to each other. These intervals
are slightly larger as compared to those at the I'-point, but slightly
narrower that those situated at the P-point. Taking into account the close
values of energy intervals, one can assign the As, E3 peaks to either Z(V;)
—Z(Cy), or P(V1) — P(Cy) transitions. Similarly, the energy of the electron
transition P(Vy) — P(C;) is very close to that of the X(V;) — X(C;) tran-
sition. Therefore, the A4, E4 peaks can be attributed to either one or
another of these transitions. A similar difficulty for unequivocally
assignment was mentioned in a previous paper related to electronic
transitions in CuGaSe; crystals [34]. Apart from that, it was assumed
that the peaks As, Es are caused by transitions from V; to C; bands at the
X point, while the peaks Ag, E¢ are caused by transitions from Vj to C;
bands at the same point. However, the analysis of the behavior of the
peaks As, Es and Ag, Eg in Fig. 2 depending on the composition change of
the solid solution from CuGaSe; (x = 1) to CuAlSe; (X = 0) suggests that
these peaks are related to electronic transitions at different
critical-points.
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Fig. 6. Assignment and notations for electronic transitions in CuGayAl;.4Se

crystals according to the band structure of materials computed in previ-
ous works.

Table 2
Energies of electronic transitions in CuGayAl; 4Se crystals determined both from reflectance spectra and from features in the dielectric function e, in the ELc
polarization.
X value Eq E, Es E4 Es Eg E, Eg Eo Eio
0.0 R 4.10 4.24 4.42 4.68 4.86 5.02 5.19 5.45 5.72 6.26
€2 4.12 4.23 4.45 4.69 4.85 5.06 5.25 5.40 5.71 6.29
0.2 R 3.73 3.90 4.46 4.65 4.90 5.13 5.40 5.68 6.24
€ 3.78 3.92 4.33 4.66 4.95 5.18 5.37 5.64 6.25
0.4 R 3.63 3.81 4.29 4.54 4.80 5.03 5.37 5.65 6.19
€ 3.72 3.83 4.28 4.56 4.76 5.00 5.36 6.12
0.5 R 3.40 3.55 4.19 4.43 4.75 4.97 5.24 6.13
€2 3.45 3.59 4.25 4.45 4.74 4.94 5.22 6.09
0.6 R 3.35 3.54 4.17 4.40 4.70 4.86 5.19 6.02
€ 3.40 3.55 4.24 4.42 4.73 4.85 5.16 5.92
0.8 R 3.33 3.56 4.00 4.25 4.65 4.85 5.13 6.03
€2 3.40 3.54 4.01 4.26 4.70 4.84 5.12 5.99
1.0 R 3.30 3.51 3.85 4.10 4.60 4.83 5.13 5.99
€ 3.33 3.54 3.84 4.11 4.65 4.84 5.11 5.96
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Table 3
Peaks assignment to electronic transitions.

Peak notation Electronic transition assignment

Ayq, Eq (V1) -T(C2)
Ag, Ep I'(V3) -T(C2)
A3, E3 Z(V1) - Z(Cy) or P(Vy) - P(Cy)
A4, Ey P(V2) — P(Cy) or X(Vy) - X(Cy)
As, Es X(V2) - X(C1)
As, E¢ N(V1) - N(Cp»)
Az, E7 T(V1) - T(C1)
As, Eg N(V2) - N(C1)
Ay, Eg T(V2) - T(C)
Aio, E1o N(V3) - N(Cy)

The shift of the As, Es peaks position in Figs. 2 and 4 with increasing
the x value is much larger as compared to the shift of Ag, E¢ peaks. This is
an indicative of their origin from electronic transitions at different
critical points, since the increasing band-gap rate with increasing x value
is different at different points of the Brillouin zone. One can see that the
shift rate for peaks A; — As and E; — Es is generally much larger as
compared to that of peaks Ag — Ajg and Eg — E;o. Therefore, we suppose
that the peaks As, Es5 are related to electronic transitions at the X-point,
while the peaks Ag, E¢ come from electronic transitions at the N point.
The energy intervals increase in the following sequence [X(V2) — X(C1)]
< [N(V1) - N(C1)] < [T(V1) - T(C] < [N(V2) - N(C)] < [T(V2) - T
(C1)1 < [N(V3) — N(C1)], and the peaks As, Es to Ajq, E1¢ are assigned to
these electronic transitions according their spectral positions. The
assignment of the observed peaks to electronic transitions is summarized
in Table 3.

The anisotropy of optical properties of CuGayAl; 4Se solid solutions is
indicated by a different behavior of A peaks as compared to E peaks with
changing the chemical composition. For instance, the shift of the Eg — Eg
peaks with increasing x-value is larger than the shift of the Ag — Ag peaks,
while the shift of the E; peak is significantly smaller than the shift of the
Ajp peak.

4. Conclusions

The results of this study demonstrate that the analysis of the behavior
of features in optical reflectance spectra of CuGayAl; xSe solid solutions,
at photon energies greater that the band gap, as a function of the solid
solution composition, facilitates assigning the observed peaks in
reflectivity spectra and in spectral dependence of the dielectric functions
to specific electronic transitions at various critical points of the Brillouin
zone. The peaks at lower photon energies, which were attributed to
electronic transitions at the I, Z, X, and P points exhibit a trend with a
higher rate of shifting with increasing x-value as compared to peaks
attributed to electronic transitions at the N and T points. The analysis of
the trend for peaks measured in the E||c and E_Lc polarizations gives
information about the anisotropy of optical properties.
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