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Abstract
Exciton spectra of CuAl1−X GaX Se2 solid solutions are investigated by wavelength modulated
optical reflectivity at low temperatures (10 K). The energy position of n = 1 and 2 lines of the
�4(A), �5(B) and �5(C) exciton series, as well as the �7(V1)–�6(C1), �6(V2)–�6(C1),
�7(V3)–�6(C1) energy intervals, and the crystal field and spin–orbit splitting of the valence
band are determined. The effective electron mass (m∗

C1) and hole masses (m∗
V1, m∗

V2, m∗
V3) are

estimated for CuAl1−X GaX Se2 solid solutions as a function of the X value.

Keywords: reflection spectra in semiconductors, optical constants, excitons and polaritons

1. Introduction

CuGaSe2 and CuAlSe2 compounds, as well as their solid
solutions belonging to the I–III–VI2 materials crystallize in
the chalcopyrite structure with the I 42d–D12

2d space group.
Stimulated emission and second harmonic generation at
10.6 μm as well as generation of infrared (IR) radiation
in the region of 4.6 and 12 μm was realized in these
compounds [1–4]. Biexcitons [5], interference of additional
waves [6], resonance Raman scattering [7–9] and intense
emission due to exciton polaritons and bound excitons [10–12]
have been observed in these crystals. Optoelectronic
devices and solar cells are developed on the basis of these
materials [13–19]. The photoluminescence properties of
CuAlSe2 crystals doped with Er3+ ions [15] as well as the
photoelectrical properties of surface barrier structures on the
basis of CuAlSe2 have been studied [17, 18]. These materials
possess a strong anisotropy of optical properties in the visible
and infrared spectral ranges which is very important for the
development of polarized optoelectronic devices.

The goal of this paper is to investigate the main
exciton parameters as well as the energy gaps at the center
of the Brillouin zone as a function of composition of
CuAl1−X GaX Se2 solid solutions. The energy position of n = 1
and 2 lines of the �4(A), �5(B) and �5(C) exciton series, as
well as the �7(V1)–�6(C1), �6(V2)–�6(C1), �7(V3)–�6(C1)

energy intervals, are determined from wavelength modulated
optical reflectivity spectra. The effective electron mass (m∗

C1),
and hole masses (m∗

V1, m∗
V2, m∗

V3), are estimated from the

analysis of exciton reflectivity spectra according to a single-
oscillator model of dispersion relations. The asymmetry
parameters of reflectivity spectra are determined.

2. Experimental details

CuAl1−X GaX Se2 crystals in the form of platelets with 2.5 ×
1.0 cm2 mirror-like surfaces and thicknesses of 300–400 μm
were grown by chemical vapor transport [16]. The surface
plane of the platelets contains the C-axis. The optical
reflectivity and wavelength modulated spectra were measured
using a MDR-2 (LOMO, Russia) spectrometer. For low-
temperature measurements, the samples were mounted on the
cold station of a LTS-22 C 330 optical cryogenic system.

3. Results and discussions

According to theoretical calculation of the band struc-
ture of CuAl1−X GaX Se2 crystals with I 42d–D12

2d space
group [20, 21], the minimum energy gap is formed by direct
electron transitions at the center of the Brillouin zone. The
lower conduction band has a �6 symmetry, while the upper
V1, V2, and V3 valence bands are of �7, �6, and �7 symmetry,
respectively.

The interaction of electrons from the conduction band
�6 and holes from the valence band �7 is determined by
the product of irreducible representations �1 × �6 × �7 =
�3 + �4 + �5 [21, 22]. The �4(A) exciton allowed in
E ‖ c polarization, �5 exciton allowed in E⊥c polarization
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Figure 1. Reflectivity spectra for the �4(A), �5(B), and �5(C)
excitons in CuAlSe2 crystals measured at T = 10 K.

(This figure is in colour only in the electronic version)

and �3 exciton forbidden in both polarizations are formed as
a result of this interaction. In the short-wavelength region, the
�1 ×�6 ×�6 = �1 +�2 +�5 interaction leads to the formation
of the �5 exciton series (B-exciton series) which is allowed
in the E ⊥ c polarization, and �1 and �2 excitons which are
forbidden in both polarizations. Three exciton series �1,�2 and
�5 are produced as a result of interaction of electrons from the
C1 conduction band with holes from the V2 valence band with
�6 symmetry. The �5(B) excitons are allowed and the �1 and
�2 excitons are forbidden in the E ⊥ c polarization according
to selection rules. The interaction of electrons from the C1

conduction of the �7 symmetry with holes from the V3 valence
band with �7 symmetry leads to the formation of �3, �4 and
�5 excitons. The �3 excitons are forbidden, the �5(C) exciton
is allowed, and the �4 exciton is partially allowed in the E ⊥ c
polarization. In this case, the �4 exciton has a lower oscillator
strength as compared to the �5 exciton.

The n = 1 (ωt = 2.8212 eV, ωL = 2.8237 eV)
and n = 2 (2.8390 eV) lines as well as a weak line at
2.8442 eV corresponding to the n = 3 state of the �4(A)

exciton hydrogen-like series are observed in the reflectivity
spectra of CuAlSe2 crystals measured at 10 K in the E ‖ c,
κ ⊥ c polarization (figure 1).

The reflectivity spectra in the region of the n = 1 line
of the �4(A) exciton are of a usual excitonic shape with
a maximum at 2.8212 eV and a minimum at 2.8237 eV.
These peculiarities are due to the presence of the transverse
and longitudinal excitons. A longitudinal–transverse exciton
splitting of 2.5 meV is estimated for the �4 excitons from these
data. A Rydberg constant of 24 meV is determined for the �4

exciton series from the position of n = 1 and 2 lines (figure 1).
The energy of the continuum (Eg, n = ∞) is equal to 2.845 eV.
The energy position of the ground (n = 1) states of �4(A),
�5(B), and �5(C) excitons have been previously determined to
be 2.737, 2.851 and 3.012 eV, respectively, in CuAlSe2 crystals
at 77 K [23, 24]. The contours of reflectivity spectra have not
been analyzed in these papers, and the translation and reduced
exciton masses have not been calculated. A mean value of the
ground exciton state energy Eex has been determined from the
wavelength modulated spectra, which is lower than the energy

of the longitudinal exciton, and is higher than the energy of the
transverse exciton.

The reflection coefficient and the background dielectric
constant in the region of exciton resonances are equal to
0.24–0.25, and 7.4–8.2, respectively, varying from sample
to sample. A reflection coefficient value of 0.25 has been
reported for CuAlSe2 crystals at 300 K [25]. The value of
the background dielectric constant determined from optical
spectra in the infrared region is lower [26–28]. The value
of the background dielectric constant determined from the
reflectivity spectra near the exciton resonances has been used
in our calculations. The reflection coefficient in the E ‖ c
polarization at 10 K equals 0.25, which corresponds to a
background dielectric constant of 7.6. With εb = 7.6 and
Rydberg constant R = 0.024 eV, the �4-excitons reduced mass
equals μ = ε2

b R/RH = 0.1m0, where RH is the Rydberg
energy of the hydrogen atom (13.6 eV). The Bohr radius (aB)
of the S-state of the �4(A)-exciton equals 0.21 × 10−6 cm.

A maximum at 2.851 eV (transverse exciton) and a
minimum at 2.853 eV (longitudinal exciton) are observed in
the E ⊥ c polarization for the �5(B) exciton series (figure 1).
The longitudinal–transverse splitting of the �5(B) exciton
equals 2.0 meV. The n = 2 excited exciton state is observed at
2.868 eV. The binding energy of the �5 exciton is determined
to be 22 meV, and the energy of the continuum is equal to
2.873 eV.

The calculations of the reflectivity spectra are usually
carried out within the framework of classical optics taking
into account the spatial dispersion and the presence of a
dead layer [29–33]. The damping parameter γ is small in
high quality crystals. If ωLT � γ and M �= ∞, one
can consider that there is a strong exciton–photon interaction
(strong polariton effect). In this case, the translation exciton
mass, the energy of longitudinal and transverse excitons, the
damping parameter, and the presence or the absence of an
exciton dead layer on the crystal surface can be determined
from the calculations of reflectivity spectra. The movement of
elementary electron excitations in a crystal is characterized by
the transport of kinetic energy h̄k2/2M , where P = h̄k is the
exciton quasi-momentum, and M = m∗

e + m∗
h [30, 31]. One

needs in many cases to take into account the dependence of the
translation mass on the direction of the wavevector with respect
to crystal axes (the phenomenon of anisotropy). The excitation
is localized when M → ∞, and the spatial dispersion is
practically absent in this case. On the contrary, there is a weak
polariton effect when the longitudinal–transverse splitting is
small and ωLT 	 γ .

The dielectric function in the region of exciton resonance
is written as

ε(ω, k) = εb + 2εbωLTω0

ω0 − ω + h̄2k2

2M ω0 − iγω
. (1)

The reflectivity from an isotropic crystal in the case of normal
incident light is determined by
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where n0 = √
εb, n∗ = n1n2+ε0

n1+n2
, εb is the background

dielectric constant, t is the dead layer thickness, k is the exciton
wavevector, and n1 and n2 are longitudinal and transverse
components of the refractive index determined from

n2
1,2 = 1

2

{(

εb + 2Mc2(ω − ω0)

h̄ω2
0

)

±
[(

2Mc2(ω − ω0)

h̄ω2
0

− εb

)2

+ 8Mc2εbωLT

h̄ω2
0

]1/2}

. (3)

A comparison of the calculated and the measured contours
of the reflectivity spectra for the ground state of the �4(A)

and �5(B) excitons is presented in figure 1. A best fit of
experimental data for the �4(A) exciton is obtained with the
following parameters: εb = 7.6 ± 0.2, ωT = 2.8220 ±
0.0010 eV, ωLT = 2.5 ± 0.2 meV, γ = 3.5 ± 0.3 meV, t = 0.

The translation mass M of the �4(A) excitons determined
from these calculations for the CuAlSe2 crystals equals (1.2 ±
0.1)m0, while for the �5(B) excitons a translation mass of
(0.5–0.8)m0 is determined. The C exciton is also observed
in this polarization at the energy of 3.023 eV (n = 1) and
3.039 eV (n = 2). The Rydberg constant equals 21 meV, and
the energy gap of 3.044 eV is estimated for the C excitons.

The effective masses in the conduction and the valence
bands have been determined on the basis of these data, and
taking into account that M = m∗

V + m∗
C and 1/μ =

1/m∗
V + 1/m∗

C, where m∗
C, m∗

V are the effective masses in the
conduction band and in the �7(V1), �6(V2), �7(V3) valence
bands. With M = 1.3m0 and μ = 0.10m0, one obtains the
electron effective mass m∗

C = 0.11m0, and the effective mass
of holes m∗

V1 = 1.20m0. Nearly the same values of m∗
C and

m∗
V1 are obtained with M = 1.1m0. The errors in the range of

0.2m0 in the determination of the M value from the reflectivity
spectra do not significantly influence the obtained values of m∗

C
and m∗

V1.
The obtained values of m∗

C and m∗
V1 for the CuAlSe2

are very close to those obtained previously for the CuGaSe2

crystals [34]. The parameters of the �5(B) excitons differ
insignificantly from those of the �4(A) excitons. The effective
mass of electrons equal to 0. 11m0, and hole masses m∗

V2 =
(0.4–0.7)m0 are obtained for the �5(B)-excitons with the
translation mass M = (0.5–0.8)m0 and the Rydberg constant
R = 21 meV. Unfortunately, we were not able to determine the
value of m∗

V2 with better accuracy. For the C-exciton series the
reduced effective mass μ = 0.076m0 and the effective mass
of holes m∗

V3 = 0.25m0 are obtained (table 2). One should
note that the contour of reflectivity spectra was not calculated
for the �5(C) exciton, since the quality of the experimental
spectrum is not enough for this purpose. Instead, the value of
m∗

V3 was determined from the relation 1/μ = 1/m∗
v + 1/m∗

c .
We assume that the electron mass in these crystals is practically
identical for the �4(A), �5(B), and �5(C) excitons, while the
value of the reduced mass μ was determined experimentally.
One should also note that these calculations only allow one to
determine the effective carrier masses, not to assign them to
the conduction or valence band. The assignment is done by
comparing the effective masses found from different exciton
bands assuming that the electron effective mass should be the

same for all exciton bands as mentioned above, and taking into
account that usually the electron mass is smaller than the hole
mass. Apart from that, data available for other materials are
taken into account such as CuGaSe2 [34, 35], CuInSe2 [36],
CuInTe2 [37], and CuGaS2 [38–41] crystals.

The reflectivity spectra of CuGaSe2 crystals have been
discussed previously [34, 39]. The n = 1 line (ωt =
1.7380 eV, ωL = 1.7405 eV) and the n = 2 line (1.7650 eV)
of the �4(A) excitons are revealed in these spectra measured at
the temperature of 10 K in the E ‖ c, κ ⊥ c polarization [34].
A longitudinal–transverse exciton splitting of 2.5 meV, a
Rydberg constant of 36 meV, and the energy of the continuum
(Eg, n = ∞) equal to 1.7738 eV, are estimated for the �4

excitons from these data.
A maximum at 1.8215 eV (transverse exciton) and a

minimum at 1.8235 eV (longitudinal exciton) are observed in
the E ⊥ c polarization for the �5(B) exciton series [34]. The
longitudinal–transverse splitting equals 2.0 meV for the �5(B)

exciton. The n = 2 excited state is observed at 1.8483 eV.
The Rydberg constant is equal to 35.5 meV, and the energy
of the continuum is 1.8575 eV for the �5(B) exciton. The
�5(C) exciton is revealed in the same polarization at 2.023 eV
(n = 1) and 2.038 eV (n = 2). The coincidence of the
calculated and the measured reflectivity contours has also
been discussed [34, 38, 39]. In CuGaSe2 crystals the exciton
translation mass is equal to 1.4m0 for the �4(A) and �5(B)

excitons, and 1.0m0 for the �5(C) excitons (table 2). The
spectral dependence of the refractive index and the coefficient
of absorption has also been determined from the calculations
of the exciton reflectivity spectra [34]. The main exciton
parameters and the energy gaps are summarized in tables 1
and 2 [34]. The electron mass m∗

C = 0.14m0, and the hole
mass m∗

V1 = 1.26m0 have been deduced for these crystals
with the values of M = 1.4m0 and μ = 0.13m0. The
obtained value of m∗

V1 = 1.26m0 coincides in the limits
of experimental errors with the previously reported one of
1.2m0 [34]. Taking into account that the parameters of the
�5(B) excitons insignificantly differ from those of the �4(A)

excitons, the m∗
V2 effective mass is also equal to 1.26m0 [34],

i.e. it practically coincides the m∗
V1 value.

The wavelength modulated reflectivity spectra of CuAlSe2

and CuGaSe2 crystals are presented in figures 2 and 3,
respectively. The n = 1 and 2 lines of the �4(A), �5(B)

and �5(C) excitons are revealed in the spectra for both the
compositions. Apart from that, the n = 3 line of the �4(A)

exciton is observed in the spectrum of the CuAlSe2 crystals.
Two states of the �4(A) exciton series in CuGaSe2 crystals
are observed at 1.740 eV (n = 1) and 1.766 eV (n = 2),
while the �5(B) exciton series is observed at 1.822 eV (n = 1)
and 1.848 eV (n = 2). Additionally, the s-state of the �5(C)

excitons is observed at 2.030 eV. As expected, the maximum
of the first derivative of reflectivity spectrum for exciton states
corresponds to an intermediate energy between the energy of
the longitudinal and transversal exciton. The relative increment
of the reflection coefficient �R/R is measured in wavelength
modulated spectra. At the same time, the expressions for
the �ε1 and �ε2 increments of the real (ε1) and imaginary
(ε2) components of the dielectric function ε are obtained from

3
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Table 1. Parameters of exciton spectra in CuAlX Ga1−X Se2 crystals. (Note: Asterisks indicate values determined from the calculations of
reflectivity contours.)

CuAlX Ga1−X Se2

composition
Exciton
states

A-exciton
energy (eV)

B-exciton
energy (eV)

C-exciton
energy (eV)

X = 0.0 (CuGaSe2)
According to [34]
and this work

n = 1
n = 2
R
Eg

1.7380 (1.7385∗)
1.7650
0.036
1.7745

1.8235∗
1.8483
0.0357
1.8592

2.022

X = 0.2 n = 1
n = 2
R
Eg

1.920∗
1.943
0.030
1.950

1.980
2.002
0.029
2.009

2.200
2.218
0.024
2.224

X = 0.3 n = 1
n = 2
R
Eg

1.980
2.000
0.027
2.007

2.08
—
—
—

2.280
—
—
—

X = 0.4 n = 1
n = 2
R
Eg

2.080
2.102
0.029
2.209

2.190
2.211
0.028
2.218

2.400
2.418
0.024
2.424

X = 0.5 n = 1
n = 2
R
Eg

2.180∗
2.202
0.029
2.209

2.280
2.299
0.027
2.307

2.500
2.518
0.024
2.524

X = 0.7 n = 1
n = 2
R
E g

2.480
2.500
0.026
2.506

2.522
2.540
0.024
2.546

2.680
2.697
0.023
2.703

X = 0.8 n = 1
n = 2
R
Eg

2.483 (2.482∗)
2.501
0.024
2.507

2.575
2.592
0.023
2.598

2.770
2.786
0.021
2.791

X = 1.0
CuAlSe2

n = 1
n = 2
n = 3
R
Eg

2.8212 (2.8220∗)
2.8390
2.8442
0.024
2.8450

2.851(2.8520∗)
2.868
—
0.022
2.873

3.023
3.039
—
0.018
3.044

Table 2. Dielectric constants, exciton parameters and bandgaps in CuAl1−X GaX Se2 crystals.

X 1.0 [34] 0.8 0.5 0.2 0.0

ε‖/ε⊥ 4.2/5.1 4.9/5.5 5.8/6.0 6.3/6.9 6.67/8.28
εb 7.0 7.2 7.3 7.4 7.4–8.2
μA 0.13m0 0.12 0.13 0.11 0.11m0

μB 0.13m0 0.12 0.11 0.11 0.099m0

μC 0.097 0.09 0.08 0.07m0

MA
exc 1.4m0 1.3m0 1.2m0 1.1m0 (1.1–1.3)m0

mC 0.14m0 0.13m0 0.12m0 0.12m0 0.11m0

mV1 1.26m0 1.24m0 1.23m0 1.20m0 1.20m0

mV2 1.26m0 (0.4–0.7)m0

mV3 0.25m0

theoretical considerations. The expression for the �R/R as a
function of �ε1 and �ε2 can be written as [42]

�R/R = α(ε1, ε2)�ε1 + β(ε1, ε2)�ε2, (4)

where

α = C1[(ε1 − 1)A+ + ε2 A−],

β = C2[(ε1 − 1)A−1
+ − ε2 A−1

− ],

A± = ±
√

2[(ε2
1 + ε2

2)
1/2 ± ε1]1/2

(ε2
1 + ε2

2)
1/2

,

C1 = [(ε1 − 1)2 + ε2
2]−1,

C2 = 2ε2/[(ε1 − 1)2 + ε2
2](ε2

1 + ε2
2).
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Figure 2. Wavelength modulated reflectivity spectra of CuAlSe2

crystals measured at T = 10 K.

Figure 3. Wavelength modulated reflectivity spectra of CuGaSe2

crystals measured at T = 10 K.

As one can see, �R/R depends on both �ε1 and �ε2.
One of the α or β coefficients is much bigger than the other
one in the region of the fundamental absorption edge. The
contours of wavelength modulated reflectivity spectra for the
n = 1 line of the �4(A), �5(B) and �5(C) excitons have been
calculated taking into account the spatial dispersion and the
presence of a dead layer. The calculated spectra coincide better
with the experimental ones when the dielectric constant has a
small gradient. This gradient is determined by εmax

b and εmin
b .

The minimum value of the background dielectric constant εmin
b

corresponds to the energy at which the exciton state starts to
give input on the reflectivity spectrum, while the maximum
value εmax

b corresponds to the energy at which the s-state of the
exciton does not influence anymore the reflectivity spectrum
(there is no input on the ε). The gradient �ε is smaller than
0.15 for any of the exciton series. This gradient is due to
the fact that there is an input on the dielectric constant from
the B-exciton series in the frequency interval corresponding to
the transitions in the s-state of the A excitons, which increases
insignificantly with the increase of the frequency of the light.

Note that the wavelength modulated reflectivity spectra
allow one a better determination of the ground and excited
exciton states (figure 3). At the same time, such parameters
as exciton masses, and frequencies of longitudinal (ωL) and
transversal (ωT) excitons are determined with bigger errors as

Figure 4. Wavelength modulated reflectivity spectra of
CuAl1−X GaX Se2 crystals with X = 0.8, 0.5, and 0.2 measured at
T = 10 K.

compared to the non-modulated reflectivity spectra. Therefore,
we determined these parameters from the reflectivity spectra,
not from the wavelength modulated ones. The structure of
the wavelength modulated spectra (figure 4) was used for the
determination of the Rydberg constant and the parameters of
the energy bands (table 2). The structure of exciton lines is
situated in the energy interval from 1.74 to 2.83 eV for all
compositions of the investigated solid solutions. The n =
1 and 2 lines of the �4(A), �5(B) and �5(C) excitons are
observed in the wavelength modulated spectra of all solid
solutions. The main exciton parameters and the energy gaps
have been determined from the energy position of the n = 1
and 2 exciton lines (table 2).

The position of the n = 1 line demonstrates a nonlinear
dependence on X in CuAl1−xGaX Se2 solutions (figure 5).
The exciton binding energy (Rydberg constant) decreases
linearly with the transition from CuGaSe2 to CuAlSe2 (table 1,
figure 5). A weak deviation from linearity is observed for the
energy gap, i.e. the energy interval �7 (V1)–�6(C1) (figure 5).
The dependence of the energy intervals for the �4(A), �5(B)

and �5(C) excitons upon the composition is described by the
polynomial

Eg(X) = E1
g X + E2

g(1 − X) − C X (X − 1), (5)

where E1
g and E2

g are the bandgaps of the CuGaSe2 and
CuAlSe2 compounds, respectively, and C is the coefficient

5
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Figure 5. Dependence of the energy position of ground exciton
states and binding energy of �4(A), �5(B) and �5(C) excitons upon
the composition of solid solutions (X).

of nonlinearity. The deviation from linearity is weak (C
equals 0.07–0.1) for the investigated solid solutions. A similar
deviation from linearity is inherent to most of the I–III–
VI2 solid solutions. The C parameter equals 0.39 and 0.31
for the CuGa(SX Se1−X )2 and CuInX Ga1−X S2 compounds,
while it is around 0.29–0.34 for CuAlX Ga1−X S2 solutions.
Therefore, the value of the C parameter is a little lower for
the CuAl1−X GaX Se2 solid solutions.

In the following we will calculate the wavelength
modulated reflectivity spectra for the case of weak polariton
interaction. According to the theory of Hopfield and
Toyozawa [42, 43], the absorption coefficient in the n exciton
state at ω frequency is proportional to the asymmetrical
Lorentz coefficient

�n + 2An[h̄ω − (Eex,n + �n)]
[h̄ω − (Eex,n + �n)]2 + �2

m
, (6)

where �n is the half width at full maximum resulting from the
broadening of the n level due to the scattering on phonons.
�n is the input on the exciton energy Eex,n from the lattice
vibrations. An is an asymmetry coefficient which differs from
zero due to the weak dependence of the exciton density of
states upon energy near the absorption peak.

The �n and An parameters are considered to be
independent of the h̄ω photon energy in the interval |h̄ω −
Eex,n| � �n in the case of a weak exciton–phonon interaction.
In the case of a strong exciton–phonon interaction, i.e. a high
value of �n , the contour of the line described by expression (6)
will change due to the dependence of � and A values on ω

in the interval |h̄ω − Eex,n | ≈ �n , and will not demonstrate
anymore an asymmetrical Lorentzian shape. The shape of each
line will be Gaussian in the limit of strong interaction.

Hopfield suggested that the most probable mechanism
determining the line shape is the scattering on optical
phonons [43]. Toyozawa performed a more thorough analysis
taking into account the transitions between different exciton
states due to the exciton–phonon interaction (the consideration
of the inter-band scattering) [42]. It was shown that the exciton
absorption spectrum can be considered as a superposition
of individual asymmetrical Lorentzian (6) absorption bands
(the additive rule). The asymmetry coefficient is basically
determined by the inter-band scattering [42]. By taking the
derivative from the real and imaginary components of the
dielectric function ε one can obtain the following expressions
for the ε1 and ε2 derivatives:

∂ε1

∂ω
= (h̄ω − Eex)

2 − �2 − 4A�(h̄ω − Eex)

[(h̄ω − Eex)2 + �2]2
(7)

∂ε2

∂ω
= 2A[�2 − (h̄ω − Eex)

2] − 2�(h̄ω − Eex)

[(h̄ω − Eex)2 + �2]2
. (8)

The main attention has been paid to the fitting of the
central part of the excitonic band with the A and � parameters,
taking into account the determining role of the LO phonons
in the formation of this part of the excitonic band [42]. The
reflectivity spectra change from minimum to maximum in
this region of the spectrum. The A and � parameters are
determined from the position of zeros and minima in the
spectrum. One should mention that the theoretical curves are
strongly influenced even by small changes of these parameters,
which is evidenced by a comparison with the experimental
curves.

The interaction of excitons with lattice vibrations leads to
the broadening and the shift of exciton lines. It was shown [42]
that the shape of the exciton line is Lorentzian in the case
of a weak exciton–phonon interaction and a low value of the
effective exciton mass, while it is Gaussian in the case of
a strong exciton–phonon interaction and a high value of the
effective exciton mass. For a weak or intermediate exciton–
phonon interaction the exciton dispersion is expressed as

ε(ω) ∼= 2A − 1

(h̄ω − Eexc)
− i� (9)

where � is the half width at full maximum resulting from
the broadening of the exciton level due to the scattering on
phonons, Eexc is the exciton transition energy, and A is an
asymmetry coefficient which differs from zero due to a weak
dependence of the exciton density of states on energy near the
absorption peak.

A comparison of the experimental and the calculated
spectra of wavelength modulated reflectivity for the n = 1
line of �4(A) and �5(B) excitons in CuGaSe2 and CuAlSe2

crystals is presented in figure 6. The best fit is produced in
the case of a classical Lorentz oscillator and the absence of
spatial dispersion. The analysis of the reflectivity spectra in the
considered crystals suggested that a weak polariton interaction
is inherent to all of the solid solutions, i.e. the damping
parameter is bigger than or equal to the longitudinal–transverse
exciton splitting. One comes to the same conclusion from
the analysis of reflectivity spectra according to the dispersion

6
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Figure 6. Experimental and calculated wavelength modulated
reflectivity contours for the n = 1 state of �4(A) and �5(B) excitons
in CuAlSe2 and CuGaSe2 crystals.

relations taking into account the spatial dispersion [34, 38, 39].
As one can see, the calculated spectra fit very well the
experimental ones in the central part of the curves, while there
is some difference at the wings. According to the Toyozawa
theory, two types of oscillations contribute to the exciton band:
one of which (LA or LO phonons) contributes to the central
part and another one (TA phonons) contributes to the formation
of wings [42]. Therefore, one can consider that the central
part and the wings of the �4(A), �5(B), and �5(C) bands are
produced by different phonons. The shape of the �4(A) and
�5(B) exciton lines at T = 10 K in CuGaSe2 and CuAlSe2

crystals is asymmetrical. The asymmetry factor A is equal
to 0.06 and 0.04 for the �4(C) excitons in CuGaSe2 and
CuAlSe2 crystals, respectively. For the �5(B) excitons, A
equals 0.05 and 0.06 in CuGaSe2 and CuAlSe2 crystals, while
it is around 0.01 for both compounds for the �5(C) excitons
(figure 7). This corresponds to the case of weak exciton–
phonon interaction. One should mention that the damping
parameter varies in the interval from 2.6 to 3.9 meV for the
�4(A), �5(B), and �5(C) excitons, while the longitudinal–
transversal splitting does not exceed 3.4 meV [34]. The
shape of the exciton lines becomes less asymmetrical, and the
absolute value of the asymmetry coefficient does not increase
with increasing temperature. This behavior of the shape of
bands in the wavelength modulated reflectivity is due to the
fact that the value of the damping parameter is higher than
the longitudinal–transverse exciton splitting. The damping
parameter for the �4(A) excitons in solid solutions with X =

Figure 7. Experimental and calculated wavelength modulated
reflectivity contours for the n = 1 state of �5(C) excitons in CuAlSe2

and CuGaSe2 crystals.

0.5 equals 4.6 meV, while the longitudinal–transversal splitting
does not exceed 3.4 meV.

4. Conclusions

Ground and excited states of the �4(A), �5(B) and �5(C)

excitons are observed in exciton spectra of CuAl1−X GaX Se2

solid solutions. The exciton lines are situated in the energy
interval from 1.74 to 2.83 eV for all compositions of the
solid solution. Ground n = 1 and excited n = 2
lines of �4(A), �5(B) and �5(C) excitons are observed in
wavelength modulated reflectivity spectra of all solid solution
compositions. The energy position of the n = 1 line
of �4(A), �5(B) and �5(C) excitons depends nonlinearly
on the X value, being described by a polynomial with
the coefficient of nonlinearity C equal to 0.07–0.10, which
is smaller as compared to other solid solutions such as
CuGa(SX Se1−X )2 (C = 0.39), CuInX Ga1−X S2 (C = 0.31),
and CuAlX Ga1−X S2 (C = 0.32). The exciton binding energy
and the energy intervals �7(V1)–�6(C1), �6(V2)–�6(C1),
�7(V3)–�6(C1) decrease linearly with the transition from
CuGaSe2 to CuAlSe2. The value of the damping parameter
for mixed compositions is higher as compared to its value in
non-mixed compositions. The damping parameter does not
exceed 3 meV for compounds with X = 1 and 0. The effective
electron mass (m∗

c1) decreases from 0.14m0 to 0.11m0 with
transition from CuAlSe2 to CuGaSe2, while the effective hole
mass (m∗

V1) decreases from 1.26m0 to 1.20m0.
The wavelength modulated reflectivity spectra allow one

to determine more reliably the energy position of excited
exciton states and to evaluate the asymmetry parameter of
ground exciton states. The asymmetry parameter was found
to be nearly the same for all compositions, and it varies in the
range of 0.02–0.06, i.e. the sign of the asymmetry coefficient
for the n = 1 line of A, B, and C excitons is positive for all
compositions of the solid solutions.
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