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Electronic structure, optical properties, and elastic properties of solar material
CulnSe; from theoretical simulation
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This work uses the theoretical method to calculates and analyzes a series of properties of the
crystal such as electronic structure, optical properties, and elastic constants. The results
show that the optimized structural parameters of the CulnSe; is close to the experimental
values. The analysis of various parameters of optical properties shows that the crystal is
transparent for incident light with energy greater than 25 eV. Furthermore, the calculation
of elastic constants reveals that CulnSe, exhibits significant anisotropy and possesses

excellent ductility.
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1. Introduction

In the early stage, the most studied solar cells were those related to a-Si and CdTe [1-2].
However, amorphous silicon solar cells are not suitable for long-term use due to the light-induced
degradation effect, and cadmium telluride is restricted in use due to its lack of environmental
protection characteristics. In contrast, CulnSe, and its derivatives Cu(In, Ga)Se, have achieved a
laboratory conversion efficiency of over 20.3%][3-5]. Gurel et al. employed the adiabatic bond
charge model to investigate and compute the lattice dynamics properties of several chalcopyrite
compounds [6]. Kushwaha performed a comprehensive analysis of phonon frequencies and elastic
characteristics for six ternary chalcopyrite semiconductors, employing the rigid ion model as the
computational framework [7]. Jose J. Plata conducted a theoretical study examining the thermal
conductivity across a series of 20 chalcopyrite semiconductors [8]. Although there have been some
studies on CulnSe;, we found that the above-mentioned studies are still not systematic. This study
investigates the physical characteristics of CulnSe; through DFT calculations.
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2. Calculation method

The physical properties computations were performed utilizing the CASTEP simulation
package [9]. The Perdew-Burke-Ernzerhof Generalized Gradient Approximation (PBE-GGA)
functional was selected for the calculations [10]. The atomic electrons are modeled using ultra-soft
pseudopotentials and the calculations are performed [11]. For the structure calculations, the cutoff
energy of the plane wave in inverse k-space is 400.0 eV. The calculations guarantee a high degree
of convergence in all parameters: the accuracy is controlled to within 2x10°° eV/atom. The Brillouin
zone k-vector of the band structure is chosen to be 4x4x2,

3. Results and discussion

3.1. Structural properties

CulnSe; has a chalcopyrite structure. This structure is composed of two face-centered cubic
lattices. One is the anion Se element, and the other is composed of the cations of Cu and In elements.
Based on x-ray diffraction data, the lattice constants at room temperature are a = b = 5.78 A, ¢ =
11.59 A[12].
in Table 1. The crystal structural of CulnSe; is shown in Fig. 1. The obtained lattice constants are: a

The calculated internal coordinate parameter u and lattice constants a and ¢ are listed

=b=5.773A, ¢ = 11.5590A. The computed outcomes align well with both experimental data and
theoretical predictions [12-14], indicating the reliability of our calculation.

Fig. 1. The chalcopyrite unit cell structure of CulnSe:.

Table 1. Lattice constants (a, c) (A) and internal coordinate parameter u of CulnSes.

Parameters This work | Theo.[13] Exp.[12] Exp.[14]
a/A 5.773 5.770 5.784 5.873
c/A 11.5590 11.5530 11.616 11.583

u 0.22 - - -
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3.2. Electronic properties

Fig. 2 illustrates the band structure of CulnSe,. In Fig. 2, there are many and dense energy
level curves in the valence band between -5 and 0 eV. The calculated band gap is £, =1.016 eV, and
the CulnSe; belongs to a semiconductor.

Energy (eV)

Fig. 2. Energy band structure of CulnSe:.

Fig. 3 illustrates density of states (DOS) for CulnSe,. The electronic structures of CulnSe,
atoms are: Cu 3d°4s', In 5s°5p'4d" | Se 4s’4p*. The three regions in the figure show that: within -

15.8 to -12.3 eV, the DOS of CulnSe; is mainly contributed by the 4s state electrons of Se; within -
6.7 to 1 eV, the DOS is mainly contributed by the 4p orbital electrons of Se atoms; within 2 to 8.3
eV, the contribution to the DOS mainly comes from the p orbital electrons of Cu. The DOS
associated with the higher-energy valence band primarily originates from the interaction between
the 3d electrons of Cu and the 4p electrons of Se.
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Fig. 3. Total and partial DOS of CulnSe:.
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3.3. Optical properties
The relative dielectric function of a substance with light absorption can be expressed as
complex numbers [15]

s(w)=¢g(w)+ig,(w) )]

Fig. 4 shows the variation curves of real part €; and imaginary part €. The intersection of
the real part ; with the vertical axis is €(0) = 10.6. The real part curve first rises slightly, reaches a
maximum value at about 2.5 eV, and then decreases rapidly with the increase of frequency, then rises
slowly and finally tends to be horizontal. €; is negative in the range of 7-16 eV. The imaginary part
curve & increases rapidly with it initially rises with increasing incident light energy, then gradually
declines before stabilizing. At about 12 eV, &> decreases to 0.
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Fig. 4. e;and ¢; of CulnSe,.

3.5

=

3.0

2.5

2.0

n and K

1.5 1

1.0 1

0.5

0.0

T T T

0 5 10 15 20 25
Frequency (eV)

Fig. 5. nand k of CulnSe:.
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In Fig.5, the refractive index 5 (co) with the vertical axis is no= 3.2. The maximum refractive

index is near 2 eV, and the figure indicates that the peak refractive index reaches approximately 3.45.
Then the refractive index decreases as the incident light energy increases, reaches a minimum value
(about zero) near 14 eV, and then gradually increases. The extinction coefficient £ gradually
increases with the increase of the incident light energy, reaches a peak near 8 eV, and then decreases
approximately symmetrically. The extinction coefficient drops to zero for incident light energies
exceeding 23 eV.

Combining Figs.4-5, the relationships between &,, n(w),and k(w)are

g =n"(w)—k* (o) )

When n(w)<k(w), & < 0. The & is negative in the range of about 7-16 eV, the
corresponding wave vector is an imaginary number, and the refractive index is very small. Therefore,
it can be concluded that light in the range of 7-16 eV cannot propagate in the CulnSe..

The absorption coefficient is

_ &, (o)

a(a)) cn(a)) (3)

When n(w) is not equal to zero, the absorption coefficient is directly related to €. The
absorption spectrum of CulnSe; is illustrated in the figure.

In Fig. 6, the absorption coefficient initially rises and subsequently declines as the incident
light energy increases. It reaches a maximum value near 12 eV, and the absorption coefficient is
about 0 after 25 eV. Therefore, when the light intensity is greater than 25 eV, the propagation of the
incident light in the CulnSe; will not be attenuated, and the crystal is transparent to this range of
light.
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Fig. 6. Absorption coefficients of CulnSe..
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Fig. 7. Reflection coefficient of CulnSe:.

The reflection spectrum of the CulnSe; is shown in Fig. 7. Fig. 7 reveals that the reflection
coefficient remains minimal, at approximately 0.3, for incident light energies within the 0-5 eV range.
With the increase of energy, the reflection coefficient gradually increases, reaches a maximum value
near 15 eV, and then decreases rapidly. It approaches 0 at about 25 ¢V, which means that when the
incident light with energy greater than 25 eV passes through the crystal, it is transparent.

The energy loss spectrum of CulnSe,, derived from the calculations, is illustrated in Fig. 8.
The incident light begins to have energy loss in the range of 15-23 eV, reaches the maximum energy
loss at 16 eV, and has no energy loss outside this range.
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Fig. 8. Energy loss curves of CulnSe;.

3.4. Elastic properties

The computed elastic constants alongside experimental and other theoretical values for
comparative analysis is listed in Table 2. The table demonstrates that our calculated outcomes closely
match the theoretical and experimental data[7, 17-20]. Therefore, the elastic constants of a stable
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crystal have certain limitations. CulnSe; is a tetragonal crystal system, and the limitations for this

crystal system are [16]:

Ci1, C33, Caa, Css>0

C11 >‘C12‘

C11C33 > C123

(Cll + Cl2)C33 > 2C123

4)

)

(6)

()

Table 2. Theoretical and experimental values of C;; (GPa), linear and bulk compressibility coefficients

(TPa’’), and anisotropy factors of CulnSe;.

This work Theo. [17] Theo. [7] Theo. [18] Theo. [19] Exp.[20]
Cu 85.24 96.8 99.2 71 85.2 97
Ciz 51.19 60.9 61.3 45 53.3 59.7
Ci 27.91 63.2 84.3 453 62.3 86
Css 68.45 97.0 110.5 63 98.4 109
Cus 33.44 39.1 38.2 45 36.1 36
Css 32.42 37.9 32.1 47 32.8 31.6
X 20.78 13.52
Xa 5.21 4.62
e 10.36 4.28
o 1.96 2.18
a, 0.97 0.97

CulnSe; exhibits stability in its ground state. The two anisotropy factors ¢, and «, are:

o = 2Ca44/( Cll - C12)

a, = Cs/Caa

The calculated Cjj given in Table 2 meet the required stability criteria, suggesting that

(®)

)
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It can be seen from the calculation results that ¢z, and  «, are quite different, indicating that

the CulnSe; has strong elastic anisotropy.

The linear(volume) compressibility coefficients y,and y, ( ¥ ) can be calculated using the

the following relationships[21]:

C,,-C

.= _l@ = Sll _|_S12 +S13 — 33 13 - (10)
a op =0 Cy (€ +Cy) = 2C

1o C,+C,-2C

¢ = __a_c =85 +28; = —— = an
cop|,, Cy(C, +C,)—2C
x= S 20+ Xe (12)
V op =0

The calculated linear compressibility coefficients of the CulnSe; along the a and ¢ axes are

.= 521 TPa' and y, = 10.36 TPa" respectively, indicating that the influence of hydrostatic

pressure on the compression in the two directions is consistent. The calculated value of the volume
compressibility coefficient ¥ is 20.78 TPa™', these results align closely with values documented in

existing literature [17].
The bulk modulus (B) is derived from Cjjusing the Voigt-Reuss approximation [22-23]:

1
BV = 5(2C11 +C33 +2C12 +4C13) (13)

_ (C11 + Clz)C33 B 2C123
C,+C,+2C,;—-4C,

R (14)

1
G, = E(ZC” +C,;, —C, —2C;+6C,, +3C) (15)

G, =15{18B, / C* +6/(C,, — C;,)+6/Cyy +3/ Cy | (16)



Finally, B and G can be obtained through the Hill method [24]

B =%(BV +B,)

G=%<GV+GR>

C? = (C11 + C12)C33 _2C123
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(17)

(18)

(19)

The B, G, and E show strong consistency with previously reported data[17]. The Poisson's

ratio (o ) and Young's modulus (E) can be determined by the following formula:

o =(3B-2G)/(6B+2G)

E=9BG/3B+G)

(20)

21

When the B/G of a material is above 1.75, it is deemed ductile; conversely, a ratio of 1.75
or less signifies a brittle material [25]. For the CulnSe,, the B/G is 1.7428. The findings indicate that
CulnSe; possesses excellent brittle, rendering it highly suitable for applications in mechanical

processing.
Table 3. The B, G and E (GPa), o, B/G of CulnSe..
B G E o B/G
This work 48.12 27.61 69.79 0.2637 1.7428
Theo.[17] 92.96 29.55 80.16 0.3563

(@)

Fig. 9. Surface contours depicting the directional variations of (§)) TPa™’
(a), (G) GPa (b), and (E) GPa (c) for CulnSe>.
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Fig. 10. Projections of B (TPa’) (a), G (GPa) (b) and E (GPa) (c) of CulnSe; in xy, xz, and yz planes.

Two-dimensional and three-dimensional graphical representations of linear compressibility
(#), E, and G as effective means to illustrate the elastic anisotropy inherent in crystal structures[26].
Uniform circular and spherical graphical representations of crystals demonstrate their isotropic
nature. Figs. 9 and 10 present the directional dependence of 8, G, and E for CulnSe,, displaying
projections in the (xy)-, (xz)-, and (yz)-planes, as well as surface contour views, respectively. The
elastic anisotropy of CulnSe; was quantitatively evaluated through the ratios Smax/fBmin, Gmax/Gmin,
and Emax/Emin. Higher values of these ratios indicate greater anisotropy. Specifically, the calculated
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ratios are 1.9884 for Smax/Bmin, 1.964 for Gmax/Gmin, and 1.586 for Enax/Emin, reflecting the material’s
anisotropic behavior.

4. Conclusions

In this work, the equilibrium structural parameters of CulnSe, were determined. CulnSe;
exhibits the characteristics of a typical direct bandgap semiconductor. Analysis of its optical
properties reveals key optical constants, including the dielectric function. For incident light energies
exceeding 25 eV, the extinction coefficient of CulnSe; drops to zero, accompanied by a reflection
coefficient of zero. Under these conditions, light undergoes complete refraction without attenuation,
rendering the material fully transparent. The calculated elastic constants have an error of less than

15% compared with other theoretical values. When , <y this indicates that the a-axis exhibits

greater compressibility compared to the c-axis. ¢, and ¢, are quite different, that is, the CulnSe>

has significant anisotropy. In addition, the ratio of B/G is 1.7428, indicating that it is a good brittle
material.
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