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Abstract

The indirect energy gap (I'—X) is calculated using density functional theory (DFT) of the full potential-linearized augmented plane
wave (FP-LAPW) method as implemented in WIEN2K code. The Engel-Vosko generalized gradient approximation (EV-GGA) formal-
ism is used to optimize the corresponding potential for energetic transition and optical properties calculations of CdS,_,Te, alloys as a
function of quantum dot diameter and is used to test the validity of our model of quantum dot potential. The refractive index and optical
dielectric constant are investigated to explore best applications for solar cells.

© 2015 Elsevier Ltd. All rights reserved.
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1. Introduction

The main feature of each solar cell is its capability to
absorb effectively wide spectrum of photons contained in
solar radiation reaching its active surface. This feature
depends on intrinsic optical and electronic properties of
semiconductor material, and the critical parameter related
to semiconductor is energy band gap and energy band
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structure. Among available thin-film solar cell (a-Si,
CulnGaSe, and CdTe) materials, cadmium telluride
(CdTe) may be the strongest candidate for high through-
put, large-scale manufacturing (Hsu et al., 2012) of poly-
crystalline thin-film solar cells. Because of its high
absorption coefficient (>1 x 10*cm™") and direct band-
gap (1.5eV), about 1 um thick CdTe film is enough for
absorption of ~90% of photons with energy higher than
its band gap. However, the availability of elemental Te
may be a concern if production levels increase above
20 GW per year (Boucher et al., 2014). It is advantageous
to use the computational method based on total energy
calculations to study the phase transition from the
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coordinated number Nc =4 to 6-fold (Zhang and Cohen,
1987). Third-generation approaches to photovoltaics
(PVs) aim to decrease costs and significantly increasing effi-
ciencies but maintaining the economic and environmental
cost advantages of thin-film deposition techniques
(Green, 2003). There are several approaches to achieve
such multiple energy threshold devices (Green, 2003;
Nelson, 2003); tandem or multicolor cells, concentrator
systems, intermediate-level cells, multiple carrier excitation,
up/down conversion and hot carrier cells (Conibeer, 2007).

Recently, Yum et al. (2014) have demonstrated PbS:Hg
quantum dots-sensitized solar cell (QDSC) combined with
a dye-sensitized solar cell (DSC) to harvest panchromatic
solar spectrum from the visible light to the near IR. They
have used the filter to split the solar energy and access
the total conversion efficiency. The DSC performing
12.4% under AM1.5G sunlight was able to generate 9.1%
with a short-wave pass filter cutting off photons of wave-
length longer than 650 nm. On the other hand, QDSC per-
forming 5.58% generated 3.42% with the use of a long-
wave pass filter transmitting beyond 630 nm. Calculated
based on transmitted light, DSC and QDSC performed
24.0% and 5.90%, leading to almost 13.1% of estimated
total power conversion efficiency by harvesting the solar
energy from visible light to the NIR. While, Badawi et al.
(2013) have studied the photovoltaic performance of
CdTe quantum dots (QDs) sensitized solar cells
(QDSSCs) as a function of tuning the band gap of CdTe
QDs size. Presynthesized CdTe QDs of radii from 2.1 nm
to 2.5 nm were deposited by direct adsorption (DA) tech-
nique onto a layer of TiO, nanoparticles (NPs) to serve
as sensitizers for the solar cells. The characteristic para-
meters of the assembled QDSSCs were measured under
AM 1.5 sun illuminations. The values of current density
(Jsc) and overall efficiency (1) increase with decreasing
CdTe QDs size, since the lowest unoccupied molecular
orbital (LUMO) levels shifts closer to vacuum level, which
causes an increase in the driving force. Furthermore, the
photocurrent response of the assembled cells to ON OFF
cycles of the illumination indicates the prompt generation
of anodic current. Moreover, Emin et al. (2011) have
reviewed the recent progresses in various quantum dot
solar cells that are prepared from colloidal quantum dots.
They have discussed the preparation methods, working
concepts, advantages and disadvantages of different device
architectures. Major topics include integration of colloidal
quantum dots in: Schottky solar cells, depleted heterojunc-
tion solar cells, extremely thin absorber solar cells, hybrid
organic-inorganic solar cells, bulk heterojunction solar
cells and quantum dot sensitized solar cells. However,
Udipi et al. (1996) have presented semiclassical simulation
results for the potential energy profile and electron density
distribution in 200 nm silicon quantum dot. For the solu-
tion of the continuity equation, the efficient difference
approximations, proposed by Scharfetter and Gummel
(1969) extended to three dimensions. In essence, they have

followed the two-dimensional approach due to Selberherr
et al. (1980) extend two to three dimensions.

The investigation of further materials research is inter-
esting when one tries to gain some information about the
diameter dependence of the compounds; especially it is
proved with some of the materials (Al-Douri et al., 2011;
2012). It seems more fundamental to relate the diameter
dependence behavior to the bonds between nearest atoms.
By controlling the evolution with diameter dependence of
the compound, it could attempt to link the effect of quan-
tum dot diameter to the quantum dot potential. In this
context, we have used this procedure for testing the validity
of our model (Al-Douri, 2009) of QDs potential. The
obtained energy band gaps are used to calculate the quan-
tum dot potential and to predict materials for QD’s. The
aim of this paper is to verify our model (Al-Douri, 2009)
for calculating the diameter dependence on QDs potential
for dot diameters down to 57 nm, 58 nm and 60 nm for
CdSOI75TCO.25, CdSOASTCUIS and CdS().25T60.75 alloys, respec-
tively using the full potential linearized augmented plane
wave (FP-LAPW), in addition to investigate the optical
properties of refractive index and optical dielectric constant
using specific models for the mentioned alloys.

2. Calculations

The effect of tellurium concentration on the optical prop-
erties of the cadmium sulfide telluride CdS;_,Te, ternary
alloys (x = 0.0, 0.25, 0.5, 0.75, 1.0) is studied using the full
potential linearized augmented plane wave method.
Recently, the ‘special quasirandom structures’ (SQS)
Zunger’s approach (Zunger et al., 1990) is used to reproduce
the randomness of the alloys for the first few shells around a
given site. The alloys for many physical properties that are
not affected by the errors introduced by using the concept
of the periodicity beyond the first few shells are described
using this approach which is reasonably sufficient.

The calculations were carried out using the full potential
linearized augmented plane wave (FP-LAPW) method as
implemented in WIEN2 K code (Blaha et al., 2001). The
exchange correlation potential was treated using the gener-
alized gradient approximation (GGA) Perdew et al., 1996
for the total energy calculations and the Engel-Vosko
GGA (EVGGA) formalism Engel and Vosko, 1993 for
principal energy calculations. To overcome the shortcom-
ing of both LDA and GGA of underestimation the energy
gap (Dufek et al., 1994) we have used EVGGA. This short-
coming is ascribed to the fact that they do not reproduce
the exchange correlation energy and its charge derivative
correctly. Hence, the modified form of GGA is the
EVGGA, which 1is capable to better reproduce
the exchange potential at the expense of less agreement in
the exchange energy, which yields a better band splitting.
The calculations of quantities that depend on an accurate
description of the exchange potential as the equilibrium
volume and bulk modulus using EVGGA are in poor
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agreement with experiment (Dufek et al., 1994). In the FP-
LAPW method, the wave function, charge density and
potential were expanded by spherical harmonic functions
inside non-overlapping spheres surrounding the atomic
sites (muffin-tin spheres) and by plane waves basis set in
the remaining space of the unit cell (interstitial region).
The maximal / value for the wave function expansion inside
the atomic spheres was confined to /,,,, = 10. The muffin-
tin radii were assumed to be 1.6 atomic units (a.u.) for S,
and 1.95 for both Cd and Te. The plane wave cut-off of
K. = 9.0/RMT was chosen for the expansion of the wave
functions in the interstitial region for the parent CdS, CdTe
binary compounds and CdS,_,Te, ternary alloy while the
charge density is Fourier expanded up to G, =14
(Ryd)l/ 2. The irreducible wedge of the Brillouin zone was
described by a mesh of 35 special k-points for binary com-
pounds and alloys except for the case of x = 0.5, where we
used a mesh of 64 special k-points. In the case of principal
energy calculations, we used denser meshes of 220 k-points
for binary as well as ternary alloys of x =0.25 and 0.75,
whereas 216 k-points were used for x = 0.5. The self-con-
sistent calculations are converged since the total energy
of the system is stable within 10> Ry.

3. Results and discussion

The covalent semiconductors are four-fold coordinated.
The reason that the density of structure is so low and the
nearest neighbors of atoms are bound by overlapping
hybridized orbitals, which are the well-known sp> hybrids
with tetrahedral shape. Hence, it is possible to tune the
energy band gaps using dot diameter. The calculated values
of the direct (I' — I') and the indirect (I' — X) and (I' — L)
energy band gaps within EVGGA of the investigated
CdS,_,Te, alloys at different dot diameters are listed in
Table | along with the experimental data (Lincot and
Hodes, 2006; Tsidilkovski, 1982) and other theoretical cal-
culations (Feng et al., 1993; Al-Douri et al., 2001). Our cal-
culated values of the (I' — I') energy band gap is slightly
underestimated compared to the experimental data. This
could be attributed to our use of the EVGGA approxima-
tion. Due to these values, CdS,_,Te, alloys have been clas-
sified as direct energy band gap semiconductor. Because of
their use in infrared light generation and detection, the
energy gap variations of dot diameters represent an impor-
tant property to study. As mentioned at Table 1, the energy
band gaps correlate inversely with the dot diameters and
confirmed by Fig. 1.

The energy band gaps between the valence band maxi-
mum (VBM) at the point I" and the conduction band mini-
mum (CBM) at the point X are computed based on the FP-
LAPW. By means of our recent model (Al-Douri, 2009),
the quantum dot potential has evaluated, according to
the formula:

b _
PQD:;~Eng-lO3-/1 (1)

Table 1

The calculated principal energy gaps for CdSg75Teq s, CdSgsTey s and
CdSo.25Teg 75 alloys (in eV) at different QD’s diameters (in nm) compared
to other experimental data and theoretical results.

QD’s diameter E, (I'-T') E, (I'-X) E, (I'-L)
CdS 2.359, 2.42% 2.361° 4.626 3.432
CdTe 1.368 1.8 1.8¢ 3.241 2.288
CdSy 75Teg 25

61 0.943 0.943 2.484
60 1.067 0.949 2.609
59 1.187 0.955 2.731
58.5 1.306 0.960 2.850
58 1.422 0.964 2.967
57.5 1.535 0.968 3.082
CdSy sTey s

63 0.730 2.737 2.583
61.5 0.853 2.743 2.707
60.5 0.974 2.748 2.829
60 1.092 2.753 2.949
59 1.208 2.758 3.066
58 1.321 2.761 3.180
CdSy 25Teg. 75

65 0.650 0.650 1.538
63.5 0.774 0.657 1.663
62.5 0.895 0.662 1.785
61.5 1.013 0.667 1.940
61 1.129 0.670 2.021
60 1.242 0.675 2.136

# Reference Lincot and Hodes (2006) Expt.
® Reference Feng et al. (1993) Theor.

¢ Reference Tsidilkovski (1982) Expt.

4 Reference Al-Douri et al. (2001) Theor.

where 2 is constant (in eV™!) [see Table 4 in Al-Douri
{2009), E,rx is the energy gap along I'—X (in eV) and /4
is an appropriate parameter for group-1V (41 =6), III-V
(A =4) and II-VI (1 =2) semiconductors (in V).

A correlation between QDs diameter and pressure effect
changes is stated. If quantum dot diameter is changed, the
strong sp> covalent bonding that characterizes the covalent
structure is affected. From our viewpoint, this discrepancy
at diameter dependence is an immediate consequence of the
difference in the corresponding quantum dot potential. In
Table 2, the calculated quantum dot potential at quantum
diameter dependence is computed.

The critical dot diameter is the value that separates the
decrease and the increase of the QDs potential. The dia-
meter dependence correlates with transition pressure (P)
that is important to be computed from difference in molar
free energies of compounds. The Gibbs free-energy differ-
ence, AG,, between compounds which has the tetrahedral
coordination at diameter dependence is nearly given by
AG = AH—TAS (in kJ mol™') where H is enthalpy, 7T is
temperature and S is entropy. Most of energies are larger
for smaller bond lengths. Changing the QDs potential with
dot diameter is confirmed by the change of the energy gaps
at principal points (I'-I’, I'-X and I'-L) as shown in
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Fig. 1. Calculated energy band gaps direct (I' — I'), and indirect (I' — X) and (I' — L) for (a) CdS 75Teq 25, (b) CdSg sTeq s and (c) CdSy »5Teq 75 alloys as
a function of QDs diameter.

Table 2 oo ]
The calculated quantum dot potential for CdSg ;5Teq .25, CdSy 5Teg 5 and 050 -
CdS»5Teg 75 alloys (in mV) compared to other value at different QD’s < 3
diameters (in nm). E 045F
. 4 . © i T CdSOJSTeOZS
QD’s diameter Pgp cal. Pqp (Udipi et al., 1996) g 0.40 —— Cd§, Te,.
CdSy.75Tep 25 g 035 i CdS, 578,75
61 0.1793 <1 g |
60 0.1804 £ 030l
59 0.1815 2t
58.5 0.1825 § 0.25
58 0.1833 r
57.5 0.1840 0201
CdSy.sTep s 0151
63 0.5200 <l ool
61.5 0.5212 60 61 62 63 64 65
60.5 0.5222 Quantum dot diameter (nm)
60 0.5232
59 0.5240 Fig. 2. QDs diameter dependence of the quantum dot potential for
58 0.5247 CdSo.75Teg .25, CdSysTeg s and CdSg,s5Te 75 alloys.
CdSy.25Teg 75
65 0.1236 <1
63.5 0.1248 Table 1. The QDs potential varies inversely with quantum
62.5 0.1259 diameter (Table 2) and confirmed by Fig. 2. The relation-
61.5 0.1268 .. .
61 0.1276 ship is almost linear for CdS,_,Te, alloys. Consequently,
60 0.1284 fluctuations of the QDs potential appear. Our calculated

QDs potential values are in accordance with other data
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(Udipi et al., 1996). It is mentioned that the variation of the
QDs potential is an indication of the electron tunnels the
quantum dot.

The refractive index n is a very important physical para-
meter related to the microscopic atomic interactions. From
theoretical viewpoint, there are two different approaches of
viewing this subject: firstly; the refractive index will be
related to the density and local polarizability and secondly;
the refractive index will be closely related to the energy
band structure of the material, through the dielectric con-
stant. (Balzaretti and da Jornada, 1996). Consequently,
many attempts have been made in order to relate the
refractive index and the energy gap E, through simple rela-
tionships (Moss, 1950; Gupta and Ravindra, 1980; Al-
Douri et al., 2008, 2010; Herve and Vandamme, 1993;
Ravindra et al., 1979). However, these relations of »n are
independent of temperature and incident photon energy.
Here the various relations between n and E, will be
reviewed. Ravindra et al. (1979) had presented a linear
form of n as a function of E,:

n=o-+ PE, (2)
where o =4.048 and f=-062eV' (Herve and

Vandamme, 1995) have proposed an empirical relation as
follows:

n

A 2

1
" (Eg + B) e
where 4 = 13.6 eV and B = 3.4 ¢V. For group II-1V semi-
conductors, Ghosh et al. (1984) have published an empiri-
cal relationship based on the band structure and quantum

dielectric considerations of Penn (1962) and (Van Vechten,
1969):

w1 = % (4)

(e +B)

where 4 = 8.2E, + 134, B =0.225E, +2.25 and (E,+ B)
refers to an appropriate average energy gap of the material.
Thus, using these three models the variation of n with dot
diameter has been calculated. The results are displayed in
Fig. 3. The calculated refractive indices and the optical
dielectric constants of the end-point compounds are inves-
tigated and listed in Table 3.

This is verified by the calculation of the optical dielectric
constant ¢&.,, which depends on the refractive index. Note
that e,, = n? (Samara, 1983). It is clear that the calculated
n using the model of Herve and Vandamme (1995) is an
appropriate one due to reflectivity parameter is important
in enhancing the photo conversion for solar cells. Again,
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Fig. 3. QDs diameter dependence of the refractive index (n) for (a) CdSg75Teg2s (b) CdSysTeg s and (c) CdSy25Tey 75 alloys.
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Table 3

Calculated refractive indices for CdSg75Teprs, CdSosTeys and
CdSy,sTeg 75 alloys at diameter dependence using Ravindra et al.
(1979), Herve and Vandamme (1995) and Ghosh et al. (1984) models
corresponding to optical dielectric constant.

QD’s diameter n oo

Cds 2.589" 2.567° 2.611° 2.38" 6.702" 2.589" 2.817°
CdTe 3.345% 3.1627° 3.439° 2.7 11.189" 9.998" 11.826¢
CdSy 75Tep 25

61 3.46" 3.28" 3.63¢ 11.97* 10.75° 13.17°
60 3.38% 3.20" 3.50° 11.42* 10.24° 12.25°
59 3.31% 3.12" 3.38° 10.95% 9.73" 11.42¢
58.5 3.23% 3.05" 3.28° 10.43* 9.30° 10.75°
58 3.16* 2.99" 3.18° 9.98* 8.94° 10.11°
57.5 3.09* 2.93° 3.09¢ 9.54* 8.58" 9.54°
CdS045T€().5

63 3.59% 3.44" 3.89° 12.88 11.83° 15.13°
61.5 3.51% 3.35° 3.73¢ 12.32* 11.22° 13.91°
60.5 3.44" 3.26" 3.60° 11.83" 10.62° 12.96°
60 3.37% 3.18" 3.47° 11.35* 10.11° 12.04°
59 3.29* 3.11° 3.36° 10.82* 9.67° 11.28°
58 3.22% 3.04° 3.26° 10.36 9.24° 10.62°
CdSy >5Tey 75

65 3.64% 3.50° 3.91° 13.24* 12.25° 15.28°
63.5 3.56 3.40° 3.83° 12.67* 11.56° 14.66°
62.5 3.49" 3.32" 3.69° 12.18* 11.02° 13.61¢
61.5 3.41* 3.23 3.55¢ 11.62* 10.43° 12.60°
61 3.34" 3.16" 3.44° 11.15" 9.98" 11.83¢
60 3.27% 3.09° 3.33° 10.69* 9.54° 11.08°

# Reference Ravindra et al. (1979).

® Reference Herve and Vandamme, (1995).
¢ Reference Ghosh et al., (1984).

* Reference Ravindra et al., (1979) Expt.

a linear dependence of the CdS;_,Te, alloys properties on
the dot diameter is observed and that the refractive index
for small diameter dependence tends to shift toward the
blue-green. It means a high absorption and low reflection
spectrum may be attributed to increase solar cells efficien-
cy. This work regards an impetus for researching further
materials for both theoreticians and experimentalists to
improve the solar energy applications.

4. Conclusion

The FP-LAPW method provides a good way to calcu-
late the electronic properties and investigate optical proper-
ties of low reflectivity value for CdS,_,Te, alloys and
prove that 57nm, 58 nm and 60 nm for CdSy;sTeq s,
CdSysTegs and CdSyp,s5Teq 75 alloys, respectively using
Herve and Vandamme are more suitable for solar cells
applications, expecting new trends for other alloys and
new realization for quantum dots.
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