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CdTe is one of the leading materials for low cost, high efficiency thin-film solar cells with a nearly ideal band gap of
1.48 eV. However, its solar to electricity power conversion efficiency (PCE) is hindered by the relatively low open circuit
voltage (Voc) due to intrinsic defect related issues. Here, we propose that alloying CdTe with CdSe could possibly improve
the solar cell performance by reducing the “ideal” band gap of CdTe to gain more short-circuit current from long-wavelength
absorption without sacrificing much Vgc. Using the hybrid functional calculation, we find that the minimum band gap of
the CdTe_,Se, alloy can be reduced from 1.48 eV at x =0 to 1.39 eV at x = 0.32, and most of the change come from the
lowering of the conduction band minimum. We also show that the formation of the alloy can improve the p-type doping of
Cucgq impurity based on the reduced effective formation energy and nearly constant effective transition energy level, thus

possibly enhance Vg, thus PCE.

Keywords: alloy, bowing effect, doping, II-VI semiconductors

PACS: 61.66.Dk, 61.72.J—, 61.72.Bb, 61.72.uj

1. Introduction

CdTe is one of the leading material for low-cost, high-
efficient, thin film solar cells due to its good optoelectronic
property and the easy way to fabricate.!!! Although the power
conversion efficiency (PCE) of the CdTe-based solar cell has
so far reached to an impressive 22.1%, it is still much be-
low the Shockley—Queisser limit (32%).?! The current PCE
in the world-record solar cell is mainly limited by the small
open-circuit voltage (Voc), which is about 0.85 V compared
to its band gap of 1.48 V at room temperature, as well as
the relatively low short-circuit current (Jsc), which reaches
about 28 mA/cm? compared to Jgc = 30 mA/cm? under the
Shockley—Queisser limit.!'3] Currently, most efforts to im-
prove CdTe-based solar cell efficiency have been trying to
improve Voc instead of the Jsc because of the large defi-
ciency in Vpc. Some success has been achieved in increas-
ing Voc by group V doping in CdTe.[*! However, it is still
not clear whether such approach can obtain stable p-type ab-
sorbers because non-equilibrium doping process has to be
used to improve the p-type doping.!>! On the other hand, one
may increase the PCE by increasing Jsc, which can be easily
achieved by reducing the band gap of CdTe to harvest more
long-wavelength sunlight. For example, if the band gap is
reduced from 1.48 eV to 1.35 eV, the ideal Jgc is increased
from 30 mA/cm? to ~ 36 mA/cm?. Because Vo of the cur-
rent champion CdTe solar cell is still much lower than the band
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gap,[®7] mainly due to the low carrier density in p-type CdTe,
reducing the band gap of CdTe slightly, especially lowering
the conduction band energy, is not expected to cause much de-
crease of the Vpc.

Band gap tuning through alloying is widely used in semi-
conductors. Alloying CdTe at cation site could hardly achieve
the reduction of the band gap, because the band gap always
becomes wider when Cd is substituted by isovalent Zn,[8:9]
and it is not desired to try alloying HgTe with CdTe given
the toxicity of Hg. Therefore, one can only try to reduce
the band gap of CdTe through alloying CdTe at anion site.
The band gap of CdS and CdSe is 2.52 eV and 1.74 eV,
respectively.[!9) Although the band gap of CdS and CdSe are
both larger than that of CdTe, alloying CdS or CdSe into
CdTe can effectively reduce its band gap due to the large bow-
ing effect.!!!! Because the lattice mismatch between CdS and
CdTe is large, the solubility of S into CdTe is low, which
has been confirmed by previous theoretical and experimental

H-13] Therefore, alloying CdTe with CdSe forming

studies. !
CdTe;_,Se, seems to be the best choice to reduce the band
gap effectively. Some of the recent experimental studies has
already shown that diffusing CdSe into CdTe layer enables the

[2.14-16] However, so far, it is not clear how

increase of the Jsc
low the band gap of CdTe;_,Se, could be to maximize the
increase of the Jsc, although different experimental results re-

garding the CdTe;_,Se, alloys have been reported.t!’-!]
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Furthermore, high p-type doping in CdTe is usually re-
quired for its solar cell performance, because as a minority
carrier device, its electron mobility is much higher than the
hole mobility. Although the dominant intrinsic p-type defect
in CdTe is Vo4, the obtained hole carrier density is too low for a
good solar cell because V4 has high formation energy. There-
fore, extrinsic p-type dopants, such as Cugy, is often used in
commercial CdTe-based solar cells.[>>->* However, it is also
not clear how the formation of CdTe;_,Se, alloy affects the
doping properties in CdTe.

In this work, using the first principle hybrid-functional
calculations, we find that the minimum of the band gap of the
CdSe,Te;_, alloy can approach 1.39 eV at about x = 0.32, and
most of the band gap reduction is through the lowering of the
conduction band minimum. Our investigation of the doping
property of the alloy reveals that the formation of the impurity
Cucq exhibits dramatic bowing effect on the impurity forma-
tion energy, which can be utilized to improve the Voc, thus the
PCE. The obtained band structure and the defect properties of
the CdSe,Te;_, alloy suggest that CdSe,Te;_, alloy should
be a better solar cell absorber than CdTe for the thin film solar
cell application.

2. Computational methods

The first principle calculation in this work is performed
by the VASP code.[*>-?61 PAW psuedopotentials with an en-
ergy cutoff of 350 eV were employed. PBEsol functional*’!
with generalized gradient approximation (GGA) exchange
correlation is used for the structure optimization of the bulk
constitutes and alloys. All the atoms and the lattice vectors
were fully relaxed until the force on each atom is less than
0.01 eV/A. For the defect calculation, the lattice vectors of
the optimized alloy are fixed with all the atoms inside the su-
percell relaxed. To calculate the band structures and the band
offsets, we have employed the hybrid functional ®® consists of
32% exact Hartree—Fock exchange mixed with 68% PBE ex-
change with spin—orbit coupling (SOC) to determine the band
gap. This specific functional is chosen so that the calculated
band gap of both zinc blende CdTe and CdSe are close to ex-
perimental values. Using the proposed functional, the calcu-
lated band gaps of zinc blende CdTe and CdSe are 1.52 eV
and 1.69 eV, respectively, compared to the experiment values

10l The calcu-

of 1.48 eV and 1.74 eV at room temperature.
lation of the band offsets of the series of CdSe,Te;_, alloys
follows the method described in our previous study.!'!]

The CdSe,Te|_y alloy is assumed to be random and is
mimicked by the special quasirandom structures (SQS)?°! in
the cubic supercell of 512 or 64 atoms, when x = 0, 0.25, 0.5,
0.75, and 1. The cubic supercell of 512 and 64 atoms are

optimized with equivalent k-point sampling of 1x1 x 1 and

2x2 x 2, respectively. The averaged atomic correlation func-
tions of the first neighbor pairs, triangles and tetrahedral of the
SQS are the same as the perfect random alloys in the 512-atom
supercells for all the mentioned concentrations. For the 64-
atom supercell, the averaged atomic correlation functions of
the first neighbored tetrahedral deviates from the perfect ran-
dom alloys by 0.06 for x = 0.25 and x = 0.75 but is accurate
enough for this case. The way to calculate the defect formation
energy and the transition energy level is the same as stated in
the previous work. 232! After testing with different function-
als and supercells, the calculated formation energies are sim-
ilar, and the calculated transition energy levels are converged
to within 0.03 eV. Therefore, PBEsol functional and 64-atom
supercells are adopted for the calculation of the doped alloys
to reduce the computational cost.

3. Results and discussion

As described above, we have calculated the respective
volume and mixing enthalpy AHx of the random CdSe,Te|_,
alloys with Se composition x = 0, 0.25, 0.5, 0.75, and 1 as
shown in Figs. 1(a) and 1(b). The obtained lattice constant
is 6.55 A and 6.13 A for pure CdTe and CdSe, respectively,
in reasonably good agreement with experiment data.['% As x
increases, the volume of the CdSe,Te;_, alloy decrease lin-
early due to the smaller size of Se, following the Vegard’s
rule.l33] The AH,;, of the random alloy is defined as the en-
ergy difference between the CdSe,Te;_, alloy and the pure
CdSe and CdTe with the corresponding ratio. The calculated
AHpix can be described quite well by the quadratic function
Qx(1—x), with the interaction parameter = 76.1 meV/f.u.
Using the calculated value of 2, the transition temperature is
estimated to be 441 K, which is much lower than the exper-
imental growth temperature,[!%! therefore, it is easy to alloy
CdSe into CdTe. In addition, the mixing enthalpy for x = 0.25
is slightly lower than for x = 0.75, reflecting the fact that it is
easier to mix Se into CdTe than Te into CdSe.

The band gaps of the random CdSe,Te;_, alloy are con-
ventionally fitted to the equation:

E, (CdSe,Te;_y)
= (1 —x)Eg(CdTe) +xE, (CdSe) —bx(1—x), (1)

where b is the bowing coefficient for the band gap. The hybrid
functional calculated band gaps as function of the composition
x are plotted in Fig. 2(a), where the band gap bowing param-
eter b is found to be 0.725 eV and the band gap minimum is
found at x = 0.38. Given the slight difference of the calculated
and experimental band gaps, the composition for the band gap
minimum also slightly varies. Using the calculated bowing
parameter b = 0.725 and the experimental value of the band
gaps at room temperature, the obtained band gap minimum
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of the random CdSe,Te;_, alloy is predicted to be 1.39 eV at
x = 0.32, in agreement with a recent experiment result.!?!
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Fig. 1. The volume in units A3/f.u. (a) and the mixing enthalpy AH,; in
units meV/f.u. (b) as the function of the composition x for CdSe,Te|_, al-
loys. The red lines in panels (a) and (b) are fitted curves.
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Fig. 2. (a) The calculated band gaps as a function of x for CdSe, Te|_, alloys,
(b) The band alignments of the CdSe, Te;_, alloys as a function of x.

The bowing of the band gaps for CdSe,Te|_, alloys is
caused by the bowing of both the band edges. As shown in
Fig. 2(b), the band offsets of the valence band minima (VBMs)

and the conduction band minima (CBMs) between pure CdTe
(x =0) and CdSe (x = 1) are estimated to be 0.53 eV and
0.35 eV, respectively, consistent with the previous result.!'!]
Due to the strong intra valence band and intra conduction band
coupling, the VBMs bow upwards and the CBMs bow down-
wards as x increases from 0 to 1, resulting the minimum band
gap occurs at xpyi,. At this specific concentration, the CBM
bows 0.09 eV more than the VBM does. The type-II band
alignment between CdTe and CdSe, Te;_, suggests that a gra-
dient CdSe,Te|_, cell with Se-rich alloy in the front can help
separate photogenerated electrons and holes, thus further im-
prove the cell performance.

We first investigate the formation of the impurity Cucq
in CdSey 375Teq 625 alloy modeled by a 64-atom SQS contain-
ing all five type Ses—,Te, (n = 0-4) nearest neighbor motifs
around each Cd atom. The formation energy of Cucq under
Cd-rich condition at each possible site are calculated and plot-
ted in Fig. 3(a). The formation energies of Cucqy at charge
state 0 and —1 depend mostly on the first neighbored config-
uration, although the farther neighbor configuration also has
some effect, leading to the scattered formation energy within a
given first neighbored motif. The averaged formation energies
of the defect in different first neighbor motifs are shown in
Fig. 3(b). It is obvious that the averaged formation energy in-
creases as the number of Se atoms increase in its first neighbor.
As more Se atoms surround the impurity in the first neighbor
motif, the bonding orbitals of the impurity contains more Se
4p orbitals, which has lower orbital energy [Fig. 2(b)], thus, to
form Cucyq state, it will cost more energy to create a hole. 34!
(Fig. 3(b) top) follows the trend
of its neutral state (Fig. 3(b) bottom), indicating the transition

The formation energy of Cu, ;

energy level €(0/ — 1) for Cugq is less sensitive to its local
configuration compared to the neutral formation energy. In
other word, the Cucq defect is more like a delocalized defect
in CdSe,Te;_, alloys.

In alloys, the defect formation energy AH¢(, g, s, x) of
defect o depends on charge state g, doping site s and the al-
loy composition x. To statistically investigate the defect prop-
erty, it is more convenient to introduce an effective forma-
tion energy[35] AHg(0, g, x, T), which is x- and T-dependent
weighted average of the formation energy as given in Eq. (2),
where kg is the Boltzmann constant, and N is the total num-
ber of the corresponding defect sites in alloys. To obtain the
effective formation energy at charge states 0 and ¢, we could
also define the effective transition energy level g(ct, 0/q, x,
T) for defect o, which is the Fermi energy at which defect o
at charge state 0 and g has the same effective formation energy
as shown in Eq. (3).

exp[—AH.f («,q,x,T) /kpT]

1
= § Lexp[-AH:(a,q,5,%) /ksT], @
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eeff((x70/q7-x7 T)
= [AHeff(avoax7T)_AHeff(a7Q>xaT)+qu] /q- 3)

Considering the limit condition for the effective forma-
tion energy, equations (2) and (3) can be further deduced. At
high temperature limit (7' — o), all the sites has equal weight,
thus the effective formation energy AH.g(Q, g, x, o) is just the
arithmetic average of the formation energies at all sites, so is
the effective transition energy level gg(, 0/q, x, o).

1
AHeff(aaQ7xv°°) = NZAHf(aaquax)v

1
geff(a70/q7xa°°) = N deff(a70/Qasax)' (4)
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On the other hand, at low temperature limit (T — 0), only
the site with the lowest formation energy at charge g (sg) is oc-
cupied under equilibrium condition, so the effective formation
energy AHg(Q, g, x, 0) is just equal to AHg(a, g, sg, x). The
effective transition energy level &¢(a, 0/¢, x, 0), therefore, is
the energy difference between AHy(cx, 0, sg, x) and AH¢(, g,

sg, x). It is noted that the s) and s may not be at the same site.

AHeff(thvan) = AHf (aaqug,x) )
geff(a70/Qu-x70)
= [AH;(a,0,50,x) — AH¢ (0t,q,50,x) +qEr] /g. (5)
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Fig. 3. (a) The formation energies of Cua and Cugul at each site in CdSe 375Teg 625 alloy as a function of the number of the first

neighbor Se atoms (n) around the impurity. (b) The arithmetic averaged formation energies of Cua} and CuOCd as a function of n. The
black dashed line is just for guiding the eye. The Fermi level is set as O in both panels (a) and (b).

The calculated effective formation energies for the defect
Cucq at neutral and —1 states in CdSe, Te_, alloys (x = 0,
0.25, 0.375, 0.5, 0.75, and 1) at the low temperature limit, the
high temperature limit and a finite temperature 7 = 600 K are
shown in Figs. 4(a) and 4(b), respectively. It is interesting
to see that the effective formation energy for Cucy impurity
exhibits a large bowing, i.e., they are much smaller than that
of the composition averaged values in the pure CdTe and the
pure CdSe. This is because, in addition to the electronic ef-
fect discussed above, the strain effect also plays an important
role. The formation of Cucq causes a compressive strain due
to the smaller radius of Cu than Cd, thus the formation energy
of Cucq will be reduced as the local volume surround Cu is
reduced.3®! This is the case when Cu is surrounded by Te and
CuTey cluster is compressed in the CdSe,Te|_, alloy, so the
formation energy of Cucq is much lower in the CdSe,Te;_,
alloy than in pure CdTe. The formation energy of Cucq also
decreases at the Se rich end when the CuTey4 cluster is com-
pressed most. At low temperature limit, Cu only occupy the
lowest energy site (CuTe4 cluster), so the bowing is the largest

at the Se-rich side. At high temperature limit, the substitution
occurs equally at all sites, so the effective formation energy
change more smoothly as Se concentration increases. The for-
mation of the Cu&} generally follows the trend of CuOCGl except
that the bowing for Cua is less dramatic than the bowing for
Cugq due to the larger size of the Cua} impurity.

As expected, the effective transition energy level in-
creases as Se concentration increases in the alloy. It is in-
teresting to see in Fig. 4(c) that at a given composition the
effective transition energy level decreases as the temperature
increase. This is because at the low temperature, the site with
lower formation energy is preferentially occupied, where the
impurity energy level for Cugd is usually high to easily cre-
ating the hole. Therefore, the transition energy level (0/ — 1)
is relatively high. At the high temperature limit, all the defect
sites have nearly equal occupation probability, so the averaged
effective transition energy is reduced. However, the variation
of the effective transition energy is small at a given composi-
tion (~ 0.04 eV), reflecting that Cuc4 is a relatively delocal-
ized defect in CdSe, Te;_, alloys.
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The formation energy of the CuOCd defect in the
CdSe( 375Teg 625 alloy range from 1.31 eV to 1.15 eV at
Cd-rich limit with the transition energy level varying from
0.217 eV to 0.254 eV, depending on the synthetic tempera-
ture, as shown in Fig. 4(d). The insensitivity of the transition
energy level and the lower formation energy of Cucq in the
CdSeg 375 Teg 625 alloy suggests Cu doping in the alloy is more
effective than that in pure CdTe.

4. Conclusion and perspectives

In summary, using first-principles calculations, we show
that alloying CdTe with CdSe to form CdSe,Te;_, alloys
could be an effective approach to increase the PCE of the CdTe
based thin film solar cells. The CdSe,Te;_, alloy has two mer-
its compared to CdTe: (i) reduced band gap (estimated to be
1.39 eV atx = 0.32) to improve long-wavelength light harvest,
thus improving Jsc, (ii) lower formation energy of the shallow
defect Cucq to improve the p-type conductivity, thus the po-

tential to improve the Voc.
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