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Abstract We demonstrate that the band-gap energies E, of CuSb(Se,Te)2 and CuBi(S,Se)2 can be op-
timized for high energy conversion in very thin photovoltaic devices, and that the alloys then exhibit
excellent optical properties, especially for tellurium rich CuSb(Sei—zTes)2. This is explained by multi-
valley band structure with flat energy dispersions, mainly due to the localized character of the Sb/Bi p-like
conduction band states. Still the effective electron mass is reasonable small: m. ~ 0.25m¢ for CuSbTes.
The absorption coefficient a(w) for CuSb(Se1—,Tes )2 is at iw = E4 + 1 €V as much as 5-7 times larger
than a(w) for traditional thin-film absorber materials. Auger recombination does limit the efficiency if
the carrier concentration becomes too high, and this effect needs to be suppressed. However with high
absorptivity, the alloys can be utilized for extremely thin inorganic solar cells with the maximum efficiency
Nmaz ~ 25% even for film thicknesses d ~ 50—150 nm, and the efficiency increases to ~30% if the Auger

effect is diminished.

1 Introduction

Chalcopyrite Cu(In,Ga)Sez (CIGS) has become a com-
mercialized absorber for thin-film photovoltaics (PV), and
laboratory devices has reached the solar conversion effi-
ciency of n = 22.6% by the ZSW in Baden-Wiirttem-
berg [1]. CuzaZnSn(S,Se)s (CZTSSe) has the last decade
attracted much attention, and the material is consid-
ered as a promising emerging inorganic PV material.
CZTSSe has not only earth-abundant and low-cost ele-
ments but, similar to CIGS, also tunable band-gap energy
and large absorption coefficient. The maximum efficiency
for CZTSSe based solar cell is today 12.6% by the IBM
in New York [2]. However, the device efficiency together
with the material usage and manufacturing costs of CIGS
and CZTSSe technologies must be considered. The total
world energy consumption is estimated to be double by
the year of 2050 referring to the current level [3]. In or-
der to meet these future needs, it is important to explore
novel materials as well as to develop different types of so-
lar energy technologies, especially for large scale PV pro-
duction. Finding alternative absorber materials for low-
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cost PV technologies is an ongoing research. CIGS and
CZTSSe devices are produced with the absorber thick-
ness of typically d ~ 1000 nm. Devices with thinner films
reduce the material usage as well as decrease the path for
carrier collection, but thinner films imply less absorption
of the sunlight and that effect reduces the conversion effi-
ciency considerably as the absorptivity depends exponen-
tially on the thickness. Therefore, developing “ultrathin”
(d < 100 nm) inorganic PV devices requires also tailor-
making new materials with higher absorption coefficients.
One way to enable ultrathin devices is to utilize nanostruc-
tures, like light-scattering nanoparticles or quantum dots,
but that involves additional growth processes. Instead,
using traditional p-n junction technologies, a higher ca-
pacity to absorb light is required. Cu(Sb/Bi)(S/Se)s com-
pounds (i.e., CuSbSs, CuSbSes, CuBiSs, and CuBiSes)
have been demonstrated to have much higher absorption
coefficients than CIGS and CZTSSe alloys [4-10]. These
Sb/Bi containing chalcostibites have fairly inexpensive
and earth-abundant elements, and the materials are thus
interesting for thin PV technologies. The compounds have
indirect-gap energies, however the difference between in-
direct and direct band-gap energies is only 0.1-0.3 eV due

This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.


http://www.epj-pv.org
https://doi.org/10.1051/epjpv/2017005
http://www.pvdirect-journal.org
http://www.edpsciences.org
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0

2 R.Z. Chen and C. Persson: EPJ Photovoltaics 8, 85504 (2017)

to the rather flat lowest conduction band (CB) [4, 5, 11].
The experimental values of the band-gaps energies are
~1.5eV [12], ~1.65 eV [13], and ~1.09 eV [14] for CuSbSs,
CuBiSs, and CuSbSes, respectively. No experimental gap
is available for CuBiSes, but the calculated gap energy is
~1.13 €V [4,11]. The conversion efficiency is around 3%
for devices based on CuSbSy or CuSbSes [15,16], so fur-
ther investigations of the materials are required as well as
development of the devices.

In this work, the electronic and optical properties of
CuSb(Se1_,Te, )2 and CuBi(S;_,Se;)q for the alloy com-
positions x = 0, 0.25, 0.50, 0.75 and 1 are explored
theoretically, using hybrid functional approach based on
the density functional theory (DFT). The maximum con-
version efficiency 7,4, is calculated with the Shockley-
Queisser (SQ) model, using the DFT absorption coeffi-
cient a(w) and considering different thicknesses d of the
absorber films. The calculations reveal that all consid-
ered compounds have indirect gaps, and the fundamen-
tal gap energies are between 0.9 and 1.3 eV. By alloying
the gap energies can be tuned in for optimized device ef-
ficiency. The lowest CBs are rather flat with a large DOS
at the CB edge, especially for the CuSb(Se,Te)s alloys,
and the DOS is large also near the valence band (VB)
edge. Still, however, the effective electron masses are rel-
atively small for both CuSbTes; and CuBiSes. Due to the
flat energy dispersion, the absorption efficiencies are much
higher in these alloys compared with those of CIGS and
GaAs, especially for photon energies in the energy region
E, to E; + 1 eV; this region is of special importance
for the efficiency in thin film PV technologies. Moreover,
we find that the absorption for CuSb(Se;_,Te,)s with
x = 0.50—0.75 is slightly higher than for the other al-
loys. These tellurium containing alloys have also suitable
relation between the direct Eg and the fundamental in-
direct E, band gaps, implying that these alloy composi-
tions will have highest maximum conversion efficiency of
the considered alloys. For these indirect-gap materials we
find that the Auger effect plays an important role, where
small variations in the intrinsic carrier concentration eas-
ily can change the efficiency by (2-4)%. Due to the Auger
effect the CuSh(Se,Te)y and CuBi(S,Se)s alloys have some
5% smaller efficiency compared to direct-gap materials for
thick films (d > 1000 nm). However, for very thin films
(d < 400 nm) the CuSh(Se,Te); and CuBi(S,Se)2 alloys
have significantly higher efficiency than the traditional ab-
sorbers. The CuSb(Se,Te), alloys remain a maximum ef-
ficiency of Nmae =~ (23—28)% for d = 50—200 nm. Thus,
CuSb(Se1_,Te, )2 and CuBi(S1_,Se; )2 can be alternative
compounds for ultrathin inorganic PV devices.

2 Computational methods

The calculations of the electronic structure and the
optical properties were based on a ground-state DFT,
employing the projector augmented wave basis set of
the VASP package [17-19] and a hybrid functional
(HSE06) [20]. The alloys (z = 0, 0.25, 0.50, 0.75, and
1) were modelled by small 16-atom unit cells, constructed

from the ternary compounds with the space group Pnma
(no. 62). We justify the small cells of the alloys by the
more accurate HSE06 calculation of the optical properties
regarding band dispersion and the k-space integration.
The atomic positions and the lattice constants were re-
laxed with the quasi-Newton algorithm until a maximum
force of 10 meV /A of each atom was reached. The local,
atomic- and angular-resolved DOS (LDOS) was obtained
from the modified tetrahedron integration method with a
T'-centered 5 x 8 x 2 k-mesh in the irreducible Brillouin
zone. We excluded the spin orbit coupling (SOC) because
we have found that there no degeneracies at the band
edges that can be split by the SOC. In addition, SOC
narrows the band-gap energy by only 0.1-0.2 eV, it does
not change the materials from being indirect to direct, and
it has only a moderate effect on the DOS.

The optical property of the alloys was analyzed
by the means of the absorption coefficient a(w) =
weH(2le(w)] — 261 (w))/?, determined directly from the
complex dielectric function e(w) = e1(w) + iea(w),
where ¢ is the speed of light. Here, the tensor e2(w)

with components o and £ (i.e., £5”(w)) was calculated

within the linear response of optical transition probabil-
ity between occupied and unoccupied states 5(;6 (w) =
limg_472e2 2 1q 2 > ew i 2wk 6(Ee(k) — By (k) — hw) x
(uc(k+eaq)|uy (k) (uc(k+esq)|u, (k))* (see Refs. [17-19]
for details) and performing similar k-space integration
as for the LDOS. Subsequently, s‘f‘ﬁ (w) was obtained via
the Kramers-Kronig transformation with a broadening of
3 meV for the equidistant energy grid with step size of
2 meV up to the maximum energy of 65 eV. All DFT-
based calculations were performed with HSE06 and with a
cut-off energy of 420 eV. A large k-mesh can be important
to describe details in the absorption coefficient [21,22].
However, from test calculations we have found that the
effect is not crucial for the considered materials, and we
use HSE06 (which avoids incorrect resonance across the
underestimated gaps for local potentials [23,24]) and with
the same k-mesh as for the calculations of the LDOS.

The maximum energy conversion efficiency nmar =
Praz/ Pin, of a single-junction cell was modelled within the
SQ theory [25] assuming air mass 1.5 solar spectral irradi-
ance Ig,, (w) and an absorptivity A(w) = 1—exp(—2-a(w)-
d) in the absorber film with thickness d. P, is the Sun’s
total irradiance which is ~1000 W/m?. The maximum effi-
ciency is reached for Ppqp = Jopt- Vopt where Jope and Vo
are the current (per unit area) and the device voltage op-
timized for maximum power. Here, the current J and the
device voltage V' are balanced within the Shockley ideal
diode equation [25-27]: J = Je.—J; -q-(exp(qV /kpT.)—1)
where ¢ is the elementary charge, kp is the Boltzmann
constant, and T is the device temperature set to 300 K.
The first term on the right hand side is the maximum short
circuit current Jo. = h-q - [A(w) - Isun(w)Ow. The second
term is the thermal recombination current J? which can
involve both radiative and non-radiative recombinations.
Since we analyze the maximum efficiency of the materi-
als, recombinations via defects are not considered in this
study.
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Fig. 1. Electronic band structure and LDOS of (a) CuSbSez, (b) CuSbSeTe, i.e., 50% alloying, (c) CuSbTez, (d) CuBiS2, (e)
CuBiSSe, 50% alloying, and (f) CuBiSe2. The energy refers to the VBM (dashed lines). The atom- and angular momentum
resolved density-of-states has been scaled with 1/(21 4 1) for better visualization, and it is presented with a 0.20 eV Lorentzian
broadening. One can notice the strong Sb/Bi p-like states in the lower energy region of the conduction bands.

3 Results

The crystal structure of the ternary compounds
CuSb(Se/Te); and CuBi(S/Se)s was fully relaxed with
the hybrid functional. The lattice constants are, as nor-
mally for HSE06, slightly overestimated but in agreement
within 4% with available experimental results: a = 6.31 A,
b =397 A, and ¢ = 14.65 A for CuSbSes, a = 6.76 A,
b=426 A, and ¢ = 15.45 A for CuSbTes, a = 6.16 A,
b=388 A, and ¢ = 14.20 A for CuBiS,, and a = 6.47 A,
b=14.08 A, and ¢ = 14.64 A for CuBiSe,. Relaxation of
the CuSh(Se,Te)s and CuBi(S,Se)s quaternary alloys re-
sults in lattice parameters that follow, despite rather small
unit cells, linearly within 0.5% with respect to the alloy
composition x.

The electronic band structures of the CuSb(Se,Te)y
and CuBi(S,Se)s alloys (Fig. 1) show strikingly flat en-
ergy dispersions for both the CBs and VBs. Overall, all
compounds have similar band structure with indirect fun-
damental band gap E,, where CB minima (CBM) tend
to be along (100) direction while VB maxima (VBM) is
along the (001) direction. The main difference between
the compounds is the energy of this fundamental gap.

CuSbSey with the lighter group-V cation atom has gap
energy E, = 1.21 eV, which is 0.14 eV larger than for
CuBiSe; with F;, = 1.07 eV. Also, the lighter group-VI
anion Se atom in CuSbSey yields a 0.34 eV larger gap
compared with CuSbTe; with F; = 0.87 eV. Similarly, the
lighter S atom in CuBiS, (£, = 1.30 eV) yields a 0.23 eV
larger gap compared with CuBiSes; this energy difference
is somewhat smaller than corresponding value of ~0.5 eV
for both CuzZnSn(S/Se)s and Culn(S/Se)s when compar-
ing their group-VI anion atoms [28, 29]; heavier group-V
atoms yields smaller energy difference. Thus, the heav-
ier Bi atom yields the smallest variation of E, with re-
spect to anion alloying. This is true also when comparing
CuSbSes with CuSbSy (not presented in this work). The
band-gap energies for the alloys vary fairly linearly with
alloy composition z (Fig. 2); the small deviation from this
is mainly due to cell sizes. In CuSb(Se,Te)s the direct gap
at the I'-point Eé‘ is about 0.4 eV larger than the indi-
rect gap E,, while the corresponding energy difference is
about 0.7 eV in CuBi(S,Se)s. In both the CuSb(Se,Te)s
alloys and the CuBi(S,Se)s alloys, the direct Eg gap en-
ergy is only ~0.2 eV larger than the fundamental indi-
rect E,. This is a rather small energy difference, and that
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Fig. 2. Energies of the fundamental gap (circles), the di-
rect gap (rhomboids), and the direct I'-point gap (squares)
for the CuSb(Se,Te)s alloy (red marks) and the CuBi(S,Se)2
alloy (blue marks).

is important for enabling efficient photovoltaics. The di-
rect gap governs the sunlight absorption and mainly also
the radiative recombination, while the indirect gap gov-
erns the Auger non-radiative recombination. Therefore,
optimizing the direct-gap energy by forming bands with
small energy difference Ay = E, — Eg is the route for
tailor-making high-efficient PV materials with large joint
DOS for energies just above Eg. The values of the band-
gap energies are summarized in Table 1.

The error bar of the HSE06 band-gap energies is es-
timated to be typically about 0.1-0.2 eV. Our values
agree well with earlier published calculated values for the
Cu(Sb/Bi)(S/Se)2 ternaries [4, 5, 11]. The experimental
gap energies are not fully established, but the available
room-temperature data [12-14] suggest that our theoreti-
cal values might be off by about 0.1 to 0.3 eV. However,
since the direct-gap energies of these alloys are between
about 1.0 and 1.6 eV and the optimized gap within the
SQ theory is 1.2-1.4 eV, it is possible to find an alloy
composition with the proper direct band-gap energy.

The LDOS in Figure 1 also demonstrates that all the
compounds have comparable electronic structures (apart
from the values of the gap energies). The CBs are dom-
inated by relatively localized Sb/Bi p-like states and
that generates a strong DOS close to the CB edges.
This effect yields rather flat lowest CBs. Flat energy dis-
persion can imply large effective masses which are dis-
advantageous for the lifetime of the carries. However,
the effective electron masses at the CBM are relatively
small for these compounds, for instance: m, =~ 0.23mg,
my =~ 0.16mg, and m, ~ 0.40mg for CuSbTe,, and
mg ~ 0.19mp, my =~ 0.83mg, and m. =~ 0.50mg
for CuBiSes. These values are comparable to the cor-
responding calculated effective masses for CIGS ((0.08-
0.13)mg [30]) and Si (mg; = my ~ (0.19-0.22)mg; m. ~
(0.96—1.02)mq [23,24]), while considerably larger than

that of GaAs ((0.06—0.09)mg [23,24]). Interestingly, two
of the mass components (m, and m,) are similar for the
two compounds, while the third compound (i.e., m,) is
significantly different. This may indicate that small vari-
ation in the crystal structure (e.g., strain, defects in reso-
nance with the CBs) can easily change the band dispersion
and thereby change the values of the effective masses, and
this can thus be a way to optimize the material prop-
erties with respect to the effective masses. It is worth
mentioning that the mass values are valued only in the
vicinity of the CBM where the band is parabolic (at most
50 meV above CBM in these materials). However, even
with small effective electron mass of ~0.1mg the quasi-
Fermi level is only ~20 meV above the CBM even for a
high free electron concentration of 107 cm~2 [31]. Fur-
thermore, the VBs in these Cu-based chalcostibites have
the characteristic Cu-d—anion-p hybridization that helps
forming localized band structures near the valence band
edges. Since the topmost VBs are flat, also the DOS near
the valence-band edges are strong if one compare with
the DOS of CIGS and CZTSSe. Thus, the CuSb(Se,Te)s
and CuBi(S,Se)2 compounds have flat CBs and VBs, and
that is an advantage for a strong onset of the optical
absorption.

Indeed, the absorption coefficients for these com-
pounds (Fig. 3a) are significantly larger than correspond-
ing calculated results for the traditional PV absorbers
CIGS and GaAs; the figure shows a(w) on the energy
scale F = hw — Eg in order to easier compare materi-
als with different gap energies. This larger a(w) is espe-
cially notable in the energy region Eg to Eg + 1.5 eV.
For instance, at the photon energy hw = Eg + 1 eV, the
CuSb(Se,Te), alloys have ~7 times larger absorption co-
efficients than those of CIGS and GaAs. One notices also
that the CuSb(Se,Te)s alloys have slightly better absorp-
tion than the CuBi(S,Se)s alloys, however considering also
the proper band-gap energies (Fig. 2) both the CuSb- and
CuBi-based alloys have sufficiently good optical proper-
ties for thin film applications. The high-frequency dielec-
tric constant (e4,; see Tab. 1) is rather high, above 10 for
all compounds; this can be compared with our calculated
value 10.0 for GaAs and 7.0 for CIGS. The CuSb(Se,Te)s
alloys have higher values (13.0 < e,, < 17.2) compared
with the CuBi(S,Se)s alloys (10.5 < ey < 12.7), and
as expected the dielectric constant increases with larger
alloy composition z, as the band-gap energy decreases.
The related refractive index is a material property that
needs to be considered when designing device with these
compounds.

From the absorption coefficients and the gap energies,
the device efficiency for the absorber material with thick-
ness d is determined within the SQ theory; see previous
section. The maximum energy conversion efficiency 7,44
is modelled by the Shockley ideal diode equation, consider-
ing both radiative recombination and non-radiative Auger
recombination: J? = J° , + Jgug. The radiative recombi-
nations depend on the black-body spectrum of the de-
vice: J? = (27 ¢)7% [ A(w)w?/(exp(hw/kpT,) — 1)0w.
The Auger recombinations in a p-type absorber depends
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Table 1. The fundamental (Ey), direct (E;l)7 and I'-point (Eg ) gap energies, as well as the high-frequency dielectric constant
(ex); we present the average dielectric constant since the anisotropy is rather small. The maximum solar conversion efficiency
(Nmaz) is presented for two film thicknesses (d), and it includes both radiative and Auger recombinations (values in parenthesis

are results when the Auger effect is neglected).

Compound x Gap energies [eV] €oo Nmaz (%]
E, E! Ef Bt d=200nm 50 nm
CuSb(Se1_,Tes)2 0.00 121 143 155 1.09% 1.2° 13.0 251 (285) 108 (22.4)
0.25 1.15 131 1.44 13.9 26.1 (28.1) 20.9 (22.4)
0.50 1.03 125 1.25 15.5 26.2 (30.3) 22.3 (25.6)
0.75 091 1.02 1.33 17.2 28.3 (29.8) 23.8 (25.0)
1.00 087 1.07 1.23 172 247 (20.8) 210 (25.2)
CuBi(S1_.Se,)2  0.00 1.30 157 203  1.65° 105 20.3 (24.1) 15.1 (17.8)
025 117 144 187 110 21.0 (25.5) 155 (18.7)
050 122 145 1.80 116 234 (27.0) 18.2 (20.9)
0.75 1.09 1.30 1.66 123 242 (282) 19.0 (22.1)
1.00 1.07 126 1.58 127 243 (27.4)  19.1 (21.5)

® Tang et al. [14]
® Colombara et al. [12]
¢ Pawar et al. [13]

mainly on the intrinsic free carrier concentrations n; and
the acceptor concentration Na: J2,, = q - C,-d-n?-N [26]
where C, is the total ambipolar Auger coefficient. This
coefficient is rather independent of material (typically
10732-1073% em®/s and it is in the order of 1073! for in-
direct transition in Si and Ge and GaAs [32-35]. We want
to estimate the Auger effect using an approximate model
that is material independent, and we therefore set C, =
1073 ¢mS/s for all considered materials. The acceptor
concentration is set to N4 = 10'% ecm—2 which is a normal
doping concentration. The square of the intrinsic carrier
concentration can be expressed as n? = nZ-exp(E,/kpT.)
where ng = 2 - (mukpT,./(27h?))3/? with the effective
DOS mass m, = [(73/3771505) . (72/3771505)]1/2 where 7,
is the number of CBM and mP9° is the effective DOS
mass of a single CB minimum (and corresponding for the
holes in the VB maximum). Again, to construct a mate-
rial independent expression, we set m, = 1mg, which is a
good value for indirect material like for instance Si (with
six equivalent CBM) and somewhat overestimated for Ge
(with three equivalent CBM). The value is however much
larger than for direct materials, like GaAs and CIGS, but
since the Auger effect is much weaker for these materials,
using m, = lmyg also for these direct-gap materials does
not affect the results in this work.

The maximum efficiency 7,4, for different film thick-
nesses d < 1000 nm is displayed in Figure 3b. One observes
the typical drop in the efficiency for d < 500 nm for the
traditional, direct-gap materials CIGS and GaAs. For d
larger than ~500 nm CIGS and GaAs has higher efficiency
than the CuSb(Se,Te); and CuBi(S,Se); alloys. If the
thickness increases to even further (i.e., d — o) then 9z
will become independent of the absorption coefficient, and
it will only depend on the gap energy with 7,4 = 33%
for both CIGS and GaAs. Also the CuSb(Se,Te)s and

CuBi(S,Se)s alloys would have had similar high efficiency
if they were direct-gap materials (e.g., then 7,4, would
have been 34% for CuSbTes and 33% for CuBiSes). How-
ever, as being indirect-gap materials the Auger effect de-
creases their efficiencies by about 3-5%. This decrease due
to the non-radiative recombination effect is fairly constant
with respect to thickness d, and therefore the Auger effect
is less dominant for smaller thicknesses where instead the
efficiency drop is due to the lower absorptivity. That is,
for thin films with d < 500 nm, the absorption coefficient
in the low photon-energy region (E, to about Ej+1 eV)
is the important material property for retaining a high
efficiency. One notices clearly that the CuSb(Se,Tes) and
CuBi(S,Seq) alloys keep their efficiencies when the film
thickness narrows to some 10-200 nm. Here, CuBiS, has
a too large gap energy (Eg = 1.57 V), and its efficiency
is significantly lower than the other alloy compounds, but
the other compounds have efficiencies close to 25% down
to 100 nm. Further, the excellent optical properties of
the CuSh(Se,Te)y and CuBi(S,Se)s alloys yield remark-
able high efficiency even for d = 50—100 nm, especially
for the CuSb-based compounds. The maximum efficiency
is presented in Table 1 for two specific film thicknesses.
The CuSb(Se;_,Te,)2 with 2 &~ 0.5—0.75 has the highest
efficiency. For instance 1,0 = 28% for d = 200 nm and
Nmaz = 24% for d = 50 nm for x = 0.75. The reason for
high efficiency of this alloy (i.e., CuSh(Se;_,Te,)s with
x = 0.75) is that the energy difference A, = E; — Eg is
only 0.11 eV. Here, the smaller A, for this alloy might
be due to using too small unit cell, and further investi-
gation is required before establishing a result. Nonethe-
less, it demonstrates the sensitivity of 7,4, With respect
to small variation in the band structure. Moreover, the
overall results demonstrate that CuSb(Se;_,Te;)s and
CuBi(S1_,Se;)2 can be alternative compounds for “ul-
trathin” (d < 100 nm) inorganic photovoltaics based
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Fig. 3. (a) The absorption coefficients a(w) of CuSbSesz,

CuSbSeTe, CuSbTes, CuBiS2, CuBiSSe, and CuBiSez on the
energy scale (hw—EZ) and with a 0.30 eV Lorentzian broad-
ening. These compounds exhibit much stronger near-gap-
energy absorption compared to the traditional absorbers GaAs
(Ey ~1.41 eV with HSE06) and CIGSe (50% alloying: E,
~1.30 eV). (b) The corresponding maximum solar energy effi-
ciency Nmae demonstrates high efficiency of CuSb(Se,Te)2 and
CuBi(S,Se)2 alloys for very thin films of d < 400 nm (see also
Tab. 1).

on traditional single p-n junction technique. The advan-
tage with such thin film absorber layer is the shorter path
for the minority carriers. However many other material
and device properties related to defects/doping and inter-
face physics have to be controlled and optimized.

The values within brackets for 7,4, in Table 1 show
the efficiency if the Auger effect is neglected, demonstrat-
ing that this effect lowers the efficiency by ~4%. One can
significantly reduce the Auger recombination by decreas-
ing the energy difference A,. If A, goes from ~0.2 eV to
0 eV, then the Auger effect is suppressed by the radia-
tive recombination that determine the voltage drop. Then

the maximum efficiency increases by 3-5% and reaching
the efficiency very close to having no Auger effect. Alter-
natively, the Auger effect can be reduced by minimizing
the carrier concentration since J3,, o niNa. That can
be achieved by using materials with large fundamental
gap, but too large gap will be a disadvantage for the op-
tical absorption. For p-type material, the efficiency is in-
creased by ~(1-2)% if the doping concentration decreases
to Ny = 10" cm™3. However, for intrinsic materials, the
Auger model becomesJg,, o< n7p [26] that depends even
stronger on A, and on the voltage drop, and this can re-
sult in even smaller efficiency. Alternatively, the carrier
concentration can be decreased by smaller effective DOS
masses. The employed effective DOS mass in this work is
mg = 1mg which is estimated to be somewhat too large,
especially for CuSbTes. Instead, if using a smaller mass
of mg = 0.4mg (and with Ay ~ 0.2 €V) the maximum
efficiency of CuSbTes increases by ~1.5%. However, try-
ing to optimize the electronic band structure to obtain
even smaller DOS masses also means more dispersion of
the band structure and thereby smaller absorption coeffi-
cient. Therefore, multi-valley engineering (with large joint
DOS and large a(w)) balanced with band-edge engineering
for small effective masses (with low carrier concentration
n? o [(73/3771503) . ('y}QL/gn”LEOS)]?’/2 and long lifetime) is
the concept to tailor-make materials for even thinner PV
devices. Here, better models that include non-parabolic
energy dispersion together with better description for the
absorption/recombination are required for more accurate
describing the material behavior.

4 Conclusions

We have analyzed the electronic and optical properties
of CuSh(Se,Te)s and CuBi(S,Se), alloys for high-efficient
thin-film PV technologies. The direct-gap energy can be
tuned from ~1.0 to 1.6 eV, and the fundamental indirect-
gap energy is typically 0.2 eV smaller. The materials ex-
hibit excellent optical properties, with absorption coeffi-
cients ~6 times larger than for the traditional solar cell
materials CIGS and GaAs in the low photon energy re-
gion. The main reason for the high absorption coefficients
of these alloys is the strong Sb/Bi p-like character in the
lower energy region of the CBs, forming flat multi-valley
bands, and thereby yielding extraordinary strong absorp-
tion for photon with energies Eg to Eg + 1 eV. Interest-
ingly, even though the lowest CBs are flat, the correspond-
ing effective electron masses of the CBM are reasonable
small for both CuSbTey (DOS mass is mPOS ~ 0.25m¢
for a single CB minimum) and CuBiSes (m?os ~0.43my).
These DOS masses are heavier than for GaAs (~0.07my),
but using thinner absorber layers can compensate the
larger masses.

For these indirect-gap materials we find that the Auger
effect plays an important role. Small variations in the
intrinsic carrier concentration can easily change the effi-
ciency by ~3%. Due to the Auger effect the CuSh(Se,Te),
and CuBi(S,Se)s alloys have some 4% smaller efficiency
compared to direct-gap materials for relatively thick film



R.Z. Chen and C. Persson: EPJ Photovoltaics 8, 85504 (2017) 7

(d > 1000 nm). The affect due to the Auger effect depends
on the balance between the diode’s voltage drop and the
free carrier concentration. If the electron DOS mass is de-
creased from 1.0mg to 0.4mg, then the intrinsic carrier
concentration decreases by a factor of 2 and the efficiency
increases by about 1.5%. Moreover, if the energy difference
between the indirect and direct-gap energies goes to zero,
then the Auger effect is negligible and the efficiency is in-
creased by (3-5)%. Also Yu et al. [36] discuss this relation
for indirect versus direct-gap, using the SQ model, though
with a slightly different model for the Auger effect. Thus,
the concept to optimize the device efficiency relies on cre-
ating materials with flat multi-valley band edges with di-
rect energy gaps, where the carrier channels have high
energy dispersions (i.e., small effective masses). Nonethe-
less, since the Auger effect is less sensitive to the film
thickness, while the absorptivity depends strongly on the
absorption coefficient for d < 500 nm, the CuSb(Se,Te)s
and CuBi(S,Se)s alloys have significantly higher efficiency
than the traditional absorbers for thinner film thicknesses.
The CuSb(Se,Te), with composition = ~ 0.5—0.75 has the
largest absorption coefficient (a(w) ~ 1 x 10°/cm already
for the photon energy hiw = E; + 0.4 eV) and proper
gap energies Eg =1.02-1.25 eV and E; = 0.91-1.03 eV,
and this compound exhibits highest efficiency for thin film
thicknesses of d < 400 nm. The tellurium rich alloys re-
main an efficiency of Nma. ~ (25—27)% when film thick-
ness decreases to d = 100 nm. Including the exciton ef-
fect in the calculation can improve the efficiency further
by a stronger absorption coefficient, though in bulk ma-
terials the effect is expected to be weaker at operating
temperature.

Altogether, due to the outstanding optical properties
we believe that CuSb(Se;_,Te, )2 and CuBi(S;_.Se.)2
can be alternative compounds for “ultrathin” (d <
100 nm) inorganic photovoltaics. However, concern re-
garding material quality and modifications in the band
dispersion is needed in order to minimize the non-radiative
recombination. That is, to tailor-make materials for very
thin, inorganic PV technologies one shall consider (i) an
optimized band-gap energy for the specific film thickness;
(i) multi-valley band edges; and (iii) rather flat energy
dispersions to achieve high absorption coefficient for the
low photon energies hw = F, to I; + 0.5 eV. However,
(iv) the band structure shall have direct fundamental gap
to avoid Auger recombinations; thus both CBM and VBM
shall then be located at the same k-point but away from
the T-point. (v) Small DOS electron and hole masses re-
duce the intrinsic carrier concentration, which in turn re-
duces the Auger effect. Preferable, the material (vi) shall
have small masses for achieving high minority carrier mo-
bility. In addition to this, the material shall of course, as
for regular thin-film PV, (vii) involve only earth abun-
dant, non-toxic, and inexpensive elements, and the de-
vices shall be inexpensive regarding fabrication and han-
dling. The material must also be (wviii) thermodynamic
stable with no devastating in-gap defect states, be able
to be doped, and to have suitable band alignment at the
interfaces.
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