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The efficiency of state-of-the-art CdTe solar cells remains limited by the relatively low open-circuit
voltage (Voc). Improving the front interface is key towards realizing a higher V¢ after achieving the
necessary bulk carrier density and lifetime. Recent efforts in identifying buffer layers beyond CdS have
focused on Mg, Zn;_,O, which offers tunability of the band offsets, but often suffers from high interfacial
defect densities. Ga,O3-based buffer layers demonstrate tremendous improvements in interfacial defect
passivation in crystalline silicon and dye-sensitized solar cells, leading to record high Vyc, yet remain
largely unexplored in CdTe-based devices. Here, we perform hybrid density-functional-theory calcula-
tions to investigate pure Ga,03 and InGaOs alloys as a window layer in CdTe photovoltaics. We report
calculated band offsets for several pairs of solid-solid interfaces comprising transparent conducting oxide
(TCO) and CdTe heterojunctions. The results support a large conduction band offset spike of 0.67 eV
for the CdTe/Ga,03 (100) interface, while the offset is reduced to 0.18 eV for the InGaOs alloy and
matches closely with the preferred optimum value of 0.2 eV. Device-level modeling tests of CdTe solar
cells integrating our results indicate that the highest efficiency is achieved with InGaOs acting both as a
buffer layer and TCO. Our results suggest that alloys of In,O3; and Ga, O3 may be attractive alternatives to
Mg, Zn;_,O for tailoring optimal conduction-band offsets of the buffer and TCO layers in high-efficiency

CdTe thin-film solar cells.
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Thin-film photovoltaic cells based on CdTe [1,2]
achieve significantly improved power conversion efficien-
cies (approximately 20%). Figure 1 presents the typ-
ical construction of a CdTe thin-film solar cell. The
multilayered structure comprises of a glass substrate;
absorber (CdTe); contact or -charge-transport layers, typ-
ically involving a buffer layer (e.g., CdS); and an n-type
transparent conducting oxide (TCO) for electrons and
other hole-contact layers (e.g., ZnTe, ZnO).

A representative CdS/CdTe interface band diagram,
adopted from Sites and co-workers [3], is presented in
Fig. 2(a). The plot shows a negative cliff-type conduction-
band offset [3] of about 0.1 eV in typical CdTe solar cells
with CdS buffer layers. Despite the demonstrated efficien-
cies of devices with CdS, the electron-hole pairs generated
in the CdS emitter layer do not contribute towards the pho-
tocurrent due to a significant reduction of the quantum
efficiencies for wavelengths <550 nm.[4] This drawback
has driven efforts to reduce the thickness of the CdS
buffer layer, as well as to find alternative wider-band-gap
buffer layers. An optimum conduction-band offset value of
+0.2 eV, as shown in Fig. 2(b), represents a small spike
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in the conduction band across the emitter and CdTe lay-
ers and can lead to high conversion efficiencies [5]. On
the other hand, a conduction-band offset >0.4 eV repre-
sented in Fig. 2(c) would lead to a lower photocurrent, and
thereby, lower the conversion efficiencies.

An emitter material with high transparency and favor-
able transport properties could also eliminate the need
for separate TCO and buffer layers and simplify deposi-
tion processes. Recent studies show that tuning the Mg
content in Mg, Zn;_,O alloys [6-9] can lead to a wider
band gap and yield a positive conduction-band offset with
the absorber, making it a favorable system for the TCO
and emitter layers. Despite these advantages, Mg Zn;_,O
has challenges associated with defective interface, chemi-
cal stability, and doping; however, its emergence suggests
TCO alloys as attractive alternatives to CdS. The efficiency
of CdTe solar cells is also limited by a low Vpc. Improv-
ing the front TCO-absorber interface is key to realizing a
higher V¢ along with achieving the required bulk carrier
density and lifetime. Additionally, suitable passivation of
the front and back interface, emitter doping, and improved
absorber properties can lead to a CdTe efficiency of up to
28% [10,11].

The objective of this research effort is to study Ga,0O;
and its alloys with In,O3 as a potential heterojunction
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FIG. 1. Representative CdTe thin-film structure is shown.
Reproduced from Ref. [3] with the permission of AIP Publishing.

partner for CdTe solar cells. Ga,Os-based TCO lay-
ers demonstrate tremendous improvements in interfacial
defect passivation in crystalline silicon and dye-sensitized
solar cells, leading to a record high Voc [12—16]. Gay O3
exhibits promising electro-optical properties that can
potentially improve the conversion efficiencies for CdTe
solar cells. For instance, Ga,Os exhibits transparency to
wavelengths of about 250 nm [17-20]. Easy fabrication
of both bulk crystals and thin films, along with wider
control over the electrical properties from semi-insulating
to degenerate doping, are some of the promising fea-
tures that can be leveraged in CdTe thin-film photovoltaic
technologies.

Several studies report that the theoretical band gap for
Ga;,03 is about 4.64.9 eV [21-23]. However, conduction-
band offsets across the CdTe/Ga,0;5 interface have not
been thoroughly investigated. Here, we evaluate these

conduction-band offsets using calculations based on hybrid
density-functional theory (DFT). A large band gap for
Ga, 05 could possibly lead to the large spike type fea-
ture shown in Fig. 2(c). Tuning of the large band gap of
Ga,0; can be achieved through appropriate doping and
alloying. Doping Ga, O3 with various elements is reported
to lower the band gap [24-28], with In incorporation pre-
dicted to both lower the band gap and tune the electron
affinity [29-35]. Pure In,O; has a relatively low band gap
of about 2.6-2.9 eV [36], which can lower the band offset.
The transparency limitations associated with In,O3 [37]
restrict its use as TCO material for CdTe thin-film pho-
tovoltaics. Additionally, Riiggeberg and Klein [38] have
studied the In,O3/CdTe interface through reactive evapo-
ration of In. They report a negligible (~0 eV) conduction-
band offset across the In,O3/CdTe interface. However,
they claim that, despite an aligned conduction-band off-
set, In,O3 as a TCO is still detrimental to the CdTe solar
cell, owing to the Fermi-level positioning for In,O;/CdTe
(0.6 eV below the CdTe conduction-band maximum). As a
result, pure In,O3 is not a favorable candidate as a TCO
material for CdTe thin-film photovoltaics. In,O3 alloy-
ing with Ga,0O; would offer a sufficiently wide range
(~2.64.8 eV) of band gaps for In,Ga,_, O3 alloys cou-
pled with the superior transparency properties [39,40] of
Gay0;. The In,Ga,_,O; alloys can possibly achieve a
conduction-band offset of about +0.2 eV, corresponding
to a small spike, which can improve the performance of
CdTe solar cells. Boudour et al. [41] reported the use of
Ga-doped Mg, Zn;_,O materials as a potential TCO and
a buffer for high-performance CdTe solar cells. They too
have considered a conduction-band offset value of about
+0.21 eV across the Ga-doped Mg, Zn;_,O/CdTe inter-
face. Additionally, Ga,0O; and its alloys can be grown

(a) AE.=-0.2eV
o E.
5
.......... ; ‘Cllff"asmstleE,"
recombination

o CdTe Ev
absorber

Emitter

(b) AE.=+02¢eV  [(c)
~

Small barrier mitigates
IF recombination

AE =+0.4eV
o0

Large “spike” impedes
photocurrent

FIG. 2. Representative conduction-band offsets for (a) CdS/CdTe interface showing a “cliff” feature. Optimal recommended emitter
and CdTe conduction-band offset values for (b) “spike” and (c) “large spike” features. Reproduced from Ref. [3] with the permission

of AIP Publishing. IF, Interface.
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using both bulk crystal methods and industrially imple-
mentable thin-film deposition methods, such as molecular
beam epitaxy [42,43], atomic layer deposition [44,45],
magnetron sputtering [46,47], and hydrothermal synthesis
[48,49], which can possibly reduce the fabrication costs.
Therefore, Ga,O3 and In,Ga, O3 alloys present attrac-
tive analogues to Mg, Zn;_,O for incorporation in CdTe
photovoltaics. Here, we report the computed band off-
sets for semiconductor interfaces comprising CdTe and
In,Ga,_,0; (0 <x < 1) compositions using a hybrid DFT
approach [50-53]. To evaluate the impact of the band off-
set on the conversion efficiencies and Vpc, we perform
numerical modeling of CdTe solar cells, with Ga,O; and
InGaO; as the TCO. The band offsets for Ga,03/CdTe and
InGaO; (50:50 alloy)/CdTe interfaces obtained from DFT
calculations coupled with numerical modeling data pro-
vide valuable guidance towards the experimental design of
preferable In,Ga,_,03-based TCO compositions that can
enable high conversion efficiencies in CdTe solar cells.

We perform DFT calculations by employing the QUICK-
STEP [54] algorithm of the CP2K [55] package, employing
the Gaussian and plane waves (GPW) approach. We uti-
lize Goedecker-Teter-Hutter (GTH) type basis sets, opti-
mized for molecular calculations (MOLOPT) [56], along
with GTH pseudopotentials [57] for DFT calculations.
Additional details of the DFT calculations are provided in
the Supplemental Material (Table S1) [58].

To accurately predict these properties for Ga,Os3,
InGa0s, and CdTe, we employ the PBEO [59] hybrid func-
tional, along with the auxiliary density matrix method
(ADMM) [60]. The Hartree-Fock mixing ratios selected
are 30% for Ga,O; and GalnOs; and 20% for CdTe, to
match the experimental band gaps. The interface super-
cells shown in Fig. 3 are created using the Interface Builder
tool [61,62] as a part of the QuantumATK [63] package.
Mu et al. [64] have reported the [100]-B surface to be the

FIG. 3. (a) Ga,03;/CdTe and (b) InGaO3;/CdTe interface
structures are shown. Green, red, blue, magenta, and brown
spheres represent Ga, O, In, Cd, and Te atoms, respectively. In
atoms in InGaOs in (b) only occupy the octahedral sites in the
B-gallia structure. Effective strain on CdTe unit cell is reported.

TABLE 1. Details of different CdTe cells considered for cell-
level modeling.

Absorber Buffer
Cell Name layer layer TCO layer
SC1 p-CdTe n-CdS SnO,
SC2 p-CdTe  n-Ga,0j; (high doping) SnO,
SC3 p-CdTe  n-Ga,0s; (high doping)  UID-Ga,0;
SC4 p-CdTe  n-InGaOj; (high doping) SnO,
SC5 p-CdTe  n-InGaOj; (high doping) UID-InGaO;
SC6 p-CdTe  n-InGaOs (high doping)

most stable for 8-Ga, 3. Therefore, we consider the [100]
surfaces for 8-Ga, 03, InGaOs, and CdTe to form the inter-
face. The details related to the generation of the interface
supercells are provided in the Supplemental Material [58].
Van de Walle and co-workers devised a suitable route that
accurately calculated the respective electronic properties at
relatively low computational costs [65]. We utilize an iden-
tical approach to evaluate the band offsets for Ga,O3/CdTe
and InGaO3/CdTe interfaces, wherein the band-alignment
calculations are performed using PW DFT methods. Addi-
tional details are provided in the Supplemental Material
[58].

Numerical modeling of photovoltaic CdTe solar cells is
performed using the SCAPS software package [66]. Based
on the CdTe thin-film architecture shown in Fig. 1, we
generate a total of five different photovoltaic CdTe cells
with Ga;03 and InGaOj; as different constituent layers in
the cell. UID refers to unintentionally doped layers. Table
I provides the details of each of cell with different layer
compositions that are considered for cell-level modeling.

Details of the different model constructions and the layer
properties are provided in the Supplemental Material [58].
These device models give some insight into the use of
dopant grading in the TCO and buffer layers to favorably
control carrier transport and charge extraction.

The optimized lattice parameters (provided in Table S2
within the Supplemental Material [58]) for bulk §-Ga,0s,
InGa0;, and CdTe show a good match (within 5%) for the
reported values from experiments and previous theoretical
calculations. The InGaO; (50:50 alloy) relaxed structure
maintains the S-monoclinic structure, in accordance with
prior reports [31,32]. The direct electronic band gap at the
" point calculated with PBEO are reported in the Supple-
mental Material (Table S3) [58]. Indium alloying lowers
the band gap of Ga, 03 to 4.04 eV from 4.84 eV. The lower-
ing of the band gap with the incorporation of In into Ga,O;
[29] provides an analogous, but opposite, effect to that of
Mg incorporation in Mg Zn;_,O. Similar to Mg Zn,_,0O,
the alloy composition also influences the overall band-edge
positions. Owing to the common oxygen-derived charac-
ter of the valence-band maxima in Ga,O; and InGaOs;,
a stronger effect on the conduction-band position may be
expected upon In incorporation [30,67]. In the following
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FIG. 4. Average electrostatic potential variations along the direction normal to the interface plane for (a) CdTe/Ga,O; and (b)
CdTe/InGaOs. Green line shows a macroscopic average, which reaches a constant value within the bulk CdTe, Ga,03, and InGaOs3

regions along the interface.

sections, we will evaluate the impact of changes to the
band gap on the band offsets across the CdTe/Ga,0; and
CdTe/InGaO; interfaces.

We calculate the band alignments across the CdTe/
Ga, 03 and CdTe/InGaO; interfaces from the planar aver-
age electrostatic potential plots shown in Figs. 4(a) and
4(b), respectively. The bulk band alignment (AV) is
defined as the difference between these constant average
electrostatic potentials of the bulk materials forming an
interface.

Figure 5 shows the representative band diagram for
(a) CdTe/Ga,03 and (b) CdTe/InGaOs; interfaces along
the [100] surfaces. The valence-band maximum (VBM)
is typically referenced with respect to the bulk average
electrostatic potential, as shown in the band diagrams.
The negative band-alignment value corresponds a rela-
tively higher positioning of the valence band of CdTe
with respect to that of Ga,0O3; and InGaO;. Based on the
band diagrams, we calculate the conduction-band and the
valence-band offsets using the following equations [65],
which are summarized in Table II:

AEy = [Eypm (CdTe) — Evpm (Gap03/InGa03)]

— AV, (1
AEC = Egap (Ga203/InGaO3) — Egap (CdTe)
— AEy. (2)

The results show a large conduction-band offset, rep-
resentative of a sharp spike in the conduction-band off-
set, for the CdTe/Ga,0; interface. Such a high value of
conduction-band offset is detrimental to the efficiency of
the CdTe photovoltaic cells. A very high intrinsic band gap
for pure -Ga, O3 leads to such a high conduction-band off-
set for Ga;03/CdTe interfaces. As a result, pure S-Ga, O3
is not likely to be an ideal choice for the TCO to achieve a
high conversion efficiency in CdTe photovoltaics.

The conduction-band offset for the InGaO;/CdTe inter-
face is +0.18 eV, indicating a small spike for the
InGaOs conduction band relative to that of CdTe. This is
0.49 eV lower than that calculated for the CdTe/Ga,0;3
conduction-band offset summarized in Table II. The band
gap for strained CdTe does not show any significant change
for CdTe/Ga,03 and CdTe/InGaOj interfaces, since the
respective strains on CdTe in both interface structures are

Ecpm
IAEC =+0.67 eV
ECBM A
E =130eV E =484eV
vy &P gap ’
EVBM
AE, =+2.81 eV
EVBM
CdTe AV Ga,0;
E
JAE, = +0.18 eV o
E
oM IEgap =136eV
E =4.04eV
E gap
VBM IAEV =+2.50eV
AV InGaO Eveu
CdTe 3
FIG. 5. Representative band structures of (a) CdTe/Ga,0O3 and

(b) CdTe/InGaOs; interfaces, showing conduction- and valence-
band offsets. Dashed lines represent the average electrostatic
potential for bulk Ga,0s, InGaOs, and CdTe. Evgm and Ecpm
represent valence-band maxima and conduction-band minima,
respectively, for Ga; 03, InGaOs, and CdTe. AE- and AEy rep-
resent conduction- and valence-band offsets, respectively. AV is
the band alignment, as calculated earlier.
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TABLE II. Band offset calculations for CdTe/Ga,03 and CdTe/InGaO; interfaces with strained CdTe layers.
Band alignment
VBM (eV) Egap (€V) A(V-Vedre) (€V) AEy (eV)? AEc (eV)?
Strained CdTe 1.76 1.30 -3.5 +2.81 +0.67
G8,203 2.45 4.84
Strained CdTe 1.82 1.36 3.1 +2.5 +0.18
InGaO3 2.42 4.04

#Valence-band (AEy) and conduction-band (AE() offset values are reported relative to the CdTe band edges.

very similar, as reported in Fig. 3. The valence-band off-
set shows a very small decrease for the InGaO;/CdTe
interface with respect to the valence-band offset for
Ga,03/CdTe interface. Hence, this reported decrease in
the conduction-band offset can only be attributed to low-
ering of the band gap for InGaO; (4.04 eV), compared
with that of Ga, 03 (4.84 eV). In alloying in Ga,O; shows
conduction-band bending behavior, as reported earlier.
This conduction-band bending results in significant low-
ering of the conduction-band energy level for InGaOs,
leading to decrease in the band gap. The calculated
conduction-band offset of +0.18 eV for InGaO;/CdTe
matches closely with the optimum value corresponding to
a spike feature shown in Fig. 2(b). Therefore, the theoret-
ical band-offset calculations show that the TCO employ-
ing In-doped Ga, O3 has remarkable potential to be used
in CdTe thin-film solar cells. To determine the realis-
tic impacts of these properties, we calculate the perfor-
mance of cells employing these TCO layers, as discussed
below.

Table III compares the characteristic properties of dif-
ferent cell models, as mentioned earlier in methodology
obtained from numerical modeling studies with the SCAPS
software package.

The numerical modeling results show poor performance
for cell models SC2 and SC3, compared with the base-
level model SC1. For the SC2 and SC3 models, with
n-Ga, 03 as a buffer layer along with UID-Ga,0; as a

TABLE III. Characteristics properties for different cell archi-
tectures, as calculated from SCAPS software.

TCO layer, there is no measurable performance obtained
from the numerical model, despite considering a very
high dopant concentration (~1 x 10'°/cm?) in the n-Ga, 05
buffer layer. The previously calculated conduction-band-
offset value for CdTe/Ga,O; represents a sharp spike
feature (arising from +0.67 eV), which is detrimental to
the performance of the CdTe solar cell. The numerical
modeling results reported in Table III align with the above
hypothesis. The decrease in the conversion efficiency, as
well as other characteristic properties, is directly correlated
to such a high conduction-band offset (+0.67 eV) across
the CdTe/Ga,0j3 interface.

With In alloying, the conduction-band-offset value can
be lowered to a more favorable value of +0.18 eV for
the CdTe/InGaO; interface. Table III shows a significant
improvement in the efficiency and open-circuit voltage
when n-InGaOj is used as a buffer layer (SC4-SC6). The
conduction-band offset decreases by about 0.49 eV for
the 50:50 alloy, compared with that of pure B-Ga,0s;.
Swallow et al. [68-82] evaluated the conduction-band-
offset values for (In,Ga;_,),0j3 alloys with common cation
semiconductors. They report a conduction-band offset of
about 0.45 eV between $-Ga,0; and InGaOs. This value
matches very closely with the difference in the conduction-
band offset for §-Ga, 03 and InGaOj; in the present study,
thereby providing suitable experimental validation. As
mentioned earlier, Riiggeberg and Klein [38] reported
aligned conduction bands for In,O;/CdTe. However, they
considered the optical band gap of In,O; to be 3.6 eV,
which is significantly higher than the corrected optical
band gap of 2.9 eV for In,O3. This corrected value of the
optical band gap would reduce the conduction-band offset
from about 0 eV to about —0.7 eV for In,O3/CdTe. Such
a conduction-band offset would represent a sharp cliff-type
conduction-band offset and would lead to increased inter-
face recombination. As a result, the performance of the

Cell model JSC Tconversion
name Voc (meV)  (mA/em?) FF (%) (%)
SCl1

(base

level) 859.8 24.1161 77.82 16.14
SC2* 490.2 24.9802 51.58 6.32
SC3 — — — —
SC4 858.4 25.2428 78.49 17.01
SC5 859.2 26.0758 78.48 17.59
SCo6 859.4 26.0759 78.45 17.58

CdTe solar cell would deteriorate, as reported by Riigge-
berg and Klein. Our calculations thereby provide a quanti-
tative trend in decrease of the conduction-band offset with
In alloying for the Ga, O3 /CdTe interface.

The highest conversion efficiency is observed for the

#Performance reported for SC2 can only be achieved with an

unreasonably high dopant concentration of 9.0 x 102!/cm?.

SC5 cell, where n-InGaOj; is used a buffer layer and an
additional UID-InGaO; layer with intrinsic n-type dop-
ing as a TCO layer. Moderately doped n-InGaO; can
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also be utilized as a buffer layer and TCO, which shows
an increase in the Voc value with a sufficiently high
conversion efficiency. Overall, the numerical results indi-
cate that In,O; alloying with Ga,O3 can suitably tune
the high band gap for B-Ga,0;, making In,Ga,_,O;3 a
promising candidate for replacing the CdS buffer layer
and TCO in conventional CdTe solar cells. Further exper-
imental studies to evaluate the quality of interfaces will
be necessary to assess the viability of In,Ga, ,O; as
alternatives to Mg, Zn;_,O in state-of-the-art CdTe-based
devices.

The conduction-band offset at the TCO/absorber (CdTe)
interface plays a crucial role in determining the perfor-
mance of the CdTe solar cells. A small spike, corre-
sponding to a conduction-band offset of about +0.2 eV,
is preferred to ensure low carrier recombination across
the TCO/CdTe interface and improve the overall effi-
ciencies of the CdTe solar cells. In the present study,
we explore Ga,0; and In,Ga,_,O; alloys as a poten-
tial TCO in CdTe solar cells. We employ DFT meth-
ods to calculate the band offsets across Ga,03/CdTe and
InGaO;3/CdTe interfaces. The interfaces are formed with
[100] surfaces for Ga,Os3, InGaOs, and CdTe. The cal-
culated conduction-band offset across the Ga,0;/CdTe
interface is +0.67 eV. The large value of +0.67 eV can
be attributed to a significantly wider band gap (4.84 eV)
for Ga,03. A large conduction-band offset would inhibit
the transport of charge carriers across the TCO/CdTe inter-
face and lead to a decrease in conversion efficiencies for
CdTe solar cells. Alloying with In, O3 to the form InGaO;
(50:50, In:Ga) alloy lowers the band gap to 4.04 eV. The
decrease in the band gap is predominantly caused by a low-
ering of the conduction band and a nominal increase in
the valence band. As a result, the conduction-band offset
across the InGaO3/CdTe interface decreases significantly
to a value of +0.18 eV. The theoretical conduction-band
offset for InGaO3[100]/CdTe[100] matches closely to the
preferred optimum value of +0.2 eV. Hence, In, O3 alloy-
ing with Ga, O3 can effectively lower the conduction-band
offset to a preferred optimum value, making them poten-
tial TCO materials for CdTe solar cells. Lowering the
conduction-band offset can significantly improve the con-
version efficiencies of the CdTe solar cells, as predicted
by our full-cell calculations with SCAPS software. Within
our model structures, the maximum theoretical conversion
efficiency of 17.59% is achieved for a device employing
an n-InGaOj; buffer layer with a UID-InGaO3; TCO con-
struction. In, O3 alloying shows the high tunability of the
band gap with an In content that can yield a favorable
conduction-band offset across the absorber-buffer inter-
faces. High doping capabilities and a relatively high band
gap of In-alloyed Ga,O; makes In,Ga,_,O3 an exciting
prospect as both the TCO and buffer layer in CdTe solar
cells.
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