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ABSTRACT: An integration of perovskite and cadmium telluride (CdTe) solar cellsina |

tandem configuration has the potential to yield efficient thin-film tandem solar cells. | _ . =

Owing to the promise of higher efficiency at low cost, the presented study aims to explore

the potential for combining this commercially established CdTe photovoltaics (PV) with 1

next-generation perovskite PV. Here, we developed four-terminal (4-T) CdTe/perovskite E o

tandem solar cells, starting with 18.3% eflicient near-infrared-transparent perovskite solar Spiro-MeOTAD O e o T a0
cells (NIR-TPSCs) with an average transmission (T,,,) of 24.76% in the 300—900 nm !;; (cfm Heraenanm
wavelength range. These were then integrated with 19.56% efficient opaque CdTe solar SlassFTO 8 sl —1 N
cells, achieving 23.42% efficiency in a 4-T tandem configuration. Additionally, using a g ‘
refractive index matching liquid increases the overall power conversion efficiency (PCE) ‘] r !

to 24.2%. This pioneering achievement marks the first instance of a 4-T CdTe/perovskite | Frontillumination 2 -

thin-film tandem solar cell exceeding a PCE of 24.2%, a significant 123.72% increase in * wavetengtn Gy
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overall PCE.

he terrestrial photovoltaic market is currently domi-

I nated by monocrystalline silicon solar cells, providing
electricity generation at a cost as low as $1—$1.5 per

watt, with a lifespan of up to 40 years." However, the industry
faces a formidable challenge in pushing the boundaries of cost-
effectiveness for power generation, primarily due to the higher
material consumption and saturation of power conversion
efficiency (PCE). In this context, cadmium telluride (CdTe)
solar cells emerged as a viable solution to address these
challenges. CdTe is known as the most efficient and
commercially proven technology following monocrystalline
silicon solar cells. It possesses an optimum bandgap with high
absorption coeflicient, leading to an efficient and cost-effective
semiconductor for PV applications. The CdTe photoabsorber
can absorb the majority of the AM1.5G solar spectrum with a
mere 2 pm thick film, which directly contributes to relatively
lower production costs. Additionally, CdTe solar cells are free
from wafer fabrication complexities, as their thin films can be
grown onto commercially available and inexpensive glass
substrates with relative ease and excellent repeatability.
Notably, CdTe solar cells have demonstrated the highest
PCE of up to 22.3% on their near-ideal bandgap, further
solidifying their position as a promising alternative in solar
energy harvesting devices.” While CdTe presents a promising
avenue for achieving cost-effective electricity generation, its
practical application is constrained due to a relatively lower
PCE. The challenges associated with the lower PCE of CdTe
solar cells can be addressed by adapting multijunction or
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tandem cell configurations. A critical prerequisite for efficient
tandem solar cells is incorporating suitable wide bandgap-
based transparent solar cells.” Third-generation photoabsorb-
ers, particularly perovskites, have demonstrated superiority by
exhibiting excellent photovoltaic performance due to higher
light absorption coefficient.”"® The ease of bandgap tuning
further adds to the advantageous characteristics of perovskite
materials.”®

Perovskite has been aggressively explored in the fabrication
of tandem solar cells with the most commercial monocrystal-
line Si bottom cells, and within a very short time span, the Si/
perovskite monolithic tandem solar cells beat the S-Q limits of
single junction solar cells. Notably, it is not only monocrystal-
line Si, the perovskite is also explored on thin-film tandem
solar cell fabrications such as CIGS/perovskite, CIS/J)erov-
skite, and organic/perovskite tandem solar cells.”'® Fur-
thermore, it is found that the 4-T tandem configuration is
technically superior to 2-T, as it is free from fabrication
complexities and current matching requirements.'”~'” The 4-T
configuration relies solely on optical coupling between the two
subcells. Owing to the above mentioned superiority of the 4-T
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Figure 1. (a) Schematic representation of the NIR-TPSCs architecture. (b) Transmission and FOM (inset) of TCE with varying thicknesses
from 250 to 350 nm. (c) Transmission spectrum of NIR-TPSCs. Inset shows a photographic image of the NIR-TPSCs.

tandem solar cell architecture, here we have focused only on 4-
T tandem solar cells. Kim et al. reported the highest PCE of
25.9% over an active area of 0.45 cm? for a four terminal (4-T)
perovskite/CIGS thin-film tandem solar cell, through the
incorporation of bimolecular additives in the wide-bandgap
perovskite solar cell.”” Wang et al. reported the highly efficient
all perovskite 4-T tandem solar cell with PCE ~ 26.24%.”'
Also, Ling Liu et al. demonstrated a perovskite/organic 4-T
thin-film-based tandem solar cell with PCE of ~22%.”” These
results along with known bandgap tunability further confirm
the superiority of perovskite photoabsorber for tandem solar
cells. The dry fabrication process compatibility of both CdTe
and perovskite solar cells is also another beneficial factor.””**

The CdTe solar cell has the most potential among all
established technologies to compete against a rapid increase in
silicon solar cell efficiency at a significantly lower cost than
commercial Si solar cells, as per recent reports.zs’26 Addition-
ally, as a thin film photovoltaic technology, i.e., similar to the
perovskite photovoltaics, the complexities associated with the
commercial adeptness can be minimized. It also enables the
development of a new tandem architecture, such as the
development of tandem solar cells on a single glass substrate.””
Therefore, the robustness of these thin-film tandem solar cells
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with the intrinsically lowest material consumption can proffer
the development of the most efficient and cost-effective thin-
film tandem photovoltaics. Despite promising thin-film tandem
solar cells, only a limited number of reports are available, and
to the best of our knowledge, not a single report is available on
the experimental results of tandem CdTe/perovskite. There is
only one theoretical simulation study of the theoretical viability
of tandem CdTe/perovskite reported so far, where they
proposed the viability of this technique with a maximum PCE
of 20.6%.”

In this work, we have reported an experimental demon-
stration of 4-T CdTe/perovskite tandem solar cells for the first
time, to our knowledge by mechanically stacking near-infrared
(NIR) transparent wide bandgap (E, ~ 1.63 eV) perovskite as
top cells and low-bandgap CdTe (E, ~ 1.39 V) as bottom
cells. We have fabricated 18.3% efficient NIR-transparent
perovskite solar cells (NIR-TPSCs) depending on our unique
optimization of an efficient sputtered top transparent electrode
and buffer layer. With the integration of the 18.30% efficient
NIR-TPSCs to 19.56% eflicient CdTe solar cells in 4-T
tandem configuration, we have achieved 24.2% of the highest
PCE. Our fabricated device also possesses the remarkable
stability of Tg, for more than 3000 h at dark storage conditions

https://doi.org/10.1021/acsenergylett.4c01118
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(N, glovebox). This work enables the first experimental
observation of 4-T CdTe/perovskite tandem cells with more
than 24% PCE. Eventually, this 4-T tandem cell observes a
significant PCE boost of ~24%, i.e., 19.56% — 24.2%.

Figure la shows the device schematic of n-i-p architecture-
based NIR-TPSCs. The device structure consists of MgF,/
glass/FTO/Sn0O,/perovskite/spiro-MeOTAD/MoO,/TCE/
MgF,. The incident solar radiation irradiates from the glass/
FTO side, and the filtered rays are transmitted through the
complete device stack. Eventually, the triple-cation perovskite
absorber material with the chemical composition
Cspos(MAg 17FAg53)09sPb(1553Brg 17)5 is used here to fabricate
NIR-TPSCs. This perovskite absorber is well known and most
widely studied perovskite due to its robustness under ambient
conditions and lower fabrication complexity.””*° The trans-
parency of NIR-TPSCs is another criterion that establishes the
versatility of these solar cells for tandem applications. Figure 1b
shows the transmission spectrum and Figure of Merit (FOM)
of the TCE with varying thickness starting from 250 nm to 350
nm in steps of 50 nm. The detailed explanation of FOM is
described in Note 1 of SI. As the thickness increases, the
transmission and the FOM also increase up to 300 nm, and
after that, the average transmission (Tavg) and FOM decrease
primarily because of the reflection of the TCE layer. An
increased thickness of the TCE layer provides a better FOM;
however, one needs to be careful about possible sputter
damage while optimizing the TCE layer on top of such a
device stack.’’ In the n-i-p structure, it is relatively forgiving
due to the thicker layer of the spiro-MeOTAD HTL Ilayer.
Therefore, we have fixed the TCE layer thickness of 300 nm
for further analysis. Figure 1c shows the transmission spectrum
of the NIR-TPSCs at wavelengths 300—900 nm. The
transmission spectrum sharply rises around ~750 nm and
reaches its maximum transmission of 86.76%; after that, it
varies periodically due to encountering interference effects. It
shows T,, ~ 75% in the 750—900 nm wavelength range.
However, the average transmittance in NIR range (800—900
nm) (Txravg) Of the NIR-TPSCs device is more than 78%. A
marginal reduction in the transmission is also observed in the
NIR region, which can be attribute to parasitic absorption loss
of the TCE. The origin of the parasitic absorption in the NIR
range is due to free carrier absorption. These could be reduced
further by process optimization and varying the TCE layer
thickness. An antireflection coating is also inserted on both
sides of the device to further reduce the optical reflection
losses.”>™** Figure lc (inset) shows the digital image of the
actual device without a metal (Ag) busbar and with fingers of
artificial light from the front side.

An adequate electron coupling is established as per the
previous reports and the corresponding energy band diagram
of the NIR-TPSCs devices (Figure $1).* The cross-sectional
FESEM image depicts each individual layer of optimum
thickness of the complete device, i.e., glass/FTO (400 nm)/
SnO, (35 nm)/perovskite (460 nm)/Spiro-MeOTAD (180
nm)/MoO, (8 nm)/TCE (300 nm)/ARC (MgF,) (110 nm)
(Figure S2). Figure 2a shows the (J—V) characteristics in both
forward scan (FS) and reverse scan (RS) directions under 1-
Sun illumination (at 25 °C, relative humidity ~ 40%) for the
NIR-TPSCs. The champion device having active area (aa) =
0.175 cm? gives Ve = 1.07 V, Jsc = 23.75 mAcm ™2, and FF =
72%, leading to a PCE of 18.3%. The large-area device having
aa = 0.805 cm? gives Vo = 1.04 V, Joc = 23.24 mAcm ™2, and
FF = 63.0%, leading to a PCE of 15.23%. We used Ag busbars
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Figure 2. (a) Current—voltage (J—V) characteristics of the NIR-
TPSCs. (b) Stability data of NIR-TPSCs at Tg, >3000 h in dark
condition in a N, glovebox. (c) Light induced photocurrent
density and corresponding PCE at the MPPT of the NIR-TPSCs.

in the large-area devices to further reduce the effective sheet
resistance of the TCE.>**” The actual dimensions of the metal
busbars and fingers are 8 X 1 mm?* and 4.5 X 0.3 mm? (Figure
S3). The statistical findings of the NIR-TPSCs concerning
their PCE are illustrated in Figure S4. Table 1 shows the -V
parameters of both small- and large-area based NIR-TPSCs.
Additionally, a small amount of hysteresis and V¢ deficit is
also observed in large-area PSCs devices, which can be due to
the effect of higher series and lower shunt resistance (Table
§1).383

Figure 2b shows the unencapsulated devices’ operational
stability in an N, glovebox (ISOS-D). The devices retain more
than 80% of their initial PCE, even after being stored for 3000
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Table 1. J-V Parameters of the NIR-TPSCs, CdTe, and 4-T
CdTe/Perovskite Thin Film Tandem Solar Cells”

Active
area Jsc
(aaz [mA V,. FF PCE
Device [cm?]  Direction cm 2] [v] [%] [%]
NIR-T PSC 0.175 ES 23.68 106 702  17.62
(ni-p) RS 2375 107 720 1830
NIR-T PSC 0.805 ES 2304 100 605 1394
(n-i-p) RS 2324 104 630 1523
CdTe stand 2738 087 821 19.56
alone
Perovskite 8.25 0.87 82.1 5.90
Filtered CdTe
4T with CdTe 24.20
+ 0.175 cm?
NIR-T PSC
4T with CdTe 21.13
+ 0.805 cm?
NIR-T PSC

“FS stands for forward scan, RS stands for reverse scan.

h, confirming their excellent operational reliability.**~** Figure
2c shows the steady-state power output (SPO) of the NIR-
TPSC device at the maximum power point (MPP) for 300 s at
a constant bias voltage of 0.80 V. The measured SPO for
fabricated NIR-TPSCs is 17.4%. The above results further
concluded that the fabricated devices have outstanding
operational stability at constant illumination and active bias
conditions.”’~*® We also performed a device stability test
under continuous of 1-Sun illumination in a N, atmosphere
(Figure SS). The device retains 80% of its initial efficiency up
to ~200 h. We have also developed inverted architecture (p-i-
n) based triple-cation NIR-TPSCs to gain better insights into
these NIR-transparent PVs and establish the operational
viability of thin film tandem PVs. The small- and large-area-
based devices show the highest PCE values, 17.6% and 15.0%,
respectively. The details of the device’s performance are listed
in Note 2 of SL

According to the literature, theoretical study shows that the
optimum bandgap (used for this study; 1.63 eV) of the
perovskite absorber as a top cell with respect to 1.4 eV CdTe
absorber as the bottom cell has a wider range from 1.5 to 3 eV

to deliver PCE more than 30%. It is evident from these
calculations that 4-T is more forgiving in terms of choice for
top cell E, of 1.4 eV CdTe as bottom cell, whereas 2-T has a
drastic change. In the 4-T tandem configuration, the top
subcell acts as an optical filter for the bottom subcell. In this
work, we use high bandgap PSCs (E, ~ 1.63 eV; A, ~ 760
nm) as the top cell and low bandgap CdTe (E‘g ~ 1.39 eV; A
~ 892 nm) as the bottom cell. Figure 3a shows the 4-T CdTe/
perovskite solar cell with an index-matching liquid (silicone
oil). During 4-T CdTe/perovskite tandem device measure-
ments, an air gap is present between both cells. Optical losses
owing to reflection at the top surface of the CdTe solar cell
need to be addressed. An index-matched liquid helped to
overcome the reflection losses from the bottom surface and
couple transmitted light into the bottom cell. This work
addressed the above issue. Here, we have used index-matching
liquid having a refractive index (RI) of 1.40S, between those of
the PSCs and CdTe solar cells. Interestingly, we observed an
outstanding performance boost in the PCE after adding index-
matching liquid. The effect of index-matching liquid
incorporation before and after, with a filtered EQE spectrum,
is shown in Figure 3b. Table 2 shows the J—V parameters of

Table 2. J—V Parameters of the NIR-TPSCs Filtered CdTe
Solar Cell Obtained from the EQE Spectrum with and
without Index Matched Liquid Interlayer

Jec [mA Voo FE  PCE

Cells cm 2] [v] [%] [%]

Filtered CdTe without oil 7.15 0.87 82.1 S.12
(n-ip)

Filtered CdTe with oil (n-i-p) 8.25 0.87 82.1 5.90

the filtered CdTe EQE spectrum before and after the index-
matched liquid is introduced. It is observed that the
transmission had improved due to index-matching liquid
insertion between the subcells. This improved transmission
further improved the overall current density of the bottom
subcell.

Figure 4a shows a schematic diagram of a 4-T CdTe/
perovskite solar cell. The structure of the CdTe solar cell is
glass/FTO/Mg,,3Zn,,,0/CdTe/Te/carbon paint/Ni paint/

(b)
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Figure 3. (a) Schematic representation of a 4-T CdTe/perovskite tandem solar cell with an index matched liquid interlayer. (b) NIR-TPSC
filtered CdTe solar cell’s EQE spectrum with and without an index matched liquid interlayer introduced.
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Figure 4. (a) Schematic representation of a 4-T CdTe/perovskite tandem solar cell. (b) J—V characteristics of the n-i-p NIR-TPSCs and
CdTe solar cell. (c) EQE spectrum of n-i-p NIR-TPSCs and CdTe solar cell along with NIR-TPSC filtered CdTe EQE and the transmission

and refraction spectra of NIR-TPSCs.

ARC. Figure 4b shows the current density—voltage (J—V)
characteristics under 1-Sun illumination of the NIR-TPSCs
and CdTe cells. Figure 4c shows the reflection (R%), and
transmission (T%) spectra of NIR-TPSCs along with the EQE
spectrum of NIR-TPSCs and CdTe cells before and after
filtering through top perovskite solar cells. We observed an
integrated current density (Int. Jsc) of 22.32 mA cm™ for NIR-
TPSCs-based devices. The current density deviation between
Jsc observed from EQE and measured from J—V data can be
attributed to a prebias measurement condition or edge effect of
the device’s active area.”’ ™"’ The reduction of EQE after 600
nm is attributed to less absorption, which led to the rise of the
transmission for the bottom cell. The PCE values of the
unfiltered NIR-TPSC and CdTe PV devices were 18.3% and
19.56%, respectively. The perovskite filtered CdTe showed the
highest PCE of 5.9%, with filtered Int. Js¢ of 8.25 mA cm™ and
that led to the development of 24.2% efficient 4-T CdTe/
perovskite tandem solar cells. The large-area-based devices
show the highest PCE of 21.13%. The 4-T tandem cell -V
parameters before and after the filter are shown in Table 1.
The efficient tandem cell configuration observed a significant
PCE boost of ~24%; 19.56% — 24.2%.

In conclusion, this study represents the first experimental
demonstration of 4-T CdTe/perovskite tandem cells with a
PCE exceeding 24%. We have fabricated low-temperature-
processed efficient NIR-TPSCs with the highest PCE of 18.3%
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and average transparency T,,, ~ 24.76% in the 300—900 nm
wavelength range. Our fabricated NIR-TPSCs also demon-
strate impressive stability, maintaining Ty, for over 3000 h
under dark storage conditions within a nitrogen (N,) glovebox.
We also demonstrated an experimental investigation of 4-T
CdTe/perovskite tandem solar cells with PCEs exceeding 24%.
This is accomplished by mechanical stacking wide bandgap (E,
~ 1.63 eV) perovskite as the top cells and low bandgap CdTe
(Eg ~ 1.39 ¢V) as the bottom cells. Additionally, the
introduction of an index-matching liquid with a refractive
index (RI) of 1.405 between the two subcells resulted in a PCE
exceeding 24%. To the best of our knowledge, this achieve-
ment represents the highest reported PCE for a 4-T CdTe/
perovskite thin-film-based tandem solar cell.
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