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1. Introduction

Immense progress has been demonstrated in the field of thin-film
perovskite solar cells (PSCs) over the past decade, with power con-
version efficiencies (PCEs) of over 25% achieved in single-junction
devices.[1] Considering efficiency limitations imposed on single-
junction photovoltaic (PV) device performance by the Shockley–
Queisser limit, any further increase in PCE is most easily achieved
by tandem device architecture.[2–7] Due to the wide and tunable

bandgap of the perovskite absorber, these
semitransparent PSCs are typically employed
as the top subcell[8] (�1.55–1.85 eV bandgap)
paired with narrow-bandgap silicon,[3,6] cop-
per indium gallium selenide (CIGS),[2,5]

CIS[9] or tin–lead PSCs[10–12] as the bottom
subcell. Within the current state of the art,
these tandem devices utilize either a two-ter-
minal (2T) or a four-terminal (4T) architec-
ture. A promising tertiary architecture
known as three-terminal (3T) also exists
and was demonstrated as feasible for perov-
skite-based tandems in 2019,[13,14] but is cur-
rently in the inceptive period of research. 2T
devices (also referred to as monolithic devi-
ces)[2,3] involve a monolithic interconnection
of the top and bottom subcells into a single
PV device, leading to a simpler electrical
connection as compared to 4T tandems.
Furthermore, 2T devices omit additional

transparent conductive oxide (TCO) layers and often replace them
with a dedicated recombination layer.[2,3] However, they suffer from
the requirement of current-matching between the two subcells for
optimal function, imposing harsh restrictions on subcell thickness
and bandgap.[15] In comparison, 4T devices (also referred to as
mechanically stacked devices)[5–7] have a distinct benefit of indepen-
dent fabrication of the two subcells, and do not require current
matching. However, their integration into electrical systems is typi-
cally more complex, requiring two inverters in a PV system. One of
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Over the past decade, the impressive progress in power conversion efficiency
(PCE) of organometallic halide perovskite solar cells (PSCs), coupled with their
ready integration into tandem solar cells, has led them to approach PCEs of 30%
for tandem solar cells with a silicon bottom subcell. However, the complementary
technology of perovskite/copper indium gallium selenide (CIGS) tandem solar
cells has been thus far unable to reach similar efficiency values. Herein, a further
advance in the efficiency of 4T perovskite/CIGS tandems is demonstrated,
increasing the PCE up to 27.3% via systematic optimization of the top semi-
transparent PSC. Improvements in light management through the optimization
of anti-reflection coatings, coupled with the development of transparent con-
ductive oxides that incur very low parasitic absorption are reported. It is revealed
that both are crucial for maximizing efficiency and, by utilizing additional optical
simulations, a detailed loss analysis that enables us to outline a path toward
approaching 30% PCE for 4T perovskite/CIGS tandem devices is developed.
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the additional challenges of these 4T devices is the susceptibility to
higher optical losses due to the requirement of the aforementioned
additional TCO layer.[7,16]

Impressive progress has been demonstrated over the past
decade for the 4T architecture, with remarkable PCEs very
close to 30% reported for perovskite-on-silicon (perovskite/Si)
tandems. Figure 1 outlines the historical development in
maximum achieved PCE in each year for such devices, with
the caveat that the stated PCEs have not been certified.[5,17–25]

By the end of 2019, both perovskite/Si and perovskite-
on-CIGS (perovskite/CIGS) 4T tandems had reached PCEs above
25%,[1–3,5,6] with the most recent record at the time of writing
achieved by Solliance, who reported new PCEs of 29.2% and
27.1% in late 2021 for perovskite/Si and perovskite/CIGS respec-
tively, with currently unstated device area or architecture.[26] This
achievement for 4T perovskite/CIGS tandem solar cells has
recently been achieved a second time, with Zhang et al. obtaining
a PCE of 27.1% in 2022.[27] It is worth noting that perovskite tan-
dems based on Si bottom solar cells have consistently presented
higher PCEs compared to CIGS. One of the primary reasons for
the superior performance is the higher near-infrared (NIR)
response in the Si bottom subcell.[17,28] However, CIGS pos-
sesses multiple inherent qualities distinct from silicon with
the potential to enhance its applicability. These include bandgap
tunability (�1.0–1.7 eV),[29] radiation hardness,[30] and the possi-
bility for lightweight flexible tandem devices.[31] Moreover, it is
important to note that perovskite/Si tandems have received sig-
nificantly more research attention, as evidenced by the signifi-
cant disparity in research articles that have been published on
perovskite/Si in comparison to perovskite/CIGS (see
Figure S1, Supporting Information). Therefore, notable room
for improvement in the field of perovskite/CIGS tandem solar
cells is both feasible and desirable.

Detailed-balance calculations yield theoretically achievable
PCEs of up to 45% for two-junction tandem solar cells,[32–34]

while more recent applicable calculations, which incorporate
material properties of the CIGS and perovskite subcells in vari-
ous real-world situations, predict feasible PCEs of around 32%[35]

indicating the extensive scope for further developments in PCE
of perovskite/CIGS tandem solar cells. Improving the PCE of
tandem devices that combine perovskites with established
thin-film technologies can be accomplished via multiple
methods. Increasing the PCE of the top semitransparent PSC
(see historic development of the maximum reported PCE in
the literature as well as that achieved in this work (18.5%) in
Figure S2, Supporting Information) directly translates to 4T
PCE, while improving the transmittance of NIR photons through
the PSC device enhances 4T performance via increasing the bottom
cell photocurrent. In this work, we systematically optimize the layer
stack of the top semitransparent perovskite subcell, focusing on
enhancing its optical properties to improve the PCE of both sub-
cells, obtaining a new record PCE for 4T perovskite/CIGS tandem
solar cells of 27.3%. The optimization focuses on lightmanagement
by employing various TCOs with low parasitic absorption coupled
with optimized anti-reflection coatings (ARCs) to reduce reflection
losses. Finally, with the aid of optical simulations, we develop a
detailed loss analysis to highlight the most promising methods
to further improve PCE, with 4T perovskite/CIGS tandem PCEs
approaching 30% considered feasible in the near future (Figure 1).

2. Results and Discussion

Optical losses in 4T perovskite/CIGS tandem solar cells arise
from parasitic absorption and reflection losses.[16,36–39] Not only
do these losses lower the PCE of the top semitransparent PSC,
but also limit sub-bandgap transmission of the photons through
the perovskite top cell. The latter decreases current generation in
the CIGS bottom solar cell and, hence, results in an overall reduc-
tion of the 4T tandem PCE. Though every active layer contributes
in some form to parasitic absorption, the main contributors in a
4T tandem device are the two TCOs at the front and rear side of the
top semitransparent perovskite subcell, where the front is defined
as the first TCO exposed to incident light.[16,39] In contrast, reflec-
tion losses are more complex, stemming from numerous interfa-
ces in the tandem stack, for instance, air/glass, perovskite/charge
transport layers, transparent conductive oxide/air, etc.[28]

2.1. Optimization of Front and Rear TCOs

In our first optimization, we investigate three different combina-
tions (Stack A, B, and C) for front and rear TCOs in a planar
inverted semitransparent PSC stack with the aim of minimizing
parasitic absorption, as visualized in the schemes in Figure 2,
along with detailed optical properties from UV–Vis measure-
ments. In all optical stacks, 2PACz is used as a hole transporting
layer (HTL), C60/SnOx is the electron transporting layer (ETL)
and the double-cation perovskite (Cs0.17FA0.83Pb(I0.92Br0.08)3)
exhibits a bandgap of�1.62 eV. Stack A represents our reference
stack, which typically uses tin-doped indium oxide (ITO) as both
the TCOs. To reduce parasitic absorption losses, we first modify
our stack by fabricating optical filters using in-house sputtered
indium-doped zinc oxide (IZO) as a replacement for the rear
ITO (Stack B in Figure 2). This was a clear first step in improving
the NIR wavelength (800–1200 nm) optical properties of our
stack as, according to previous studies, a rear ITO layer contrib-
utes significant parasitic absorption that can be readily reduced

Figure 1. Historic development of the maximum reported power conver-
sion efficiencies of 4T perovskite/Si and perovskite/CIGS tandem solar
cells.[5,17–25,27] Stars represent the performance of the prototype device
developed in this work (27.3%) and the prediction after adopting the out-
lined recommendations in our optical simulations (29.5%).
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by replacing it with IZO.[16,21,40–42] Comparing Stack B with our
reference Stack A, we observe an overall reduction in parasitic
absorption of �5%. The parasitic absorption loss from the rear
IZO could be reduced further by decreasing its thickness at the
expense of increased sheet resistance, which, however, can have
a detrimental effect on device performance. As this effect was
greater than the gains in transmittance, we opted for an opti-
mized IZO that exhibits lower sheet resistance (�45Ω sq�1)
compared to the reference ITO discussed here, in addition to
the aforementioned lower parasitic absorption. Further proper-
ties of these TCO electrodes can be found in Table S1,
Supporting Information. We conduct additional analysis to elu-
cidate the cause of the reduction in parasitic absorption using
ellipsometry on TCOs deposited directly onto glass. Results

indicate that the reduction is associated with a decrease in the
extinction coefficient (Figure S3, Supporting Information). A fur-
ther comparison of these two stacks shows a notable increase in
reflectance, which limits the overall enhancement in transmit-
tance. This is due to increased Fresnel reflections which
occur at the air/IZO (Stack B) interface in contrast to the
air/ITO (Stack A) interface, caused by a higher refractive index
for IZO in the NIR range (see Figure S3c, Supporting
Information). Our later introduction of an ARC at the rear
IZO/air interface will be tailored to minimize the impact of this
effect.

Our second optimization explores the use of in-house
sputtered hydrogenated indium oxide (IO:H) as an alternative
to commercially available ITO as the front TCO to further reduce

Figure 2. Schematic illustration of semitransparent perovskite solar cells (PSCs) with various layer configurations: i) Stack A uses tin-doped indium oxide
(ITO) as both front and rear transparent conductive oxides (TCOs); ii) Stack B uses ITO as the front and indium-doped zinc oxide (IZO) as the rear TCO;
iii) Stack C uses IO:H as the front and IZO as the rear TCO; iv) Stack D uses the same configuration as Stack C with an additional MgF2 layer deposited on
the rear IZO; v) Stack E also uses the same configuration as Stack C with MgF2 deposited on the rear IZO as well as on the front glass substrate. Changes
to Stack A, which is the reference stack, are highlighted with color. The accompanying bar chart represents the breakdown of absorptance, reflectance, and
transmittance in near-infrared wavelengths (800–1200 nm) for each respective stack. Values have been weighted against the relative portion AM 1.5G
spectrum to obtain a practical effective value. In all optical stacks, 2PACz is used as a hole transporting layer (HTL), while the electron transporting layer
(ETL) is C60/SnOx. The results of the respective UV–vis measurements are presented underneath. From left to right: transmittance, reflectance, and
absorptance.
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the optical losses, especially in the NIR wavelengths (comparing
Stack B and C in Figure 2).[43–45] More details regarding the fab-
rication of IO:H can be found in our previous study.[16] This
replacement facilitates a substantial improvement in NIR
transmittance of �16.5% absolute, which we attribute to a
reduction of both parasitic absorption (�11.5%) and reflection
losses (�5%). The reduction in parasitic absorption is a result
of a reduced extinction coefficient of IO:H (see Figure S3b,
Supporting Information) from the presence of a low charge car-
rier concentration (�1020 cm�3). The reduction in reflection
losses due to the replacement of the front ITO with IO:H is a
result of a considerably higher refractive index of IO:H,
which is well matched to an optimum refractive index in the
visible as well as NIR wavelength range (see Figure S3,
Supporting Information). Here, the optimum refractive
index implies the refractive index (determined from
noptimum ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffinglassnperovskite

p ) of an ideal medium, which would
minimize the reflectance between glass and the perovskite
absorber. In contrast to IO:H, the refractive index of the ITO
decreases in the visible wavelengths and drops sharply in the
NIR wavelengths, which is a result of a blue-shifted ITO plasma
frequency (due to a high charge carrier concentration of magni-
tude �1021 cm�3).[46,47] Therefore, replacing the front ITO with
IO:H significantly reduces both parasitic absorption as well as
reflection loss to improve NIR transmittance.

2.2. Introduction of MgF2 Antireflection Coating

In our third optimization series, in an effort to continue
improving NIR transmittance and light in-coupling, we com-
pare two configurations (Stacks D and E) incorporating addi-
tional layers of MgF2 with the previous Stack C. One utilizes
MgF2 exclusively atop the rear IZO (see Figure 2, Stack D),
while the other has MgF2 deposited on both sides of the semi-
transparent PSC (see Figure 2, Stack E). Since MgF2 exhibits a
comparatively constant refractive index of �1.38 for a wide
range of wavelengths,[48] a value below both the rear IZO
and front glass, it can be exploited as a suitable ARC for visible
and NIR wavelengths, given appropriate layer thickness.
Therefore, prior to incorporation into complete stacks, each
layer thickness was optimized with respect to NIR transmis-
sion to maximize the resultant current obtained in the 4T tan-
dem configuration. Further details on the optimization of the
MgF2 thickness are shown in Figures S4 and S5, Supporting
Information. We demonstrate that even a 150 nm thick layer
of MgF2 deposited only on the rear side significantly reduces
the IZO/air interface reflection, achieving an absolute
improvement of �8.6% in NIR transmittance. This improve-
ment is essential for achieving high PCE in the bottom subcell
of perovskite-based tandems. Employing another 125 nm thick
MgF2 layer at the front glass side (Stack E) further reduces the
air/glass reflection loss by �0.5%. The resultant overall trans-
mittance averages 88.8% over the spectrally relevant NIR
range, with minimized reflectance and parasitic absorptance
losses of 9.9% and 1.3%, respectively. Overall, these findings
show the importance of implementing low-loss TCOs in
conjunction with ARCs to reduce parasitic absorption and
reflection losses.

2.3. Fabrication of 4T Perovskite/CIGS Tandem Solar Cells

To demonstrate the benefits of using top subcells with low
optical loss, as achieved by our previous optimizations, on
the performance of the perovskite/CIGS tandem solar cells,
we fabricate top semitransparent PSCs with an active area of
10.5 mm2. The layer stack of our optimized top semitranspar-
ent PSC is shown in Figure 3a and is sufficiently similar to the
optical filters utilized for the optimization as presented in Stack
E of Figure 2 such that any difference in overall optical proper-
ties can be disregarded when considering TCO and ARC
optimizations. A 1 nm thick LiF layer is employed between
the perovskite and the C60 layer to reduce interfacial nonradia-
tive recombination losses (charge carriers’ lifetime increases
from 68.5 to 277.4 ns when LiF is employed, see Figure S6,
Supporting Information) and improve the open-circuit voltage
(VOC).

[49,50] The only difference between the device and optical
filters is the presence of metallic Ag fingers, which form a
C-shape to encircle the active area and thus reduce the series
resistance in the rear contact of the semitransparent PSC.
These metallic fingers will not influence the overall optical
properties of the sample. For the calculation of the 4T tandem
PCE, a CIGS solar cell was measured below a perovskite optical
filter fabricated with the same layer sequence as the semitrans-
parent PSC.

The current density–voltage (J–V ) characteristics of the best
performing semitransparent PSCs is presented in Figure 3b
along with the standalone and filtered response of a 20.95% effi-
cient CIGS bottom solar cell. The champion top semitransparent
PSC demonstrates a PCE of 19.3% with a short-circuit current
density ( JSC) of 20.7 mA cm�2, a VOC of 1.17 V, and a fill factor
(FF) of 79% in the backward scan, while the filtered CIGS bottom
cell exhibits a JSC of 16.8 mA cm�2, a VOC of 0.66 V, and a FF of
78.6%. The latter represents an absolute drop of 30mV in the
bottom cell’s VOC compared to the unfiltered variants, which
is comparable to the established literature.[5,17–25] To demon-
strate the benefit of using IO:H over ITO as a front TCO, semi-
transparent PSCs were also fabricated using a commercially
available ITO as the front TCO. J–V, external quantum efficiency
(EQE), and maximum power point (MPP) tracking measure-
ments were carried out on both types of semitransparent
PSCs that highlight the high yield and reproducibility and dem-
onstrate a notable decrease in the EQE and the integrated JSC for
both the top and bottom devices in case of ITO (see Figure S7 and
S8, Supporting Information). Full PV characteristics for semi-
transparent PSCs both with ITO and I:OH as front TCO as well
as the respective results for filtered CIGS bottom cells are sum-
marized in Table 1. For the semitransparent PSCs with a well-
defined masked area, the stabilized PCE (obtained from MPP
after 5 min under continuous AM1.5G illumination) is used
to calculate their contribution to the 4T perovskite/CIGS tandem
solar cell PCE. For the filtered CIGS bottom cells, due to the non-
ideal spectrum of the solar simulator in the corresponding spec-
tral region coupled with a lack of defined area, integrated JSC
values from EQE were used to calculate the PCE. An overall cal-
culated 4T perovskite/CIGS tandem PCE of 25.2% is achieved
using the ITO stack, slightly better than the values obtained
in our previous study due to the use of IZO.[7] The champion
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(a)

(c) (d)

Figure 3. a) Schematic illustration of the layer stack for 4T perovskite/CIGS tandem solar cells. b) Current density–voltage ( J–V ) characteristics of the
champion semitransparent PSC (reverse and forward scans), standalone and filtered CIGS solar cells. c) External quantum efficiency (EQE) of the cham-
pion semitransparent PSC and the standalone/filtered CIGS solar cell. The corresponding integrated short-circuit current densities are 19.6, 16.8, and
38.8mA cm�2, respectively. d) Simulation results indicating the maximum achievable power conversion efficiency (PCE) of a 4T perovskite/CIGS tandem
solar cell with respect to variation in perovskite bandgap. At an optimal bandgap of �1.73 eV, the PCE is 29.8%, compared to 29.5% for the 1.62 eV
bandgap perovskite utilized in this work, which is marked with a star (see Figure 4 for details regarding the optimization).

Table 1. Photovoltaic parameters of our champion top semitransparent PSCs with both ITO and IO:H as the front TCO, respectively, as well as that of the
standalone/filtered CIGS solar cell. The stabilized PCE of the perovskite top and filtered bottom solar cells and the corresponding calculated 4T tandem
PCE are given in bold. Average values for J–V parameters are presented in brackets.

Solar cell Scan direction VOC [V] JSC [mA cm�2] FF [%] PCE [%] Stabilized PCE [%]

Solar simulator EQE

Perovskite (ITO) Reverse 1.16 (1.15) 19.8 (19.2) 18.8 80 (79) 18.4 (17.4) 17.5

Forward 1.16 (1.15) 19.5 (19.1) 79 (75) 17.7 (16.4)

Perovskite (IO:H) Reverse 1.17 (1.15) 20.7 (21.5) 19.6 79 (70) 19.3 (17.1) 18.5

Forward 1.17 (1.15) 20.9 (21.4) 76 (66) 18.5 (16.2)

CIGS 0.69 42.3 38.8 78.2 20.95 20.95

CIGS (ITO filter) 0.66 15.5 14.7 78.5 7.7 7.7

CIGS (IO:H filter) 0.66 17.7 16.8 78.6 8.8 8.8

Perovskite/CIGS 27.3
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4T perovskite/CIGS tandem solar cell in case of I:OH as front
TCO exhibits a calculated PCE of 27.3%, with 18.5% stemming
from the top semitransparent PSC and 8.8% derived from the
filtered CIGS bottom device. The high PCE of the CIGS bottom
solar cell is a result of high transmission achieved through the
top semitransparent PSC due to our previous optimizations
(see reflection, transmittance, and absorption spectra of the opti-
cal filter used for the champion device in Figure S9, Supporting
Information). EQEs of both top and bottom cells are presented in
Figure 3c, indicating high photon-to-current conversion, with an
integrated JSC within 6% of the JSC obtained from the J–V
measurement.

In addition, we performed optical simulations of the maxi-
mum achievable PCE with respect to variation in perovskite
bandgap for an optically optimized device stack. The details of
this optimization are discussed in the next section. These sim-
ulations predict a 0.3% increase using a 1.73 eV bandgap given
that the VOC� FF ratio with respect to the Shockley–Queisser
limit can be maintained, as shown in Figure 3c. However,
due to complex factors that affect the performance of PSCs when
increasing bandgap (such as increased voltage deficit, reduced
stability, and halide migration), we elected to focus on PSCs with

1.62 eV bandgap in this work, which are known to create stable,
high-efficiency devices.[5,7]

3. Outlook

While employing the aforementioned approach adequately
reduced optical losses, it remains possible to further improve
the optical properties, and hence the resultant 4T perovskite/
CIGS tandem solar cell PCE. To determine the potential scope
of such optimizations, we performed optical simulations
focusing on fine optimization of the relevant layers, without
significantly altering the materials. Figure 4a outlines the effect
of each additional modification or optimization. These can be
broken down into thicknesses optimization of active layers,
introduction of an encapsulation layer, and deployment of micro-
textures to improve light in-coupling.[36] Combined, these opti-
mizations are shown to lead to an increase in PCE by an absolute
2.7%, thereby enabling 4T perovskite/CIGS tandem solar cell
PCEs to approach 30%. For our optimizations, we first perform
optical modeling and reproduce our experimental EQE data
(see Figure S10, Supporting Information). Although there is a

(a)

(b)

Figure 4. a) A schematic illustration of further modification to the 4T perovskite/CIGS tandem device to increase the device performance from 27.3% to
up to 29.5%. b) Bar chart representing further modifications to individual layers, such as thickness optimizations of individual layers and the addition of
an encapsulation layer and micro-textures. c) Simulated EQE of the optimized sub-cells for the 4T perovskite/CIGS tandem solar cell, resulting in an
increase of PCE from 27.3% to 29.5%.
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slight discrepancy between our simulated and the experimental
EQE data, which we attribute to small variation of the actual
thicknesses as well as the refractive indices and extinction
coefficients of the layers, the final PCEs of 4T tandem devices
(simulated and experimental) are the same (see Figure 4b).
Using our simulation, we will show in the following how further
optimizations reveal additional sources of improvement, and
their expected magnitude. Thickness optimization of various
layers (other than the perovskite absorber) leads to a minor
improvement of �0.45%. In that regard, in Figure S11,
Supporting Information, we exemplary show the effect of chang-
ing the thickness of I:OH on its experimental sheet resistance
(Figure S11a, Supporting Information) that could affect the
VOC and FF as well on the JSC in both the top and bottom cell
(Figure S11b,c, Supporting Information). Significant gains are
only obtained when any of the following are introduced: 1) an
encapsulation layer is introduced between the top and the bottom
cell, 2) a thicker perovskite absorber is employed, and 3) micro-
textures are deposited on the front glass substrate.

Though we have demonstrated that the presence of a layer of
MgF2 at the rear side can significantly reduce reflection losses,
the air/MgF2 interfaces still incur notable reflections. Thus, an
encapsulation layer (index matching layer) with a refractive index
of �1.5 (optical data of ethylene-vinyl acetate (EVA) was
employed for the simulations) would be beneficial to reduce
interfacial reflections between the subcells and is expected to
enhance the PCE by 0.37% (see Figure 4b). However, employing
such an encapsulation layer is expected to introduce additional
fabrication challenges, potentially impact stability, and increase
the difficulty of obtaining proper contacts/terminals for the tan-
dem device. The second aspect, calculated to improve the effi-
ciency by 0.69%, is a thicker perovskite absorber (�800 nm)
(see Figure 4b). An optimal layer thickness improves single path
absorption of incident low energy photons, ensuring that low
energy photons can be readily absorbed and extracted, even if
a rear transparent TCO contact is used. Poor absorption of
low-energy photons is responsible for the decreased near
bandgap signal in the EQE of simulated and experimental devi-
ces (as shown in Figures 3b and 4c) when compared to optimal
simulated devices. Various studies have already demonstrated
the feasibility of such high thicknesses in perovskite absorbers
while maintaining high charge carrier mobility.[24,51–53]

Finally, replacing the front MgF2 antireflection coating with
micro-textures will improve the PCE by 0.73% (see Figure 4c).
Micro-textures increase the probability of light in-coupling by
allowing multiple reflections at the textured surface and increase
the optical pth length through the absorber.[23,54–64] These tex-
tures also reduce the angular dependency in a tandem device
compared to devices without a texture by minimizing the angular
reflectance spectra for light incident from�60° to 60°, increasing
in-coupled light.[59,65] Such textures are typically formed in labo-
ratory settings through UV nanoimprint lithography of a polydi-
methylsiloxane-based material[23,58,61,63,66] which may be
unsuitable for long-term outdoor use, although they have shown
to be stable in real-world conditions for 32 day periods.[66]

However, textured glass substrates are an existing product capa-
ble of achieving similar optical effects, and are expected to be
stable and scalable. As mentioned previously, we performed
additional simulations to determine if shifting the perovskite

bandgap to the expected optimum while maintaining the
optoelectronic quality will grant a notable boost to performance
for an optically optimized device. This shift is expected to grant a
further 0.3% maximum achievable PCE (see Figure 3d). Further
details regarding these optical simulations can be found in the
experimental section.

4. Conclusion

Perovskite-based 4T tandem solar cells have evolved significantly
since their first introduction. Although there has been an enor-
mous progress, significant room for improvement remains.
Various studies have independently investigated methods for
improving the performance of 4T tandem devices by improving
the transmission of the semitransparent perovskite top subcell,
including implementation of IO:H as a replacement for the front
ITO, or the inclusion of ARCs. In this work, we employed a sys-
tematic approach to identify the potential and limits of current
progress, replacing conventional ITO with high performance and
high transmittance alternatives (IO:H and IZO) and adding inde-
pendently optimized ARCs to achieve a PCE of 27.3% for perov-
skite/CIGS tandem solar cells in 4T configuration. Moreover,
with the aid of simulations, we establish how to overcome the
PCE limitations of our 4T perovskite/CIGS device. These simu-
lations focus on the modification of our top semitransparent
PSC, while maintaining our present perovskite composition,
identifying architectural improvements that will allow further
increased 4T perovskite/CIGS tandem solar cells PCE. By opti-
mizing active layer thickness, employing index-matched encap-
sulated layers, and replacing the front ARC with a textured foil,
we calculate our current stack is able to approach 30% PCE. A
final set of simulations, aimed at modifying the bandgap of
the top semitransparent PSC, indicate that for a completely
optically optimized stack the difference in maximum achievable
PCE between our 1.62 eV perovskite and a theoretical optimal
1.73 eV perovskite is only 0.3% absolute in PCE. This highlights
that optical improvements are a more important optimization
than bandgap in 4T perovskite/CIGS tandem solar cells.

5. Experimental Section

Materials: 2PACz (TCI, CAS: 20 999-38-6), lead iodide (PbI2: TCI, CAS:
10 101-63-0), formamidinium iodide (FAI: Dyenamo, CAS: 879 643-71-7),
cesium chloride (abcr, CAS: 7647-17-8), 2-phenylethylammonium chloride
(PEACl: Sigma-Aldrich; CAS: 156-28-5), bathocuproine (BCP: Lumtec,
CAS: 4733-39-5), (MgF2: Sigma-Aldrich, CAS: 7783-40-6). All solvents
including N,N-dimethylformamide, ≥99.9% (DMF, CAS: 68-12-2),
dimethyl sulfoxide (DMSO) anhydrous,≥99.9% CAS: 67-68-5), chloroben-
zene (CB) anhydrous, 99.8%, CAS: 108-90-7), 2-Propanol, ≥98%,
(IPA, CAS: 67-63-0) were ordered from Sigma-Aldrich. Ethanol absolute
99.8% was ordered from VWR Chemicals.

IO:H Substrate Fabrication: Front IO:H was deposited on clean glass
using a Leybold Z600i inline sputtering system. The following sputtering
parameters were used: DC power¼ 1.4 W cm�2, pressure¼ 7.5 mTorr,
1.7% O2, and 3.4% H2 in Ar. No intentional heating was applied
during the deposition, post-deposition substrates were annealed for
20min @250 °C in vacuum.

Perovskite Solar Cell Fabrication: The planar p–i–n PSCs were fabricated
with the architecture of: MgF2/glass/ITO or IO:H/2PACz/Cs0.17FA0.83Pb
(I0.92Br0.08)3/C60/SnOx/IZO/MgF2.
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ITO (Luminescence Technology, CAS: 50 926-11-9) or IO:H substrates
were cut in 0.16� 0.16 cm and cleaned with acetone and isopropanol in
an ultrasonic bath for 10min each. The substrates were further treated
with oxygen plasma for 3 min before the deposition of the HTL. A thin
layer of 2PACz HTL was deposited on the ITO substrate by spin-coating
at 3000 rpm for 30 s and subsequently annealed at 100 °C for 10min. The
2PACz precursor solution was prepared by dissolving 2PACz in anhydrous
ethanol with a concentration of 1 mmol L�1. The prepared solution was
put in an ultrasonic bath for 15min before it was used. The double-cation
perovskite precursor solution was prepared by dissolving 0.83mmol FAI
(143mg), 0.17 mmol CsI (44 mg), 0.88mmol PbI2 (444mg, 10% excess of
PbI2), and 0.12mmol PbBr2 (46mg) in a 1 mL solvent mixture of DMF:
DMSO at a 4:1 volume ratio. Afterward, 35 μL of PbCl2:MACl solution with
a molar ratio of 1:1 dissolved in 1mL DMSO was added as a bulk passiv-
ation additive. The solution was deposited on top of the HTL by a two-step
spin coating process: 1) 1000 rpm (acceleration 2000 rpm s�1) for 10 s, ii)
5000 rpm (acceleration 2000 rpm s�1) for 40 s. 150 μL CB was actively
deposited on the spinning substrate 20 s before the end of the second
step. Samples were annealed at 100 °C for 30 min in an inert
atmosphere.[67] 1 nm thick LiF (passivation layer) and 20 nm C60 (electron
transport layer) were thermally evaporated at an evaporation rate of
0.1–0.2 Å/s at a pressure of around 10�6 mbar. Afterward, a 35 nm film
of SnOx was deposited over 300 cycles using the following settings:
1.6 s TDMASn pulse time with a 12 s purge then 0.1 s water pulse time
with a 16 s purge. A boosting system was utilized instead of the conven-
tional bubbler due to the system layout. Under boosting, line flow was
increased to 500 sccm immediately prior to pulsing to increase precursor
concentration. This step is responsible for the abnormally high TDMASn
pulse time compared to other literature. Rear IZO was deposited using a
Kurt J. Lesker PVD-75 thin-film deposition system. The following sputter-
ing parameters were used to achieve 165 nm of IZO: RF power 100W over
4 inch2, deposition time¼ 2550 s, pressure¼ 1mTorr, and O2 to Ar
ratio¼ 1%. To reduce the reflection losses, 125 and 150 nm thick
MgF2 were evaporated at the front and the rear side of the semitransparent
perovskite solar cell.

Fabrication of CIGS Bottom Solar Cells: The CIGS solar cells were fabri-
cated by co-evaporation of the elements in a classical multistage process
which is described in detail in the earlier work.[68] The cells comprised a
metal grid and an anti-reflective MgF2 coating on top, the designated area
was 50mm2 (defined by mechanical scribing).

J–V Measurements: The perovskite and c-Si solar cells were character-
ized using a class AAA Newport solar simulator (xenon lamp). Thermal
fabric was placed behind the measuring device, intended to provide ther-
mal contact for temperature control and minimize reflection. For the CIGS
solar cells, a class AAAWacomWXS-90S-5, AM1.5G Super Solar Simulator
(xenon lamp) was used. The solar simulator for the measurements of the
PSCs was calibrated with a certified Si photodiode (Fraunhofer ISE)
equipped with a KG5 bandpass filter. The J–V measurements were carried
out under AM 1.5G conditions from VOC to JSC and JSC to VOC at a fixed rate
of 600mV s�1 using a Keithley 2400 source meter. The stabilized PCE of
the PSCs was determined by the power output at constant voltage close to
the MPP under continuous AM 1.5G illumination for 5 min. The tempera-
ture (25 °C) of the PSCs was controlled actively using a Peltier element
control circuit. The CIGS solar cell was measured either standalone or
below the semitransparent perovskite filter fabricated along with the devi-
ces. The semitransparent PSCs were measured in a nitrogen atmosphere
using an aperture mask with an area of 8.4mm2 to ensure a precisely
defined active area, while the CIGS solar cell was measured without
any mask (designated area 50mm2).

EQE Measurements: EQE measurements were performed using a
Bentham EQE system. A chopping frequency of �930 Hz with an integra-
tion time of 500ms was used to obtain the spectra. The devices were not
subjected to any pre-conditioning.

UV–vis Spectrophotometry: Transmittance and reflectance measure-
ments were performed using a PerkinElmer Lambda 1050 spectrophotom-
eter employed with an integrating sphere. The illumination spot was set as
large as possible to average over possible slight in-homogeneities of the
films.

Time-Resolved Photoluminescence Measurements: Time-resolved photolu-
minescence (TRPL) was carried out by a custom-built setup. A pulsed laser
of 532 nm with a repetition rate of 1 kHz and a pulse width of 0.8 ns was
used for the excitation of the samples. All measurements were performed
with a pump fluence of�40 nJ cm�2. The photoluminescence (PL) was cap-
tured using an ACTON spectrometer and a CCD camera PIMAX512 at room
temperature. All PL measurements were carried out in air.

Simulations: The results of the simulations shown in Figure 4 were
obtained using the open-source modeling platform EYcalc.[69] An in-depth
overview of this platform was presented in a previous publication.[70] For
the simulations performed in this work, we used the optics module to fit
the EQE of the record experimental device and then to optimize the layer
stack. Integrating the EQE over an AM1.5G spectrum, we then calculated
the short-circuit current for each subcell. Finally, the PCE was computed
via the electrics module, assuming the same electrical parameters at each
optimization step.
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