RESEARCH ARTICLE

W) Check for updates

é ‘ RRL

www.solar-rrl.com

Minimizing Open-Circuit Voltage Losses in Perovskite/
Perovskite/Silicon Triple-Junction Solar Cell with

Optimized Top Cell

Minasadat Heydarian,* Athira Shaji, Oliver Fischer, Michael Giinthel, Orestis Karalis,
Maryamsadat Heydarian, Alexander J. Bett, Hannes Hempel, Martin Bivour,
Florian Schindler, Martin C. Schubert, Andreas W. Bett, Stefan W. Glunz,

Juliane Borchert, and Patricia S. C. Schulze

Following the impressive efficiencies achieved for two-terminal perovskite/silicon
dual-junction solar cells, perovskite/perovskite/silicon triple-junction cells have
now gained attention and are rapidly developing. In a two-terminal triple-junction
cell, maximizing the open-circuit voltage (Voc) is not straightforward as it
requires understanding and mitigating the dominant losses in such a complex
structure. Herein, the high bandgap perovskite top cell is first identified as the
main source of the V¢ loss in the triple-junction cell. A multifaceted optimization
approach is then implemented that improves the Vo of the 1.83 eV perovskite.
This approach consists of 1) replacing the reference triple-cation/double-halide
with a triple-cation/triple-halide perovskite, which improves perovskite bulk
quality and reduces transport losses, and 2) implementing a piperazinium iodide
passivation between the perovskite and the electron transport layer, which
reduces nonradiative recombination losses at this interface. Employing these
optimizations in the top cell of the triple-junction boost the V¢ by average 124
mV. A high Vo of more than 3.00 V is achieved with a fill factor of 79.6%, a short-
circuit current density of 9.0 mA cm 2, and an efficiency of 21.5%. Further study
is conducted on the improvement of Vo in the triple-junction solar cell using
subcell selective photoluminescence-based implied Voc imaging, which is
applied for the first time to a perovskite-based triple-junction structure.

1. Introduction

Within recent years of development, perov-
skite/silicon dual-junction solar cells have
shown remarkable improvement in power
conversion efficiency (PCE) by up to
34.6%.1"? Even further enhancement of
PCE is possible by the addition of a
hird junction. Recently, the two-terminal
perovskite/perovskite/silicon triple-junction
structure has gained increasing attention
with first device demonstrations.?™% In a
two-terminal multijunction solar cell, since
the photon flux is split between the
subcells, the total current is lowered and lim-
ited by the current of the subcells. On the
other hand, high voltage is the main charac-
teristic of these devices. As the voltages from
the different subcells add up to ensure the
highest voltage delivered by a triple-junction
device, it is essential to minimize voltage
losses in individual subcells and optimize
their electrical interconnection.

Tackling the limited Voc in a triple-
junction solar cell, however, is not trivial
as there are many sources of losses and

thus identifying them in such a complex system is challenging.
Nevertheless, the high bandgap perovskite top cell is known to be
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one of the main drivers dominating the V¢ loss in a perovskite/
perovskite/silicon triple-junction solar cell. Based on simula-
tions, the top cell of a triple-junction solar cell requires a high
bandgap in the range of 1.8-2.0 eV.""! To achieve such a high
bandgap perovskite with a multication multihalide perovskite,
the amount of bromine (Br) needs to be increased. However,
solar cells with high bandgap perovskite compositions contain-
ing more than 20% Br commonly exhibit a high V¢ deficit with
respect to their theoretical Voc,'? which limits their perfor-
mance. This mainly originated from photoinduced phase segrega-
tion,™*! nonradiative recombination losses in the perovskite bulk
and at the interfaces," and band misalignment with commonly
used charge transport layers.["!

Additive engineering is one of the most common approaches
to improve the perovskite bulk quality. For example, chloride
(Cl)-based additives have widely been reported to improve the
quality of the high bandgap perovskite absorber and reduce
defect density.l'®! In this approach, Cl is typically not incorporated
into the final perovskite crystal lattice. Cl instead plays a role dur-
ing the film formation process by influencing the crystallization
dynamics and is mostly removed from the film during the anneal-
ing step.'® Xu et al. were the first to report on a triple-halide perov-
skite with a bandgap of 1.67 eV where chloride is incorporated into
the perovskite lattice resulting in an increase in charge carrier life-
time and reduction in Vo deficit."” Recently, triple-halide perov-
skite has been studied and used as a top cell in all-perovskite!"®!
and perovskite/silicon dual-junction applications.!*>2%

Furthermore, besides the quality of the absorber layer, the
perovskite/Cg( interface has been shown to be one of the main
sources of Vo loss in high bandgap perovskites.!) This is due to
the high nonradiative recombination losses at this interface!**l
and nonideal band alignment of this charge transport layer with
the high bandgap perovskite.l'>*?! Various passivation strategies
have been implemented at this interface to reduce the nonradia-
tive recombination loss and improve the Voc. For example, for
perovskites with a bandgap of more than 1.8 eV, materials such
as lithium fluoride (LiF)**! and propane-1,3-diammonium iodide
(PDAI)®Y have been shown to effectively passivate the
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perovskite/electron transport layer (ETL) interface. Recently,
piperazinium iodide (PI) has been used in combination with
triple-halide perovskite compositions to enhance Voc of the top
cell in perovskite/silicon and all-perovskite tandem solar cells.*®**!

In this work, we first identify the dominant source of voltage loss
in our perovskite/perovskite/silicon triple-junction solar cell, which
is the high bandgap perovskite top cell. We then aim to reduce the
Voc loss in our top cell. For this purpose, we employ a multifaceted
strategy consisting of 1) replacing the reference triple-cation/
double-halide perovskite with triple-cation/triple-halide perovskite
composition and 2) implementing a PI passivation between the
perovskite and the electron transport layer. By systematic charac-
terization of perovskite films, half stacks, single-junction, and
finally triple-junction solar cells, we show how these steps improve
the perovskite bulk quality and interface, leading to improvement
of Voc in both single-junction and triple-junction solar cells.

2. Results and Discussion

The starting point of this work was our previously reported
triple-junction solar cell” which has a top cell composed of a
triple-cation perovskite, CSo_05(FAO'55MA0'45)0'95Pb(10'55BT0_45)3,
with a bandgap of 1.83eV, and a middle cell with the Csggs
(FA0A9OMA0A10)O.9SPb(IO.9SBrO.05)3 composition, with a bandgap
of 1.56eV. Even though the Voc of 2.87V achieved for this
triple-junction solar cell was equal to the sum of the voltages
of the individual subcells determined from single-junction
structures, it is still below the practical voltage potential for this
structure. According to simulations, a perovskite/perovskite/
silicon triple-junction solar cell has a radiative Voc potential
of 3.7 V which cannot be achieved in practice.”> A more realistic
scenario by taking the optical and electrical losses into account
predicted a practical V¢ potential of 3.2 V.1

First, to identify which subcell mainly contributes to the V¢
limitation in our structure, the individual subcells were sepa-
rately studied. For this purpose, half stacks and single-junction
solar cells of the high bandgap perovskite top cell and the middle
bandgap perovskite middle cell were prepared. Figure 1
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Figure 1. Comparison of bandgap derived from Tauc plot (from reflection transmission measurements on glass/ITO/HTL/perovskite), implied open-
circuit voltage (iVoc) derived from PLQY measurement of a glass/ITO/HTL/perovskite stack with and without ETL, the measured Vo for single-junction
perovskite middle cells (bandgap 1.56eV) (left) and top cells (bandgap 1.83 eV) (right) of our previously reported perovskite/perovskite/silicon
triple-junction solar cell.”! Voc deficit of high bandgap perovskite with respect to the radiative limit,'? as well as iVoc to Voc loss, is higher for
the top than the middle subcell. The bar charts of statistical data show the mean values and the upper lines represent the standard deviation.
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compares the radiative Vo, implied Voc (iVoc) measured on the
perovskite films and after ETL deposition with the device Vo of
corresponding single-junction solar cells for the perovskite mid-
dle cell and top cell with respect to their bandgaps.

Comparison of the potential radiative Vo of 1.56 and 1.83 eV
solar cells!'” and the average Voc of their respective single-
junction solar cells (Figure S1, Supporting Information) shows
a Voc deficit of 480 mV for the high bandgap top cell, which
is more than double compared to the middle cell (230 mV). In
addition, the iVoc values derived from photoluminescence
quantum yield (PLQY) measurements on the glass/indium tin
oxide (ITO)/hole transport layer (HTL)/perovskite stacks were
compared with the iV after ETL deposition. The iV loss after
the ETL deposition is more pronounced for the high bandgap
perovskite. Finally, the iVoc to Voc loss is 50 mV for the middle
bandgap perovskite, while the high bandgap perovskite exhibits a
loss of 130 mV. Therefore, in this work, we focus on reducing the
Voc loss in the high bandgap perovskite subcell.

2.1. Improving the Bulk Quality of the High Bandgap
Perovskite Absorber

Here, high bandgap triple-cation/double-halide perovskite
CS()_05(FAO'S5MAO'45)0‘95Pb(10.558r0_45)3 (reference) and triple-
cation/triple-halide perovskite compositions are compared,
hereafter abbreviated as 3C2H and 3C3H, respectively. In
order to achieve a triple-halide perovskite composition, 10 mol%
MAPDLCl; is added to a base double-cation/double-halide
perovskite (Csg22FAq.78)Pb(lo70Bro30)3 as previously reported
by.['”-29241 The composition is estimated to be Csg,0FAg71
MAg.09Pb(Ig.64Bro.27Clo g0)3. Additionally, we checked this com-
position through depth profiling XPS measurements which
confirmed the expected perovskite composition. Detail about
XSP measurement will be discussed later and more information
can be found in Table S3, Supporting Information.

For the 3C3H composition, we targeted a bandgap similar to
our reference 3C2H perovskite (1.83 eV). Tauc analysis obtained
from reflection and transmission (RT) measurements revealed a
similar bandgap for both perovskite compositions (Figure S2b,
Supporting Information). As can be seen from Figure S2a,
Supporting Information, the absorption in the wavelength range
of 550-650 nm is higher for the 3C3H perovskite. This can be
attributed to the higher thickness of this absorber as evidenced
by cross-sectional scanning electron microscopy (SEM) images
(Figure S2c, Supporting Information). The 3C2H perovskite film
has an average thickness of 260 nm while the 3C3H absorber
shows an average thickness of 360 nm. It should be noted that
perovskite solution concentration (1 M) and processing parame-
ters are kept similar. The difference in thickness could be attrib-
uted to varying crystallization behavior of the different perovskite
compositions. The different film formation is also obvious from
the top view SEM images presented in Figure S2d, Supporting
Information.

To study the incorporation of Cl into the 3C3H perovskite
lattice, we first prepared a base double-cation composition of
(CSO.zzFA()]g)Pb(10‘70B1’0‘30)3 prior to addlng MAPbC13 The
bandgap obtained from the Tauc plot is 1.76 eV, which aligns
with the photoluminescence (PL) peak position of ~700nm.
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Upon adding the MAPbCI; to the base double-cation solution,
the bandgap shifted to 1.83eV corresponding to a 0.08 eV
increase (Figure S3a,b, Supporting Information) agreeing well
with,['”) where they tuned the bandgap from 1.65 to 1.90 eV with
different Br and ClI contents. This change in the bandgap con-
firms the incorporation of Cl into the perovskite lattice. As CI
has a smaller ionic radius compared to bromide (Br) and iodide
(I) (T: 2.20 A > Br: 1.96 A > Cl: 1.81 A),*”) its incorporation into
the perovskite lattice results in a change in lattice constant and
an increase of the bandgap. The change in lattice constant can also
be seen in the XRD measurement of the perovskite films before
and after adding MAPDCI; (Figure S3c, Supporting Information).

Energy-dispersive X-ray spectroscopy (EDX) measurements of
3C3H films further confirmed the presence of Cl (Figure S4,
Supporting Information) in our perovskite. In addition, depth-
profiling X-ray photoemission spectroscopy (XPS) measure-
ments were conducted on both reference 3C2H perovskite
and 3C3H perovskite films. The XPS spectra for Br 3d, [ 34,
and CI 2p are presented in Figure 2a, along with their stoichio-
metric ratios at different sputtering times (Figure 2b).

As expected for the 3C2H perovskite, no Cl could be detected,
whereas, for the 3C3H perovskite the detailed photoelectron
spectrum in the Cl 2p region shows a clear Cl signal. XPS spectra
were recorded at the surface and after sputtering for 6000 and
12000s into the perovskite film, corresponding to depths of
~100 and 200nm, respectively (see Figure S5, Supporting
Information). As shown in Figure 2b, for the 3C2H perovskite,
the halide distribution remains relatively constant until 100 nm
depth. From 100 to 200 nm depth of the films, the distribution
changes significantly for the 3C2H perovskite composition, while
it changes less drastically for the 3C3H composition. This sug-
gests that the presence of Cl helps to maintain a more consistent
distribution of halides within the 3C3H perovskite film. The
XRD spectra of 3C2H and 3C3H perovskite films are presented
in Figure 3a. Both compositions show diffraction peaks at 13.9°,
19.8°, 24.3°, 28.15°, and 31.55° corresponding to the (110), (112),
(211), (220), and (310) planes.?*3% Additionally, due to a lead
halide excess present in the precursor solution (see the
Experimental Section), both XRD patterns exhibit a peak corre-
sponding to PbI, at 12.5°. The most obvious difference in the
XRD patterns of the two perovskites is the preferred orientation
toward the (112) plane for the 3C3H perovskite while the 3C2H
perovskite composition shows preferential orientation toward
(110) plane. This change in crystal orientation has not been
reported in the previous publications on 3C3H absorber."¢*"!
However, it is important to note that the perovskite deposition
method used here is dynamic gas quenching (GQ), which is
adapted for top cell processing for triple-junction solar cells!”!
and is different from the standard static spin coating and anti-
solvent method used in the other mentioned works.

In order to investigate whether this change originates from the
deposition technique, we deposited the 3C3H perovskite with the
standard antisolvent method and performed XRD measurements
(Figure S6, Supporting Information). The comparison of the
XRD patterns shows that the change was indeed affected by
the dynamic GQ method used for the deposition. However, this
is not independent from the perovskite composition as employ-
ing the dynamic GQ method previously did not show such
change in the crystallization of 3C2H perovskite.” Comparing
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Figure 2. a) XPS spectra of Br 3d, | 3 d, and Cl 2p indicating the presence of Cl in the 3C3H absorber and b) their respective stoichiometric ratios at
sputtering time of 0, 6000, and 12000 s for 3C2H and 3C3H perovskites. Cl is only presented in the 3C3H composition, and its amount is constant

throughout the film.

the XRD patterns of the base double-cation composition
(Cs0.22FA0.78) Pb(I0.70Bro.30)3 prior to adding MAPbCI; (Figure
S3c, Supporting Information) indicates that the orientation
change is not related to the presence of Cl in the perovskite.
As previous publications have shown that highly Cs-doped per-
ovskites generally exhibit preferred orientation along (112),12%3!!
we conclude that the observed change is the result of the combi-
nation of the GQ deposition method with the high cesium (Cs)
content in the target 3C3H composition.

To study the effect of this change in the perovskite crystalliza-
tion on the optoelectronic properties of our perovskite, we per-
formed transient photoluminescence (TrPL) measurements to
study the carrier lifetime (t) in respective thin film stacks.
From Figure 3b, the 3C3H perovskite film shows a longer charge
carrier lifetime (121 ns) compared to the 3C2H reference compo-
sition (70 ns). To confirm the origin of this improved charge carrier
lifetime, we performed PLQY measurement on the same samples.
From this measurement, the iV of the 3C3H absorber is 40 mV
higher than the one of the reference 3C2H perovskite (Figure 3c).
As the PLQY measurement is the direct relation of the radiative
recombination to the total recombination, this improved iVoc is
an indication of reduced nonradiative recombination losses in
the perovskite bulk, which we refer to an improved bulk quality
with less trap density. This is in line with the previous reports that
show promoted charge transport within the perovskite films, as
well as suppressed trap states when the perovskite crystal is ori-
ented along the 112 plane.**3%3%

Next, we measured iVoc of these two perovskites on
glass/ITO/2PACz/perovskite/Cgo/SnO, stacks. Upon deposition

Sol. RRL 2025, 9, 2400645 2400645 (4 of 13)

of Cg0/SnO,, overall, there is a reduction in iiVoc compared to
the measurements on bare perovskite films for both absorbers
(0.14 V for 3C2H and 0.17 V for 3C3H) and iV of 3C3H is only
10 mV higher than the one of 3C2H (Figure 3d). This improve-
ment is less than the 40 mV improvement observed on perov-
skite films before Cgo/SnO, deposition. This is due to the fact
that the nonradiative recombination loss at the perovskite/ETL
interface dominates the loss; the benefit from absorber improve-
ment is not obvious anymore.'” Therefore, the nonradiative
recombination at this interface needs to be reduced to fully ben-
efit from the absorber improvement.

2.2. Improving the Perovskite/Cg, Interface

After improving the bulk quality of the high bandgap perovskite
absorber, we aimed to minimize the nonradiative recombination
loss at the perovskite surface and interface to the ETL. For surface
passivation, we treated the 3C3H perovskite surface with PI sim-
ilar to the approach previously reported by Li et al. for single-
junction perovskite solar cells,>*! Mariotti et al. for perovskite/
silicon tandem solar cells,"” and Yang et al. for all-perovskite
tandems.!"® For this purpose, PI dissolved in IPA (0.4 mgmL™)
was spin coated on the perovskite layer and annealed afterward. It
is worth mentioning that in all the previously mentioned studies,
the standard antisolvent method was used to process the perov-
skite layer. In contrast, our work employs a dynamic deposition
technique combined with GQ, which leads to a different perov-
skite crystallization and morphology as explained in Section 2.1.
Therefore, it is necessary to study the effect of PI passivation, as

© 2024 The Author(s). Solar RRL published by Wiley-VCH GmbH
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Figure 3. a) XRD patterns of 3C2H and 3C3H perovskite compositions measured on a glass/ITO/HTL/perovskite stack showing a different preferred
crystal orientation for the 3C3H absorber compared to the 3C2H. b) TrPL measurement on glass/ITO/HTL/perovskite stacks for 3C2H and 3C3H perov-
skite indicating longer carrier lifetime for the 3C3H, and c) their corresponding iVoc values derived from PLQY measurements. 3C3H absorber gives a
higher value. d) iVoc comparison after deposition of Cg0/SnO, layers results in only a 10 mV difference. The bar charts of statistical data show the mean

values and the upper lines represent the standard deviation.

the interaction between the passivation layer and the perovskite
surface could differ significantly, potentially leading to unique
enhancements or challenges.

The effect of PI treatment on the crystallinity of our perovskite
was examined by XRD measurement (Figure 4a). In this study,
no noticeable change in the XRD pattern was observed after treat-
ing the surface with PI. The diffraction peaks are similar, and no
formation of a low dimensional phase is observed (Figure 4a) in
line with previous reports. However, the PI passivation alters the
surface of the perovskite as observed in XPS analysis (Figure 4b);
an additional lead species can be identified in the Pb 4f photo-
electron spectrum after the passivation step. The 3C3H perov-
skite shows a Pb 4f7/2 signal at a binding energy of 138.4 eV;
the passivated perovskite 3C3H + PI shows two signals, the same
species at a binding energy of 138.5eV and another one at
139.3 eV. This additional species must be related to an interac-
tion between the nitrogen functions of the piperazinium mole-
cules and the lead in the perovskite structure.**! Also, the N 1s
spectrum shows a diversity of N-functions including PI signals
and a potential species related to a PI-lead interaction. To confirm

Sol. RRL 2025, 9, 2400645 2400645 (5 of 13)

this, an XPS measurement of pristine PI powder was performed
and compared to 3C3H + PI. Three distinguishable signals in
the N 1s region of PI (Figure S7, Supporting Information)
can be assigned to a protonated species (402.5 eV) and nonpro-
tonated species (400.0 and 401.0 eV). The XPS measurement on
3C3H + PI shows an additional fourth species at a binding
energy of 400.4 eV. This nitrogen signal can be assigned to either
a nitrogen function of the perovskite or a nitrogen function of PI
in interaction with lead, which would explain the additional lead
species at higher binding energy. The XPS data of the C 1s, N 1s,
and Pb 4f7/2 signals for 3C2H, 3C3H, and 3C3H + PI on the
respective samples’ surface and after sputtering of 6000s are
shown in Table S2, Supporting Information. After the sputtering
step, no differences between the samples can be observed any-
more, which demonstrates that the passivation treatment with PI
only affects the surface of the perovskite and not the entire bulk.
This can also be seen from the corresponding XPS spectra for
3C3H and 3C3H + PI plotted in Figure 4b.

Moreover, iVoc measured on glass/ITO/2PACz/perovskite
stacks are almost similar for the Pl-treated sample and the
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Figure 4. a) XRD patterns of 3C3H perovskite before and after Pl treatment show similar patterns. b) Pb4f, C1s, and N1s XPS spectra of the 3C3H
absorber with and without Pl passivation for sputtering times of 0 and 6000 s corresponding to surface and 100 nm depth of the films, respectively.

Pl affects the surface of the perovskite and not the bulk.

nontreated sample (Figure 5a). Hence, PI does not show a pas-
sivation effect on the surface of the perovskite and does not affect
the bulk quality of the perovskite. We then performed the same
measurement after deposition of the Cq0/SnO,. As shown in
Figure 5b, after ETL deposition, iV of the Pl-treated sample
is 40 mV higher than that of the nontreated sample. Thus, PI
passivation successfully reduced the nonradiative recombination
at the mentioned interface.

In order to compare the device performance of 3C3H high
bandgap perovskite with our reference 3C2H perovskite and
the effect of PI passivation, we fabricated semitransparent
single-junction perovskite solar cells with a glass/ITO/2PACz/
perovskite/Cgo/SnO,/ITO/Ag/MgF, structure. The statistics of
the photovoltaic parameters (PCE, fill factor (FF), jsc, and Voc)
measured from the MgF, side are shown in Figure 6b. Single-
junction solar cells with 3C3H absorber show average 70 mV
enhancement in Vo compared to the reference 3C2H absorber.
This is partially attributed to the improved perovskite bulk quality;
however, as discussed in Section 2.1, the dominant losses at the
perovskite/Cep interface limit the Vo improvement (Figure 3d).
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To get more insight into the origin of this V¢ improvement,
transient surface photovoltage (trSPV) measurements were per-
formed on glass/ITO/HTL/perovskite/Cgo/SnO, stacks to study
the charge carrier extraction dynamic of 3C2H and 3C3H absorb-
ers (Figure 6d). The SPV transients start from an amplitude of 0,
as we subtracted the photovoltage before the arrival of the laser
pulse (i.e., the photovoltage from previous laser pulses and ambi-
ent light). Hence, we refer to the y-axis as “ASPV” rather than
“SPV.” Figure 6d exhibits negative SPV signals for both samples,
indicating an excess of negative charge on the surface of the sam-
ple and positive charge at the back. This is expected for p—i-n
solar cells, where electrons migrate toward the surface (ETL-side)
and holes toward the bottom of the sample (HTL-side). The
3C3H absorber exceeds the SPV amplitude of the 3C2H, indicat-
ing better charge extraction for 3C3H compared to the 3C2H."")

Upon treating the 3C3H perovskite surface with PI, the aver-
age Voc further improved to 1.21V, corresponding to 94 mV
improvement. This improvement results from the reduction
of nonradiative recombination loss at perovskite/ETL interface
as evidence by the observed iVoc improvement after ETL
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Figure 5. a) iVoc values from measurements on glass/ITO/HTL/perovskite stack before and after Pl treatment are the same and b) iVoc values from
measurements on glass/ITO/HTL/perovskite/C60/SnO, stack with and without PI treatment show improvement after the Pl treatment.

deposition. This improvement in Voc however is more than
that observed in the iVoc. In order to study whether this
improvement is also attributed to improved charge extraction,
we performed trSPV measurement on the glass/ITO/HTL/
Perovskite/Cgo/SnO, stacks for samples with and without PI pas-
sivation. Agreeing well with the previous reports,!'! PI treatment
impacts the charge extraction (Figure 6d) and the PI-treated sam-
ple shows more negative SPV signal compared to the nontreated
sample. Therefore, the improved Vo by PI passivation origi-
nated from both reduction in nonradiative recombination loss
and better charge extraction. This improved charge extraction
in the presence of PI passivation can be attributed to better ener-
getic band alignment with Cgo, which was reported in previous
publications."®?3 The average FF and jsc remain within the
same range; the PCE follows the same trend as the Vpc, and
the highest PCE is achieved for samples with 3C3H perovskite
absorber in combination with PI passivation.

2.3. Implementation in Triple-Junction Solar Cells

Finally, to assess the impact of the described top cell optimization
on the performance of our perovskite/perovskite/silicon triple-
junction solar cells, we fabricated devices with 1 cm? active area
and the structure shown in Figure 7a with different perovskite
top cells. We compared our reference high bandgap 3C2H perov-
skite with the 3C3H perovskite composition and a combination
of 3C3H and PI passivation. The corresponding jV curves of
these devices, fabricated in the same batch, are presented in
Figure S8, Supporting Information. The trend of Vo improve-
ment aligns well with the results of single-junction solar cells.
Notably, the triple-junction solar cells with the 3C3H perovskite
top cell reached a Vo of 2.90 V, showing an absolute enhance-
ment of 50 mV compared to the control device. This Voc was
further increased to 2.95V with the implementation of PI pas-
sivation at perovskite/Cg interface. To verify the reproducibility
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of the improvements, device statistics comparing the reference
and optimized high bandgap perovskite (3C3H + PI) from differ-
ent batches are plotted in Figure S9a, Supporting Information,
which confirmed an average 124 mV improvement in the Voc
upon implementation of the optimized high bandgap top cell;
champion devices with Vo of more than 3.00 V were achieved.
This is among the highest values reported in the literature for
this structure (Figure S9b, Supporting Information).

After improving Voc of our device, we implemented a silver
grid mask with ~5% reduced shading (Figure S10, Supporting
Information), which led to a 0.5mA cm™? increase in jsc of
the triple-junction solar cell. The champion device with the
new grid design and the optimized top cell absorber (3C3H
perovskite +PI passivation) demonstrates a PCE of 21.5% with
a jsc of 9.0mA cm™2, Vo of 3.00V, and FF of 79.6% under
reverse scan direction and PCE of 21.3% measured at fixed volt-
age for 600 s. Figure 7 presents the jV curve of this cell together
with its corresponding external quantum efficiency (EQE) and
cross-sectional SEM image. The triple-junction solar cell was
stable and retained 95% of its initial PCE after more than
13 h measurement at a fixed voltage close to maximum power
point in ambient environment with a relative humidity
of ~50% without any encapsulation (Figure S11, Supporting
Information).

2.4. Subcell Analysis of Triple-Junction Solar Cells

To understand the origin of improvements and/or losses in a
multijunction solar cell, it is important not only to evaluate
the performance of the single- and multijunction solar cells,
but also to characterize the individual subcells within the final
device. Given the complex fabrication sequence of multijunction
solar cells, the quality and properties of subcells may differ from
those of single-junction devices made from the same materials.
Therefore, a subcell-selective analysis within multijunction
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Figure 6. a) Schematic diagram of semitransparent single-junction solar cells. b) Photovoltaic parameters (jsc, Voc, FF, and PCE) of single-junction solar
cells for 3C2H absorber, 3C3H absorber, and 3C3H absorber with Pl passivation. Solar cells with 3C3H absorber have higher Voc compared to 3C2H and
the Vo is further improved by Pl treatment. c¢) Schematic diagram of the glass/ITO/HTL/perovskite/Cg/SnO, stack that the trSPV measurements are
performed on. d) TrSPV measurements for 3C2H and 3C3H absorbers and 3C3H with Pl passivation indicating improved charge extraction at the ETL for
the 3C3H absorber compared to reference 3C2H as well as future improvement by implementing Pl passivation.

devices is of particular interest. However, this is challenging in
two-terminal structures as there is no direct electrical access to
the individual subcells and therefore subcells are relatively poorly
understood. This gets even more challenging by adding further
junctions.

Here, in order to get a deeper insight into the V¢ improve-
ment of our triple-junction solar cells, we conducted subcell-
selective PL-based iVoc imaging on triple-junction devices with
different top cells (reference 3C2H, 3C3H, and 3C3H with PI
passivation). Figure 8 summarizes the measured iVpc images
and the respective averaged global values of the individual sub-
cells together with the V¢ of final triple-junction solar cells (see
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Figure S8, Supporting Information). This iVoc imaging method
has previously been developed and used to study the subcells in
perovskite-based dual—junction solar cells;*® however, this is the
first time that this characterization technique has been adapted
and applied to perovskite-based triple—junction solar cells.
Comparing the iV of the subcells determined from PL
measurements shows that the iV of silicon bottom cells and
middle perovskite cells in all three triple-junction structures
are comparable, within the measurement uncertainty. This indi-
cates firstly that there is not a significant device-to-device varia-
tion when integrating the subcells in the triple-junction devices.
Secondly, the V¢ improvement in our triple-junction solar cell
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Figure 7. a) Schematic of the perovskite/perovskite/silicon triple-junction solar cell. b) jV curve of the champion solar cell together with the efficiency
determined from a fixed voltage measurement (applying a constant voltage ~V\pp and tracking the current over time). c) Corresponding EQE of the cell.
d) Cross-sectional SEM image of the triple-junction cell processed until the top perovskite absorber.
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Figure 8. Subcell selective iVoc images of triple-junction solar cells with 3C2H, 3C3H, and 3C3H + Pl passivation as top cell. The V¢ of the devices are
shown on the left. The iVoc of the individual subcells are shown on the right. iVoc measured for the bottom cells and middle cells are similar and the

improved Vo originated from the top cell improvement.

is the direct result of high bandgap perovskite top cell optimiza-
tion. The 3C3H perovskite top cell shows a 50mV higher
iVoc than the 3C2H reference and this value increases by 80 mV
by implementing PI passivation. In addition to the spatially
averaged iVoc values of each subcell, the spatially resolved
iVoc images provide information on the homogeneity of each
subcell. The results indicate that both the perovskite middle
and top cells exhibit uniform iV across the film.

Finally, although the average Vo of our triple-junction solar
cell is improved by 124mV, it can further be improved by

Sol. RRL 2025, 9, 2400645 2400645 (9 of 13)

minimizing the remaining voltage losses in middle and top
perovskite solar cells. For example, by employing charge trans-
port layers with better band alignment especially for the high
bandgap perovskite and reducing the nonradiative recombina-
tion loss at the middle perovskite/Cqo interface, the Voc of
the subcells and consequently the Voc of triple-junction solar
cells could be further improved. Restat et al.””! showed that
assuming no Shockley-Read—Hall and surface recombination,
minimum series resistances, and perfectly band-aligned
ETLs/HTLs for the subcells, our triple-junction solar cell could
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deliver a V¢ of 3.4 V. Along with maximizing the Vo¢, one of
the most important aspects with regard to the multijunction solar
cells is current matching between the subcells. In order to
achieve current matching and maximize the current density in
our triple-junction cell, the bandgaps and thicknesses of both
the middle cell and top cell should be optimized. In our cham-
pion solar cell, the silicon bottom cell generates more current
compared to the two perovskite subcells.””! Optical simulation
revealed that red shifting the absorption edge of the perovskite
middle cell from 1.56 to 1.47 eV results in 3mA cm™* gain in
Jsc 25. Achieving such a low bandgap absorber requires partial
substation of Pb with tin (Sn) in the perovskite composition.™"!

3. Conclusion

In summary, we have shown that the high Vo deficit of high
bandgap perovskites can be reduced by replacing the triple-
cation/double-halide perovskite composition (3C2H) with a
triple-cation/triple-halide perovskite composition (3C3H) with
improved bulk quality. The target perovskite absorber shows
preferred orientation toward the (112) plane with superior bulk
quality and consequently enhanced iVoc compared to the refer-
ence 3C2H perovskite. In addition, by adding a PI passivation
layer between the perovskite/Cgq interface, iVoc can be further
enhanced due to reduction of nonradiative recombination at this
interface. Finally, by employing the optimized top cell, we dem-
onstrated a perovskite/perovskite/silicon triple-junction solar cell
with 3V open-circuit voltage, which is a 150 mV improvement
compared to the reference triple-junction device. The source
of this Voc improvement is confirmed to originate from the
improved top cell using subcell-selective iVoc imaging. The
Voc of the triple-junction solar cell can further be improved
by minimizing the remaining voltage losses in subcells, particu-
larly by employing perfectly band-aligned ETLs/HTLs.

4. Experimental Section

Materials: Methylammonium bromide (MABr) and formamidinium
iodide (FAI) were purchased from GreatCell Solar. Lead bromide
(PbBr;), lead iodide (Pbl,), and lead chloride (PbCl,) were from TCI.
Cesium iodide (Csl), methylammonium chloride (MACI), PFN-Br
(poly(9,9-bis(3’-(N,N-dimethyl)-N-ethylammoinium-propyl-2,7-fluorene)-
alt-2,7-(9,9-dioctylfluorene))dibromide), and PTAA (poly[bis(4-phenyl)
(2,4,6-trimethylphenyl)amine]) were from Sigma-Aldrich. 2PACz
[2-(9 H-carbazol-9-yl)ethyl]phosphonic acid) and Pl were from Dyenamo.

Perovskite Solution Preparation: For the preparation of the 1.83 eV triple-
cation/double-halide perovskite Csp.05(FA0.55MAg.45)0.95Pb(lo.55Br0.45)3,
1.2 M MAPbBr; and FAPbI; solutions (with 10% Pb excess) in a mixture
of dimethyl formamide (DMF) and dimethyl sulfoxide (DMSO) (4:1
volume ratio) and a 1.5 m Csl solution in DMSO were prepared. All sol-
utions stirred overnight at room temperature. The MAPbBr3; and FAPbI;
solutions were then mixed in a 45:55 ratio and 5 vol-% of Csl was added
to the final solution. The solution then diluted to 1 M. For the preparation
of 1.83eV triple-cation/triple-halide perovskite Csg20FAg.71MA 09Pb
(lo.64Bro27Clo.09)3, first the double-cation perovskite 1M (Csg22FAo.78)
Pb(lossBro1s)s was prepared by mixing the stoichiometric amount
of Pbl,, PbBr,, FAI, and Csl with 17% PbBr, excess in DMF:DMSO
(3:1 volume ratio) and stirring overnight at room temperature. Next day
stoichiometric amount of MACI and PbCl, was added to the solution and
stirred at 60 °C for more than 2 h.
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Single-Junction Solar Cell Fabrication: ITO-coated glasses were cleaned
sequentially in acetone and isopropanol (IPA) each for 10 min and dried
with nitrogen gas (N;). The samples were then treated under UV-Ozone
for 15 min and transferred to a nitrogen-filled glove box. 130 uL 2PACz
(0.25-0.3mgmL"" in ethanol) was spin coated on the samples for
30's at 3000 rpm followed by annealing for 10 min at 100 °C. 150 pL perov-
skite solutions were deposited dynamically at 4000 rpm for 35 s with a
ramp of 3s. From 20 to 10s to the end of the spin coating program,
N, was blown on the spinning substrate followed by annealing for
30 min at 100 °C. For the samples with PI treatment, 100 pL of the Pl solu-
tion (0.4 mg mL™" in IPA) was spin coated on the samples at 5000 rpm for
30 s with a ramp of 4 s and annealed for 10 min at 100 °C. After that, the
samples were washed by spin coating 100 pL IPA with the same spin-
coating program and annealing for 5 min at 100 °C. For the deposition
of the ETL (15 nm Cgo), an MBraun evaporation tool was used with an
evaporation rate of 0.2 As™". Atomic layer deposition was used for the
deposition of the 20 nm SnO, buffer layer with tetrakis(dimethylamino)
tin (IV) (TDMASn) and deionized water as precursors. The 20 nm thick-
ness is achieved by 121 cycles at a temperature of 80 °C. An Oxford cluster
tool was used for the sputtering of 25 nm of ITO with argon and oxygen as
sputtering gas. The deposition was done at a power of 40 W and a tem-
perature of 50°C. For semitransparent single-junction solar cells, a
shadow mask was used that defines a 0.25 cm? cell active area. Finally,
200 nm thick silver (Ag) was thermally evaporated through a U-shaped
busbar mask and 100 nm of magnesium fluoride (MgF,) was thermally
evaporated as an antireflection coating.

Triple-junction Solar Cell Fabrication: Flat front and texture rear side
silicon bottom cells were fabricated according to our previous publica-
tions.”] The substrates were first cleaned by spin coating 200 pL of etha-
nol and dried with N,. The substrates were treated under UV-Ozone for
15 min and transferred to a nitrogen-filled glove box. For deposition of the
middle cell, 120 uL of PTAA (3 mgmL™" in toluene) was spin coated at
6000 rpm for 30 s and annealed at 100 °C for 10 min. For better wettability,
60 pL of PFN was spin coated on top dynamically for 20 s at 5000 rpm.
Afterward, 150 pL perovskite solution was spin coated at 4000 rpm for
35s with a ramp of 3's. 300 pL ethyl acetate as antisolvent was dropped
on the spinning substrates 25 s to the end of the program, followed by
annealing for 30 min at 100 °C. Cgo and SnO, layers were deposited simi-
larly to the single-junction cells. For the middle cell, the thickness of the
SnO, layer was 30 nm which was achieved through 182 cycles. 5 nm ITO
was sputtered through a shadow mask that defines a 1 cm? active solar cell
area. The deposition of the perovskite top cell is similar to the single-
junction solar cells. For the front ITO deposition, the shadow mask with
1cm? cell active area was used. Ag was thermally evaporated through a
mask as shown in Figure S10.

Characterization: EQE Measurements: EQEs were measured using our
in-house setup, which includes a Xenon lamp as the light source. The light
is chopped at ~133 Hz and directed through a double-grating monochro-
mator to produce monochromatic light. A transimpedance amplifier, con-
nected in series, strengthens the signal and provides bias voltage during
the measurements. The final signal is detected by a lock-in amplifier. The
EQE of triple-junction devices was measured following the procedure
described in refs. [3,4]. Briefly, to measure the perovskite top cell, selective
infrared and red LEDs (850 and 740 nm, respectively) were used. For the
middle cell measurement, a combination of blue (420 nm) and infrared
LEDs were employed. The silicon bottom cell was measured under selec-
tive blue and red LEDs. A bias voltage was applied to the device for each
subcell measurement, following the international standard procedure.!
The EQE was recorded between 300 and 1200 nm in 10 nm increments
for all three subcells. The temperature was maintained at 25 °C.

-V Measurements: |-V measurements of the triple-junction solar cells
were performed according to our previous publication.”! Before -V
measurements were conducted, we measured the EQE of the cells. -V
measurements were conducted using a Wavelabs Sinus 220 LED
solar simulator. The spectrum was adjusted in a way that each individual
subcell generates the same current as it would under the Air Mass 1.5
global spectrum, using the procedure described by Chojniak et al.?®
requiring only relative EQE. Measurements were taken in both forward
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and reverse scan directions. The voltage range was set from —100 to
3100mV with ~6mV steps, and each scan took ~50s. The setup
contained a temperature control system to maintain the temperature at
25 °C during the measurement.

For |-V measurement of the single-junction solar cells, a Wacom solar
simulator with a Xenon lamp was used. The intensity was calibrated with a
silicon reference solar cell. Similar to the procedure explained for the triple-
junction solar cell, the EQE was measured prior to the |-V measurement
and the spectral mismatch was considered for the intensity adjustment.
The voltage was scanned from —100 to 1200 mV.

iVoc Imaging: A commercial measurement system developed by
Fraunhofer ISE and manufactured by Intego GmbH was used to acquire
the iVoc images, adapting the approach described in.*®! Two lasers and a
custom-integrated LED (450, 730, and 808 nm) were used to excite the
subcells selectively at ~1 sun equivalent conditions. The images were
acquired using the system inbuild camera and three bandpass filters:
675 with 50 nm full width at half maximum (FWHM) for the top cell,
800nm with FWHM 25nm for the middle cell, and 975 nm with
FWHM 50 nm for the bottom cell.

UV-Vis Measurement: Reflectance (R) and transmittance (T) measure-
ments were performed with a Lambda 950 spectrometer (Perkin Elmer).
Measurements were done from 250 to 1200 nm with 2 nm steps. The
absorptance (A) was determined from RT measurements (A=1—T—R).
The bandgaps (E;) of the perovskite were estimated from Tauc plots
according to the (ahv)? o (v — Ey) relation, where a is the absorption
coefficient calculated from Lambert-Beer’s law, h is Planck’s constant
and v is the frequency.

SEM and EDX Measurement: SEM images and EDX were taken with a
Schottky emission SEM (Zeiss, Auriga 60) at 5 kV for SEM and 7 kV for
EDX.

XPS Measurement: The photoelectron spectra were obtained using an
EnviroESCA spectrometer from Specs GmbH (Phoibos 150 near-ambient
pressure analyzer, 1D Delay-Line Detector, monochromatic Al Ka radiation
at 1486.6 eV, incident angle 55°). Cross-sectional profiling was done with
an lonoptika GCIB 10S (10kV, Ar+ ion sputtering, 2 x 2 mm?). The sam-
ples were prepared on a conductive carbon tape. The XPS measurements
were conducted at a pressure of <8 x 107" mbar. Survey spectra were
measured utilizing a pass energy of 100 eV; 20 measurement accumula-
tions were done to obtain high-resolution spectra at a pass energy of
50eV. The | 3d5/2 signal was used as binding energy reference for all
samples (619.20eV).

The data evaluation was done with CasaXPS by applying the peak fitting
settings in Table S1, Supporting Information. The elemental content was
gained from a semiquantitative analysis; relative sensitivity factors from
CasaXPS were used.

TrPL Measurement: For transient photoluminescence measurement,
samples were excited using a 515 nm diode laser with a spot size diameter
of 7.5 mm and laser power of 10 mW. The pulse width is set at 250 ps.
Samples are measured for 300 s.

TrSPV Measurement: TrSPV studies carrier dynamics and distinguish
charge carrier extraction (appears as the rise of SPV) from recombination
(appears as the decay of SPV). Also, the direction of charge carrier
movement can be identified from the sign of the voltage.®!

The samples were not encapsulated and have been excited with a
femtosecond laser (Menlo BlueCut) with a wavelength of 515 nm and
repetition rate of 125 kHz. The laser power was attenuated with neutral
density filters to 24 pj cm 2 pulse ™. This corresponds to a photoexcitation
of 6:10™ carriers cm >, This carrier concentration is typical for perovskite
thin films under open-circuit conditions under 1 sun illumination.

The SPV signal was measured in the configuration of a parallel plate
capacitor. The capacitor is formed between the reference electrode, a
quartz cylinder partially coated with SnO,:F (reference electrode), and
the sample electrode, which is adjusted to the vacuum level of the ITO
of the device. As an insulator on top of the perovskite, we used a
12 pm borosilicate glass. The signal was measured via a high-impedance
buffer by an oscilloscope.*!

XRD Measurement: A Bruker D8 Advance tool with a copper anode X-ray
source (K,) was used to measure the X-ray diffraction (XRD) of perovskite
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thin film stacks. Measurements were recorded in the 20 range of 5-35°
with a step size of 0.02°. DIFFRAC.EVA software is used for data analysis.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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