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Fully textured perovskite silicon tandem solar cells effectively minimize reflection losses and are
compatible with industrial silicon production lines. To facilitate the scalability and industrial deployment
of perovskite silicon tandems, all functional layers, including the perovskite layer, must be deposited with
scalable techniques. Currently, self-assembling molecules (SAMs), polymeric and low-molecular-weight
organic semiconductors, are widely used as hole transport layers (HTLs) in p—i—n structured perovskite
solar cells. Usually, SAMs are deposited using the spin coating method, but the use of this method could
be challenging with large area textured silicon substrates, leading to inhomogeneous SAM layers and
lossy HTL/perovskite interfaces. To address this issue, we investigated thermal evaporation of SAMs
(2PACz and Me-4PACz) and some other HTLs, such as TaTm and Spiro-TTB. We examined the effect of
varying HTL thicknesses on device performance and showed that the thickness of the thermally
evaporated HTLs significantly affects the open circuit voltage (Voc) and fill factor (FF) of solar cells.
Furthermore, using ultraviolet photoemission spectroscopy and Suns-Voc measurements, we correlated
the changes observed in the Voc and FF with HTL thickness variations to changes in energy band
positions (loss in hole selectivity) and effective resistance losses, respectively. With the optimized HTL
thickness, we obtained ~30% efficiency in 1 cm? area and ~26% in 4 cm? area tandem devices.

Fully textured perovskite silicon tandem solar cells have emerged as a highly promising technology for widespread deployment. However, a significant

challenge to their commercialization is the development of scalable methods for depositing perovskite and functional layers. Although hybrid processing

techniques have shown promise for scalable perovskite deposition with impressive efficiency, extending these results to large-area devices requires scalable
processes for all functional layers. Self-assembled monolayers (SAMs) are widely used as hole transport layers (HTLs) in perovskite solar cells owing to their

ability to form high-quality, low-loss interfaces with the perovskite. However, conventional spin-coating methods for SAM deposition face difficulties when

applied to large-area, textured silicon substrates. To overcome these difficulties, our study investigates the use of thermal evaporation as an alternative method

for HTL deposition. We found that the thickness of thermally evaporated HTLs significantly affects device performance, particularly open circuit voltage (Voc)
and the fill factor (FF). By optimizing HTL thickness, we were able to achieve high efficiencies in fully textured perovskite-silicon tandem devices. This work

presents a scalable and efficient process for HTL deposition, offering a viable solution for the fabrication of large-area, fully textured tandem solar cells without

sacrificing efficiency.

1. Introduction
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b Chair of Photovoltaic Energy Conversion, Department of Sustainable Systems attention and shown significant progress in the last few years
Engineering (INATECH), University of Freiburg, Emmy-Noether-Strasse 2, in terms of improvements in device efficiency.'™ Recently,
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efficiencies well beyond the theoretical single-junction limit
(29.4%) of silicon (considering Auger recombination) have been
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efficiency perovskite silicon tandem solar cells often use planar
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(polished) front' or nano/sub-micron textured front”® and
textured back silicon wafers/bottom solar cells where the top
perovskite layer and other functional layers are usually pro-
cessed via the solution processing route. Theoretical simulations
suggest that a planar front design leads to higher reflection losses
due to the reflective front surface, resulting in tandem devices with
lower short-circuit current densities (jsc).” " In fully textured
configuration, a silicon wafer has um-sized pyramids textured
on both sides,'? used in industrial production of silicon solar
cells. In this type of configuration, to guarantee full and
conformal coverage, an attractive approach consists of deposit-
ing the perovskite through a combination of solution and
vacuum deposition techniques, usually referred to as a ‘hybrid
route’. Here, a porous layer of PbI, + CsX (X = I or Br), also
called a scaffold, is thermally evaporated onto a textured silicon
substrate, followed by infiltration of organic salts via spin-
coating and thermal annealing to form a polycrystalline per-
ovskite layer. As a result, the deposited perovskite conformally
covers the pyramids, adhering to the morphology of the silicon
texture.'” The presence of a pyramidal texture at the front
aids the interaction of incident light with the textured surface,
which lowers reflection losses and maximizes light absorption.”'***
This further boosts the overall efficiency and energy yield of
tandem devices and enables compatibility with industrial
silicon production lines.

Initially, different hole transporting layers (HTLs), such as
poly-triarylamine (PTAA), poly(3,4-ethylenedioxythiophene):
polystyrene sulphonate (PEDOT:PSS), poly-TPD, and NiO,, have
been employed in p-i-n structured perovskite solar cells.">™”
These HTLs are not ideal because they have several drawbacks.
PTAA and poly-TPD suffer from poor surface wettability,'®
temperature and moisture-induced degradation'® require dop-
ing and/or interface modification to achieve higher open circuit
voltage (Voc) and better wettability.'®*%*" PEDOT, commonly
used as a hole transport layer, suffers from drawbacks such
as its hygroscopic and acidic nature, leading to moisture
absorption and device degradation. Additionally, poor energy
level alignment and low conductivity hamper the device perfor-
mance.">*** Sputtered NiO, is mostly used as a HTL in fully
textured tandems to ensure the conformal coating on the
textured surface.”>?® The problem associated with NiO, is its
surface sensitivity and the necessity of post-surface treatment
to passivate the surface, which prevents the interaction of NiO,
with perovskite; otherwise, unwanted complexes are formed
at the interface and hamper the device performance (mainly
Voc)->>?¢ In addition, doping, post annealing treatment and
precise control of the reacting gases while sputtering are vital to
improve the NiO, quality and also help in achieving higher
Voc.>®7° Because the recombination losses at the HTL/perovskite
interface determine the device’s final Vo, choosing the right HTL
is crucial, and an ideal HTL must overcome the aforementioned
drawbacks. SAM-based HTLs, which were first investigated by
Al-Ashouri et al,>® are now being extensively used in the
perovskite community due to their exceptional abilities.">*’
Compared to the other HTLs, such as PTAA and PEDOT:PSS,
SAM-based HTLs offer efficient extraction of charge carriers,
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better hole selectivity and lower non-radiative recombination at
the HTL/perovskite interface. These properties make SAM-based
HTLs ideal for tandem devices, achieving record high power
conversion efficiencies (PCEs) in monolithic tandem devices."**

Spin coating is primarily used to deposit SAMs.*° However,
achieving a uniform layer on a large textured surface presents
a significant challenge.>'* Specifically, the thickness of the
SAM layer can vary from the tip of the pyramid to the valleys,
resulting in non-uniform coverage. This issue becomes more
pronounced with the use of larger pyramid textures, making it
difficult to produce homogeneous depositions of these ultra-
thin SAM layers. Besides, the surface functionality and micro-
structure of the transparent conductive oxide (TCO) signifi-
cantly influence the self-assembly of the spin-coated SAMs,
as SAM adsorption is highly sensitive to the complex surface
chemistry of the oxide.>?*?> Additionally, static spin-coating of
SAMs with dwell time (time between dropping the SAM solution
on the static substrate until the start of the spin coating) of
1 sec to 60 sec, which is usually monitored manually, intro-
duces additional uncertainty during processing and has a
strong influence on device performance.*®*” The spin-coating
of HTLs and organic salts in the second step of the hybrid route
are the two main obstacles to scaling up the fabrication.
To obtain more reliable results and scale up the production
of perovskite silicon tandems, an alternative scalable technique
is required. Recently, Farag et al. successfully demonstrated
the thermal evaporation of several SAMs (2PACz, MeO-2PACz,
and Me-4PACz) for planar, single-junction perovskite solar
cells.”® They did not observe any chemical differences between
the evaporated SAMs compared to their solution-processed
counterparts; as a result, comparable device performance was
obtained. Apart from this study, no further investigations have
been conducted with evaporated SAMs. Furthermore, as per-
ovskite silicon tandem solar cell technology approaches closer
to commercialization, scalable processes for the deposition of
all functional layers in the tandem device are highly desirable
for the production of efficient large area tandem devices. Thus,
the thermal evaporation of HTLs offers a scalable method for
depositing various types of HTLs on both lab scale (small area,
1 em?) as well as full wafer size tandem devices.

The thickness of the SAM layer when deposited via the
solution processing technique is under debate in the literature
with regard to the formation of the ultrathin monolayer of
SAMs. It is presumed that when SAMs are deposited using the
wet chemical technique, they form a self-assembled monolayer
(a single, closely packed layer of molecules) by forming a covalent
bond with the TCO.?® Despite the extensive use of SAMs and other
HTLs, such as TaTm and Spiro-TTB in perovskite silicon tandems,
the impacts of the thickness variation of these HTLs on energy
band alignment, loss of hole selectivity, and series resistance
losses are rarely investigated. In the present work, we successfully
employed the thermal evaporation of different HTLs (TaTm,
Spiro-TTB, 2PACz, and Me-4PACz) and systematically studied
the impact of variations in the thickness of HTLs on device
performance. We obtained similar tandem device performance
for spin-coated and evaporated 2PACz. We observe that the HTL

Energy Environ. Sci., 2025, 18, 354-366 | 355


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ee03899a

Open Access Article. Published on 13 November 2024. Downloaded on 1/12/2026 10:16:38 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Energy & Environmental Science

layer thickness has a significant influence on the device’s
performance, particularly on the fill factor (FF) and V¢, which
makes the HTL thickness crucial for achieving high-efficiency
tandems. In addition, we studied whether the underlying HTL
has any impact on the formation of the evaporated scaffold
and, consequently, the quality of the perovskite. Evaporated
HTLs with optimized evaporation rates and thickness enabled
us to achieve PCEs close to 30% in fully textured tandem devices.
This study presents the use of thermally evaporated HTLs in a
fully textured solar cell configuration to help this technology
advance a step closer to commercialization.

2. Results and discussion

2.1. Evaporation of hole transporting layers and their
morphological and optical characterizations

Fig. 1a illustrates the chemical structures of the different HTLs,
such as 2PACz ([2-(9H-carbazol-9-yl)ethyl]phosphonic acid),
TaTm (N4,N4,N4',N4'-tetra([1,1’-biphenyl]-4-yl}{1,1:4’,1’-terphenyl}
4,4'-diamine), Spiro-TTB (2,2’,7,7’-tetra(N,N-di-p-tolyl)amino-
9,9-spirobifluorene) and Me-4PACz ((4-(3,6-dimethyl-9H-carb-
azol-9-yl)butyl)phosphonic acid). Among these HTLs, SAMs
(2PACz and Me-4PACz) in particular are typically coated on
oxide or ITO surfaces with either dip coating or spin coating
technique,*® followed by annealing to reinforce the bonding
between organic phosphonic acids with the ITO surface. However,
in the case of Spiro-TTB and TaTm, there is no bond formation
between the ITO surface and HTL, so evaporated Spiro-TTB
and TaTm are usually used without any post annealing treat-
ments.***° We demonstrated the thermal evaporation of SAMs
and other HTLs on textured silicon solar cells, followed by top

2PACz TaTm
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cell perovskite processing via the hybrid route. The thermally
evaporated HTLs were used as evaporated without any post
annealing treatment. The cross sectional scanning electron
microscopy (SEM) images, shown in Fig. 1b, demonstrate the
conformal coating of the thermally evaporated TaTm layer on a
textured pyramid substrate with textured silicon/ITO/TaTm
stack. The top and cross sectional view SEM images of ther-
mally evaporated HTL films on planar Si substrates (Fig. S1,
ESIT) show the formation of a compact layer.

The transmittance and absorptance spectra of all HTLs
(deposited on glass substrate) used in this study with the
optimized thickness from the jV measurements are shown in
Fig. 1c for comparison. A systematic variation in the transmit-
tance and absorptance spectra was observed with an increase in
the thickness of HTL (Fig. S2 and S3, ESIt) both on glass/HTL
and glass/ITO/HTL stacks. In the case of TaTm and Spiro-TTB,
a gradual increase (decrease) in the absorptance (transmittance)
can be observed with an increase in the thickness of the HTL
layer. However, in the case of SAMs, there is barely any change
in the transmittance and absorptance spectra even after
increasing the thickness to 7 nm, indicating that a thick layer
of SAMs is also transparent to visible light because the
transmittance and absorptance spectra of spin-coated SAMs
and thermally evaporated SAMs are almost identical. Fig. 1d
and e show a comparison of AFM images of spin-coated and
thermally evaporated 2PACz. As highlighted in the case of
spin-coated 2PACz, some agglomerates on the surface may
originate from 2PACz molecules that are not bonded to the
ITO surface, as predicted by molecular dynamic simulations.>®
In contrast, the surface of the evaporated 2PACz appears to be
smooth and homogeneous without any apparent agglomerates.
All the evaporated HTLs exhibit smooth surface morphology

Me-4PACz

3.6 nm

400.0 nm

T T
——2PACz SC
——2PACz- 4 nm
TaTm-5nm 1
Spiro-TTB- 10 nm
Me-4PACz- 4 nm

|

|
[}
o

Absorptance [%]

3.6nm

L
= N
o

Fig. 1

(c) 100 .
_8of r
X A/

1y

8 60t i

=

© f

£ a0} f}

(2] |

g \

e 20 |
\,
N
400

600 800 1000 1200
Wavelength [nm]

.0 nm

(@) Chemical structures of 2PACz, TaTm, Spiro-TTB and Me-4PACz. (b) SEM image of a 20 nm thick thermally evaporated TaTm layer on a

textured Si substrate with a textured silicon/ITO/TaTm stack. (c) Transmittance and absorptance spectra of different thermally evaporated HTLs
deposited on a bare glass substrate compared with the spin-coated 2PACz (2PACz SC) used as a reference HTL in this work. The thickness of different
HTLs is given for textured substrates and the actual thickness of HTLs on planar substrates is higher, as discussed in the experimental section. Atomic
force microscopy (AFM) measurements of planar silicon/ITO/HTL stacks of (d) spin-coated 2PACz (7 mmol) and (e) evaporated 2PACz (4 nm).
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without any inhomogeneities, as shown in Fig. S4 (ESIt), with at 100 °C to obtain the perovskite films on textured silicon
similar root mean square (RMS) surface roughness. substrates.”’ The X-ray diffraction (XRD) patterns of perovskite
(FA.85CS0.15Pb(I9 78Bro22)3) Wwith textured silicon/ITO/HTL/
perovskite stack are shown in Fig. 2a. The XRD patterns of
perovskite processed on different HTLs look almost identical,
We then analysed the formation of a evaporated Pbl, + CsI except for the fact that there is more remnant Pbl, in the case of
scaffold (~550 nm thick) using cross-sectional SEM on differ- spin-coated 2PACz, as highlighted in Fig. 2b, indicating that the
ent thermally evaporated HTLs (Fig. S5, ESIT). From the cross- conversion of the scaffold into perovskite is better in the case of
sectional SEM images, it is quite evident that the formation evaporated HTLs in comparison to spin-coated 2PACz. Further-
of the scaffold (grains, porosity and thickness) is barely influ- more, we investigated the influence of HTL thickness on the
enced due to the presence of different HTLs underneath. The perovskite formation; again, we did not observe any noticeable
organohalide salt solution of FAI and FABr (FA: formamidinium) changes in the XRD patterns (Fig. S6, ESI{) irrespective of the
with urea as an additive (3 mg mL™") dissolved in ethanol was evaporated HTLs used. However, in the case of perovskite
spin coated on the inorganic scaffold, followed by annealing processed on spin-coated 2PACz, the presence of remnant Pbl,

2.2. Perovskite film formation, structural, and optoelectronic
properties
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Fig. 2 X-ray diffraction (XRD) patterns of the FAggsCsp15Pb(lg78Bro22)s perovskite processed on textured substrates (textured silicon/ITO/HTL/
perovskite) with (a) different HTLs, (b) logarithmic scale XRD intensities illustrating the impact of the underlying HTL on the perovskite by comparing
the diffraction peak of unconverted Pbl, (001) impurity (at 12.68 2theta), which is also highlighted in the plot. Grazing-incidence XRD diffractograms of
perovskite films with different incident beam angles. The perovskite processed on (c) spin-coated 2PACz and (d) thermally evaporated 2PACz with
textured silicon/ITO/2PACz/perovskite configuration. (e) Comparison of steady state photoluminescence (PL) of the perovskite layer processed
on different HTLs. (f) [lumination intensity-dependent steady-state photoluminescence quantum yield (PLQY) plot showing variation in the implied
Voc (iVoc) (also referred to as quasi Fermi level splitting, QFLS) as a function of incident laser light intensity and ideality factor (n,4) extracted from a
fit to the intensity-dependent iVoc.
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was apparent and reproducible in multiple batches. The rem-
nant Pbl, at the HTL/perovskite interface can cause unwanted
hysteresis in the jV curves.*"*?

We further analysed whether the presence of underlying
HTL can influence the formation and hence the overall quality
of the perovskite. First, we considered the contact angle of
a water droplet on different HTL with glass/ITO/HTL stack,
(Fig. S7, ESIt). The contact angle was found to be significantly
higher for Spiro-TTB (99°) and TaTm (91°) compared to spin-
coated and evaporated SAMs (ranging from 54° to 66°), indicat-
ing more hydrophobic surface properties for Spiro-TTB and
TaTm. The hydrophobic surface of the HTLs favours the
crystallization and orientation of the perovskite film when the
perovskite is processed via co-evaporation or a wet chemical
route.*>**** However, when the perovskite is processed via a
hybrid route, we do not observe any significant impact of
hydrophobicity on the scaffold or the crystallinity of the
perovskite film.

In addition, we examine the quality of the perovskite by
analyzing the cross-section between HTL and perovskite
through SEM to investigate the amount of Pbl, remaining
(bright clusters, typically present at valleys) at the interface
between HTL and perovskite (Figure S8, ESIf). We did not
observe any striking differences in the presence of Pbl, at the
interface and overall quality of the perovskite layer when the
perovskite was processed on evaporated HTLs in comparison to
spin-coated 2PACz. Quantifying remnant PbI, amount based
on cross sectional SEM measurements could be misleading as
the percentage of unconverted PbI, can vary from one spot to
another, which makes the analysis difficult.

Furthermore, to obtain more bulk sensitive and in-depth
information, we carried out grazing-incidence XRD measure-
ments on perovskite layers. In comparison to standard Bragg-
Brentano geometry, GI-XRD facilitates more depth-dependent
information about the perovskite’s composition by increasing
the incidence angle 6. A higher incidence angle probes more
into the depth of the perovskite; hence, by increasing this
angle, one can obtain more information about the HTL/
perovskite interface, which is buried by a thick perovskite layer.
As shown in Fig. 2c and d, in the case of spin-coated 2PACz, we
observe a diffraction peak corresponding to PbI, emerging as
the incident angle increases. However, with evaporated 2PACz,
this peak is less prominent. A similar conclusion can be drawn
for the other thermally evaporated HTLs (Fig. S9, ESIt). Hence,
it is quite obvious from the XRD analysis that the conversion of
the scaffold into perovskite is improved when thermally evapo-
rated HTLs are present underneath the scaffold, which could be
related to the formation of homogeneous or more compact HTL
by thermal evaporation compared to spin coating.

Next, we examined the non-radiative recombination at the
HTL/perovskite interface for different HTLs. We perform steady
state photoluminescence (PL) measurements on perovskite
films to extract the PL quantum yields and internal implied
Voc (iVoc) or quasi Fermi level splitting (QFLS) of the perovskite
(Fig. 2e and Fig. S10, S11, ESIt). The iVoc values for the thin
layers of evaporated HTLs, measured at ~1 sun illumination,
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were found to be significantly lower compared to the spin-
coated 2PACz reference, which then improved after increasing
the thickness, and almost similar iV values were obtained for
evaporated HTLs except in the case of Spiro-TTB. The lower
iVoc values for very thin layers of HTLs can be attributed to the
formation of non-homogeneous HTL films, allowing for direct
contact between the underlying ITO and perovskite, hence
resulting in severe non-radiative recombination losses. The
steady state PL plots shown in Fig. S11 (ESI) also support this
observation. However, for Spiro-TTB, significantly lower iVoc
values were obtained irrespective of the thickness of the layer,
indicating more non-radiative losses/surface recombination
losses at the Spiro-TTB/perovskite interface. Overall, intense
PL peaks (Fig. 2e) were obtained by employing different HTLs
(with optimized thickness), without much shift in the PL peak
position, suggesting the formation of high quality polycrystal-
line perovskite.

The internal ideality factor (n;q), which provides information
about the dominant recombination type in perovskite, was
obtained from light intensity-dependent iVoc measurements,
as shown in Fig. 2f. The ideality factor is quite comparable for
spin-coated 2PACz and evaporated 2PACz, and it is found to be
close to 1.5, indicating a predominant radiative and reduced
trap-assisted Shockley-Read Hall recombination.** However,
niq values show strong deviation, especially for Spiro-TTB
predicting more recombination losses and hence lower V¢ in
Spiro-TTB-based devices.

To gain more insight into the charge carrier dynamics, time-
resolved photoluminescence (TRPL) measurements (Fig. S12,
ESIt) were performed. The TRPL results further corroborate the
trend observed in iVqc, i.e. very low carrier lifetime for very thin
layers of HTL. The carrier lifetime improves by further increas-
ing the thickness of the HTLs. The carrier lifetime is compar-
able for spin-coated and evaporated 2PACz. The decay curves
for TaTm and Spiro-TTB were fitted with bi-exponential decay
functions, each with different carrier lifetimes, indicating two
different types of recombination pathways in the perovskite,
as shown in Fig. S12 (ESIt). The shorter decay component is
usually associated with non-radiative recombination. This is
often caused by surface defects, trap states, or recombination at
grain boundaries.”>*® The longer decay component represents
radiative recombination, where charge carriers recombine
within the bulk of the material, emitting photons. In our study,
the dominance of a shorter decay lifetime for thin HTL layers
reflects more surface or interface losses. In contrast, the longer
lifetime improves as the HTL thickness increases, indicating
the presence of fewer defects or improved material quality.
Longer lifetimes are typically observed in efficient perovskite
materials, where carriers diffuse more effectively through the
bulk before recombination.®*® Overall, based on the structural
and optoelectronic characterizations, it can be concluded that
the quality of perovskite with evaporated 2PACz is similar
to spin-coated 2PACz, with some additional improvements.
The other HTLs, such as TaTm, also exhibit good structural
and optoelectronic quality of the perovskite compared to the
evaporated 2PACz. Perovskite deposited on the evaporated

This journal is © The Royal Society of Chemistry 2025
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TaTm and 2PACz exhibits similar structural and optoelectronic
properties.

2.3.
tandem solar cell performance

Effect of thickness variation of the TaTm layer on the

To compare the performance of tandem devices, we fabricated
fully textured p-i-n perovskite solar cells on top of the silicon
heterojunction bottom cell with different thermally evaporated
HTLs and compared the solar cell performance with the spin-
coated 2PACz reference (2PACz SC). The schematic of the device
layout is shown in Fig. 3a. A case study of TaTm as a HTL and
corresponding jV data of the tandem devices with TaTm thick-
ness varying from 2 nm to 20 nm are shown in Fig. 3b. The
thickness of the TaTm layer barely affects the jsc of the tandem
devices, as a small drop in jsc was observed with an increase in
the thickness. The Vo of the devices is strongly affected by the
thickness of the TaTm layer. Lower V¢ values were obtained
for the 2 nm thick TaTm layer, which further improved for the
5 nm thick TaTm layer. This is also corroborated by the iVy¢
results discussed in the previous section. The Vyc values
obtained with TaTm as the HTL are comparable to the Voc of
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the reference devices. A further increase in the thickness results
in a strong drop in Voc. A nearly similar trend was also
observed in the FF. Consequently, we obtain the highest
possible efficiencies (~27%) for the 5 nm thick TaTm layer.
The Voc of the reference devices shows a large spread
compared to devices with evaporated TaTm, again illustrating
the advantage of using thermally evaporated HTLs, especially in
a fully textured tandem configuration. Conformal coating of
micro-meter-sized textured pyramids with an ultrathin layer
of spin-coated 2PACz is challenging, and the noncovered
region can lead to shunting paths, which hampers the device
performance and lowers the yield, as discussed in earlier
studies.'>**?® The other explanation for the observed spread
in the jV data could be related to the presence of unbonded
phosphonic acid molecules on the top of the monolayer
because we did not wash the 2PACz layer after spin coating.*”
To further understand and confirm the trend observed in
Voc and FF, we fabricated single junction perovskite solar
cells on top of the ohmic textured silicon substrates, (Fig. S13,
ESIt). An almost identical trend of variation in Voc and FF
is observed, indicating that the trend in tandem devices is
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Fig. 3 (a) Schematic of a fully textured perovskite silicon tandem solar cell
tandem devices with an increase in the thickness of the TaTm layer from 2

architecture. (b) Variation in the jV parameters (jsc, Voc, FF and PCE) of the
nm to 20 nm. All the tandem devices have an active area of 1 cm?, unless

otherwise mentioned. The tandem device performance was also compared with spin-coated 2PACz (2PACz SC) as a HTL. (c) jV curves of the best

performing solar cells from each group scanned at a scan rate of 34 mV s~ i
for different thicknesses of TaTm, and inset showing the photo of the tand
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n the reverse direction (Voc tojsc). (d) Normalized EQE of tandem solar cells
em solar cell.
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reproducible. The shape of the jV curves of both the single
junction (Fig. S13c, ESI{) and tandem (Fig. 3c) devices shows a
strong change in the shape of the jV curves and hence the
performance of the devices with an increase in the TaTm
thickness. These findings are similar to the results obtained
by Susic et al*® Although in EQE of the single junction
(Fig. S13b, ESIY) or tandem devices (Fig. 3d), we did not observe
any significant change in the shape that could lead to such a
drastic change in the shape of the jV curves. The extracted
effective resistance (Rs, series resistance and other resistive
contributions) from the slope of the jV curves near the Vi¢
for the tandem devices (Fig. S14, ESIf). The Rs for the thick
(10 and 20 nm) TaTm layer was quite high (80-120 Q cm?)
compared to the optimized TaTm layer (5-10 Q cm?).

It has been reported in the literature that the ohmic contact
between ITO and TaTm reduces the FF and PCE of the PSCs,
and to overcome this problem, a material with a higher work
function (WF), such as metal oxides or organic semiconductors,
is usually used as an interlayer between ITO and TaTm.***87>°
In our perovskite silicon tandem/single junction perovskite
configuration, we did not use an interlayer between ITO and
TaTm. Despite this, we achieved an FF of ~80% in both device
configurations.

We carried out similar studies of systematic variation in the
thickness of 2PACz and Spiro-TTB (Fig. S15 and S16, ESIf).
In the case of evaporated 2PACz, we observed a gradual increase
in V¢ with an increase in thickness from 0.5 nm to 7 nm, while
a significant drop in FF was witnessed for the highest thickness
of 2PACz (Fig. S15, ESIt). We found 4 nm thick 2PACz to be
optimum for obtaining the highest PCE (~27%) tandem
devices. Furthermore, both spin-coated and evaporated 2PACz
deliver similar Voc in the tandem devices. Based on the jV
results, we can say that in the case of evaporated 2PACz, the
covalent bond formation with ITO occurs even without anneal-
ing the evaporated 2PACz layer. For comparison, we also
provided the jV data of tandem cells with varying 2PACz
concentrations (Fig. S16, ESIT). The spin-coated 2PACz showed
less variation in jV parameters with changes in concentration
than the evaporated 2PACz, which showed systematic enhance-
ments in Voc and FF with increased layer thickness. This
demonstrates that the deposition technique has a significant
impact on the formation of the 2PACz layer although the
optimized concentration and thickness yield similar device
performance. A comparison of the spread in the jV data when
2PACz was deposited using two different methods demon-
strated the clear advantage of using the thermally evaporated
2PACz. Notably, cells containing 7 mmol of 2PACz showed less
spread in the jV data likely due to improved layer formation at
higher concentrations.

Unlike TaTm and 2PACz, the tandem devices with Spiro-TTB
demonstrated the lowest Voc (150 mV lower than spin-coated
2PACz), which was already anticipated from the iV results
where lower Vo values were obtained irrespective of the
thickness of the layer, but because of higher FF, we were able
to obtain almost similar device performance (~26%) as we
obtained for TaTm and 2PACz (Fig. S17, ESI{). Additionally, as
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reported by Sahli et al., the thermally evaporated Spiro-TTB on
top of ITO detaches from the pyramids and accumulates at the
valleys during the annealing (150 °C) step used for crystal-
lization of the perovskite.? In our study, we did not observe the
melting of evaporated Spiro-TTB when annealed at 100 °C
(perovskite crystallization temperature). However, at a higher
temperature (150 °C), which exceeds the glass transition tem-
perature of Spiro-TTB, we observe an accumulation of melted
Spiro-TTB in the valleys (see Fig. S18, ESIf).

2.4. Effect of thickness variation of TaTm layer on the energy
band alignment, mismatch between QFLS and Vo and
effective resistance analysis of tandem devices

As observed from the jV results of the tandem devices, the best
Voc was obtained for the 5 nm thick TaTm and 2PACz (spin
coated or evaporated) layer. The Vo of the tandem device is
sensitive to several factors, such as changes in the energetic
alignment, less energy barrier leading to higher hole selectivity,
changes in the bulk properties of the perovskite or changes at
the interface (HTL/perovskite or perovskite/ETL). The chances
of the latter, changes in the bulk properties of the perovskite,
are lower, as we observed from the XRD and PL measurements
that the perovskite film quality and the optoelectronic proper-
ties are not influenced by the underlying HTL. To further
support this claim, we extracted the Urbach energy from the
slope of the exponential increase in the absorption edge®>!
and found it to be around 14 + 2 meV for different HTLs
underneath perovskite (Fig. S19, ESIf). The low values of
Urbach energy values indicate the lower disorder and better
crystalline quality of the perovskite. Additionally, the Urbach
energy values are nearly similar irrespective of the HTLs, and
this further adds to the conclusion of unchanged/unaltered
optoelectronic properties of perovskite with the use of different
HTLs. Hence, we can conclude that the bulk perovskite proper-
ties are not significantly altered by the HTLs used in this study.
To further demonstrate the changes observed in the Vo of the
tandem devices having different HTLs with varying thicknesses,
we carried out photoelectron spectroscopy measurements in air
(PESA) on textured Si/ITO/HTL and textured Si/ITO/HTL/per-
ovskite stacks (Fig. S20, ESIt). Fig. 4a shows a schematic of the
energetic alignment of the HTL’s highest occupied molecular
orbital (HOMO) levels with respect to the valence band maxima
(VBM) of the perovskite. Considering the VB onset of the
perovskite and the HOMO levels of the different HTLs, it is
evident that TaTm, 2PACz and Me-4PACz are energetically more
hole selective compared to Spiro-TTB. The energy barrier
between the perovskite’s VBM and HOMO levels of TaTm,
2PACz and Me-4PACz is smaller in comparison with the VBM
of perovskite and HOMO of Spiro-TTB (0.5 eV), which allows for
more efficient hole extraction in the case of TaTm and 2PACz,
see Table S1 (ESIt). The close alignment of energy levels for
2PACz to the VBM of perovskite leads to higher Vo whereas the
large mismatch in the case of Spiro-TTB leads to lower Voc.
Furthermore, an increase in the thickness of the TaTm layer
from 2 nm to 20 nm leads to a large energy offset of 0.23 eV
(2 nm) to 0.19 eV (20 nm) and a relatively lower energy offset of

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 Energetic alignment and QFLS-Voc mismatch analysis of HTLs and the perovskite/tandem device. (a) Schematic representation of the band edge
positions of the different HTLs (with optimized thickness) compared to the perovskite based on PESA measurements. (b) Schematic representation of the
valence band edge positions/HOMO of the TaTm layer with an increase in thickness and comparison of energy offset with respect to the VBM of
perovskite. (c) Impact of thickness variation in TaTm on QFLS/iVoc (perovskite + silicon) extracted from steady-state PLQY measurements and Vo of the
tandem devices extracted from jV measurements. For PL measurements, a textured silicon/ITO/HTL/perovskite stack was used, while jV measurements
were performed on the final tandem device with the device configuration, as shown in Fig. 3a. (d) Schematic representation of changes in the band edge
positions of (i) 5 nm and (i) 20 nm thick TaTm layers in comparison with perovskite illustrating the mismatch between QFLS and Voc. Comparison of
Suns- Voc and jV curves (reverse scan) of textured tandem devices with (e) TaTm — 5 nm and (f) TaTm — 20 nm to achieve effective resistance losses.
(g) Comparison of FF and pFF of tandem devices for 5 nm and 20 nm thick TaTm layer.

0.14 eV for a 5 nm thick layer, as shown in Fig. 4b. The large
energy offset leads to lower Vo as observed in tandem cells
shown in Fig. 3b, as discussed in Subsection 2.3. The change in
the thickness of the TaTm layer changes the hole selectivity of the
layer quite significantly, which impacts both V¢ and FF of the
solar cells, as shown previously by Susic et al.*® The study shows a
reduced WF of 4.38 for the thicker 10 nm film, suggesting that at
this thickness, the surface properties of the material begin to
resemble those of its bulk form. As the thickness of the TaTm
layer increases, the molecular packing and arrangement may
change, affecting the energy levels. Thicker films can lead to
altered molecular interactions and stacking, which can influence
the energy levels of the valence and conduction bands.

This journal is © The Royal Society of Chemistry 2025

Fig. 4c illustrates the comparison of the QFLS (perovskite +
silicon) and Vo of the tandem devices. The trend observed
in QFLS with an increase in the TaTm thickness does not
complement the trend observed in the Vo of the tandem
device. The QFLS of the tandem initially improves and then
remains unchanged even for the highest thickness of the TaTm
layer, while the Vo of the tandem devices improves for a 5 nm
thick TaTm layer and then shows a strong drop with a further
increase in the thickness of the TaTm layer. This QFLS/Voc
mismatch is also present in the case of 2PACz and Spiro-TTB,
as shown in Fig. S21 (ESIt). The QFLS/Voc mismatch can be
explained by the energy band alignment between the HTL and
perovskite. A schematic of the possible energy band alignment
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scheme with TaTm as a HTL with two different thicknesses is
given in Fig. 4d. As illustrated in case (i), when the TaTm
thickness is 5 nm, this allows the best alignment (0.14 eV) of
the HOMO of TaTm to the VBM of perovskite. This results in a
very low mismatch between QFLS and iVy. For case (ii) where
the thickness of TaTm is 20 nm, the HOMO of the TaTm layer is
significantly shifted upwards (towards vacuum). This leads to a
larger energy offset (0.19 eV) between the HOMO of TaTm and
the VBM of perovskite. The hole selectivity in the latter case is
lower, which significantly lowers the V¢, but this does not lead
to a drop in the QFLS because the perovskite is still very well
passivated, and the position of the HOMO of the TaTm layer
does not influence the QFLS of perovskite, hence resulting in a
large mismatch between QFLS and V(¢'s.

Suns-Voc explanation. To provide further insight into the
variation in FF and Rg with an increase in the thickness of the
TaTm layer, we carried out Suns-Voc measurements. To esti-
mate the contribution of Rg in the tandem solar cell, we carried
out Suns-Voc measurements, where the Vg of the cell was
measured depending on the illumination intensity. From this
measurement, a normalized pseudo jV (pjV) curve is con-
structed. This pjV curve is free from charge carrier transport
losses, which we refer to as effective R (series resistance + non-
ohmic resistance). Fig. 4e and f show the comparison of jV
curves measured at a solar simulator and constructed pjV
curves from Suns Voc measurements. The difference between
pseudo-FF (pFF) and FF increases with increasing TaTm layer
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thickness, indicating lower charge carrier extraction efficiencies.
From the difference in the voltages from the jV and pjV curves, a
voltage-dependent effective R can be extracted. Rg increases from
8 to 10 Q cm? for a 5 nm TaTm layer to 21-60 Q cm?” for a 20 nm
thick TaTm layer. It is important to note here that the increase in
Rs with an increase in TaTm layer thickness is not ohmic because
AVJI (voltage difference between jV and pjV curves near Voc) is
spread over a certain range for different currents I (as shown in
Fig. S22, ESIt). Moreover, the shift in the HOMO of the TaTm layer
with an increase in the thickness also influences the Rg values. We
also noticed that the increase in the thickness of TaTm from 5 nm
to 20 nm significantly increases the difference (pFF-FF) from 7 to
21% and reduces the pFF by 3%, as shown in Fig. 4g. Overall, it
can be concluded from this section that a variation in the TaTm
layer’s thickness leads to changes in the HOMO of the TaTm layer.
This, in turn, impacts the Voc of the devices and leads to an
increase in effective Rs with an increase in TaTm layer thickness,
decreasing the FF of both single junction and tandem devices.

2.5.
tandems free from Rg and band alignment losses, and large
area tandem cells

Best performing tandem cells, actual potential of

To further boost the jsc of the tandem devices, we used a
modified metallization mask, as shown in Fig. S23 (ESIT) for Ag
evaporation with a silver finger width of ~25 um. With the use
of a U-shaped metallization mask, we were able to reduce the
shading due to wider finger widths (~100 pm) in the reference
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(a) jV curve of the best performing cells with TaTm as the HTL, with new metallization design (shown in the inset) to reduce the shading losses and

rve of the tandem device and reconstructed implied jV characteristics of the

tandem device from Suns PLI measurements. The reconstructed jV characteristics show the actual potential of the tandem solar cell, which is free from
charge carrier extraction (transport) losses and losses due to the band alignment mismatch at the perovskite/charge transport layer interface.
(c) Photograph of the fully processed perovskite silicon tandem device (with TaTm as HTL) on a 4-inch wafer with 7 tandem devices each with a

4 cm? active area. (d) PCEs of the tandem devices with different HTLs on

a 4 cm? active area. The other jV parameters are provided in the ESL.{ The

median (red line) shows average efficiencies beyond 24% for most of the HTLs used in this study.
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mask (the metallization used in all the other tandem devices).
We obtained an overall gain of about ~1.2 mA cm™? in the jisc.
There were also some improvements in the FF (>80%)
obtained by further optimizing the thickness of the evaporated
silver. Using a modified metallization mask with narrow finger
widths, we could achieve PCEs of 29.6% in the case of TaTm, as
shown in Fig. 5a and Table 1, with a stabilized PCE of 29.6%.
This is the highest reported efficiency so far in tandem solar
cells with thermally evaporated TaTm as HTL. With other HTLs,
we achieved more than 28% PCEs. A summary of the jV
parameters with all the other HTLs used in this study is
tabulated in Table 1. In the case of Me-4PACz, we used the
same thickness (4 nm) optimized for evaporated 2PACz. The
devices with Me-4PACz delivered ~ 80 mV lower Vp¢ in tandem
devices compared to devices with evaporated 2PACz despite
having the lower energy offset between the HOMO of Me-4PACz
and the VBM of perovskite, as discussed in Subsection 2.4.
Further investigations are underway to understand this discre-
pancy. We carried out both short-term stability (60 min) under
continuous working conditions and long-term stability
(210 days) tests on tandem devices with different HTLs. The
devices show stable performance under continuous working
conditions. The devices retain 90% of the PCEs and show
comparable device performance when stored in the dark (N,
atmosphere) for a longer period, as shown in Fig. S24 (ESIY).

Suns-PL Imaging results. To estimate the actual potential of
the tandem solar cell, we carried out contactless Suns-PL imaging
(Suns-PLI). For this implied jV, curves are generated by measuring
intensity-dependent iVoc images. For each intensity, a PL image of
both subcells was recorded, from which the iV of the subcells
can be calculated following the approach described by Fischer
et al.,”* which is averaged over the active area without fingers and
busbars. From these mean iV values, an implied jV curve can be
constructed that is scaled to the measured jsc. The implied jV curve
shows the actual potential of the tandem cell stack which is free
from the effective resistance or charge carrier extraction losses and
losses due to the energetic mismatch between perovskite and
charge transporting layers. The implied jV curve for the 5 nm
thick TaTm layer and 29.6% PCE (see Fig. 5a and Table 1) suggests
the actual potential of the tandem cells to be approximately 2%
higher (PCE = 31.7%). This exceeds the PCE of the fully textured
tandems reported thus far. Even higher efficiencies can be attained
by modifying the top and bottom cell’s current mismatch condi-
tions and by further reducing the nonradiative losses at HTL/
perovskite and perovskite/ETL interfaces.

Table 1 Summary of the device performances of tandem solar cells
(1 cm? active area) with different HTLs using a modified metallization mask
to achieve higher current densities; all measured in the reverse direction
(Voc toJjsc)

Different HTLS ~ Voc (mV)  jsc (MAcm™2)  FF (%)  PCE (%)
2PACz SC 1876 19.9 76.8 28.7
2PACz 1871 20.0 76.5 28.6
TaTm 1848 20.1 79.6 29.6
Spiro-TTB 1740 19.8 82.6 28.3
Me-4PACz 1790 19.8 79.2 28.0

This journal is © The Royal Society of Chemistry 2025
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We further investigated the performance of tandem devices
processed on a 4-inch wafer, as shown in Fig. 5c, with an active
area of 4 cm?, to demonstrate the potential of evaporated HTLs
on large area tandems. The thickness of the HTLs optimized
from the small area tandem devices was used while fabricating
the tandem devices on a 4-inch wafer. We obtained more than
24% mean PCE values for the different HTLs used in this study
(see Fig. 5d). The lower PCEs on the 4 cm?” area tandem cells
compared to the champion device (29.6%, 1 cm?) are attributed
to lower jsc due to large shading by the metallization mask
(with a finger width of ~100 pm) and a small drop in the FF.
Higher efficiency and less spread in the jV data (see Fig. S25,
ESIT) on larger area tandems suggest the potential of thermally
evaporated HTLs on even larger areas and higher efficiency
tandem devices in the near future.

To further address the discrepancy between TaTm’s superior
performance in small-area tandem devices and the comparable
performance of various HTLs in larger 4 cm® devices, we
examined our previous results. However, we anticipated a
similar performance with 2PACz based on our previous report
of higher PCEs using spin-coated 2PACz."" In this study, we
were unable to replicate those higher PCEs, suggesting that
batch-to-batch variation and processing conditions may play a
role. We further emphasize that while 30% PCE can be achieved
with spin-coated 2PACz, reproducibility remains a challenge,
and higher PCEs can be achieved with TaTm and other evapo-
rated HTLs, offering comparable performance to spin-coated
HTLs. TaTm likely forms a more homogeneous and robust layer
than 2PACz owing to its larger molecular structure, which
promotes better surface coverage. In contrast, 2PACz excels
during the formation of an ultrathin layer with favorable inter-
face properties but may not match TaTm in terms of mechan-
ical robustness, resulting in more reproducible results with
TaTm. The main factor affecting the tandem device perfor-
mance compared to other jV parameters is the FF, and we
notice from multiple batches that FF varies significantly in the
case of 2APCz compared to TaTm. Overall, the improved device
performance in the case of TaTm-based tandems is attributed
to more robust layer formation and better reproducibility.

To further improve the Voc and FF of perovskite silicon
tandem devices, the bilayer of HTLs can be used, which can help
further boost the efficiency of the tandem devices. These will be
the topic of future studies, with the aim of establishing efficient
and stable interfaces for high PCE tandem solar cells. Consider-
ing all the jV results with different active area cells, one can
conclude that thermally evaporated HTLs deliver reliable results.
Additionally, from an upscaling point of view, the thermal
evaporation of HTLs offers a scalable option with good spatial
uniformity, reproducible device performance, and, most impor-
tantly, compatibility with industrially relevant processes.

3. Conclusion

We successfully demonstrated the deposition of thin HTLs on
textured substrates by employing the thermal evaporation of
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different HTLs otherwise performed via solution processing
techniques. Based on the structural and optoelectronic char-
acterizations, we confirm that the underlying HTL does not
have a substantial influence on the structural and optical
properties of the perovskite albeit increasing the thickness of
the HTLs causes slight changes in optical properties. Further-
more, the grazing incidence XRD results confirm that evapo-
rated SAMs/HTLs assist in the efficient conversion of the
inorganic scaffold into perovskite compared to spin-coated
SAMs. The thermally evaporated HTLs deliver similar QFLS
and Voc compared to their solution-processed counterparts.
The QFLS-Voc mismatch observed with increasing the HTL
thickness is attributed to changes in the HOMO of the HTLs,
which increases the energy band offset, causing a significant
drop in the Vo but without affecting the QFLS. The increase in
HTL thickness also enhances the effective Rg, which signifi-
cantly reduces the FF. Based on the trend observed in V¢ and
offset between the HOMO levels of different HTLs and VBM of
perovskite, we conclude that the energetic alignment is equally
important and even small changes in the thickness of HTL can
have an adverse effect on the jV parameters. We successfully
demonstrated the robust deposition technique for the HTLs in
a fully textured tandem architecture to enable around 30%
stabilized PCE tandem devices, which can be further improved
to 31.7% by reducing the effective resistance losses and losses
due to the energetic mismatch between perovskite/charge
transport layer interfaces. The thermal evaporation of HTLs
also enables high efficiency (~26%) tandem cells on large areas
with narrow distribution in the jV parameters and offers a
scalable option for the deposition of HTLs and hence a step
closer towards commercialization of the perovskite silicon
tandem technology.
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