
www.advenergymat.de

2200961  (1 of 10) © 2022 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH

Research Article

Laminated Monolithic Perovskite/Silicon Tandem Photovoltaics

Julie Roger, Luisa K. Schorn, Minasadat Heydarian, Ahmed Farag, Thomas Feeney, 
Daniel Baumann, Hang Hu, Felix Laufer, Weiyuan Duan, Kaining Ding, Andreas Lambertz, 
Paul Fassl, Matthias Worgull, and Ulrich W. Paetzold*

DOI: 10.1002/aenm.202200961

silicon bottom solar cells, PCEs exceeding 
the record of single-junction silicon solar 
cells have been demonstrated in 2018.[10–12] 
Thereby, the perovskite/silicon tandem 
technology promises to reduce the leve-
lized cost of electricity of the market-dom-
inating silicon photovoltaics.[13] Recently, 
Al-Ashouri  et  al. reported the current 
record for a perovskite/silicon tandem 
solar cell with a monolithic device exhib-
iting more than 29% PCE and highlighted 
the route for improvement of PCEs to 
beyond 30%.[14]

Suitable choice of optimal charge trans-
port, absorber, and electrode materials in 
the top PSC is of highest relevance to max-
imize the PCE and stability of monolithic 
tandem photovoltaics. In particular, the 
device architecture needs to be optimized 
to enable improved current matching,[15,16] 
reduced parasitic absorption,[17,18] and 
maximized charge carrier extraction.[19–21] 
However, the standard sequential layer 
deposition method significantly limits the 
choice of materials and compatible pro-

cessing techniques, since each material deposition must pre-
serve the already processed layer stack. There are numerous 
reasons to consider a deposition technique incompatible. 
Some inherently damage the underlying layers, as is the case 
for physical vapor deposition.[22] Others require temperatures 
exceeding the thermal budget of preceding layers, for example, 
200 °C for silicon heterojunction (SHJ) solar cells.[23]

The sequential layer deposition of conventional PSC fabrica-
tion implies critical constraints to the device architectures.[24,25] 
Given the low durability of the perovskite semiconductor thin 
films toward diffusion of metals, plasma treatment, polar 
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1. Introduction

Over the past decade, the power conversion efficiency (PCE) of 
perovskite photovoltaics has steadily increased. Today, single-
junction PSC achieve outstanding performances exceeding 
25%.[1] The unique optoelectronic properties of perovskite 
materials, especially long diffusion length,[2,3] short absorption 
length,[4] and bandgap tunability over a wide range of ener-
gies[5–8] make this technology an ideal candidate for tandem 
applications. Of particular interest are monolithic perovskite/
silicon tandem photovoltaics.[9] By processing top PSCs over 
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solvents, or high temperatures, the range of accessible pro-
cesses and materials that can be deposited on top are subject 
to severe compromises. For example, due to the low stability of 
the perovskite absorber layer toward argon plasma, sputtered 
charge transport layers, and transparent conducting oxides 
(TCOs) such as nickel oxide (NiOx) and indium tin oxide (ITO), 
respectively, cannot be processed directly on top of perovskite 
semiconductor.[26,27] In response, alternative fabrication routes 
have been investigated for single-junction PSCs and perovskite-
based tandem solar cells to increase the degree of freedom 
in the device architecture.[24,28–31] Prominent examples are 
mechanically-stacked devices (e.g., using transparent conduc-
tive adhesives (TCAs), also referred to as e-glue) to bond two 
separate half-stacks or top- and bottom solar cells in a tandem 
solar cell.[28,29,32–40] Perovskite/silicon monolithic tandem solar 
cells using TCAs exhibit up to 21% PCE,[32,40] and a recent 
simple superposition technique, in which the back electrode of 
the PSC is brought into contact with the front contact of the 
silicon bottom solar cell, enabled PCEs of over 26%.[41,42] In con-
trast to these mechanically-stacking processes, Dunfield  et  al. 
in 2018,[24] Schmager  et  al.,[31] and Yang  et  al.,[43] reported on 
the lamination of single-junction PSCs via hot-pressing of 
two separate perovskite device half-stacks.[31] These process 
conditions (high temperatures up to 200  °C, pressures up to 
800 bar) enable the recrystallization of the perovskite thin film 
during lamination, thereby uniting the half-stacks. Such lami-
nated PSCs demonstrated PCEs of up to 14.6%.[31] We note that 
this complete device lamination method is different to simple 
recrystallization of single perovskite films via hot-pressing,[39] 
or hot-pressing sublimation.[44] While these approaches can 
improve the quality of the perovskite films, the top device stack 
is still fabricated using the standard sequential layer deposition 
method.

Here, we propose a novel lamination process to overcome 
the aforementioned limitations related to the standard sequen-
tial layer deposition method and open a new route to fabricate 
monolithic tandem perovskite/silicon solar cells. The lami-
nated tandem device consists of two independently produced 
half-stacks hot-pressed together. The combination of heat and 
pressure promotes perovskite recrystallization, thus creating 
an intimate contact at the interface. In our previous work,[31] 
we investigated the multiple advantages of this technique for 
single-junction PSCs. In particular, via the separate deposition 
of charge transport layers, the degree of freedom in choice of 
materials—including electrodes and substrates—is substan-
tially increased. In addition, the perovskite can be processed on 
top of either or even both half-stacks, providing further freedom 
in the layer sequence and material combination. Thus, this 
lamination technique enables new architectures that otherwise 
would either be impossible or prohibitively difficult to fabricate.

We present the first prototypes of monolithic perovskite/
silicon tandem solar cells produced by this lamination 
approach, with a PCE of up to 20%. We attribute this achieve-
ment to the optimization of our lamination process to be com-
petitive with the standard sequential layer deposition method. 
In fact, we demonstrate laminated single-junction PSCs that 
are comparable to reference sequentially deposited devices, 
exhibiting PCEs of up to 17.5%. We show that the high pressure 
(80  MPa) and temperature (90  °C) applied during lamination 

appear to be beneficial to the perovskite morphology, which 
exhibits reduced roughness and larger grains, thereby reducing 
non-radiative recombination losses. The improved perovskite 
morphology is accompanied by enhanced shelf-stability of the 
laminated devices after 1-year aging. Finally, laminated PSCs 
show good thermal stability under continuous illumination 
over 100 h while heated at 80 °C.

2. Results and Discussion

2.1. Prototype Laminated Monolithic Perovskite/Silicon Tandem 
Solar Cells

The lamination process in focus of this study allows combining 
two separate half-stacks of a PSC by recrystallizing the perov-
skite thin film at elevated temperatures and high pressures.[31]  
Prototype monolithic perovskite/silicon tandem solar cells are 
fabricated by laminating stack A: the front layer stack of an n-i-p 
PSC on stack B: a modified SHJ bottom solar cell (see Figure 1a). 
Stack A comprises a flexible polyethylen naphthalat (PEN) foil 
superstrate coated with a transparent conductive ITO electrode 
(300  nm), a double layer electron transport layer of tin oxide 
(SnOx; ≈35  nm) and fullerene C60 (20  nm). Stack B denotes 
a double-side-polished SHJ bottom solar cell in the architec-
ture: a-Si:H<n>/a-Si:H<i>/c-Si wafer <n>/a-Si:H<i>/a-Si:H<p>  
covered with a thin ITO recombination layer (30  nm), and a 
double hole transport layer of sputtered NiOx (20 nm) and a self-
assembled monolayer of [2-(9H-carbazol-9-yl)ethyl]phosphonic 
acid; 2PACz). The triple cation Cs0.1(MA0.17FA0.83)0.9Pb(I0.83Br0.17)3  
perovskite that is recrystallized during the lamination step is 
processed on top of stack B (see Experimental Section for details 
on processing conditions). In our preceding study on lami-
nated single-junction PSCs, we demonstrated the compatibility 
of this perovskite composition with the demanding conditions 
of the lamination process, providing robust and stable perfor-
mance.[31,45] The lamination process requires elevated pressures 
(80 MPa) and a temperature of 90 °C for a duration of 5 min. As 
a consequence of this lamination step, the perovskite thin film 
recrystallizes and unites both half-stacks into a monolithic perov-
skite/silicon tandem solar cell.

First, we demonstrate the successful realization of perov-
skite/silicon tandem solar cells by means of lamination with 
a champion PCE of 20.0% (see Figure  1b), exceeding the 
PCE of the champion laminated single-junction semi-trans-
parent (ST) PSC, which will be presented later, by 30%rel. The  
current density–voltage (J–V) characteristics of the champion 
device exhibits a fill factor (FF) of 73.6%, a short-circuit current  
density (Jsc) of 15.5  mA  cm−2, an (Voc) of 1.75  V, and minor 
hysteresis. As expected in a monolithic tandem device, the Voc 
of the tandem solar cell nears the sum of the voltage of both 
sub-cells. The reproducibility of our lamination approach is 
highlighted by high performances for the five best laminated 
tandem devices, which achieved a Voc of ≈1.75  V on average 
(in Figure S1, Supporting Information). The simple optical 
and electrical system of our prototypes already yield compa-
rable Voc to reported values for monolithic perovskite/silicon 
tandem solar cells fabricated by mechanical stacking.[32,42,46,47] 
Furthermore, the champion device demonstrates a stabilized 
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PCE of 19.3% (see Figure  1c). Despite high temperature and 
pressure applied during the lamination process, the perovskite 
absorber layer is of high quality and no severe degradation is 
expected. Laminated tandem devices exhibit some uncertainty 
in their exact active area, as minute changes in alignment can 
modify the overlap in active area of the top and bottom half-
stacks, which are not guaranteed clearly defined edges due to 
minor processing differences. Therefore, the Jsc of the top PSC 
(16.8 mA cm−2) and the SHJ bottom solar cell (15.5 mA cm−2) 
are determined by external quantum efficiency (EQE) 
measurements, indicating further improvements are possible 
with regards to current matching (see Figure  1d). Note that a 
layer of magnesium fluoride (MgF2; 125 nm) is applied on the 
front side of the tandem device and serves as an anti-reflective 
layer to enhance light incoupling (see Figure S2, Supporting 
Information). Despite this, the Jsc of our laminated perovskite/
silicon tandem is lower compared to record tandem devices 

reported in literature (≈19.5–20 mA cm−2),[48–50] which is due to 
significant parasitic absorption losses in the 125 µm thick PEN 
foil and the sputtered 300 nm thick ITO front electrode. These 
layers reduce the transmittance to below 20% in the wavelength 
range of 300 to 380 nm and below 85% at longer wavelengths 
(see Figure S3, Supporting Information). Strategies to reduce 
these losses in the future are i) replacing the PEN foil with a 
more transparent superstrate such as glass and ii) employing 
more transparent front TCOs, for example, hydrogen-doped 
indium oxide (IO:H) or high temperature processed indium 
zinc oxide (IZO).[51] In addition, the SHJ solar cell used in this 
work is polished on both sides, therefore, imperfect light incou-
pling is expected on its front and rear sides, which is apparent 
in the reflectance measurement at around 790  nm and at 
wavelengths longer than 1000 nm, respectively (see Figure 1c). 
The use of both-side textured silicon solar cells—which are 
standard for silicon photovoltaics—would significantly reduce 

Figure 1.  a) Illustration of the lamination process and device architecture of the laminated monolithic perovskite/silicon tandem solar cells. Stack A 
uses a flexible PEN superstrate and stack B builds on a rigid SHJ bottom solar cell. The lamination of these two half-stacks is performed at a temperature 
of 90 °C under a pressure of 80 MPa for 5 min. b) J–V characteristics of the champion device, including the PCE, FF, Jsc, and Voc. The star indicates the 
maximum power point in backward scan direction (1.43 V; 13.9 mA cm−2). c) Stabilized maximum power point (MPP) tracking showing PCE, current 
density, and voltage over time. d) EQE of the champion device. Corresponding current densities for AM 1.5 G irradiation generated in the perovskite 
and SHJ sub-cells are shown in the respective areas. A reflectance (R) measurement from an identical layer stack is also displayed. More statistics for 
laminated tandem solar cells are provided in Figure S1, Supporting Information.
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these reflection losses and improve light trapping.[19,52–54] While 
it is challenging to cover conventional front-side textures of 
silicon substrates with pyramidal dimensions of ≈5  µm via 
spin-coating, recent studies indicate the possibility to realize 
enclosed films on adapted silicon solar cells textures (dimen-
sions ≈1–2  µm) with particularly thick perovskite layers,[55–57] 
or on nanotextured silicon substrates.[58] Making use of such 
techniques, the lamination approach introduced in this work 
is expected to be compatible with textured silicon bottom solar 
cells. Further potential advancements to improve the Jsc would 
be optimization of the perovskite thickness according to its 
bandgap energy, which was previously reported increases gen-
erated energy yield.[15,21,59,60] In addition, since the current of 
the laminated tandem devices is slightly limited by the SHJ 
bottom solar cell (see Figure  1d), the current matching could 
be further improved by increasing the perovskite bandgap of 
the top PSC.[14,57] The bandgap of the triple-cation perovskite 
absorber employed in this work is ≈1.64  eV, as determined 
from the inflection point of the EQE.[61] Ultimately, through the 
successful fabrication of monolithic perovskite/silicon tandem 
devices, we demonstrate that lamination is readily applicable 
to the field of tandem photovoltaics. This approach offers new 
freedom in the choice of materials and can be used to explore 
new architectures and combinations of different technolo-
gies, such as all-perovskite and perovskite/copper indium gal-
lium selenide tandem solar cells.[5,62–64] In addition, parallel 
manufacturing of cells, freedom in the choice of layer deposi-
tion processes and compatibility with large-scale production 
methods such as roll-to-roll, make this versatile lamination pro-
cess particularly promising for future industrial application.

2.2. Lamination versus Sequential Layer Deposition  
and Laminated Semi-Transparent Perovskite Solar Cells

The above presented successful realization of a laminated 
perovskite/silicon tandem solar cell by recrystallization of the 
perovskite layer builds on an improvement in our lamination 
process and the development of durable laminated ST PSCs. In 
fact, we demonstrate laminated PSCs that are on par with refer-
ence devices processed by sequential layer deposition. In order to 
allow for a direct comparison, both PSCs are fabricated using the 
same p-i-n architecture (see Figure 2a). The bottom device stack 
is identical in both cases and consists of a glass/ITO substrate, a 
double hole transport layer of NiOx (20 nm) and 2PACz, and the 
triple cation perovskite layer. Reference devices are completed 
by sequential evaporation of a C60 (20 nm) and Bathocuproine 
(BCP; 5 nm) double electron transport layer and an Au electrode 
(75 nm). For laminated devices, these materials are deposited in 
reverse order on a PEN foil superstrate. Afterward, the two half-
stacks are laminated at the perovskite/C60 interface, yielding 
a functional PSC. The same lamination parameters (90  °C, 
80 MPa, 5 min) are also employed for tandem devices.

We emphasize that laminated PSCs can achieve similar PCEs 
compared to reference devices processed with methods devel-
oped over decades (see Figure 2b). A significant statistical data 
of laminated solar cells are presented to assess the yield of the 
lamination process, which leads to ≈83% working devices, the 
same as for the reference devices (see Figure S4, Supporting 

Information). The champion laminated opaque solar cell exhib-
ited a PCE of 17.5%. Moreover, we demonstrate that lamination 
is a suitable fabrication method for ST PSCs, which are essential 
for tandem applications. To that end, opaque gold is replaced by 
a transparent 300 nm ITO electrode and BCP by 35 nm atomic 
layer deposition (ALD) deposited SnOx, as shown in Figure 2c.

In addition, the best ST PSC demonstrates a PCE of 15.4% 
with negligible hysteresis (Figure S5, Supporting Information). 
This is respectively 20%rel and 34%rel higher than our previ-
ously reported values in opaque and ST configurations for a 
similar lamination process.[31] J–V characteristics of champion 
devices in each category are shown in Figure 2d. Importantly, 
the champion opaque laminated PSC and reference reach the 
same PCE, with a slightly lower FF in the laminated PSC being 
compensated by a higher Voc and a similar Jsc. Furthermore, 
FFs of champion laminated PSCs remain comparable in 
opaque and ST configurations, despite the lower conductivity 
of ITO compared to the gold rear electrode. The PCE of the 
ST PSC is limited by a low Jsc compared to the opaque PSCs 
(see Figure 2e), given enhanced transmittance of photons near 
the bandgap (≈600–750 nm) due to imperfect light absorption. 
The successful demonstration of laminated ST PSCs is a mile-
stone on the route to perovskite-based tandem photovoltaics, 
since we employ the same layer stack, perovskite absorber, 
and lamination process as in a tandem device. In particular, 
we observe that the obtained FFs match those of the tandem 
devices presented above (statistical data for ST laminated 
devices can be found in Figure S6, Supporting Information).

2.3. Morphology of Laminated Perovskite Thin Films

In addition to providing a versatile alternative route to fabri-
cate perovskite-based tandem and single-junction solar cells, 
the lamination process allows engineering the morphology of 
the laminated perovskite thin film with apparent benefits for 
device performance. Indeed, the average Voc of our laminated 
PSC is enhanced compared to reference devices (see Figure S7, 
Supporting Information). Notably, this enhancement is in 
good agreement with the enhancement in implied Voc deter-
mined from photoluminescence quantum yield (PLQY) meas-
urements and independent on light intensity (see Figure 3a). 
The reduced ideality factor further indicates that laminated 
PSCs exhibit a reduced contribution of non-radiative recom-
bination.[65] As shown in Figure  3b, laminated perovskite 
thin films exhibit a reduced roughness and larger grain size 
after the lamination-induced recrystallization during the hot-
pressing process. The root mean square (RMS) roughness of 
perovskite film decreases from 20.0 to 1.7  nm after lamina-
tion. Planar perovskite surfaces further exhibit less scattering 
which is confirmed by optical characterization of laminated 
PSCs that exhibit a significantly reduced diffuse reflectance. 
Furthermore, the grain size of perovskite increases from 284 to 
350 nm (+23%rel) upon lamination at 90 °C (see Figure S9, Sup-
porting Information). This effect is amplified by an even higher 
lamination temperature, as the perovskite grains become larger 
and reach up to 778 nm (472 nm on average) after lamination 
at 120 °C. Additional PLQY measurements on laminated perov-
skite stacks (as shown in Figure S8, Supporting Information) 
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Figure 2.  a) Illustration of device architectures and lamination process, and b) PCE of opaque laminated (PSCs; x33), compared to references (x28) 
produced via the standard sequential layer deposition method. The arrow indicates the lamination interface between half-stacks. SE and IQR stand 
for standard error and interquartile range, respectively. c) Illustration of device architecture and lamination process of the laminated PSCs in ST con-
figuration. d) Measured J–V characteristics, including the PCE, FF, Jsc, and Voc, e) EQE and MPP tracking of champion PSCs for each category: opaque 
reference, opaque laminated, and ST laminated devices. The ST solar cells are illuminated from the glass side to enable a fair comparison with the 
opaque devices.

Figure 3.  a) PLQY measurement showing the light intensity dependence of the implied Voc for representative laminated and reference PSCs.  
nid corresponds to the ideality factor calculated from the slope of the implied Voc versus light intensity. b) EQE and diffuse reflectance of representative 
laminated and reference PSCs. The corresponding short-circuit current densities (Jsc) are 20.1 and 20.4 mA cm−2, respectively. Atomic force microscopy 
images of laminated (left) and unpressed (right) perovskite surfaces are shown in the inset. The corresponding RMS roughness values are 20.0 (refer-
ence) and 1.7 nm (laminated). The layer stack is glass/ITO/perovskite. The colored scale indicates the height in nm and the black bar 1 µm.
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provide further insights to i) highlight the differences between 
the perovskite/C60 interface in reference and laminated layer 
stacks and ii) underline the effect of perovskite recrystallization. 
We lay out that the lamination approach proposed in this work 
combines the advantages of perovskite recrystallization (larger 
grain size and smoother surface) and an improved perovskite/
C60 interface (reduced surface area). Therewith, the improved 
morphology of the hot-pressed perovskite appears to play the 
major role in improving the Voc in fully laminated PSCs.[66,67]

Additionally, the improved morphology of the perovskite 
layer impacts absorption near the band edge of the laminated 
PSC. A small shift of EQE signal appears in the wavelength 
range of 550 to 750 nm and can be correlated to the different 
roughness of the perovskite layers. This effect is emphasized 
by increasing the lamination time, which leads to a further 
decrease in RMS roughness and a stronger EQE signal shift 

that perfectly mirrors the change in reflectance (Figure S10, 
Supporting Information). Overall, the Jsc is not significantly 
affected, on average it remains the same. Finally, although the 
FF of laminated PSCs is limited by a high series resistance, 
which may be related to the more complicated contact method 
due to the PEN foil, the higher shunt resistance is a further 
indication of the improved quality of the perovskite film by 
lamination (Figure S7, Supporting Information).

2.4. Improved Long-Term and Thermal Stability

Importantly, despite the harsh conditions of the hot-pressing 
process, laminated PSCs exhibit enhanced stability compared 
to references produced via sequential layer deposition. A long-
term stability study (100 days, see Figure 4a) highlights the 

Figure 4.  a) Evolution of the PCE over 365 days compared to the initial PCE value. All devices present the opaque architecture aforementioned in 
Figure 2a and are stored in N2 atmosphere in the dark and at ambient temperature (≈25 °C). Reference (PSCs; x3) and laminated PSCs (x3) are 
approximately bi-weekly measured during 100 days. Additionally, 10 separate laminated PSCs are measured after an aging-period of 365 days. b) J–V 
characteristics of the champion laminated device measured b) before (T = 0 day) and c) after 1-year aging (T = 365 days), including the PCE, FF, Jsc, 
and Voc. d) MPP tracking of a representative laminated PSC over 100 h at 80 °C under continuous illumination (1 sun) in N2 atmosphere.
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improved shelf-stability of laminated PSC in nitrogen (N2) 
atmosphere. While reference PSCs degrade and decrease 
20%rel in PCE already after 30 days, laminated devices main-
tain their initial performance throughout the 100 days. In 
reference PSCs, all J–V characteristics are impacted over time 
and the systematic S-shape deformation reveals a reduction 
in charge carrier extraction (Figure S11, Supporting Informa-
tion). Moreover, photoluminescence measurements illustrate 
the degradation in references compared to laminated PSCs 
(Figure  S12, Supporting Information). Most important is the 
emergence of inhomogeneous areas in previously uniform ref-
erence PSCs, a pattern not reflected in laminated devices. One 
explanation of the enhanced robustness of laminated PSCs 
could be the improved morphology of the laminated perov-
skite layer. Recent studies established that larger grains and a 
smoother surface of the perovskite directly improve not only 
photovoltaics performance but also the stability of PSCs.[68–71]  
Furthermore, the different growth and quality of the Au 
electrode and thin electron transport layers in laminated 
PSCs could also play a role, as previously reported.[72] These 
layers are thermally evaporated on the smooth PEN foil and 
not directly onto the perovskite (as in the standard method). 
Therefore, critical proximity between Au and perovskite could 
be avoided through more continuous layers and thus limit Au 
migration,[73–77] providing enhanced stability for laminated 
PSCs. In addition, we note that the PEN foil can prevent pos-
sible leakage of volatile species under device relevant condi-
tions, which is reported to be suppressed in encapsulated 
PSCs.[78,79] However, the encapsulation properties of the PEN 
foil require additional investigation.

It is highlighted that laminated PSCs retain their initial PCE 
even after a 1-year aging test. Ten of the aforementioned lami-
nated PSCs (Figure  2b), including the five best devices, were 
measured before and after aging and all demonstrate very stable 
PCE (J–V characteristics in Figure S13, Supporting Informa-
tion). The champion laminated PSC exhibits a Voc of 1.10 V, a 
FF of 76.7%, a Jsc of 20.9 mA cm−2, and a PCE of 17.6% (initially 
17.5%) after 1-year of aging, as displayed in Figure 4b,c. While 
it must be taken into account that the devices were stored in 
N2 atmosphere and in the dark, a stability of 1-year under these 
conditions still constitutes significant advance forward toward 
PSCs stability and future industrialization.

Finally, the combined effect of prolonged exposure to light 
and heat is studied. A representative laminated PSC exhibits 
good thermal stability under continuous illumination at 1 sun, 
retaining 93% of its initial PCE over 100 h at 80 °C, as displayed 
in Figure  4d. This thermal stability is also demonstrated by an 
8-month aged laminated PSC, stored in the dark and in N2 atmos-
phere. The device remains 98% of its initial PCE after operating 
at 80 °C under prolonged illumination over 70 h (Figure S14, Sup-
porting Information). Since high temperatures are a critical factor 
in real-world outdoor conditions and accelerated degradation, the 
stability of laminated PSCs at 80 °C is particularly promising.

3. Conclusion

In this work, we report on a novel lamination approach to easily 
fabricate monolithic perovskite/silicon tandem solar cells with 

an increased degree of freedom for processing the top PSC 
architecture. In particular, we present the very first prototypes 
of successfully laminated tandem devices with a PCE of up to 
20%. This achievement is based on the optimization of our 
hot-pressing process, which i) leads to laminated PSCs with 
PCEs of 17.5% and ii) demonstrates that lamination is com-
petitive with the standard sequential layer deposition method. 
Interestingly, the perovskite absorber reveals an improved 
morphology after lamination that benefits device performance. 
Particularly promising are the improved shelf-stability of the 
laminated PSCs, which retain their initial efficiency after 1-year 
aging, while the reference PSCs degrade rapidly, and thermal 
stability under prolonged continuous illumination of 100 h at 
80  °C. Ultimately, lamination offers numerous advantages to 
perovskite-based photovoltaics for future industrial application, 
including parallel fabrication and optimization of devices half-
stacks, the possibility of direct encapsulation, and freedom in 
the choice of material and deposition processes.

4. Experimental Section
Device Preparation: Substrates/superstrates were patterned ITO on 

glass (CAS RN 50926-11-9, Lumtec), TEONEX Q65HA PEN foil (25853-
85-4, DuPont Teijin Films), ITO coated PEN foil (50926-11-9, Peccell), and 
SHJ solar cells. The double-side polished SHJ solar cells were provided 
by Forschungszentrum Jülich GmbH with the following architecture: 
ITO (30 nm)/a-Si:H<n> layer (≈4 nm)/a-Si:H<i> (≈4 nm)/c-Si wafer <n>  
(280 µm)/a-Si:H<i> (≈6 nm)/a-Si:H<p> (≈12 nm)/ITO (70 nm). Optimized  
reference SHJ solar cells with a large active area of 4 cm2 demonstrated 
PCEs around 20%. The bottom SHJ solar cells as employed for the 
laminated tandem solar cells were expected to show lower performance 
given the reduced active area (≈0.14 cm2). All substrates and superstrates 
were cleaned in ultrasonic baths of acetone (67-64-1, Sigma Aldrich) and 
2-propanol (67-63-0, Sigma Aldrich) for 10  min each. Oxygen plasma 
treatment was performed using a Femto (Diener Electronics) on the 
ITO/glass substrates and ITO/PEN superstrates at 100 W for 180 s and 
on the SHJ solar cells—n side at 30 W for 60 s.

As hole transport layer, 20 nm NiOx (11099-02-8, Kurt J. Lesker) was 
sputtered using a Pro Line PVD75 (Kurt J. Lesker Company) at 1 mTorr 
process pressure, 100 W under RF-conditions with Argon (Ar) process 
gas. Afterward, oxygen plasma treatment was performed at 30 W for 30 s.  
Subsequently, a solution of [2-(9H-carbazol-9-yl)ethyl]phosphonic acid 
(2PACz, 20999-38-6, TCI; 1 m) was prepared in ethanol absolute (64-17-5, 
VWR Chemicals) and spin-coated onto the NiOx in one step at 3000 rpm 
for 30 s with 1000 rpm s−1 acceleration rate. Samples were annealed at 
100 °C for 10 min in N2 atmosphere.

The triple-cation perovskite absorber solution 
Cs0.1(MA0.17FA0.83)0.9Pb(I0.83Br0.17)3 was prepared according to previous 
work[45] with the precursors methylammonium bromide (MABr, 6876-
37-5, GreatCell Solar), formamidinium iodide (FAI, 879643-71-7, GreatCell 
Solar), lead iodide (PbI2, 10101-63-0, TCI), lead bromide (PbBr2, 10031-22-8, 
TCI), and cesium iodide (CsI, 7789-17-5, Alfa Aesar). Two solutions were 
prepared: 1) FAI (1 m), PbI2 (1.1 m), MABr (0.2 m), and PbBr2 (0.22 m) 
in N,N-dimethylformamide (Sigma Aldrich, 68-12-2):dimethyl sulfoxide 
(DMSO, Sigma Aldrich, 67-68-5) 4:1 v:v and 2) CsI (1.5 m) in DMSO. An 
88.9 µL aliquot of solution 2 was transferred into solution 1 and then spin-
coated onto the hole transport layer by two following steps: 1) 1000 rpm 
rotation speed for 10 s and 2) 6000  rpm for 20 s, with 5000  rpm  s−1 
acceleration rate. After 10–13 s of second step, 100  µL chlorobenzene 
(Sigma Aldrich, 108-90-7), was released as anti-solvent on the spinning 
substrate. Samples were annealed at 100 °C for 60 min in N2 atmosphere.

For opaque PSCs (≈10.5 mm2 active area): As rear electrode, 75 nm thick 
gold and as double electron transport layer, 5 nm BCP (4733-39-5 Lumtec) 
and 20 nm fullerene C60 (99685-96-8, Sigma Aldrich) were thermally 
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evaporated using Vactec Coat 320 (Angstrom Engineering) and OPTIvap 
(Creaphys), respectively. For the references, C60, BCP, and then Au were 
sequentially deposited on top of the perovskite. For laminated devices, Au, 
BCP, and then C60 were sequentially deposited onto the PEN foil.

For ST (≈10.5 mm2) and tandem devices (≈14 mm2): As electron 
transport layer, ≈35  nm (SnOx, 21651-19-4, Strem), as measured on 
a silicon wafer, was deposited onto the ITO/PEN foils via ALD using 
a Picosun R-200 Advanced (Picosun) with H2O as reactant and 
tetrakis(dimethylamido)tin(IV) (TDMASn, 1066-77-9, Strem) as precursor. 
The deposition was performed at 80 °C, over 300 cycles of 1.6 s TDMASn 
exposure, followed by 12 s Ar/N2 purging and 0.1 s H2O exposure 
followed by 16 s of Ar/N2 purging. Samples were annealed at 100  °C 
for 60  min in N2 atmosphere. In the absence of a bubbler system, an 
in-built boosting system was used to increase precursor concentration. 
Subsequently, 20 nm C60 was deposited using the previously described 
procedure. The back ITO electrode of the bottom silicon solar cell was 
coated with silver paste (Acheson 1415, Plano GmbH) after lamination.

Hot-Pressing: The lamination was performed using an in-house 
developed hot embossing machine.[31,80] The two independently prepared 
layer stacks were placed on the lower machine plate such that the 
perovskite and electron transport layer face each other. In addition, a 
teflon-coated silicon wafer was interposed between the PEN foil and the 
upper plate for a uniform pressure distribution. Lamination was performed 
in three steps of heating/lamination/cooling under N2 atmosphere (see 
Figure S15, Supporting Information). When the temperature of 90  °C 
was reached, a pressure of 80 MPa was applied for 5 min. Afterward, the 
sample was cooled to 40 °C and the pressure was released.

Characterization: The J–V characteristics and MPP tracking of 
the devices were recorded using a Keithley 2400 Source-Measure 
Unit and xenon-lamp-based Oriel Sol3A solar simulator (Newport) 
under controlled N2 atmosphere. The intensity was calibrated with 
a KG5-filtered and non-filtered silicon reference solar cells for PSC 
and tandem devices, respectively, to match the global standard 
AM 1.5 G spectrum with an intensity of 100  mW  cm−2. J–V curves 
were measured in both forward (Jsc  → Voc) and backward (Voc → Jsc) 
directions with a scan rate of 0.6  V  s−1. In Figure  2 and Figure S4,  
Supporting Information, references and laminated PSC were measured 
with 5.6 mm2 masks in order to allow direct comparison. The MPP 
tracking measurements were performed with 0.01 V voltage perturbation. 
The measurement temperature was controlled using a Peltier-element 
and a microcontroller mounted on the sample holder for heating and 
cooling. The EQE was measured using the PVE300 characterization 
system (Bentham) with 575  Hz chopping frequency and 750  ms 
integration time in controlled N2 atmosphere. Tandem devices were 
additionally illuminated with an infrared LED (940 nm) to measure the 
perovskite top cell and a blue LED (465 nm), white light, and band-pass 
(335–610  nm) filter to measure the silicon bottom cell. Reflectance 
and transmittance measurements were performed using a LAMBDA 
1050 spectrophotometer (PerkinElmer). Atomic force microscopy 
images were measured using a NanoWizard II (JPK Instruments AG) 
in intermediate contact mode. PLQY measurements were carried out 
inside an integrating sphere (LabSphere, 15 cm diameter) in ambient air 
(relative humidity < 30%).  A green laser (LD-515-10MG from Roithner 
Lasertechnik) was directed into the sphere via a small entrance port. 
An optical fiber was used to collect the emission from the exit port 
of the sphere and guide it to the spectrometers (AvaSpec-ULS2048 
× 64TEC from Avantes). The spectral response was calibrated using a 
calibration lamp (HL-3plus-INT-Cal from Ocean Optics). Raw measured 
spectra were recalculated to give power spectra using the integration 
time. The PLQY was determined using the method described by de 
Mello et al.[81] The samples were placed at an angle of 15° with respect 
to the laser beam to avoid specular reflectance toward the entrance 
port. The implied VOC (Figure  3a) was determined from the (intensity-
dependent) PLQY measurements as described by Stolterfoht  et  al.[82] 
and Krueckemeier  et  al.[61] Photoluminescence images were acquired 
using the luminescence imaging setup introduced by Ternes  et  al.,[83] 
The setup was comprised of two LED bars with emission wavelength 
of 467nm  (LDL2 by CCS Inc.) for sample excitation and a scientific 

CMOS camera (Quantalux sCMOS Camera by Thorlabs) to detect the 
photoluminescence signal. The excitation light was filtered out with a 
780 nm longpass filter (FGL780S by Thorlabs). The exposure time was 
set to 5s. All measurements were performed in ambient air.

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