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Perovskite silicon tandem solar cells must demonstrate high efficiency and low
manufacturing costs to be considered as a contender for wide-scale photovoltaic
deployment. In this work, we propose the use of a single additive that enhances
the perovskite bulk quality and passivates the perovskite/C60 interface, thus
tackling both main issues in industry-compatible fully textured perovskite silicon
tandems. Besides enhancing the efficiency to 30%, this approach enables the
reduction of manufacturing steps, which is desirable to reduce production costs.
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SUMMARY

Fully textured perovskite silicon tandem solar cells are promising for
future low-cost photovoltaic deployment. However, the fill factor
and open-circuit voltage of these devices are currently limited by
the high density of defects at grain boundaries and at interfaces
with charge transport layers. To address this, we devise a strategy
to simultaneously enhance perovskite crystallization and passivate
the perovskite/Cqg interface. By incorporating urea (CO(NH,),) as
an additive in the solution step of the hybrid evaporation/spin-
coating perovskite deposition method, the crystallization kinetics
are accelerated, leading to the formation of the desired photoactive
phase at room temperature. With that, perovskite films with large
grain sizes (>1 um) and improved optoelectronic quality are formed
at low annealing temperatures (100°C). Concurrently, remnant urea
molecules are expelled at the perovskite surface, which locally dis-
places the C¢q layer, thus reducing interfacial non-radiative recombi-
nation losses. With this strategy, the resulting tandem solar cells
achieve 30.0% power conversion efficiency.

INTRODUCTION

Building on existing silicon production technology, fully textured perovskite silicon
tandem solar cells (FT-TSCs) promise to be a low-cost and high-efficiency future
technology for large-scale photovoltaic deployment.’™® The use of textured silicon
with >2 um pyramid height makes the tandem solar cell compatible with industry
standards. Furthermore, the conformal perovskite top-cell deposition enables effi-
cient light in-coupling owing to the double-bounce effect,® which is not possible
in state-of-the-art designs (5-TSCs), namely with flat-front or textured-front silicon-
bottom solar cells with small pyramid size (<2 um) where the perovskite top cell sub-
merges the small pyramids.”~? Yet, despite the intrinsic optical advantage, which is
reflected in a high short-circuit current density (jsc) generation, reaching a high po-
wer conversion efficiency (PCE) is only possible if the open-circuit voltage (Vo) and
fill factor (FF) of the device are preserved at a high level.’®

Therefore, the current published PCE records are held by S-TSCs with either flat-front
bottom cell,"" or textured-front with small pyramid size (<2 um),"? where spin-coating
was used as the processing method. However, as spin-coating is not compatible with
micrometer-sized pyramids for FT-TSCs,'? an alternative approach can be used—the

CONTEXT & SCALE

Fully textured perovskite silicon
tandem solar cells rely on the
deposition of the perovskite
absorber on textured silicon with a
>1 um pyramid size, which
represents the current standard in
the industry. To bridge the gap
between research and industry,
these cells must demonstrate a
high power output. Nevertheless,
perovskite absorbers deposited
on large pyramids often suffer
from a high grain boundary defect
density and poor interfacial
passivation at the perovskite/
electron transport layer (Cgo)
junction. We tackle both loss
mechanisms by introducing a
multi-functional additive (urea),
which simultaneously regulates
the perovskite crystallization as
well as passivates the perovskite/
Ceo interface. Moreover, this
strategy is employed at a low
annealing temperature (100°C,
different from the standardly used
150°C), thus enabling an effective
lowering of the perovskite
annealing’s thermal budget. This
approach is of high relevance for
the industrialization of perovskite
silicon tandem solar cells.

Joule 8, 1-23, October 16, 2024 © 2024 The Author(s). Published by Elsevier Inc. 1
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).



silicon tandem solar cells, Joule (2024), https://doi.org/10.1016/j.joule.2024.06.018

Please cite this article in press as: Er-raji et al., Tailoring perovskite crystallization and interfacial passivation in efficient, fully textured perovskite

¢? CellPress

OPEN ACCESS

so-called hybrid method."*~?* It consists of two steps: (1) thermal evaporation of inor-
ganic perovskite compounds, which form a uniform scaffold on textured silicon, and
(2) organohalide wet-chemical deposition step, where organic perovskite com-
pounds are infiltrated to react with the pre-deposited scaffold. Following annealing
of the substrate, perovskite crystallization takes place, forming a photoactive layer.

Despite significant developments in the PCE,”’ limited attention is given to the crys-
tallization dynamics of the hybrid method. Perovskite films deposited by the hybrid
approach usually have inferior grain size, crystal quality, and optoelectronic proper-
ties in comparison to their spin-coated counterparts.”> Additionally, the high defect
density generated at the contact between the perovskite surface and the commonly
used electron transport layer (ETL) C¢o further exacerbates the radiative efficiency of
the device.”*?? Several attempts on circumventing the non-radiative recombination
losses were shown, which focused on providing individual solutions for perovskite
crystallization and perovskite surface passivation.’®'®?* Recently, Chin et al. em-
ployed pentafluorobenzyl phosphonic acid as a perovskite additive that successfully
enhanced the perovskite morphology by retarding the crystallization kinetics and
passivated the perovskite/Ceq interface. The employed perovskite annealing temper-
ature, similar to previous works with the hybrid method (150°C; see Table ST in sup-
plemental information), is regarded as unfavorable since it has been observed to
degrade some underlying organic hole transport layers (HTLs),'**° which are desir-
able since they allow conformal coating of the pyramids. To comply with the high
annealing temperature strategy, to date, literature reports either employ spin-coated
self-assembling monolayers (SAMs) or alternatively replace the ITO interconnection
layer by a nanocrystalline silicon tunnel junction, which enables better sticking of
evaporated HTLs.!”"%31

Considering the industrial manufacturing perspective of the FT-TSC technology,
low-temperature processes and minimum fabrication steps are desired. Therefore,
there exists a need for a quick and efficient method that tackles the following 3 as-
pects: (1) enhancing the perovskite bulk quality, (2) reducing the interfacial losses at
the perovskite/Cgg interface, and (3) reducing the perovskite annealing temperature
to enable flexibility of choice of underlying charge transport layers (CTLs). Here, we
introduce CO(NH); (urea), a cheap, mass-produced, and non-hazardous compound
that fulfills all three requirements. By exploiting the strong interaction of urea with
solution precursors, the crystallization kinetics are accelerated, and the perovskite
a-phase is obtained during the organohalide/evaporated scaffold intermixing step
at room temperature. This enables a seeding growth crystallization mechanism
where perovskite films with large grain size (>1 um) and improved structural and
opto-electronic quality can be obtained with annealing temperatures as low as
100°C. Additionally, by controlling the crystallization sequence, remnant urea mol-
ecules reside at the perovskite surface, thus displacing the Cg contact, which re-
duces the severe interfacial non-radiative recombination losses. With these benefits,
an average increase of 2.4%,. in PCE was obtained for urea-treated FT-TSCs in
comparison to reference devices. By further optimizing the functional layers, the
champion device delivered a 30.0% stabilized PCE. This work provides an effective
method to boost the performance of FT-TSCs, thereby continuing the efforts of
bringing this technology closer to commercialization.

RESULTS AND DISCUSSION

The simultaneous low-temperature crystallization and surface passivation strategy
developed in this work is based on the incorporation of urea as an additive during
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(A) The fully textured perovskite silicon tandem solar cell architecture and (B) the impact of urea on accelerating the crystallization kinetics and final

perovskite film quality.

perovskite film fabrication. Itis a strong Lewis base additive that has been previously
demonstrated to enhance the quality of solution-processed perovskites via forma-
tion of intermediate adducts between urea and Pbl; in the precursor solution.?*~%*
Furthermore, it is a non-hazardous, cheap, and mass-produced compound, which
fits in the picture of the use of the hybrid route fabrication technique, which uses

green solvents such as ethanol (EtOH) or isopropanol.

The hybrid evaporation/spin-coating route is employed to conformally form perov-
skite films on industrially relevant, micrometer-sized random pyramid texture
(Figure 1A). In a first step, Csl and Pbl; are co-evaporated to form a 550 nm thick
inorganic scaffold (Figure S1). Then, an organic salt solution containing FABr and
FAI (FA: formamidinium) in EtOH is spin-coated dynamically on the pre-deposited
scaffold. Finally, an annealing step is conducted in air at 150°C for 25 min to induce
perovskite crystallization. For urea-treated perovskite films, 5 mg/mL of urea is
added in the organohalide solution mixture to alter the crystallization kinetics (Fig-
ure 1B). Furthermore, the annealing step is reduced to 100°C for 10 min. More de-
tails are provided in the experimental section.

Perovskite film morphological, structural, and optoelectronic properties

We first assess the impact of urea on the morphological and structural properties of
the perovskite absorber using samples consisting of textured silicon/ITO/2PACz/
perovskite (Figure 2A), which are also used in our FT-TSCs. Figures 2B and 2C
show top-view and cross-sectional scanning electron microscopy (SEM) images of
reference and urea-treated perovskite films. Both absorbers show uniform layer
formation on textured silicon with no voids/pinholes and with a comparable thick-
ness approaching 630 + 25 nm. With the addition of urea, the average apparent
grain size is substantially increased from ~200 nm (reference) up to >1 um as
highlighted in top-view SEM images and confirmed in atomic force microscopy
(AFM) images (Figure S2). Furthermore, cross-sectional SEM imaging reveals that
the urea-treated absorber exhibits a columnar character of the grains enabling sin-
gle-grain perovskite structures along the perpendicular direction to the substrate

Joule 8, 1-23, October 16, 2024 3
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Figure 2. Morphological, structural, and optoelectronic characterization of perovskite films on textured silicon
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(A) Schematic structure of the probed textured silicon/ITO/2PACz/perovskite half-stacks. Textured silicon/ITO/2PACz/perovskite half-stacks with urea
(in blue) and without urea (in gray, reference) characterized via (B and C) cross-sectional and top-view scanning electron microscopy (SEM), (D) X-ray
diffraction, (E) photoluminescence (PL)-based implied open-circuit voltage (iVoc) imaging, (F) spectrally resolved steady-state PLQY, (G) intensity-

dependent steady-state PLQY, and (H) transient PL.

(Figure 2B). By contrast, a high density of grain boundaries is observed in the refer-

ence film (Figure 2C).

We further investigated the crystalline quality of perovskite absorbers using X-ray
diffraction (XRD). Notably, the intensity of the main perovskite peak (100) of films
with urea is significantly enhanced in comparison to the reference. As Figures 2B
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and 2C do not show an obvious thickness change, we ascribe the enhanced crystal-
linity of the urea-treated perovskite to the large grain size formation, in contrast to
the multi-grain structure of the reference film. Moreover, the respective full-width-
at-half-maximum (FWHM) is decreased from 0.21° to 0.12°, which indicates an
enlarged crystal size. Besides the perovskite phase, Pbl, was detected in both perov-
skite films with the characteristic (001) peak at 12.69°.%" Forthe hybrid route, the Pbl,
detection typically stems from an incomplete conversion of Pbl; precursor to perov-
skite. It is usually found at the bottom perovskite/HTL interface due to a gradient of
the interdiffused organohalides during the wet-chemical step. Complementing the
measured XRD patterns, cross-sectional SEM images of the reference films still
contain unreacted Pbl, grains (particularly visible in the pyramid valleys), which are
recognized via bright appearance due to higher density of heavy atoms in Figure 2C.
By contrast, urea-treated films show significantly lower residual Pbl,, which is ex-
pected to enhance the charge transfer at the perovskite/HTL interface.

Next, we performed spectrally resolved steady-state photoluminescence (PL) mea-
surements to evaluate urea’s impact on the perovskite’s optoelectronic quality.
Overall, a higher PL peak intensity was found in presence of urea, indicating an inhi-
bition of non-radiative recombination in the polycrystalline bulk (Figure 2F). Further-
more, we noted a slight 0.01 eV red-shift of the PL peak position from the reference
(1.67 eV) to the urea-treated absorber (1.66 eV). The extracted PL quantum yield
(PLQY) of the urea-treated perovskite (0.74%) was triple that of the reference
(0.25%), which translates to a 20 mV increase in the implied Vo (iVoc) of the stack.
Given the 1.374 and 1.365 V radiative limits of semiconductors with 1.67 and 1.66 eV
bandgaps (approximated at the first degree with the generalized Planck law),*® it can
be concluded that the voltage deficit attributed to non-radiative recombination los-
ses mainly in the bulk of the polycrystalline perovskite film is remarkably reduced in
presence of urea (137 mV) in comparison to reference (166 mV). While Figure 2F
shows iVoc values at an excitation fluence that is relevant for device operation (1
sun illumination), we performed in a second step intensity-dependent PLQY mea-
surements and extracted the respective iVoc values (Figure 2G). For all probed flu-
ences, we observed an enhancement in iVoc for the urea-treated perovskite
absorber. Furthermore, an internal ideality factor (nig) of 1.52 was found, which is
lower than that of the reference perovskite (1.61). A smaller value of n,y toward a
value of 1 is typically associated with a predominant bimolecular radiative and
reduced trap-assisted Shockley-Read Hall recombination, which hints toward higher
Voc and FF potential with urea incorporation.” Besides assessing local changes via
spectrally resolved PL, we evaluate the spatial distribution over the substrate using
PL-based iVoc imaging.“® Figure 2E confirms the 20 mV increase in iVoc in a homo-
geneous manner at 1-sun illumination intensity. Extending the optoelectronic study,
we performed time-resolved PL (trPL) measurements to gain additional information
about charge carrier dynamics (Figure 2H). The reduced non-radiative recombina-
tion in the urea-treated film was further evidenced with a long PL decay and effective
charge carrier lifetime of 818 ns in contrast to 353 ns for the reference film (also
confirmed at different laser intensities as depicted in Figure S3).

Urea working mechanism for large grain growth at low annealing temperature

To gain insight into the perovskite crystallization mechanism in presence of urea, we
performed XRD and steady-state PL measurements at different processing steps.
Upon co-evaporation of the Csl/Pbl, inorganic scaffold, the film presents a crystal-
line structure characterized by a dominant Pbl, peak at 12.69° (Figure 3A). While
not clearly visible in the plain diffractogram, a peak at 9.94° becomes more visible
when plotting the diffractogram logarithmically, which denotes the 6-CsPbl; phase

Joule 8, 1-23, October 16, 2024 5
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Figure 3. Investigation of urea’s working mechanism for large perovskite grain growth and reduced remnant Pbl, through optical, structural, and

optoelectronic characterization at different processing steps and its implications on the interfacial perovskite/hole transport layer quality

(A and B) (A) X-ray diffraction (XRD) measurements and (B) steady-state photoluminescence measurements realized on the evaporated Csl/Pbl;, scaffold

(inblack), organic salt deposition without urea (reference, gray) and with urea (blue) on top of the scaffold directly after spin-coating. The measurements

are realized on textured silicon/ITO/2PACz substrates.

(C) Optical images of samples with similar layer stack and color code as (B) but processed on glass substrates to visualize the films’ color change.

(D) The Gibbs free energy as a function of particle radius and its components (surface and volume terms) adapted from Choi et a
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Figure 3. Continued

(E) Schematic representation of the evolution of the Gibbs free energy during the crystallization without and with urea incorporation based on the
different characterizations during film fabrication.

(F) A schematic showing the difference in energy of the Pbl, precursor phase and - and a-perovskite phases adapted from Zhang et a
(G and H) Grazing-incidence XRD diffractograms of perovskite films with/without urea on textured silicon/ITO/2PACz substrates for different incident
beam angles.

(I and J) Transient surface photovoltage measurements of perovskite films with/without urea on textured silicon/Al,O3/ITO/2PACz substrates at 1-sun

|ZZ

and 10-sun laser equivalent intensity, respectively.

(Figure S4A).>> No PL response was recorded (Figure 3B), and the film appearance
on optical glass was yellow (Figure 3C). Upon deposition of the FABr/FAI organoha-
lide solution (reference), the Pbl, peak intensity is reduced, and the é-perovskite
peak intensity at 10° is significantly increased. To assess the composition of the
prominent é-phase after solution infiltration, we deposited individual solutions of
FAIl, FABr, and FABr/FAI mix on the inorganic scaffold. As highlighted in Figure S4B,
the peak position shifts according to the iodide to bromide ratio (ionic radii 220 and
196 pm, respectively),*” moving from 9.91° with a pure FAIl solution to 10.18° with a
pure FABr solution. As a result, the 6-perovskite composition is 6-FA,Csy_,Pb(l,Bry_
x3. While two small-intensity peaks appear at 14.21° and 14.67°, the dominant
perovskite phase is the 6-FA,Cs;_,Pb(l,Bri.J); phase, and the optical appearance
of the film on a glass substrate is yellow (Figure 3C). With addition of urea to the or-
ganohalide solution, the crystallization pathway is altered. The diffraction peak of
crystalline Pbl, at 12.69° is eliminated, and a peak at 12.34° appears (ascribed to
an intermediate adduct formed between all precursors of the system; see
Figures S4C and S4D). The intermediate 6-phase perovskite is not present, and
the a-phase perovskite is dominant at room temperature. These rapid changes in
the intermediate phases imply that the reaction between organic and inorganic pre-
cursors is significantly accelerated in the presence of urea. As a result, the PL inten-
sity of the urea-treated film directly after spin-coating is nearly 10 times higher than
the reference sample with a remarkably narrow FWHM. Furthermore, the film
morphology on textured silicon shows clearly defined perovskite grains, while no
indication of such is reflected by the reference film morphology (Figure S5), and
the optical appearance of the film on a glass substrate is brown. Videos S1 and S2
further document the optical transformation of the film during the spin-coating
step of organohalides with/without urea.

The combination of optical, structural, and optoelectronic characterization results
during perovskite film growth can be linked with the thermodynamic laws of crystal-
lization to explain the enhanced perovskite formation pathway in the presence of
urea. Classically, crystallization can be modeled by two steps: nucleation and crystal
growth.*""**7% The nuclei formation process directly depends on the critical radius
(r*) of the nuclei as well as the critical Gibbs free energy G*, which is set by the surface
and volume parts of the Gibbs free energy (Figure 3D). That is, when the nuclei have
radii smaller than r*, they cannot overcome the critical free energy barrier and get re-
dissolved; however, when the radii of the nuclei are greater than r*, they are
thermodynamically stable and can further grow to form crystals.*'***=*¢ From the di-
agram in Figure 3D, it can be deduced that lowering the critical Gibbs free energy fa-
vors nuclei to overcome the energy barrier and grow into crystals. As pre-determined
from the XRD results directly after spin-coating, the presence of urea in the solution
lowers the critical Gibbs free energy for formation of the black a-perovskite phase.
This might be explained by a reduction of the surface energy component (Figure 3D)
due to a competitive interaction of N and O from urea to coordinate with Pb from the
scaffold, which drives a configurational transition of the Pb(l ,Bry_,), octahedra from
face-sharing to corner-sharing. It is a similar effect to that observed with other Lewis
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base solvents (DMF, DMSO, and NMP) as well as other substances such as Cl-, SCN-,
and alkylammonium chlorides reported to drive the formation of a-FAPbI; at low
temperatures.’’—? As such, the crystallization model in presence of urea can be rep-
resented by a reduced critical Gibbs free energy as we illustrate in Figure 3E, thus
enabling a faster transition to the growth phase. By contrast, nuclei are more prone
to redissolution in the reference case before reaching the critical radius r*, as evident
from the appearance of the intermediate high-energy 6-FA,Cs;_,Pb(l,Brq_J)3 phase
represented in Figure 3F. As a result, even prior to the annealing step, urea enables
the formation of nucleation sites from which perovskite growth is initiated during the
annealing step (since it is more thermodynamically favorable than the formation of
new seeds), thus allowing for the growth of large crystalline domains, even at a low
temperature (1 00°C).°

We further investigated the impact of higher annealing temperatures, e.g., 125°C,
150°C, and 175°C, but no change in apparent grain size or crystallinity was noted
(Figure Sé). Therefore, it can be concluded that the addition of urea effectively
lowers the thermal budget of the annealing step while conserving a high perov-
skite quality. By contrast, in the absence of urea (reference), the nucleation process
is predominantly taking place during the annealing step alongside the crystal
growth process. This leads to the formation of perovskite films with low apparent
grain size and reduced crystallinity (Figure 2). Moreover, Figure S7 shows that
lowering down the annealing temperature from 150°C to 100°C without urea ad-
ditive further reduces the perovskite’s bulk and surface quality, thus rationalizing
the use of high annealing temperatures in literature where the hybrid deposition
method is adopted.

Next, using grazing-incidence XRD (GI-XRD), we investigate the impact of urea on
remnant Pbl,. In contrast to standard Bragg-Brentano (BB) geometry, GI-XRD enables
a more sensitive analysis of the structural composition of the perovskite absorber at
different depths. By increasing the incidence angle ¢ from 0.1° to 3°, we scan the
perovskite absorber from the top surface toward the bottom interface with the under-
lying HTL. While the presence of crystalline Pbl, precursor material is manifested at 1°
for the reference perovskite film, it only appears at an angle 6 equivalent to 1.5° in the
urea-treated film (Figures 3G and 3H). Thus, it can be concluded that urea contributes
to the reduction of residual Pbl,.

Taking into account the Lewis base nature of urea, the lone electron pairs of the
donor atom oxygen are likely to coordinate to the unoccupied orbital of Pbl,, lead-
ing to the formation of a stable Lewis acid-base intermediate adduct.?***°* We hy-
pothesize that the presence of such an adduct expands the layer spacing of the Pbl,
lattice. Indeed, recent literature reports have demonstrated that forming Pbl, from a
Pbl,/DMF solution doped with urea changes the film’s morphology from compact to
porous®; furthermore, other Lewis base additives such as DMSO have similarly been
shown to pre-expand the lattice spacing of Pbl,.°>° As a result, the diffusion and
intercalation of organohalides (FAX, X = Br, I) into the lattice structure of the crystal-
line Pbl; layer are facilitated. With that, the transformation of Pbl, to perovskite in
presence of urea is promoted as evidenced in GI-XRD (Figures 3G and 3H) and
BB-XRD (Figure 2D). Besides the chemical modulation of the crystallization process,
the application of a low-temperature annealing process in the hybrid evaporation/
spin-coating fabrication method has been previously demonstrated to enhance
the Pbl; to perovskite transformation owing to the reduced volatilization of organo-
halides.”” Given the perovskite seeding growth mechanism with urea, which is
compatible with the use of a low annealing temperature (100°C), more organohalide
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molecules are expected to diffuse into the scaffold in contrast to volatilization at high
temperature in the reference film (150°C). Together, the aforementioned mecha-
nisms lead to a reduction of insulating Pbl; at the perovskite/HTL bottom interface.

To understand the effect of urea treatment and the impact of remnant Pbl; at the
perovskite/2PACz interface on the hole extraction, we carried out transient surface

photovoltage measurements (tr-SPV)>’-®

as shown in Figures 3l and 3J. The sample
was excited with 1- and 10-sun equivalent laser fluences. The urea-treated perov-
skite/2PACz interface showed a faster rise of SPV at 1078 s timescale in comparison
to the reference (see 1 and 2 in Figure 3l), which indicates a faster hole extraction.
The presence of shallow defects might explain the decelerated extraction in the
reference perovskite.”” Additionally, the higher SPV at later times (107°-107* s,
see 3 in Figure 3l) is possibly associated with detraping activity of defects typical
for this timescale.®® Measurements conducted with 10-sun equivalent laser fluence
show a larger SPV amplitude at short timescale of 1078 s (see 4 in Figure 3J) and
less pronounced kink (see 5 vs. 6 in Figure 3J). This behavior implies a more efficient
hole extraction as well as a higher number of extracted holes, in addition to a reduc-
tion of shallow trap density in the urea-treated perovskite film in comparison to the
reference. The proposed reduction of defect density is in full agreement with the re-
sults of the PL measurements, showing an increase in trPL lifetime and PL intensity
(Figures 2F and 2H). This further agrees with the reduced remnant Pbl; at the perov-
skite/2PACz interface with urea treatment and thus substantiates the importance of
pursuing full scaffold-to-perovskite conversion with the hybrid method for
enhancing the optoelectronic property of the absorber.

Urea working mechanism for perovskite/C, surface passivation

In a second step, we investigate the urea additive’s impact on the perovskite surface
property as well as its interaction with the top ETL Cgo. We vary the concentration
from 0 mg/mL (reference) to 5 mg/mL and study samples consisting of textured sil-
icon/ITO/2PACz/perovskite with/without Ceg (labeled perovskite stack and Cgq
stack, respectively). Figure 4A shows the extracted iVoc values from PLQY measure-
ments. For the reference film, a substantial 110 mV drop in iVoc is observed when
moving from the perovskite stack (1,208 mV) to the Cqg stack (1,100 mV), high-
lighting the severe non-radiative recombination loss at the interface.?*?” However,
upon addition of urea, (1) for all incorporated urea concentrations, the perovskite
stack’s iVoc is increased, reaching a maximum of 1,240 mV at 3 mg/mL, and (2)
the Cgg stack’s iVoc is incrementally improved from 1,100 mV in the absence of
urea up to 1,190 mV with 5 mg/mL. Using spatially resolved PL imaging, we further
confirm our findings and stress the homogeneous character of the optoelectronic
enhancement (Figure S8). Similarly, trPL measurements on Cg stacks show a signif-
icant rise of the fitted charge carrier lifetime from 30 ns (reference) to 162 ns with
5 mg/mL urea incorporation (Figure 4B). Altogether, the results demonstrate that
besides the crystallization regulation function, urea also provides a surface passiv-
ation at the Cgg junction.

Seeking to disentangle the overall impact of urea on perovskite solar cells and
separately quantify its benefits of tailored crystallization kinetics and interfacial
passivation, we prepared reference perovskite films and applied a urea surface
treatment (interlayer between perovskite and Cgo). To do that, we dissolved
5 mg/mL of urea in EtOH and spin-coated a 100 pL volume dynamically on the
reference perovskite stack (3,000 rpm for 20 s), followed by an annealing treatment
in air for 10 min. From PL measurements of the treated samples, a slight reduction
in iVoc can be noted in comparison to the reference stack (around 10 mV), thereby
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Figure 4. Impact of urea on the perovskite/C,, interfacial passivation

(A) Implied open-circuit voltge (iVoc) extracted from steady-state photoluminescence (PL) measurements realized on textured silicon/ITO/2PACz/
perovskite stacks with/without Cyo, where the perovskite absorber was treated with different concentrations of urea ranging from 2 to 5 mg/mL.
(B) Transient PL decays of textured silicon/ITO/2PACz/perovskite/Ceq stacks, with different urea concentrations in comparison to the reference.
(C and D) (C) Work function and (D) valence band maximum (VBM) derived from ultraviolet photoelectron spectroscopy (UPS) measurements on
textured silicon/ITO/2PACz/perovskite stacks with/without urea (5 mg/mL).

(E) Constructed band diagram showing the Fermi level position and the VBM relative to vacuum (Eyac).

underlining no chemical surface passivation (Figure S9). By contrast, upon addition
of the Cgo layer, an 85 mV increase is observed for the urea-treated Cq stack
(1,180 mV) in comparison to the reference (1,095 mV). Furthermore, trPL measure-
ments in Figure 4B show a further extension of the charge carrier lifetime to 174 ns
(in comparison to 30 ns for reference), which highlights the surface passivation
effect.

To understand the underlying mechanism of surface passivation in presence of urea,
we investigate the perovskite's surface morphology. Top-view SEM images in
Figures 5A-5D show the evolution of the perovskite surface as a function of urea con-
centration. Particularly, we observe that with increasing concentration, dark stripes
with increasing size cover the top surface. Focusing on the 5 mg/mL films, AFM im-
ages (Figures 5H-5J) show that upon evaporation of C4g, the morphology of the
stripes is still distinctly recognized, highlighting a local and physical separation be-
tween the absorber and the ETL (confirmed via SEM Figure S10). Because of carrier
recombination and Fermi level pinning, a direct contact between perovskite and Cgq
induces in-gap states that impair electronically the contact.””*" Therefore, the pres-
ence of organic molecules at the perovskite surface, locally displacing the Cgq layer,
can effectively reduce the contact-induced gap states and enhance the interfacial
passivation quality.
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Figure 5. Investigation of urea’s impact on the perovskite surface morphology and composition

(A-D) Top-view scanning electron microscopy (SEM) images of textured silicon/ITO/2PACz/perovskite stacks, with different urea concentrations, in
comparison with the reference.

(E-J) Height (E and H), amplitude (F and ), and phase (G and J) images from atomic force microscopy (AFM) measurements of textured silicon/ITO/
Perovskite/Cg4g stacks.

(K) X-ray photoelectron spectroscopy (XPS) depth profiles showing carbon and oxygen signals of the perovskite absorbers (reference and urea treated)
deposited on top of glass/ITO/2PACz substrates.

(L) XPS of Pb 4f core-level of reference and urea-treated perovskite absorbers.

X-ray photoelectron spectroscopy (XPS) measurements were carried out to investi-
gate the composition of the organic molecules on the urea-treated perovskite top
surface. Figures 5K and 5L show an XPS depth profile analysis on glass/ITO/2PACz/
perovskite substrates (reference vs. urea with 5 mg/mL). With regard to oxygen, the
only element of urea not present in any perovskite precursor used in this study, we
found a three-fold increase in the atomic ratio at the surface of the urea-treated
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perovskite in comparison to reference, as can be seen in Figure 5K (4.89 vs. 1.65 atm
%), and confirmed at 2 other spots on the surface (Figure S11). Furthermore, the three-
fold increase in oxygen atomic ratio was reproduced when performing measurements
on textured silicon substrates (Figure S12). While we note that the measurement was
carried out in air, which can affect the surface by carbon and oxygen contamination,
the reproduced results confirm the oxygen enrichment in the urea-treated perovskite
surface. With regard to potential Pb-coordination pathways, the detailed XPS spectra
revealed a shift to higher binding energy of the Pb 4fs,, and 4f;,, peaks in urea-treated
perovskite in comparison to reference (142.93 to 143.08 eV and 138.08 to 138.23 eV,
respectively), which suggests a strong bonding between O and Pb (Figure 5L).%%%?
These observations were reproduced on textured substrates (Figure S12B). Similar
to oxygen, a carbon enrichment was found on the surface of the urea-treated perov-
skite absorber (25.9 vs. 15.7 atm%). Beyond the surface, the depth profile analysis
showed no oxygen detection in the perovskite bulk for both films, whereas the carbon
level was comparable, which hints toward the absence of urea within the absorber’s
bulk, e.g., at grain boundaries. Using extracted data at 315 s etch time (Figure S13),
the estimated bulk perovskite compositions are Csq 14FAg g6Pb(lo 77Bro 23)3 for refer-
ence and Csg 14FAq g6Pb(lo78Bro 22)3 with urea treatment. We hypothesize that the
slight decrease in Br with urea treatment is caused by the better infiltration of the
modified FABr-FAI solution within the scaffold (homogeneous Br incorporation along
the converted perovskite), in comparison to the reference case where a higher Br
content is expected to be incorporated in the thinner "effectively" converted perov-
skite (this translates to a slight band-gap change as evidenced by the shift in PL peak
position in Figure 2F).

Besides, we found that increasing the annealing temperature beyond the urea
melting point (133°C)“® leads to the absence of stripes on the surface (tested range:
100°C, 125°C, 150°C, and 175°C, Figure S14). Altogether, the results suggest that
the formed discontinuous stripes on the perovskite surface are organic compounds
that are most likely to stem from urea after perovskite crystallization and are respon-
sible for the reduction of non-radiative recombination at the perovskite/Cgg inter-

face via contact displacement.””’

At 100°C (the used temperature in this study), we note that the expulsion of excess
urea molecules takes place in the upward direction due its high volatility in compar-
ison to the other compoundsin the system. Adding to that, its big size, which does not
fitin the perovskite crystal structure, makes it more favorable to be expelled from the
lattice to accumulate at the surface. Furthermore, we observe that by applying a
washing step of the urea-treated perovskite surface (with EtOH), excess urea mole-
cules can be removed, as highlighted in SEM images in Figure S15B, leading to a
drastic decrease in the tandem solar cell's Voc (Figure S15A). On the other hand,
forming a continuous layer by spin-coating a solution of urea dissolved in EtOH on
the reference perovskite lowers the tandem solar cell’s performance due to the thick-
ness and non-conductive nature of urea (3-6 x 108 S/cm).®* This emphasizes the
importance of having a thin and discontinuous layer for effective surface passivation.

Finally, using ultraviolet photoelectron spectroscopy measurements, we investigated
the impact of urea on the energy level positions of the perovskite top surface
(Figures 4C~4E). Treatment with urea results in a shifting of the valence band maximum
(VBM) position of the perovskite upward toward vacuum (from 5.15 eV for the reference
perovskite to 4.97 eV for the urea-treated perovskite). Consequently, the reduced
energetic offset at the perovskite/Ceq interface contributes to further reducing the
interfacial non-radiative recombination.
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Figure 6. Device characterization of fully textured perovskite silicon tandem solar cells

(A) Cross-section scanning electron microscopy image of a tandem solar cell.

(B—F) (B) External quantum efficiency (EQE) and reflection (R) of representative devices with/without urea. Photovoltaic parameters presented in a box
plot showing the (C) short-circuit current density (jsc), (D) fill factor (FF), (E) open-circuit voltage (Voc), and (F) power conversion efficiency (PCE) of fully
textured perovskite silicon tandem solar cells with/without urea.

FT-TSCs

To evaluate urea’s dual crystallization and surface passivation function at low tem-
perature on device level, we insert reference and urea-treated perovskite absorbers
(5 mg/mL found as optimum as can be seen in Table S2) in a p-i-n perovskite top cell
on top of a silicon heterojunction bottom cell (Figure 6A).

Statistical distribution of the photovoltaic parameters obtained for the devices are
shown in Figures 6C-6F. Compared with reference devices, adding urea contributed
to a substantial increase in Voc (+70 mV on average) and FF (+4.4%,5,s. on average),
which led to a 2.4%,,,. increase in the average PCE of FT-TSCs (25.7% to 28.1%) and
higher reproducibility (standard deviation drops from 0.98%,ps. to 0.56%ps).
Nevertheless, we noted a slight decrease in the average jsc from 20.1 mA/cm? (refer-
ence) to 19.8 mA/cm? (with urea). The current density-voltage (jV) curves as well as
photovoltaic performance metrics of the best devices are shown in Figures 7A
and 7B.

On the one hand, the enhanced Vo reflects the suppressed non-radiative recombi-
nation losses mainly at the perovskite/Cgq interface as discussed in section urea
working mechanism for perovskite/C60 surface passivation. By extending the
voltage loss analysis study to incorporate the deposition of subsequent SnOy and
ITO layers, Figure S16 shows that the iVoc of the perovskite top-cell stack with
urea modification is enhanced from 1,070 mV (reference) to 1,140 mV, thereby re-
producing the 70 mV increase in the final tandem device Voc (Figure 6E).

On the other hand, we attribute the main increase in FF to the perovskite's large
grain size formation as well as reduced Pbl, impurities at the perovskite/2PACz
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Figure 7. Electrical characterization of champion devices and quantification of series resistance losses and mobile ion densities

Current density-voltage (jV) measurements and photovoltaic parameters of champion fully textured perovskite silicon tandem solar cells (A) without
urea (reference) and (B) with urea. Pseudo-jV and jV curves (reverse) of the champion devices (C) without and (D) with urea, to characterize series
resistance losses. Charge density extracted by performing bias-assisted charge extraction (BACE) measurements on tandem devices (E) without urea

(reference) and (F) with urea.

interface, which reduces the series resistance (R,) experienced by charge carriers
during transport and extraction. To quantify R, we performed Suns-Voc measure-
ments on the champion devices. Figures 7C and 7D show that adding urea reduced
the difference between the FF and pseudo-FF (pFF), which we attribute to a reduc-
tion in Ry loss from ~10 to ~7 Q cm?. We note that the reduction in non-radiative
recombination by the incorporation of urea also slightly increased the pFF by
1%.ps-, thus effectively reducing the non-radiative recombination FF loss, with
respect to the radiative limit. To further gain insight on the FF losses associated
with non-radiative recombination, we carried out PL-based implied FF (iFF) imaging
on the perovskite sub-cell stack with textured silicon as a substrate (here Si is not
photoactive and is rather used as a substrate to provide the textured morphology).
For iFFimaging, the illumination intensity is varied, and the detected PL images are
converted to iVoc images for each illumination intensity. This set of iVoc images cor-
responds to a spatially resolved Suns-PL measurement. From this, iFFimages can be
calculated. Figure S17 shows that with urea incorporation, a 3.4%,ps. increase in
global iFF can be obtained (from 84.3% to 87.7%, based on a global suns-PL curve
extracted from averaged iVoc images), which highlights the suppression of non-radi-

ative recombination losses and enhancement of the QFLS in the perovskite sub-cell
of the target tandem device.

To investigate the origin of reduced jsc with urea, external quantum efficiency (EQE)
and reflection measurements were carried out (Figure 6B). The reflection spectrum
presented a higher reflection pattern in the 280-450 nm range. The increased
reflection loss in urea-treated tandem solar cells can be explained by the smooth-
ening of the texture as displayed in the SEM images as well as the reflection pattern
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Figure 8. Electrical characterization of urea-treated perovskite silicon tandem device with
optimized contact layers

(A) Current density-voltage (jV) measurements and photovoltaic parameters of an optimized fully
textured perovskite silicon tandem solar cell with urea incorporation, increased 2PACz annealing
temperature (125°C instead of 100°C), and SnO, buffer layer thickness (30 nm instead of 20 nm).
(B) Stabilized power conversion efficiency at a fixed voltage near maximum power point of the
device. The device delivers 30.0% stabilized PCE.

of FT-TSCs (Figure S18). From this perspective, future work should focus on the uti-
lization of larger silicon pyramid heights (3-4 pm) to restore perovskite conformality
in the presence of crystallization additives. Besides increased reflection, the slight
reduction in perovskite band gap with urea (1.66 eV instead of 1.67 eV) increases
the photogenerated current in the perovskite sub-cell and reduces it in the silicon
sub-cell. As the reference tandem device is silicon-limited with regard to the cur-
rent-matching point,'? in presence of urea, the photogenerated current in the silicon
sub-cell is further reduced.

We note that for reference devices, a light-soaking period of around 60-90 min
where devices were kept at open-circuit condition under 1-sun illumination was
required to reach the stabilized efficiency, while this was not needed for devices
with urea treatment. After stabilization, the power output recorded by applying a
fixed voltage close to the maximum power point for all devices in the batch was sta-
ble for 90 s (Figure S19) and matched the efficiency extracted from the reverse jV
curves plotted in Figure 6F. We ascribe the need for photoactivation in reference de-
vices to a higher mobile ion density in the perovskite film. To confirm the hypothesis,
we performed bias-assisted charge extraction (BACE) measurements (previously
demonstrated for single-junction perovskite solar cells).®>%® Figures 7E and 7F
show that the addition of urea effectively reduces the mobile ion density by nearly
one order of magnitude (8.2 x 10" t0 8.6 x 10" cm3), thus rationalizing the sup-
pressed light-soaking phenomenon.

We carried out a long-term stability test on tandem devices in the dark in an Ny-rich
atmosphere. The devices showed a comparable decay pattern over the 6,000-h
duration (Figure S20). Furthermore, we tested the perovskite absorber’s intrinsic sta-
bility under environmental stressors (temperature, humidity, and light). The 800-h
testing period did not reveal severe degradation patterns as shown in Figure S21.

By further optimizing the perovskite sub-cell’s functional layers (increased 2PACz an-
nealing temperature from 100°C to 125°C for more robust SAM formation and SnO,
buffer layer thickness from 20 nm to 30 nm for better protection from ITO sputter
damage), a FT-TSC with incorporated urea delivered 30.0% PCE (Figure 8). A certi-
fied stabilized PCE at Fraunhofer ISE CalLab reached 28.54% (Figures S22 and S23).
The demonstration for the use of a low annealing temperature process at 100°C for
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FT-TSCs (Table S1 in supplemental information) opens the path for investigation of
more temperature-sensitive and scalable CTLs.

Conclusions

Incorporated in the solution step within the hybrid evaporation/spin-coating perov-
skite deposition method, urea allows a simultaneous regulation of the crystallization
process and a passivation of the perovskite/Cyg interface, thereby tackling both main
issues of non-ideal Voc and FF in industry-compatible fully textured perovskite
silicon tandems. Through a series of investigations, we propose that the Lewis
base nature of urea enables as a coordination with the Pbl; precursor, which reduces
the energy barrier for the perovskite a-phase formation (prior to the annealing step).
The presence of seeds at room temperature enables crystal growth commencement
directly from these seeds during the annealing step, which leads to the growth of
large crystalline domains. As a result, the perovskite apparent grain size is promoted
to >1um, the bulk radiative quality is enhanced, the crystallinity is improved, and the
mobile ion density is reduced. Furthermore, by controlling the additive’s concentra-
tion, remnant urea molecules are expelled to the top surface, thereby forming a
physical/electrical separation with the top Cso layer and passivating the traps at
that interface. Together with a reduced annealing temperature, which enhances
the Pbl, to perovskite conversion, the combination of these effects enables a
2.4%,ps. average increase in the PCE of FT-TSCs with urea in comparison to reference
devices. By optimizing functional layers, we achieve a PCE of 30.0% on 1 cm? device
active area. This work provides new insights on perovskite formation on large pyra-
mid texture and proposes a method paving the way for high-performance and indus-
try-compatible perovskite silicon tandem solar cells.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources and materials should be directed to

and will be fulfilled by the lead contact, Oussama Er-raji (Oussama.er-raji@ise.
fraunhofer.de)

Materials availability
This study did not generate new, unique materials.

Data and code availability
The data that support the findings of this study are available from the corresponding
author upon reasonable request.

Silicon-bottom cell fabrication

Silicon solar cells were fabricated from 250 um thick p-doped silicon wafers (float
zone) with 1 ohm cm base resistivity purchased from Siltronic. Using potassium hy-
droxide (KOH), a pyramidal texture was etched on both sides of the wafer, yielding
a pyramid size distribution ranging from 1 to 4 um as derived from LEXT optical
microscope images (Figure S24). Next, an RCA cleaning was applied to clean the sil-
icon surface. Using plasma-enhanced chemical vapor deposition (PECVD) in an In-
deotec cluster tool, a stack consisting of intrinsic/doped amorphous silicon passiv-
ation layers was subsequently deposited on both sides. The parallel-plate PECVD
reactor was powered at 13,560 kHz at 200°C using a gas mixture of hydrogen (Hy),
trimethylboron (TMB), silane (SiH4), and phosphine (PH3). The thickness of the
p-doped and n-doped layers was set to 12 nm, while the thickness of the intrinsic
layers was set to 6 nm. Next, the recombination layer was formed through a 1 cm?
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shadow mask on the front silicon side via DC sputtered ITO (In,03/SnO, = 90/10 wt
%) in an Oxford Instruments cluster tool using a mixture of oxygen and argon. Prior to
ITO and amorphous silicon deposition, a dipping treatment (aqueous solution of 1%
hydrogen fluoride) was carried out to eliminate silicon oxide (SiO;) from the surface.
On the back silicon side, a 195 nm ITO layer was sputtered on the full area. The rear
contact was subsequently formed via a 1,000 nm thick silver layer. Finally, the 4-inch
wafers were lasered in 2.5 X 2.5 cm? large substrates. Each substrate contains one
1 X 1 cm ITO pad (recombination layer) to build one tandem solar cell.

Perovskite top-cell fabrication

Perovskite sub-cells were fabricated in the p-i-n structure. Firstly, a surface cleaning
procedure consisting of dynamically spin-coating a 200 pL volume of ethanol (EtOH)
at 2,500 rpm for 30 s was performed to remove silicon particles that might stem from
the laser breaking procedure. Then, the samples were subjected to a UV/ozone
treatment for 15 min to eliminate contaminants from the surface. The hole transport
layer (HTL) was subsequently formed by statically spin-coating (7 s waiting time,
3,000 rpm, 30 s) a 100 pL volume of a 7 mmol 2PACz (self-assembling monolayer
from Dyenamo) solution prepared in EtOH. Subsequently, a thermal annealing
step at 100°C (125°C for champion device) for 10 min was applied to ensure the
conformal binding between the phosphonic group of the self-assembling monolayer
and the ITO recombination layer. We note that the 2PACz solution vial was pre-
treated by ultrasonication for 15 min at room temperature prior to usage (during
the same time as the samples were in the UV/ozone tool). Furthermore, we use a
highly concentrated 2PACz solution (standard in the community is 1 mmol) for better
reproducibility on textured silicon. Next, we deposit the perovskite absorber using
the hybrid evaporation/spin-coating route. In a first step, Csl (powder from Sigma-
Aldrich) and Pbl, (beads from Alfa Aesar) were thermally co-evaporated from
ceramic crucibles to form a 550 nm thick inorganic template in a Lesker mini Spectros
system. The evaporation rates of Csl and Pbl, were set to 0.1 A/s (reached at ~400°)
and 1 A/s (reached at ~280°C), respectively, and were measured via quartz crystal
balances. Furthermore, the evaporation started at a base pressure < 2 x 107°
Torr, and the substrate temperature was set to 20°C. In a second step, 0.67 M solu-
tions of FABr and FAI (from Dyenamo) were prepared in EtOH (from ROTH, pu-
rity > 99.8%) and added after ~8 h to give a FABr/FAI mixture of 65/35 vol %. For
perovskite films with urea, unless differently specified, 5 mg/mL of urea was added
to the FABr/FAI solution. The solutions were stirred overnight. On the next day, a
150 pL volume of the organohalide solution was dynamically spin-coated on the
pre-evaporated scaffold (2,200 rpm, 35 s) followed by an annealing treatment in
air. If not specified in the text, reference perovskite films (i.e., with no urea incorpo-
ration) were annealed at 150°C for 25 min, while perovskite films with urea were an-
nealed at 100°C for 10 min. To form the electron transport layer (ETL), a 21 nm thick
Ceo (from TCl) layer was evaporated (evaporation rate ~0.15 A/s measured by a
quartz crystal sensor, evaporation temperature ~470°C, base pressure < 4 X
107 Torr). Then, the 20 nm (30 nm for champion device) buffer layer was ensured
by atomic layer deposition of SnO, at 80°C. As precursors, de-ionized water (kept
at room temperature) and tetrakis(dimethylamino)tin(lV) (TDMASnh, kept at 50°C)
were used. The doses and purge times were 0.3/1/0.2/10 s for TDMASn/purge/
H,O/purge. Following that, a 20 nm thick ITO window layer was DC sputtered
through a shadow mask. The front contact was then formed via a 200 nm thick Ag
layer (5 A/s evaporation rate measured by quartz crystal balance, 5 x 107 Torr
base pressure) using a shadow mask to define the 1 cm? active area. Finally, a
100 nm thick antireflective coating was deposited via thermal evaporation (2 A/s
evaporation rate measured by quartz crystal balance, 5 x 10° Torr base pressure).
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Note that for thermally evaporated layers, the thickness values are given for a flat
substrate. The measured thickness on the pyramid size is lower due to the increased
surface area (texture factor of ~1.4).

Materials characterization

SEM measurements

Cross-sectional and top-view electron microscopy images were captured using a
Zeiss device with a Schottky emission SEM (model Auriga 60, In lens detector). The
acceleration voltage was set to 5 kV. The top-view images were taken with an angle
of 45°.

AFM measurements

Atomic force microscopy (AFM) measurements were performed in tapping mode us-
ing a FastScan Dimension XR AFM (Bruker) with RTESPA-525 probes (Bruker). Im-
ages were recorded at 512 x 512 pixels. Basic image processing was performed
in Gwyddion using various Gwyddion processes to align and level data.

XRD

A Bruker D8 Advance diffractometer, equipped with a Cu anode at 40 mA/40 kV was
used to perform X-ray diffraction (XRD) measurements. The step size was set at 0.3°
and the time per step 0.1 s. The software DIFRAC.EVA was used to analyze the data.

XPS measurements

X-ray photoelectron spectroscopy (XPS) was performed using a Surface Science In-
struments S-probe spectrometer (with upgraded detector) with monochromatized
Al Ko radiation at 10 000 eV acting as excitation source. The spot size was set to
an area of 250 x 185 pum.

UPS measurements
Ultraviolet photoelectron spectroscopy (UPS) measurements were performed using
a Kratos Axis Ultra DLD spectrometer with a base pressure of <1 x 10" mbarand a
He | o light source.

TrPL

To measure transient photoluminescence (TrPL) decay, the samples were excited
with a 515 nm diode laser (7.5 mm spot size diameter). Steady-state conditions of
the charge carriers were ensured by setting the pulse width to 240 ps. The on/off
ratio of the laser was 106 within 1 ns, with the transient being recorded during the
off-time. During on time, the laser power was adjusted to match the jsc of a perov-
skite solar cell under 1-sun illumination (AM 1.5G). A VIS hybrid photodetector,
which is read out using a single-photon counting device, was used to record the
PL. The integration time was set to 300 s.

To extract the charge carrier lifetime 7 for textured silicon/2PACz/perovskite half-
stacks, a mono-exponential fit (Y(t) = Ae™r) was applied. For silicon/2PACz/perov-

skite/Cgo half-stacks, a bi-exponential fit was applied (Y(t) = Aq e +Ae %) and
the average lifetime was calculated following the equation (1 = Ay X 71+ Ay X 73).

Spectrally resolved PL measurements

Steady-state PL measurements were performed using a LUQY Pro instrument from
Quantum Yield Berlin (QYB). The tool is equipped with a 532 nm laser. For measure-
ments, the laser spot size was set to 3 s and the resolution time to 0.1 cm?. The equiv-
alent laser intensity was varied from 0.05 sun to 1 sun for intensity-dependent iVoc
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estimation (automatically calculated for the selected spot size as well as jsc and EQE
at 532 nm).

PL-based iV oc imaging

To acquire PL images, a measurement system built by Intego GmbH and developed
at Fraunhofer ISE was used. A calibration of the measurement system allows to mea-
sure absolute PL images and convert them to iVoc images. To access the perovskite
silicon tandem sub-cells selectively, two lasers with 450 and 808 nm wavelengths
were used. Before acquiring an image of the perovskite sub-cells, a stabilization
time (continuous illumination at open-circuit conditions) was set for the samples to
reach their stabilized state. The method is described in more detail in Fischer
et al. in the following reference.*°

PL-based iFF imaging

iFF images are extracted from a series of iV images acquired at different illumina-
tion intensities. Averaging the individual iVoc images allows to determine a global
Suns-PL curve. From this curve, global iFF can be determined.

Transient surface photovoltage

Measurements were conducted using a custom-built setup. The exposed perovskite
surface was excited employing a tunable pumped pulse laser (Nd:YAG, EKSPLA,
NT230-50) operating at 496 nm wavelength with a pulse duration of 5 ns and a fre-
quency of 2 Hz. 20 curves were acquired and averaged. Transients were captured
utilizing an oscilloscope card (Gage, CSE 1622-4GS, 200 MS/s) with software devel-
oped in-house for logarithmic data acquisition. The sample structure used in this
work featured a 30 nm thin Al,O3 interlayer in order to decouple signals from silicon
and perovskite, thus allowing for a better interpretation of the perovskite signal.

Suns-Voc measurements

The measurements were conducted on the same measurement system that was also
used for iV, imaging. The lasers with distinct wavelengths of 450 and 808 nm
enabled a sub-cell selective excitation. To measure the V¢ at different illumination
intensities, a source meter was electrically connected to the cell. By varying the illu-
mination intensity and measuring Voc, pseudo-jV curves were measured.

BACE

The bias-assisted charged extraction (BACE) measurement was carried out similarly
to the procedure reported by Thiesbrummel.®® The device is initially held at a for-
ward bias close to the Voc of a solar cell under illumination (IviSUN light source
having an intensity of 100 klux) so that the injected current is similar to the Isc. After
stabilization time of 40 s, the bias was set to 0 V and the current was collected. For
obtaining only the current extracted from the cell capacitance, the measurement was
done symmetrically by switching from 0V to a reverse bias close to the Voc. The bias
was applied to a solar cell via IVIUM compactstat. The collected current was
measured through a 40 ohm shunt resistor and recorded via an oscilloscope (Pico-
scope 5000) with a time resolution up to 100 ns. The total charge density was ob-
tained by integrating the current transient.

iV measurements

A Wacom solar simulator equipped with two filtered light sources (halogen and
xenon lamps) was used to perform current density-voltage (jV) measurements. The
spectral response of a cell from each variation was measured prior to the jV measure-
ments. With that, lamp intensities were calculated following the procedure described
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by Meusel etal.®” and adjusted using two filtered WPVS reference solar cells. In a next
step, jV curves were recorded using a Keithly 2400 source meter in the range (—100,
1,900 mV) with a 34 mV/s scan speed and 20 mV step width in forward and then
reverse direction. Between the single measurement points of the jV curve, the solar
cell is under open-circuit condition. The measurements are carried out in air with a
temperature-controlled stage set at 25°C. A shadow mask was used to limit light
exposure area to the 1 cm? cell active area.

EQE
The external quantum efficiency was measured as described in our previous publica-
tion.°® Note that the measured EQEs are not absolute. Details can be found in Bett

et al.®?

Reflection

Reflection measurements on tandem solar cells were carried out in a LOANA tool from
PvTools. A monochromatic light from xenon and tungsten lamps was used with a spot
size of 3 X 5 mm. The reflectance is measured under an 8° tilt with a BaSO4-coated
integrating sphere.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.joule.
2024.06.018.
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