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ABSTRACT

Optical performance of perovskite-based solar cells can be enhanced by utilizing fully textured interfaces. However, solution
processing of perovskite films on textured surfaces is a nonstraightforward and challenging process, particularly if optically most
efficient micrometer-sized textures are used. In this work, we present fully textured solution-processed perovskite solar cells on
periodic inverted micropyramids. The textures have a period of 4 pm with varying pyramid depths and are fabricated by wet-
chemical etching of silicon with subsequent replication on glass substrates using nanoimprint lithography. Inverted pyramids are
shown to enable low reflectance similar to random micropyramids on silicon. Additionally, they are able to confine perovskite
precursor solution within its structure during spin coating, resulting in a conformal, fully textured perovskite film. We demon-
strate that the resulting fully textured single-junction perovskite solar cells feature a reduced reflection loss of up to 1.2 mA/cm? in
short-circuit current density. Moreover, we observe that the amount of lead iodide in the perovskite precursor solution crucially
impacts growth and nonradiative recombination losses of the fully textured perovskite solar cells on inverted micropyramids.
Finally, we prove the versatility of our approach by also demonstrating conformal coating with slot-die coating, which is a scalable
process considered for industrial application.

1 | Introduction interfaces between the layers to maximize the amount of light

reaching the absorber [4]. Both light management methods

Perovskite-based solar cells have been named the fastest growing
solar technology, with increase in power conversion efficiency
(PCE) from 3.8% in 2009 to 27.0% in 2025 [1]. For instance, effi-
ciency of perovskite-silicon tandem solar cells has surpassed the
detailed balance limit of efficiency for single-junction solar cells
[2] with current record PCE at 34.85% [3]. Different approaches
have been utilized to improve the performance of perovskite-
based solar cells even further, with light management as a key
strategy. Light management in a solar cell is done by extending
the path length that light travels in the absorber, known as light
trapping, and by minimizing reflectance at the front and

can be achieved by utilizing textured interfaces within the solar
cell. Implementation of textured interfaces in perovskite-silicon
tandem solar cells has been integral to achieving past record effi-
ciencies [5-9], and it continues to be an important pathway for
further performance improvements. In conventional silicon solar
cells, random pyramidal microtextures are commonly used and
can be implemented by industrially compatible potassium
hydroxide (KOH) etching of the silicon (100) surface [10].
Other micro- and nanotextures have also been implemented
in silicon solar cells, such as inverted pyramids [11], black silicon
[12], and sinusoidal textures [13]. Among the various textures
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used for solar cells, inverted pyramidal textures, which can be
manufactured by utilizing an etching mask on silicon during
KOH etching, are discussed to have the potential to surpass
the Lambertian limit of light trapping [14, 15].

When implementing textured interfaces in perovskite-based solar
cells, the perovskite deposition method needs to be taken into
account. Perovskite can be deposited through different
approaches, such as solution- and vacuum-based processes, as
well as hybrid deposition method [6, 8, 16, 17]. Without any mod-
ification within the processing method, perovskite deposition by
solution processing on the commonly used random pyramidal
microtexture would result in the pyramid tips being exposed
above the perovskite layer, thus introducing shunts to the device.
Depositing perovskite absorbers using solution-processing
method on a textured interface is possible either through adjust-
ment of the perovskite thickness or through modifications of the
texture on the silicon surface, such as creating random pyramids
with size smaller than the industrial standard [5, 18-20] and
using nanostructures [13, 21, 22]. Smaller textures result in a tex-
tured interface between the substrate and perovskite absorber
layer but a planar perovskite top interface, increasing reflection
loss on the top surface. In contrast, optically preferable fully tex-
tured interfaces of the perovskite absorber layer in perovskite-
silicon tandem solar cells were obtained by using vacuum-based
and hybrid deposition processes [8, 17]. However, the perfor-
mance of perovskite solar cells fabricated by vacuum-based depo-
sition method are yet to achieve the same performance as
solution-processed perovskites [23] but suffer from lower repro-
ducibility when compared to solution processing [24].

Generally, light absorption in two-terminal monolithic
perovskite-silicon tandem solar cell was found to be more effec-
tive for those with average texture size in micrometers
[5, 7, 8, 25, 26] compared to their nanometer counterparts
[9, 18-21]. Up to now, only a few studies have explored solution
processing of perovskite on micrometer-sized textures. Recently,
Ying et al. introduced a hierarchical nano-micropyramidal struc-
ture made on silicon through metal-assisted KOH etching. It was
demonstrated that solution processing of perovskite on this tex-
ture results in fully textured interfaces in the perovskite-silicon
tandem solar cell [26]. Turkay et al. demonstrated that
protrusion-free perovskite films can be grown on random
2 pm micropyramids by solution processing by careful tailoring
of the film thickness to match the pyramids’ height profile [25].
Their hypothesis was that even if the pyramids’ tip-to-base
heights are greater than the perovskite thickness, the presence
of small facet on the pyramid due to a “supporting” neighboring
pyramid can enable full coverage.

In this study, we develop inverted pyramidal microtextures to
enable conformal growth of solution-processed perovskite
single-junction solar cells resulting in improved light manage-
ment. The inverted pyramidal textures with different pyramid
sizes are replicated on glass substrates using nanoimprint lithog-
raphy (NIL) from etched silicon wafers. These glasses are utilized
as textured substrates for perovskite single-junction solar cells.
We show that perovskite deposition by solution processing on
the periodic inverted pyramids results in a near-conformal
growth of fully textured perovskite layer, yielding in a higher
short-circuit current density (Jsc) compared to its planar

counterparts. The fully textured interface of the perovskite film
is achieved without adaptation of the precursor solution and spin
coating parameters. Beyond that, the content of lead iodide (PbI,)
in the precursor solution is found to be critical in the textured
perovskite solar cells to achieve comparable open circuit voltage
(Voc) to their planar counterparts.

2 | Results

2.1 | Periodic Inverted Pyramids with Different
Pyramid Sizes

A preliminary experiment was done on sinusoidal textures to
observe how perovskite films with varying thickness form on tex-
tures, which is shown in Section S1 on the Supporting
Information. These preliminary experiments indicated that the
ratio of perovskite layer thickness, as a result of perovskite pre-
cursor solution concentration, and texture period is a crucial
parameter on the perovskite film growth on textured surfaces.
It was observed that an approximately 90-nm-thick perovskite
can grow conformally on texture with period of 750 nm. By using
this ratio of 1:8 for perovskite absorber thickness by texture peri-
odicity, a texture period of 4 pm was selected with the goal of
accommodating conformal growth of approximately 500-nm-
thick perovskite on textures. This texture size was also selected
by considering that to date, microscale textures yielded better
optical performance than nanoscale textures. Periodic inverted
micropyramids were selected due to the possibility to adjust tex-
ture height while keeping the periodicity constant.

Various inverted pyramid sizes with same periodicity of 4 pm
were first fabricated by modifying the KOH etching duration
of (100) oriented silicon wafers and the opening size of the sili-
con oxide etching mask. The schematic illustration of the fab-
rication process of the inverted pyramids can be seen in
Figure 1. Periodic inverted pyramids can be obtained on
(100) oriented silicon wafers by KOH etching with an etching
mask with periodic openings. As shown in Figure 1a, due to the
different etching rates of different planes of silicon crystal lat-
tice, where (100) plane is etched faster than (111) plane, the
KOH etching results in grooves with angle of 54.7° within
the openings of the etching mask, creating periodic inverted
pyramids. This structure can be transferred onto glass by
NIL, as shown in Figure 1b, by utilizing a UV-curable photore-
sist with refractive index similar to that of glass. This allows for
perovskite single-junction solar cell fabrication on inverted pyr-
amids using glass substrates with reproducible texture sizes. As
shown in the scanning electron microscopy (SEM) images in
Figure 1c, different inverted pyramid sizes on silicon repre-
sented by their structure depth were obtained from different
etching duration and mask opening size. With longer etching
duration, larger pyramids beyond the size of the etching mask
opening can be obtained. To create smaller pyramids, an etch-
ing mask with smaller opening size is utilized.

The reflectance of the etched silicon substrates with periodic
inverted pyramids were measured by optical UV/Vis spectro-
photometry, followed by calculation of short-circuit current
density loss caused by the reflectance (Jz) by weighing the
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FIGURE1 | Fabrication and replication of periodic inverted pyramidal microtextures. (a) Illustration of the KOH etching mechanism of silicon with
an SiO, etching mask. (b) The inverted pyramidal structure on silicon is replicated on glass by using NIL, where the structure is copied using a PDMS
stamp and transferred onto glass substrate by using a UV-curable photoresist with refractive index similar to that of glass. (c) SEM images of the etched
silicon with pyramid depths of 1.6, 2.0, 2.3, 2.5, and 2.7 pm. Scale bar is valid for all SEM images in this figure. (d) The reflectance spectra (R) of silicon
samples textured with periodic inverted pyramids with various pyramid depths compared with a planar interface and random pyramids. Comparison of
current density loss equivalent of R based on AM1.5G (J) for each texture and their respective surface enhancement factor (SEF) is shown as an inset in
the reflectance plot.

resulting reflectance spectra from 300 to 1200 nm with the were then coated with indium tin oxide (ITO) in the next step and
AM1.5G solar spectrum at each wavelength as a figure of merit. used as the substrate for the fabrication of perovskite single-
Comparison of the performance of each pyramid sizes with  junction solar cells.

their planar and random pyramidal benchmarks was done

using Jr and their respective surface enhancement factor

(SEF). The resulting reflectance spectra, along with theirrespec- 2.2 | Perovskite Solar Cells on Periodic Inverted
tive Jg, can be seen in Figure 1d. Pyramids

From the comparison of the reflectance spectra for each texture Cs0.0s(MAg.23F A 77)0.0sPb(Iy 77Bro23)s  (triple cation) perovskite
and their respective Ji shown in Figure 1d, it is evident that both absorber aimed for the bandgap of 1.68 eV was deposited by spin
reflectance and Jx decrease with larger inverted pyramid size and coating on glass substrates with periodic inverted pyramids coated
that the largest inverted pyramid size (around 2.7 ym deep) hasa  with ITO and 2PACz self-assembled monolayer, without modify-
reflectance spectrum similar to that of silicon with random ing any spin coating parameters from their planar counterpart.
micropyramidal texture. Lower reflectance and Jx for larger pyr- The perovskite spin-coated on the inverted pyramids grows almost
amid size occurs due to the enhanced light in-coupling and light conformally following the hills and valleys of the pyramids, which
trapping of the textures [27]. On the contrary, a smaller pyramid are shown on the SEM cross-section images in Figure 2a-d.
size features larger flat area on the surface of the sample, which Inverted micropyramidal texture can accommodate conformal
contributes to the higher reflectance and thus higher Jz. The growth of perovskite due to its confining nature, which may allow
extent to which presence of larger flat area on the surface might perovskite precursor solutions with the optimum concentration to
assist perovskite deposition and growth by solution processing on stay within the valleys of the texture during processing.
a textured substrate has to be investigated.

The perovskite deposited on different pyramid sizes features dif-

From these considerations, textures with pyramid depths of 1.6, ferent average apparent domain sizes, which can be observed
2.0, and 2.3 pm are then selected for further perovskite single- from the top-view SEM images in Figure 2e-h. To quantify
junction solar cell investigation. The investigation aims to under- the domain size analysis, perovskite domain sizes within

stand how the perovskite layer forms on periodic inverted 10 pm? area of the SEM images were measured for the perovskite
pyramids and how this influences the solar cell device samples on planar and on 2.0 um deep inverted pyramids, and
performance. The textures were then transferred from the etched the result is shown in Figure 2i. The perovskite deposited on
silicon onto glass substrates by NIL, as shown in Figure 1b. The inverted pyramids show larger domain sizes with average grain
glass substrates with the transferred inverted pyramidal structure size of 0.08 um?, compared to its planar counterpart with average
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FIGURE 2 | Structure analysis of the fully textured perovskite. SEM images of perovskite layer deposited on (a,e) planar and (b-d,f-h) textured
substrates with inverted pyramidal textures, with pyramid depths of (b,f) 1.6 pm, (c,g) 2.0 pm, and (d,h) 2.3 pm, viewed from (a-d) cross-section and from
(e-h) top view. The scale bar applies to all SEM images in the same row. (i) Domain size distribution of perovskite film on planar and 2.0 pm deep

inverted pyramids. (j) Normalized XRD diffractograms of perovskite layers deposited on planar and textured substrates with PbI, (001) diffraction peak

marked with red circle.

domain size of 0.06 ym>. Larger domains have been reported to
be beneficial for charge transfer between the perovskite and the
charge transport layers [28] as domain boundaries were identi-
fied as bottlenecks for charge transfer [29]. The appearance of
bright flakes, with size smaller than the perovskite domains,
can be observed on the perovskite deposited on planar as well
as on 1.6 pm inverted pyramids, but not on 2.0 and 2.3 pum
inverted pyramids. These bright flakes likely originate from
Pbl,, which has been observed in halide perovskites employing
excess Pbl, content in the precursors [30, 31].

To further investigate these bright flakes and understand the dif-
ference in surface chemistry between perovskite grown on planar
and inverted pyramids, X-ray diffraction (XRD) measurements
are conducted. From the resulting XRD diffractogram shown
in Figure 2j, it is apparent that the perovskite on planar substrate
features a Pbl, (001) peak at 12.7°, while this is not visible for the
perovskite deposited on all samples with inverted pyramids. As
previously reported, PbI, may assist in passivating the perovskite
surface [32, 33] affecting the energy level alignment of the inter-
face between the perovskite and electron transport layer (ETL).

This difference in Pbl, peak in the XRD diffractograms was not
observed in our previous publication regarding perovskite on

nanotextures [22]. Notably, Farag et al. reported on less Pbl,
on perovskite surface when employing random upward pyrami-
dal textured surface with average pyramid heights of 1-2 pm [34].
This may indicate that textured substrates, especially with texture
size in the micrometer range, may alter the perovskite crystalli-
zation process.

Since the texture studied in this research presents a considerable
portion of flat areas that resembles the planar sample, we char-
acterized the cross section of perovskite samples on planar and
2.0pm deep inverted pyramids using energy-dispersive X-ray
spectrometry (EDX) with the results presented in Figure S2.
The EDX spectra in Figure S2c show a similar relative signal con-
tribution from each of the elements contained in the perovskite
layer. This result, together with the difference on crystalline Pbl,
found in the XRD characterization, suggests a different perov-
skite growth trend. While Pbl, crystallizes during the growth
of perovskite film in the planar sample, the excess of this com-
pound in the solution might be dispersed within the perovskite
lattice without crystallizing in the textured samples. Moreover,
we also compared the EDX spectra of different areas in the perov-
skite layer grown on the textured sample. Figure S2d shows the
results from the EDX measurement on the flat top area of perov-
skite on the inverted pyramidal textures (hills) and the bottom
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part of the inverted pyramids (valleys). In this case, different
perovskite compositions are observed if one considers the ratio
of the most intense Br and Pb lines (1.48 and 2.35 keV, respec-
tively). Such results suggest some type of segregation affected by
the geometry of the substrate. However, the explanation for these
structural and compositional differences lays beyond the scope of
this study and requires a more thorough analysis.

Perovskite single-junction solar cells were fabricated by deposit-
ing fullerene (Cg4p) and bathocuproine (BCP) as ETL and buffer
layer, respectively, as well as silver rear electrodes on the perov-
skite layer with the above shown periodic inverted pyramidal tex-
tures. The performance characterization results of the fabricated
solar cells are shown in Figure 3. From the current density—
voltage (J-V) and external quantum efficiency (EQE) of the
best-performing solar cells from each texture category shown
in Figure 3a,b, it is apparent that the perovskite solar cells depos-
ited on the 2.3 pm deep inverted pyramids are able to achieve the
highest Jsc of 20.8 mA/cm? compared to perovskite deposited on
planar and smaller inverted pyramids sizes. The reflectance of
planar samples calculated to J; of 2.76 mA/cm? in the range
300-750 nm decreases to 1.71 mA/cm? for fully textured perov-
skite solar cells with 2.3 pm deep inverted pyramids. This trans-
lates to an increase in Jsc of the solar cells up to 1.2 mA/cm?.
Moreover, the Jsc of the solar cells increases with increasing pyr-
amid size, in agreement with the decrease in Jx calculated from

the reflectance of each solar cell shown in Figure 3b next to the
legend. This overall decrease in reflectance and Jz might be
attributed to improved light trapping by double bounce effect,
where reflected light can be directed back to the perovskite since
the angle of the texture at the substrate-perovskite interface is
larger than 45°. Although all textures in this study feature the
same angle of 54.7°, the difference in optical performances of
the different texture sizes is most probably caused by the share
of planar area between the inverted pyramids, with the 2.3 pm
deep inverted pyramids having the smallest planar area.

On the contrary, the Vi of the solar cells decreases with increas-
ing pyramids size, with 2.3 pm deep inverted pyramids featuring
the lowest Vc. This trend, where the Ve and thus efficiency
decrease with increasing pyramid size, can also be seen in the
statistics of the performance parameters of the solar cells
throughout 30 cells made with the same fabrication procedure for
each texture shown in Figure S3a-d. As shown in Figure S3a-d,
the performance of perovskite solar cells fabricated on large
pyramids has a larger spread in most of the performance
parameters compared to samples with other pyramid sizes, indi-
cating a large variation despite being fabricated with the same
method and from the same precursor solution as other solar cells
on smaller pyramid sizes. To understand this difference in per-
formance, especially in the V¢, absolute photoluminescence
(PL) measurements were performed, and quasi-Fermi-level
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FIGURE 3 | Performance of perovskite solar cells fabricated on inverted pyramidal microtextured surfaces. (a) J-V characterization and (b) EQE

with 1-Reflectance of the perovskite solar cells fabricated on inverted pyramidal textures compared to planar. The J-V curve was adjusted with the

integrated Jsc obtained from EQE measurements. J as a measure of reflectance losses is shown next to the legend in the EQE graph for each sample.

(c) Jsc distribution of the perovskite solar cells on inverted micropyramidal textures and planar substrates, fabricated with the same procedure and

grouped by pyramid size. (d) Vo of perovskite solar cells fabricated with different excess Pbl, content from another deposition run, grouped by

pyramid size.
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splitting (QFLS) were calculated. The resulting PL spectra of the
representative solar cells are shown in Figure S3e, with their
respective QFLS displayed in Figure S3f.

As shown in Figure S3e, the PL peaks of the perovskite solar cells
shifted toward longer wavelength for larger texture size, with per-
ovskites on 2.0 and 2.3 pm deep inverted pyramids having similar
PL peak positions. On one hand, this shift in PL peak position for
textured solar cells was also observed in [22, 35, 36] and can be
attributed to optically enhanced PL emission for photons with
longer wavelength due to texture [37]. On the other hand, the
PL peak position of the planar perovskite solar cell lies on a
shorter wavelength, which correlates to the appearance of
Pbl, detected by the XRD diffractograms on the planar sample
shown on Figure 2i, where excess Pbl, results in the increase
of the bandgap of perovskite [38].

From the absolute PL spectra in Figure S3e, the QFLS was cal-
culated by high-energy tail fit method [39, 40]. The resulting
QFLS of the full-stack perovskite solar cell shown in Figure
S3f showed that perovskite deposited on larger texture has
slightly lower QFLS and a higher mismatch between V¢
and QFLS of up to 40 mV for the 2.3 mm deep inverted pyra-
mids. This may indicate an increase in nonradiative recombina-
tion in the solar cell [41] for the larger pyramids size. This can
also be attributed to the lack of Pbl, detected on the samples
with textures from the XRD diffractograms shown in
Figure 2i, since Pbl, is able to suppress nonradiative recombi-
nation [42]. It was also observed that textures in solar cells have
a larger influence on the PL spectral intensity when compared
to improved electronic quality of the absorber [36]. Textures are
able to improve the out-coupling of light, thus increasing the
value of QFLS [22].

As previously discussed within this chapter, utilization of tex-
tured substrates may alter the crystallization process of perov-
skite, leading to differences in surface morphology or cell
performance. Other than the difference in domain size distribu-
tion and in the amount of Pbl, detected on the surface of perov-
skite, the perovskite solar cells deposited on this texture also have
lower V¢ compared to their planar counterpart. To account for
the Pbl, deficiency on perovskite deposited on inverted pyrami-
dal textures and evaluate their performance, we devised an exper-
iment with purposely adding excess lead iodide into the
perovskite precursor solution, which is described in detail in
Section S5 of the Supporting Information.

From the results discussed in Section S5, further experiment
regarding device fabrication using excess Pbl, content of 12%
was done in comparison with the default excess Pbl, content
of 9%. As shown in Figure 3d, 12% of excess Pbl, content is able
to lift the Voc of the textured perovskite solar cells, with the V¢
of perovskite solar cells with 1.6 and 2.0 pm deep pyramids being
on par with their planar counterpart. While the Jsc of the solar
cells with different excess Pbl, contents are comparable, as
shown on Figure S6a, improvements in Vpoc and fill factor
(FF) (Figure S6b) affect the PCE of the textured solar cells posi-
tively, which can be seen in Figure Séc.

To understand if this increase in performance is due to the
appearance of Pbl, flakes, XRD measurements were done on

the samples prepared from the precursor solution with 12%
excess Pbl, content. From the XRD diffractograms shown in
Figure S7, the peak for Pbl, (001) can only be detected on the
planar sample, similar to the solar cells fabricated with the
default 9% excess PbI, content as shown in Figure 2j but with
higher intensity. This conflicts with the results shown in
Figure S5e,f, where a small amount of bright flakes can be seen
on the SEM images of perovskite with 12% and 15% excess Pbl,.
Therefore, the bright flakes in Figure S5e,f might possibly be
attributed to noncrystalline Pbl, or a different perovskite phase.
It can also imply that the amount of PbI, on the surface is below
the detection threshold of XRD. Although the appearance of Pbl,
crystals could not be detected by XRD, the increase in V¢ and
efficiency of the fresh devices can be attributed to the excess
amount of Pbl, in the precursor solution, which may contribute
in reducing defect concentration on the solar cells by shifting the
reaction equilibrium of the crystallization of the perovskite
absorber [43].

We note that the use of excess Pbl, for improved passivation is
controversial, since it may reduce device stability due to the
decomposition of Pbl, into Pb® and I, under illumination
[44, 45]. The effect of excess Pbl, in perovskite precursor or
its appearance as domains on perovskite absorber layer has been
widely discussed within the community [30, 43, 45-48] and was
observed to impact the performance of perovskite solar cells both
positively and negatively. Nonetheless, we use excess Pbl, in
perovskite precursor as a model system to demonstrate the neces-
sity of tailoring deposition processes for textured substrates to
achieve comparable device performances.

2.3 | Fully Textured Perovskite Absorber on
Inverted Pyramids From Slot-Die Coating

To demonstrate the upscalability of the fully textured perovskite
layers deposited on inverted pyramidal textures, a proof-of-
concept experiment with slot-die coating of perovskite absorber
on substrates with 1.6 and 2.3 pm deep inverted pyramids were
conducted. In this experiment, MA, ¢FA, 4Pbl; perovskite with
bandgap of 1.56 eV is utilized instead of triple cation perovskite.
The resulting SEM image of the slot-die coated perovskite on pla-
nar and inverted pyramids can be seen in Figure 4. From the
tilted SEM images in Figure 4b,c, we can clearly see that perov-
skite can also be deposited almost conformally on the inverted
pyramids using slot-die coating, which enables an alternative
up-scaling method of perovskite-based solar cells with improved
optics from the fully textured interface.

To quantify the optical performance of the slot-die coated
perovskite absorbers, reflectance measurement and Ji calcula-
tion for the wavelength range of 300-800 nm were done on the
samples. The reflectance spectra and J calculation results,
which can be seen in Figure 4d, indicate that the fully textured
slot-die coated perovskite films also exhibit improved light trap-
ping compared to its planar counterpart. Moreover, by using
MA(¢FA4Pbl; in this experiment instead of triple cation
perovskite, it is also proven that conformal growth of perovskite
on inverted pyramids can be done to reduce reflection of differ-
ent perovskite compositions.
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FIGURE4 | Perovskite absorber layer deposited on inverted pyramids using slot-die coating. Tilted top-view SEM images of perovskite absorber layer

deposited with slot-die coating on (a) planar substrate along with (b) 1.6 and (c) 2.3 pm deep inverted pyramids on glass substrate. (d) Reflectance spectra

of the slot-die coated perovskite absorber on planar and textured substrates. Jr calculation result as a measure of reflectance losses are shown next to the

legend.

3 | Conclusion

Inverted pyramidal textures with a structure period of 4 pm and
different pyramid depths were developed by wet-chemical etch-
ing process of silicon, resulting in textures with low reflectance
comparable to that of random micropyramids. The textures, opti-
mized to accommodate a conformal growth of 500-nm-thick
perovskite absorber, were utilized for the fabrication of fully tex-
tured single-junction perovskite solar cells using spin coating. We
demonstrated that the fully textured solution processed perov-
skite solar cells feature an increase of up to 0.5mA/cm? in
short-circuit current density due to reduced reflection losses.
We also found that the growth of perovskite layers on inverted
micropyramids may require tailoring in the fabrication process as
a comparable Voc and FF to their planar counterpart was
achieved upon utilizing surplus excess Pbl, in the perovskite pre-
cursor solution. Moreover, we showed that fully textured perov-
skite absorber layer can be deposited on the inverted
micropyramidal textures using slot-die coating. These findings
demonstrate that fully textured perovskite solar cells can be fab-
ricated on microscale textured surfaces with solution processing,
enabling further development of upscalable, optically optimized
perovskite-silicon tandem solar cells.

4 | Methods
4.1 | Texture Fabrication

The periodic inverted pyramidal template textures were fabri-
cated through wet chemical etching of silicon with a patterned
SiO, etching mask. To create the etching mask, 250 nm of SiO,
was deposited on silicon, and photolithography was used to
transfer the 4 pm periodic pattern before going through reactive

ion etching process. The wet chemical etching process of the sili-
con was then done in 5wt% KOH solution at 83°C with CellTex
Ultra as an additive. Etching duration was determined from tri-
als, starting from when the pyramids start to form up until the
etching mask starts to deteriorate, in 2-min increment. Longer
KOH etching times create an undercut below the etching mask,
creating larger pyramids. The maximum inverted pyramid size
that would be achieved when the sides of the pyramid created
within one etching mask opening almost touches the pyramids
created within the mask opening next to it. Since the smallest
inverted pyramid size that can be obtained during KOH etching
would be the size of the opening of the etching mask, a smaller
opening size is needed to create smaller pyramids. Modification
of the opening size of the etching mask was done by utilizing a
UV dose higher than the standard recipe for the photoresist used
in the photolithography process. As a reference, a silicon wafer
without SiO, mask was etched for 8 min to obtain a random pyra-
midal texture. The resulting texture was transferred onto
2.5 x 2.5 cm? glass substrates from Corning Eagle by NIL process
to produce the textured substrates for the fully textured single
junction silicon solar cell.

4.2 | Perovskite Solar Cell Fabrication

One hundred fifty nanometers of indium tin oxide (ITO) as
the front electrode was sputtered onto the textured glass
substrates and immediately annealed at 200°C for 10 min.
The substrates were then processed in a glovebox filled with
nitrogen. For the hole transport layer, 100 pL of 2PACz (from
TCI) solution in ethanol with 1 mM concentration was depos-
ited by spin coating and annealed at 100°C for 7 min.
The Csp.05(MAg23FAq77)0.0sPb(Io.77Bro23); perovskite absorber,
aimed for the bandgap of 1.68 eV, was made by adapting the recipe
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from [49]. The precursor solutions were prepared by combining
a mixture of formamidinium iodide (FAI) from Dyenamo and
lead iodide (Pbl,) from TCI with a mixture of methylammo-
nium bromide (MABr) from Dyenamo and lead bromide
(PbBr,) from TCI in a ratio of 77:23. Both precursor solutions
were dissolved in a mixture of anhydrous dimethylformamide
(DMF) and dimethylsulfoxide (DMSO) from Sigma-Aldrich in a
volume ratio of DMF:DMSO 4:1 and consist of 1 M of the organ-
ics and 1.1 M of the lead salts. 5%vol cesium iodide (CsI) from
abcr with concentration of 1.5M in DMSO was added to the
precursor solutions. The spin coating of the precursor solution
was done for 40 s in 3500 rpm, and 32 s after the start of the spin
coating 400 pL of Anisole from Sigma-Aldrich was poured as
antisolvent. The films were then annealed for 20-30 min at
100°C. For the ETL, 23 nm of Cgo (Sigma-Aldrich) and 8 nm
of Bathocuproine (Sigma-Aldrich) as buffer were deposited
through evaporation at 1 x 10~° mbar, followed by evaporation
of 100 nm of Ag as the back electrode. All evaporation processes
done on textured samples were adjusted with SEF of 1.3 to
accommodate the increase in surface area due to the textured
interface [50].

4.3 | Slot-Die Coating of Perovskite Absorber Layer

1.27M of MA, ¢FA.4Pbl; perovskite precursor solution was pre-
pared with acetonitrile (ACN), 2-methoxyethanol (2-ME), and
N-methyl-2-pyrrolidone (NMP) in a volume ratio of ACN:
2-ME:NMP 23:23:4 and deposited on the glass/resist/ITO/
Me-4PACz stack using slot-die coating with coating speed of
30cm/s. The films were moved through an air knife and
annealed at 125°C for 15-20 min.

4.4 | Characterizations

SEM was performed using Zeiss MERLIN Field Emission SEM
with a GEMINI II optical column. Domain size measurement
and distribution analysis were done using ImageJ software by
manually marking each perovskite grain in the SEM image at
the grain boundaries. XRD diffractograms were measured in
Bragg-Brentano geometry with Bruker D8 diffractometer using
Cu K-alpha radiation from an X-ray tube operated at 40 mA and
40kV acceleration voltage, where step size of 0.02 26 and inte-
gration time of 0.8 s were used. Atomic force microscopy
(AFM) measurements were performed with XE-70 AFM by
Park Systems, featuring a nanoscopic high aspect ratio tip.
Lambda-1050 UV/Vis/NIR Spectrophotometer from PerkinElmer
was used to measure reflectance from 300 to 800 nm with
5nm steps and a tilting angle of 8°. J-V characterization was
done using Keithley 2400 source-measure unit and Oriel LCS-
100 solar simulator, mimicking 1000 W/m? of AM1.5G spectrum
(calibrated to a reference of filtered KG-3 silicon solar cell).
Shadowing mask with opening size of 0.09 cm? to define the
active area is always used during the J-V measurement. EQE
was measured using QE-R Quantum Efficiency System from
Enlitech with a Xenon lamp and a monochromator. Absolute
PL measurement was done with QuantY Pro from Quantum
Yield Berlin using 532 nm laser with spot size of 0.12cm? and
photon flux of 1.2 x 10*® photons/s.
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Supporting Information

Additional supporting information can be found online in the Supporting
Information section. Supporting Fig. S1: Thinner perovskite absorber on
smooth sinusoidal nanotexture. SEM images of perovskite on (a,b) planar
substrate compared with perovskite on (c-f) sinusoidal nanotexture with
various dilution ratio creating different perovskite thicknesses along with
(g-1) their respective AFM images. Supporting Fig. S2: Cross-section
energy-dispersive X-ray spectroscopy (EDX) measurement on perovskite
absorber layer. Cross-section SEM images of perovskite on (a) planar and
(b) 2.0 pm deep inverted pyramids with the EDX-measured areas indi-
cated. (c) Comparison of the resulting EDX spectra of a fully planar perov-
skite film and the flat top area of the inverted pyramidal texture. (d) EDX
spectra of perovskite on flat top areas of the inverted pyramidal textures
compared with the bottom valley parts of the pyramids. Supporting Fig. S3:
Performance characterization of perovskite solar cells on inverted
micropyramids. (a) Jsc, (b) Voc, (¢) fill factor (FF), and (d) PCE of the
perovskite solar cells on inverted micropyramidal textures compared
to planar, fabricated with the same procedure and grouped by pyramid
size. (e) Absolute photoluminescence (PL) spectra of best-performing
fully textured perovskite solar cells on inverted pyramidal textures from
each pyramid sizes and their planar counterpart, along with their peak
position written for each spectrum. (f) QFLS calculated from the result-
ing absolute PL spectra in (e) compared with their respective Voc
obtained from J-V measurement. Supporting Fig. S4: Sample appearan-
ces of the perovskite solar cells fabricated on (a) planar substrate,
(b) 1.6 um deep inverted pyramids, (c) 2.0 pm deep inverted pyramids,
and (d) 2.3 pm deep inverted pyramids. The two horizontal silver stripes
at the top and bottom contact the ITO on the substrate, while the six dumb-
bell-like silver patches connect the ETL of the individual solar cell pixels.
The active area is defined as the overlap of the dumbbell-like patches with
the ITO-covered area. Due to some slight variation in active area for dif-
ferent cells from the evaporation process of the silver contact, a shadowing

mask is used during J-V characterization to ensure accurate measurement
result. (e) Illustration of the perovskite solar cell layer stack on glass with
textured resist, with light entering from the glass side. Supporting Fig. S5:
Perovskite with different excess Pbl, content on planar and inverted pyr-
amids. SEM images of perovskite on (a—c) planar and (d-f) inverted pyr-
amids with pyramids depth of 2.0 pm with different excess Pbl, content,
which are (a,d) 9%, (b,e) 12%, and (c,f) 15%. Absolute PL measurement
of perovskite with different excess Pbl, content grown on (g) planar
and (h) 2.0 pm deep inverted pyramids, with the calculated QFLS value
of the respective PL spectra indicated for each spectrum. Supporting
Fig. S6: Performance characterization of perovskite solar cells with differ-
ent excess Pbl, content. (a) Jsc, (b) fill factor (FF), and (c) PCE of planar
and fully textured perovskite solar cells with 9% and 12% of excess Pbl,
content deposited on planar and inverted pyramids. Supporting
Fig. S7: XRD diffractograms of perovskite single junction solar cells with
12% excess Pbl,. XRD diffractograms of perovskite single junction solar
cells with 12% excess Pbl, content deposited on planar and inverted pyr-
amids with different pyramids sizes with diffraction peak for Pbl, (001),
which appears at 12.7°, appearing only on perovskite on planar substrates.
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