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1. Introduction

Photovoltaic cells based on hybrid organic–inorganic lead halide
perovskites have attracted significant interest from both

industrial and scientific aspects in the last
decade due to their exceptional optoelec-
tronic properties. These are, e.g., a high
absorption coefficient, long minority charge
carrier lifetime, long diffusion length as
compared with the typical absorber thick-
ness, and easy-to-tune bandgap by halide
and cation exchange.[1–3] The power conver-
sion efficiency (PCE) of the perovskite solar
cells has experienced a rapid growth, with a
certified PCE of 25.2%which is approaching
the efficiencies of best crystalline silicon
(c-Si) single junction solar cells.[4] In addi-
tion, recent perovskite/silicon tandem
efficiencies overcome best c-Si single junc-
tion solar cells significantly.[5]

When correlating and comparing the
different fundamental losses of lead halide
perovskite solar cells with other solar cell
technologies, the Voc and fill factor (FF)
losses should be improved further to get
closer to theoretical efficiency limits.[6]

However, also the short-circuit current
density ( Jsc) and with that the optical losses of lead halide perov-
skite solar cells are behind silicon and GaAs champion cells.[6]

Therefore, not only the electrical properties need to be improved
but also the light management within single junctions or perov-
skite top cells that are integrated in full perovskite/silicon
tandem solar cell device stacks. Trapping more light in the active
layers and particularly reducing the optical losses from reflection
and parasitic absorption is therefore highly important.

So far, most perovskite deposition methods rely on solution-
based spin coating[7] or blade coating,[8,9] leading to the highest
reported efficiencies in both perovskite single junction[4] and tan-
dem solar cells.[5] Solution processing of perovskite layers favors
planar substrates. Therefore, there exist many reports on light
management concepts utilizing planar interfaces of the perov-
skite: light management in perovskite single junction and tan-
dem solar cells can be provided by antireflective films, such as
low refractive index NaF or MgF2 on the glass substrates.[10,11]

Proper light management can also be realized by adjusting
the thickness and refractive indexes of the different layers in a
standard perovskite solar cell[12] or the use of a properly designed
interlayer in a tandem device.[13] Another approach compatible
with planar perovskite layers is the attachment of textured anti-
reflective foils,[14] textured polydimethylsiloxane (PDMS),[15] or
textured polyethylene terephthalate[16] at the sun-facing front side
of the device. However, optical simulations indicate that tandem
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Solar cells based on metal halide perovskites have attracted tremendous attention
due to the rapid increase in performance of single junctions and tandem solar cells.
Recently, highest perovskite/silicon tandem efficiencies are realized with front-side
polished silicon wafers or adapted microstructure of textured silicon solar cells.
One way to integrate perovskite top cells on typical micrometer-sized pyramidal
structures, is conformal vacuum-based perovskite deposition. Herein, fully vacuum-
based perovskite solar cells are developed on top of random pyramidal micro-
textured glass substrates with a pyramid size up to 9 μm. This method allows
improvement of the light management of the textured perovskite solar cell and
resembles the typical pyramid topography of silicon solar cells as a step toward
monolithic tandem integration. Moreover, to improve the quality of the perovskite
on the textured substrates, three different methylammonium lead iodide (MAPbI3)
films are tested by adjusting the rate ratio of the precursors. Optimized ratios for
textured substrates with higher PbI2 rates enable a transient photoluminescence
decay time above 0.75μs approaching that of planar substrates at around 1.2 μs.
Finally, a efficiency over 15% is achieved, which is, to the best of our knowledge,
the first reported device on microscopically textured glass by co-evaporated ion.
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devices based on fully textured perovskite top cells conformally
grown on silicon with random pyramidal microstructures,[11,17–20]

inverted pyramids,[21] or sinusoidal structures[22] would yield supe-
rior light trapping and reduced reflection and can thus enhance
photocurrent generation in a broad spectral range.

When applying light trapping structures to perovskite/silicon
tandem solar cells, a challenge that still remains is the way to
fabricate conformal perovskite absorber layers on top of pyrami-
dal microstructures, which are widely used for silicon solar cells
and relevant on an industrial level. These textures are optimized
including also the near infrared spectral range and have typical
pyramid heights of several microns, thus being much larger than
typical perovskite absorber layer thicknesses around 500 nm.

The aforementioned frequently used perovskite deposition
methods relying on solution processing do not produce confor-
mal layers and are therefore unsuitable to cover microscopically
textured silicon substrates with pyramid size of up to 10 μm.
To overcome this challenge, Sahli and coworkers used a hybrid
process with conformal evaporation of the inorganic precursors
and subsequently spin coating of the organic perovskite precur-
sors, enabling yet the highest external quantum efficiencies
reported to date for these tandem cells (compare also
Figure S1, Supporting Information).[23] However, the electric
quality of the utilized perovskite absorber is limited in this
approach as seen by the mediocre FF. Recently, mildly textured
silicon was covered completely by a solution processed and very
thick perovskite absorber films with very high perovskite/silicon
tandem solar cell efficiency of up to 26%.[9,24] However, here the
texture had to be adapted toward smaller feature sizes with
narrow height distributions to avoid shunting of the top cell.

Consequently, it is highly important to develop high-quality
and conformal perovskite solar cells on typical pyramidal textures
utilized for silicon to enable optimum light management and the
integration toward standard silicon textures for in monolithic
perovskite/silicon tandem solar cells.

An interesting alternative to solution-based or hybrid fabrica-
tion methods is the physical vapor deposition by coevaporation of
precursors. Perovskite absorbers fabricated by coevaporation
result in very smooth, highly conformal, and pinhole-free
films allowing for excellent control over film thickness and
composition.[25–28] Moreover, the perovskite formation, compo-
sition, and its morphology can be influenced by the deposition
rate of the precursors providing an additional parameter for
optimization.[29] To the best of our knowledge, so far, no reports
on coevaporated perovskite solar cell devices fabricated on micro-
scopically textured glass or silicon were reported, although there
are numerous interesting reports on conformally evaporated bare
films on these textures.[2,28] As the preparation of complete
perovskite/silicon tandem solar cells is very time and cost inten-
sive, we decided to transfer the typical microscopic silicon
textures onto glass substrates. This allows us to study and opti-
mize the deposition of the perovskite on pyramidal microtextures
in a simple and opaque device configuration. Furthermore, the
perovskite PCE for this model system is, in contrast to tandem
solar cells, directly and easily accessible.

In this work, fully vacuum-based perovskite solar cells are pre-
pared on top of microscopically textured glass substrates with
pyramid size of up to 9 μm. The microscopically textured glass
resembles the typical pyramid topography of silicon solar cells as

a step toward monolithic tandem integration. We analyze the
influence of the textures on the reflectance and external quantum
efficiency (EQE). Moreover, we test three different methylammo-
nium iodide (MAI) to lead iodide (PbI2) rate ratios to improve the
quality of the perovskite on the textured substrates. We show that
optimized precursor ratios for textured substrates with higher
PbI2 rates enable a transient photoluminescence (TrPL) decay
time above 0.75 μs, approaching that of planar substrates at
around 1.2 μs. Finally, we show that using substrates textured
with microscopic random pyramids of up to 9 μm height, a
proof-of-concept efficiency of over 15% can be realized for tex-
tured perovskite single junctions that have a huge potential to
improve the optics of fully textured monolithic perovskite/silicon
tandems.

2. Results and Discussion

To fabricate the planar and microscopically textured substrates,
2.9� 2.9 cm2 Corning Eagle XG glasses were used as substrates
for perovskite single junction solar cells. Both planar and textured
samples were processed by imprint lithography as previously
reported.[30] As master for random pyramid textures, a 1–0–0
monocrystalline silicon wafer was etched in potassium hydroxide
to generate pyramid heights of up to 9 μm. In addition, a polished
silicon wafer was used as master for the planar references.

Figure 1 shows the imprint lithography process and the herein
used planar as well as microtextured glass substrates device
layouts. Figure 1a–c shows the imprint lithography process for
textured and planar devices. Figure 1d shows the planar and tex-
tured solar cell device architecture together with the illumination
direction and the pathways of the incoming light represented by
yellow arrows. For more experimental details of the device fabri-
cation, see Section “Device Fabrication.”

Figure 2a shows a 3D confocal microscopy image of textured
glass substrates after the imprint lithography step. To analyze the
height distribution of the random pyramid structures, the signal
from the confocal microscope was filtered with a Gaussian filter
and then further processed with a watershed algorithm to extract
the location of local maxima and their grain boundaries (see
Figure 2a). In addition, small grains were cut out to further
reduce noise from the signal. The resulting height distribution
of the random pyramid structure in the analyzed area A of
95.35� 71.52 μm2 is shown in Figure 2b. The root mean square

height (Sq), which is calculated as Sq ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
A

RR
AZ

2ðx, yÞdxdy
q

,

adds up to 1.1 μm, while the maximum and average pyramidal
texture height Z in the analyzed area A is up to 9.1 μm and
around 4.2 μm, respectively. The planar and textured imprinted
substrates were sputtered conformally with indium tin oxide (ITO)
to a layer thickness of at least 150 nm. Scanning electron micros-
copy (SEM) images of the sputtered ITO layer on the planar and
textured substrates are shown in Figure 2c,d, respectively.

The textured substrates have a different topography and
roughness compared with the untreated (planar) ones, such as
commercial ITO or fluorine-doped tin oxide (FTO) that is typi-
cally utilized for perovskite single junctions,[31,32] which can have
an effect on the properties of the deposited perovskite film such
as preferential orientation and the crystal grain size of the

www.advancedsciencenews.com www.solar-rrl.com

Sol. RRL 2021, 5, 2000553 2000553 (2 of 9) © 2020 The Authors. Solar RRL published by Wiley-VCH GmbH

http://www.advancedsciencenews.com
http://www.solar-rrl.com


perovskite.[33] In view of this large difference in roughness
between planar and textured substrates, three perovskite films
using different MAI to PbI2 ratios were evaporated on top of tex-
tured and planar substrates. For the preparation of the three dif-
ferent perovskite layers, the MAI deposition rate was kept
constant at 1 Å s�1 while varying the deposition rate of PbI2
between 0.4 Å s�1 (1:0.7), 0.6 Å s�1 (1:1), and 0.9 Å s�1 (1:1.5),
referred to as perovskite films A, B, and C, respectively,

throughout this article. In a recent report it was shown that
different ratios lead to a changing morphology and crystalline
phase for the MAPbI3 films.[34,35] In addition, the different
ratios can affect the growth of the perovskite and consequently
the charge carrier transport, as it was published by Buonassisi
et al.[36]

X-ray diffraction (XRD) measurements were performed on the
films to examine the formation of perovskite phases and

Figure 1. Imprint lithography process. a) The master structure is transferred inverse into a PDMS mold. b) Resist is spin-coated on glass substrate,
imprinted, and cured by UV light. c) PDMS mold is lifted off to replicate the master structure on glass. d) Planar versus textured device architecture
together with illumination direction.

Figure 2. a) 3D confocal microscopy image of nanoimprint lithography textured glass substrate. b) Histogram of the pyramid height distribution.
c,d) Scanning electron microscopy (SEM) images of planar and textured glass substrates with ITO layer, respectively.
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crystallinity (Figure S2, Supporting Information). In all evapo-
rated films, the characteristic peaks of the perovskite were
observed. All of them showed a diffraction peak at 2θ of
12.57�, indicating that there was a slight excess of unreacted
PbI2 in the films. This was more pronounced for the perovskite
films B and C, prepared using a higher PbI2 to MAI ratio. Hence,
this demonstrates that this condition leads to an expected excess
of crystalline PbI2. The transmittance of the evaporated perov-
skite films with different precursor ratios was also measured,
showing the characteristic onset of high transmittance for the
methylammonium lead iodide perovskite at 780 nm wavelength
in all three different layers (Figure S3, Supporting Information).
However, the optical transmission spectra of the perovskite films
produced with PbI2 excess showed a much lower transmittance,
mainly in the visible and near-infrared range.

To study the detail on a nano- and micrometer level, cross-
sectional SEM images were taken for all films. As intended,
we indeed observe a substantial difference in the film morphol-
ogy for the different component ratios used, as shown in

Figure 3a. The variation of the MAI:PbI2 precursor ratio affects
the perovskite morphology on both the planar and textured glass.
On the planar glass, perovskite A (Figure 3a) showed rather large
grains with a diameter about 600 nm. In contrast to this, the
films B and C showed closely packed smaller grains with a
diameter of about 50 nm. Figure 3a also shows that with the
coevaporation process, it is possible to prepare conformal homo-
geneous perovskite layers on top of pyramidal textured glass
which is in-line with recent reports.[37] Moreover, the same trend
on texture as for planar devices is observed, except for perovskite
type A. In this case, the grains are formed like columns of
800 nm in size, with voids and defects in between. One possible
explanation would be the different way of evaporation of the
precursors used. It is known that the PbI2 evaporates directly
as a cone; meanwhile, the MAI has a very high vapor pressure and
thus evaporates non-directional, as a cloud formation. Hence,
the MAI is deposited in the same way independently of the sub-
strate used (Figure S4, Supporting Information). Therefore, for
film type A with a MAI/PbI2 ratio of 1:0.7, the film contains a

300 400 500 600 700 800
0

5

10

15

20

25

30 Planar Textured
     A     
     B     
     C     

Wavelength(nm)

R
efl

ec
ta

nc
e 

(%
)

(a)

(b)

Figure 3. a) SEM cross-sectional images from full devices on planar and textured substrates with different precursor ratios. b) Reflectance spectra
measured from the glass side for the three different precursor ratios: A (1:0.7), B (1:1), and C (1:1.5).
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larger excess of MAI than when this perovskite film is deposited
on the planar glass.

To measure the optical difference between the planar and the
textured glasses, reflectance measurements were carried out for
the three evaporated perovskite films (light incident on glass).
Clearly, a reduction in the reflectance in the whole broadband
wavelength range was observed when the film was evaporated
on the textured substrate. This reduction is due to an increase
of the in-coupling efficiency at the textured glass to ITO and
the textured ITO to hole transport layer (HTL) and perovskite
interfaces, allowing the device stack to strongly increase the over-
all absorption within the perovskite active layer. Looking at the
different perovskite films A, B, and C, almost no difference was
found for the three different perovskite films on the textured
glass. However, the reflection spectrum changed when they were
evaporated on the planar glass; the interference peak of maxi-
mum reflection shifted in wavelength from 410 to 430 to
460 nm for films A, B, and C, respectively, which we ascribe
to differences in the film thickness ranging from 850 over
950 to 810 nm and potentially slight changes in the refractive
index by the variation in the composition. In addition to that,
on planar substrates the overall spectral reflectance between
500 and 750 nm wavelength was higher for film types A and
B, using a lower PbI2 rate during the deposition process.

To gain more knowledge on the perovskite quality and study
the behavior of the charge carriers, we use TrPL on the different
evaporated films on the HTL. The corresponding PL decays are
found in Figure 4. A faster decay at early times was observed for
all the samples measured, which is comparable to what has been
reported so far.[38] This initial decay might be attributed to charge
transfer effects of, e.g., holes being transferred into the HTL.[39]

At later times, the transients decay monoexponentially, for which
trap-assisted recombination in the bulk and at the HTL interface
can be assigned as the underlying cause (the laser fluence of
�30 nJ cm�2 was set to match 1 sun equivalent charge genera-
tion). The extracted decay time from this part gives an estimate
for the optoelectronic quality of the perovskite film/HTL stack.
The decay times increase when going from film A, to B, to C,
especially for the textured samples, with decay times increasing
significantly from 170 ns (film A) to over 550 ns (film B), and
finally to 750 ns (film C) for the highest PbI2 amount. The
increased PbI2 rates transfer into different perovskite

composition as is also seen by the XRD patterns in Figure S2,
Supporting Information. Thus, we can assume that an increased
amount of PbI2 improves the perovskite quality, either passivat-
ing the film surfaces or helping for a higher quality nucleation of
the perovskite on textured substrates. This perovskite quality
improvement was already observed in the SEM cross-sectional
images (Figure 3) in which denser and similar sized grains were
obtained for films B and C compared with the one with less PbI2
content. Notably, the perovskite films on textured films show
shorter decay times than on the planar films, which may be either
related to higher nonradiative recombination in the perovskite
film, or to an increased role of interface recombination due to
the larger surface area on the textured substrates. For the highest
PbI2 ratio, the decay time on the textured substrate approaches
the one of the planar substrates. This is in line with the afore-
mentioned difference in the evaporation behavior of the two
precursor materials. As PbI2 shows a more direct evaporation
behavior in contrast to the rather cloud-like behavior of the
MAI, only the PbI2 rate must be increased to compensate for
the larger surface area.

Fully vacuum-processed perovskite solar cells using a p–i–n
(so-called “inverted”) device layout were fabricated on top of
planar and textured glass with the different precursor rates as
presented earlier. Molybdenum oxide (MoO3, 5 nm) and TaTm
(10 nm) were used as HTL, then a 500 nm-thick perovskite film
was evaporated, and C60 (25 nm) and bathocuproine (BCP)
(8 nm) were used as electron transport layers (ETLs). Finally,
100 nm of silver electrode was evaporated to complete the devi-
ces. The HTL, MAPbI3, and ETL thicknesses were adapted for
the textured devices to compensate the larger surface area.
Hence, all the standard thicknesses mentioned before are multi-
plied by a factor of 1.8. Figure 5 shows the current–voltage (J–V )
data under illumination and in dark for the different substrates
and precursor ratios.

First, for the three planar solar cells the photovoltaic perfor-
mance was evaluated. Figure 5a shows the J–V characteristics
under simulated 1 sun equivalent illumination of the best solar
cells obtained and, in the inset, the maximum power point (MPP)
tracking measured over a period of 12 h. Their photovoltaic
parameters are shown in Table 1 and a statistical comparison
is reported from over 50 individual solar cell devices being proc-
essed for this comparison in Table 1 and Figure S5, Supporting

Figure 4. Transient photoluminescence (TrPL) decay of perovskite films A, B, and C deposited on the hole transporting layer TaTm using planar (lighter
colors) and textured substrates (darker colors).
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Information. The reference devices on planar substrate yield
efficiencies up to 18.22% which is comparable to commercial
substrates using the same HTLs.[40] Looking at the performance,
we find an increase mainly in Voc (devices type B and C), which is
in line with the aforementioned TrPL analysis, showing a higher
TrPL lifetime for films B and C. A higher TrPL lifetime can be
correlated to a higher perovskite bulk and/or interface quality,
which, in turn, expresses in a larger PL quantum yield and thus
larger potential for higher Voc.

[41] However, the overall PCE was
lower for device type C, due to lower Jsc and FF. Moreover, a
faster decay in the efficiency was observed when the PCE was

recorded for 12 h under 1 sun illumination. For the devices with
the other two ratios (A and B), the PCE and stability were com-
parable and in line with existing results on planar devices in
which they used the same p–i–n configuration,[42] showing
around 20% loss in efficiency after 12 h continuous MPP track-
ing. However, statistically (Figure S5, Supporting Information),
for the solar cells type A, a larger spread of the values was noted.
We noted that all devices showed a rather low and comparable
dark leakage current, indicating a good diode behavior
(Figure 5c). The textured devices, on the contrary, show more
spread in the sample variation and higher dark leakage currents
potentially resulting from local thickness variations of the
absorber layer on top of the textured substrates leading to partial
shunting. Interestingly, the relative stability (see Figure S6,
Supporting Information) for textured devices A and B with less
than 10% efficiency loss (relative) is higher than for planar cells
being subject of further investigations.

Then, the different perovskites were tested on top of the tex-
tured glass. Figure 5b shows the J–V curves under illumination
and the long period MPP tracking to assess stability. The most
striking difference comes with the devices with lower content of
PbI2 (device type A). The less-ordered morphology observed in
this perovskite films (Figure 3 IV) together with the short
TrPL lifetime, shown in Figure 4, is associated with the low
Voc and FF. Interestingly, despite the lower performance, the sta-
bility of device A was comparable or even better than the solar
cells with films type B and C. Similar efficiencies were found for
the perovskite devices with more content of PbI2 (types B and C);

Figure 5. Current�density-voltage ( J�V ) curves under 100mW cm�2 illumination of the a) planar and b) textured device architectures using film types A,
B, and C. The inset shows respective MPP tracking over a period of 12 h. c) The corresponding J–V curves measured in dark conditions.

Table 1. Photovoltaic parameters from J–V scans under illumination for
the best perovskite solar cells with different perovskite film types A, B,
and C, for planar and textured glass. The standard deviation based on
over 50 individual devices that were fabricated for this comparison is
included as well..

Jsc
[mA cm�2]

Jsc from EQE
[mA cm�2]

Voc
[V]

FF
[%]

PCE
[%]

Flat A 20.48� 0.6 20.89� 0.5 1.10� 0.01 80� 0.6 18.02� 0.6

Flat B 20.86� 0.3 21.04� 0.3 1.12� 0.01 78� 1.1 18.22� 0.3

Flat C 19.28� 0.1 20.76� 0.1 1.14� 0.01 76� 0.5 16.70� 0.2

Textured A 19.55� 1.1 20.38� 1.0 1.012� 0.1 47� 5.2 9.99� 1.5

Textured B 20.23� 0.1 21.03� 0.2 1.041� 0.01 73� 2.3 15.37� 0.6

Textured C 19.58� 0.5 21.08� 0.6 1.061� 0.02 74� 6.3 14.72� 1.6

www.advancedsciencenews.com www.solar-rrl.com

Sol. RRL 2021, 5, 2000553 2000553 (6 of 9) © 2020 The Authors. Solar RRL published by Wiley-VCH GmbH

http://www.advancedsciencenews.com
http://www.solar-rrl.com


however, the device type B presented a higher stability, higher
Voc, and in the end better efficiencies, rendering the 1:1 ratio
to be a good compromise between stability and efficiency.

Fabricating conformal and efficient perovskite solar cells on
top of pyramidal structures has been a challenge so far.
Hence, the yield has been much higher for the planar than
for the textured solar cells, with 90% and 60% of the devices
working, respectively. One possible explanation for the slightly
lower performance of the average (see Figure S5, Supporting
Information for more statistics) and best textured versus planar
samples could be the larger interface area to the electron selective
C60 contact. It has previously been shown that this contact is
strongly limiting due to the higher nonradiative losses at this
interface.[43] We thus speculate that the Voc decrease is
more severe with an increase in the limiting interface area.
In addition, the large dark current for textured devices
(Figure 5c) can be a potential reason for the reduction in FF
and Voc. However, the efficiencies presented in this work
are, to the best of our knowledge, the first reported until now
for conformal and pyramidal microtextured glass substrates
enabling fully evaporated perovskite solar cells and show the
proof-of-concept for coevaporation on typically textured silicon
substrates.

The EQE was measured to quantify if the reduction in reflec-
tion can translate into higher photocurrent generation in the
solar cell device. In Figure 6, the EQE and the (1-reflectance,
1-R) are shown for the precursor ratio resulting in film B for pla-
nar and textured device architectures. In the range between 300
and 400 nm, the EQE of the textured sample is lower potentially
due to parasitic absorption losses in the functional layers at the
front side. Between 400 and 500 nm however, the strong reduc-
tion in reflection is translated into a higher EQE in this regime.
Between 550 and 750 nm the reduced reflection for textured devi-
ces does not yield higher EQEs. It remains open whether this is
due to the fact that longer wavelength light is absorbed closer to
the C60 interface, which might limit charge collection efficiency,
or due to a lower optoelectronic absorber quality lowering the
overall charge collection at short circuit. We note that the true

optical benefit with the potential to gain >1mA cm�2

photocurrent[11,17,19] from the microscopic textures will be
gained in the monolithic tandem solar cell (see Figure S1,
Supporting Information). Overall the partial increase and
decrease in the EQE spectra result in very similar integrated
Jsc between planar and textured devices. Figure S7, Supporting
Information shows the EQE and the (1-reflectance) for the other
two perovskites devices (A and C). A slightly red-shifted EQE
onset from the textured devices was observed in the perovskite
type C which is in line with the moderate improvement in the Jsc
compared with the planar devices. Thus, although the EQE
spectra do not evidence a huge improvement in collected photo-
current, the light in-coupling is indeed improved as shown by the
reflection and expected red-shift of electroluminescence (EL),
mainly in perovskite type C (Figure S8, Supporting
Information).[44] In this particular case, the blue shift of the
EL peak for the solar cells type C is due to a change in the optical
bandgap, which is appreciable in the transmittance spectra
(Figure S2, Supporting Information) and also in the absolute
PL (see Figure S9, Supporting Information). The increase in
the PbI2 content leads to an increase in about 10mV in the opti-
cal bandgap for sample C with a slightly higher increase for the
planar devices. Furthermore, with the stability measurements
shown earlier (Figure 5), we can state that solar cells with these
perovskite films degrade faster than the others under illumina-
tion, although giving the highest PL lifetime at least for the
textured devices. That lead iodide excess can lead to reduced
long-term stability has already been observed for solution-based
perovskites[45] and is currently subject of scientific discussion.[46]

Interestingly, the absorption onset remains the same between
planar and textured seen in EQE, which shows that light trapping
within the absorber layer for perovskite films is not dominant
here.[44]

3. Conclusion

So far, no reports on coevaporated perovskite solar cell devices
fabricated on pyramidal microtextured substrates were pub-
lished. Efficiencies above 15% were reached in this work for fully
evaporated and microscopically textured perovskite solar cells.
Perovskite single junction solar cells were built on microscopi-
cally textured and planar glass substrates, prepared by imprint
lithography. Conformal perovskite layers were coevaporated on
top of planar and pyramidal textured glass to analyze the film
formation process in a model system applicable to textured
silicon and to improve the light management in the perovskite
devices. A clear reduction in reflectance losses with the textured
substrates was observed yielding a partially enhancement of the
EQE with texture. Moreover, with the MAI to PbI2 precursor ratio
adjustment, the perovskite’s quality was improved on the
textured substrate, and different rate behavior for volatile MAI
versus PbI2 was found. Optimized precursor ratios for textured
substrates enabled a TrPL decay time approaching that of planar
substrates. With the findings on the evaporation behavior as
function of surface area, the lack of reports about textured coeva-
porated tandemsmight be solved by optimizing the growth of the
perovskite for this type of substrates.

Figure 6. External quantum efficiency (EQE) and reflection spectra
(depicted as 1-reflection) on the left y-axis together with the integrated
photocurrent from EQE spectra for solar cells with perovskite film type
B on planar and textured glass.

www.advancedsciencenews.com www.solar-rrl.com

Sol. RRL 2021, 5, 2000553 2000553 (7 of 9) © 2020 The Authors. Solar RRL published by Wiley-VCH GmbH

http://www.advancedsciencenews.com
http://www.solar-rrl.com


4. Experimental Section

Fabrication of Planar and Pyramidally Textured Substrates: Corning Eagle
XG glasses (5.8� 5.8 cm2) with a thickness of 1.1 mm were used as glass
substrates. Both planar and textured samples were processed by imprint
lithography. For the imprinting process, 0.7 mL of two components UV
light curable resist OrmoComp was spin-coated 30 s at 3000 rpm on
the glass substrates, prebaked at 80 �C, imprinted with the structured
molds, and cured 5min with a broadband UV source. Two-component
PDMS Elastosil was poured on the master structures, cured 3 h at
50 �C, and accordingly peeled off as imprint lithography mold with inverse
master structure. To increase transparency of the resist layers, they were
further annealed for 3 h at 150 �C. Textured and planar imprinted glass
substrates were then cut into 2.9� 2.9 cm2 pieces. A ceramic ITO target,
with a power of 70W, and a 0.2% oxygen/argon sputter gas mixture were
utilized for all depositions. In a posttreatment step, ITO was annealed in
ambient air for 10min at 200 �C.

Vacuum Deposition: The vacuum chamber was equipped with six
temperature-controlled evaporation sources (CreaPhys) fitted with
ceramic crucibles. The sources were directed upward with an angle of
�90� with respect to the bottom of the evaporator. The substrate holder
to evaporation sources distance was �20 cm. Three quartz crystal micro-
balance (QCM) sensors were used, two for monitoring the deposition rate
of each evaporation source and the third one close to the substrate holder
monitoring the total deposition rate. For thickness calibration, the charge
transport materials were individually sublimed. A calibration factor was
obtained by comparing the thickness inferred from the QCM sensors with
that measured with a mechanical profilometer (Ambios XP1). Then, the
materials were sublimed at temperatures ranging from 160 �C to>300 �C,
and the evaporation rate was controlled by separate QCM sensors obtain-
ing precisely the deposited thickness.

Device Fabrication: To fabricate the solar cells, textured and planar
imprinted glass substrates were cleaned and transferred to the vacuum
chamber, as explained in the Supporting Information. This vacuum cham-
ber was used to sublime the N4,N4,N4 00,N4 00-tetra([1,1 0-biphenyl]-4-yl)-
[1,1 0:4 0,1 00-terphenyl]-4,4 00-diamine (TaTm), C60, and BCP together with
PbI2 and MAI. As it is not easy to determine the average height or volume
of a pure MAI film, the calibration of the QCM sensors is not straightfor-
ward. In addition, the adsorption rate of MAI is different in the presence of
evaporating PbI2 in the chamber. As a result, the QCM readings are cor-
related with off-line analysis such X-ray of the prepared films.[47] For the
preparation of the three different perovskite layers, the MAI deposition
rate was kept constant at 1 Å s�1 while varying the deposition rate of
PbI2 between 0.4 Å s�1 (1:0.7), 0.6 Å s�1 (1:1), and 0.9 Å s�1 (1:1.5),
referred to as perovskite films A, B, and C, respectively, throughout this
article. The source temperature of the MAI was kept at 70 ºC and the PbI2
varied between 250 and 305 ºC. The deposition rate for the TaTm and C60

was 0.5 and 0.3 Å s�1 for the thinner BCP layer. MoO3 and Ag were
evaporated in a third vacuum chamber using tantalum boats by applying
currents ranging from 2 to 5 A.

Device Characterization: SEM images in top and cross-sectional view
were performed on a Hitachi S-4800 microscope operating at an
accelerating voltage of 2 kV over platinum-metallized samples.

Absorption and reflectance spectra were collected using fiber optics-
based Avantes Avspec2048 Spectrometer. Reflectance and transmittance
spectra were measured from 300 to 850 nm with a step size of 5 nm using
a PerkinElmer Lambda 1050 UV/vis/NIR double beam spectrophotome-
ter. For reflectance measurements, an integrating sphere was used.

X-ray diffractograms were collected with Panalytical Empyrean diffrac-
tometer equipped with a Cu anode operated at 45 kV and 40mA and a
PIXcel 1D detector in scanning line mode. Single scans were acquired
in the 2θ¼ 5�–50� range, in Bragg–Bretano geometry in air.

The J–V curves for the solar cells were recorded using Keithley 2612A
source meter in a� 0.2 and 1.2 V range, with 0.01 V steps and integrating
signal for 20 ms after 10ms delay, corresponding to a speed of about
0.3 V s�1. The devices were illuminated under a Wavelabs Sinus 70
LED solar simulator. The light intensity was calibrated before every mea-
surement using a calibrated Si reference solar cell stability measurements,

which were recorded using a MPP tracker system, with a white LED light
source under 1 sun equivalent, developed by Candlelight. During the sta-
bility measurements, solar cells were kept in N2; temperature was kept at
300 K using a water-circulating cooling system. The EQE was estimated
using the cell response at different wavelength (measured with a white
light halogen lamp in combination with band-pass filters), where the solar
spectrum mismatch was corrected with a calibrated silicon reference cell
(MiniSun simulator by ECN, from the Netherlands).

TrPL measurements were carried out in a home-built setup (Unold
laboratory of HZB, Wannsee) using 660 nm excitation laser light from
a supercontinuum light source (SuperK) with a 25–35 μm spot size.
The whole PL emission was collected through a photomultiplier and a
time-correlated single photon counting technique. The fluence was set
to�20 nJ cm�2 to resemble close to 1 sun equivalent excited charge carrier
density. For confocal microscopy, a KEYENCE laser scanning confocal
microscope was used. Images were taken with 150� magnification.
Further image processing was carried out with the software Gwyddion.

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