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Semitransparent Perovskite Solar Cells with an Evaporated
Ultra-Thin Perovskite Absorber

Zongbao Zhang, Ran Ji, Xiangkun Jia, Shu-Jen Wang, Marielle Deconinck, Elena Siliavka,
and Yana Vaynzof*

Metal halide perovskites are of great interest for application in
semitransparent solar cells due to their tunable bandgap and high
performance. However, fabricating high-efficiency perovskite semitransparent
devices with high average visible transmittance (AVT) is challenging because
of their high absorption coefficient. Here, a co-evaporation process is adopted
to fabricate ultra-thin CsPbI3 perovskite films. The smooth surface and
orientated crystal growth of the evaporated perovskite films make it possible
to achieve 10 nm thin films with compact and continuous morphology
without pinholes. When integrated into a p-i-n device structure of
glass/ITO/PTAA/perovskite/PCBM/BCP/Al/Ag with an optimized transparent
electrode, these ultra-thin layers result in an impressive open-circuit voltage
(VOC) of 1.08 V and a fill factor (FF) of 80%. Consequently, a power conversion
efficiency (PCE) of 3.6% with an AVT above 50% is demonstrated, which is the
first report for a perovskite device of a 10 nm active layer thickness with high
VOC, FF and AVT. These findings demonstrate that deposition by thermal
evaporation makes it possible to form compact ultra-thin perovskite films,
which are of great interest for future smart windows, light-emitting diodes,
and tandem device applications.
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1. Introduction

Perovskite solar cells (PSCs) have made
significant progress in recent years, reach-
ing a record power conversion efficiency
(PCE) of 26.1%, making them a promis-
ing contender to compete with commer-
cially established silicon cells.[1–7] Due to
their easily tunable bandgap and other ad-
vantageous optoelectronic properties,[8] per-
ovskite materials are of great interest for
application in semitransparent solar cells
(ST-PSCs).[9,10] In contrast to conventional
opaque devices, which are used on rooftops
or solar parks, ST-PSCs are used extensively
in applications such as smart windows
and displays, building-integrated photo-
voltaics and wearable electronics.[11] In cer-
tain cases, ST-PSCs can also be used in tan-
dem and multi-terminal solar cell applica-
tions to make full use of the solar spectrum
and obtain high-efficiency solar cells.[12–15]

Balancing device transmittance and
efficiency is an essential factor in the
development of ST-PSCs. In order to

simultaneously improve the light transmittance and efficiency of
the device, each layer of the device structure needs to be care-
fully designed and optimized. As the most absorbing layer of
the solar cell are the perovskite active layer and the top metal
electrode, their optimization drew the most attention.[16,17] Gen-
erally, there are three main methods to adjust the perovskite
active layer: lowering the active layer thickness[18–20], altering
its microstructure[21–23], and using a wide bandgap perovskite
composition.[24–26] Among them, the simplest approach is to
decrease the perovskite layer thickness, which in the case of
solution-processed perovskites, can be achieved by reducing the
precursor solution concentration. However, it has been reported
that reducing the precursor solution concentration can also neg-
atively impact on the microstructure of the perovskite layer, with
a significant decrease in the grain size, and consequently a re-
duced open-circuit voltage (VOC) and fill factor (FF).[27] For ex-
ample, Gaspera et al. prepared a 54 nm thick perovskite film
by reducing the concentration of the perovskite precursor and
obtained devices with a maximum efficiency of 4.6%.[19] How-
ever, as the concentration of precursors is further reduced, ob-
taining compact and continuous films becomes challenging,
thus resulting in a strong further reduction of the photovoltaic
performance.
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Deposition by thermal evaporation is a commonly used tech-
nique for the fabrication of organic and perovskite semiconduc-
tor layers and optoelectronic devices, such as solar cells, light-
emitting diodes, and other devices.[28] Compared to process-
ing from solution, deposition by evaporation is a solvent-free
method,[29] which results in a slowing down of the crystal growth
process, thus promoting the generation of many crystal nuclei.
During the crystal growth process, the grain size is limited, which
makes it possible to prepare thinner films.[30,31] Theoretically,
ultra-thin, compact perovskite films of various thicknesses can
be obtained by an evaporation method, however, experimentally,
this proved to be challenging since the film-forming process and
the resultant crystal size need to be considered.[31] For example,
by varying the deposition time during the co-evaporation pro-
cess, Parrott et al. obtained perovskite films of different thick-
nesses, showing an obvious quantum confinement effect.[31]

Paetzold and colleagues have investigated the impact of the sub-
strate by depositing thin perovskite films on different materials.
In all cases, the authors observed that the ultra-thin perovskite
films (7 nm and 20 nm) exhibited poor morphology with many
pinholes.[30] Bolink and coworkers fabricated compact perovskite
films of 50 nm and 100 nm by thermal evaporation, reaching an
efficiency of more than 9% and a light transmittance of 23%.[32]

These approaches suggest that a minimum thickness of ≈50 nm
is required for the fabrication of a continuous and compact per-
ovskite layer, regardless of whether solution processing or ther-
mal evaporation is used, thus posing a limit to the maximum
average visible transmittance (AVT) that can be achieved.

To further increase the AVT of ST-PSCs, there is a need
to understand the limiting factors in the formation of ultra-
thin films (<50 nm) and develop strategies to mitigate them.
Importantly, ultra-thin films are also of great interest for ap-
plication in light-emitting diodes and other electronic devices
due to the combination of quantum confinement effects and
good charge transport.[31] Despite this, there are relatively few
studies examining the formation of ultra-thin perovskite films
and photovoltaic devices based on such layers have not been
reported.[33–37]

Herein, we investigate how the growth mechanism of ther-
mally evaporated perovskites impacts the microstructure of ultra-
thin films. We demonstrate that perovskite layers that grow in
a highly oriented fashion make it possible to prepare ordered,
compact and smooth ultra-thin perovskite films as thin as 10 nm.
When integrated into a solar cell architecture with an optimized
semitransparent electrode, the 10 nm thick layers achieved excel-
lent photovoltaic performance with a FF of 80% and VOC of 1.08 V,
resulting in an efficiency of 3.6% with an AVT of 54.26%. To the
best of our knowledge, this is first demonstration of efficient ST-
PSCs with a 10 nm thick active layer and an AVT>50%. Our work
provides valuable insights for the development of high-efficiency
ultra-transparent ST-PSCs required for their future integration
into applications such as smart windows and tandem solar cells.

2. Results and Discussion

2.1. Growth of Ultra-Thin Perovskite Films

To explore the possibility of producing ultra-thin perovskite films
and identify the possible role of the growth mechanism in this

process, we selected two different perovskite compositions: an in-
organic perovskite, CsPbI3, and an organic-inorganic perovskite
Cs0.1FAxPbI2+xBr0.1. Based on our previous work, adding a small
amount of phenethylammonium iodide (PEAI) as an additive
can significantly improve the quality and stability of the inor-
ganic CsPbI3 film formed by thermal evaporation.[38] Therefore,
three sources were used for the deposition of the perovskite lay-
ers: PbI2, CsI, and PEAI for CsPbI3 and PbI2, CsBr, and FAI for
Cs0.1FAxPbI2+xBr0.1 (Figure 1a). In the following, we denote the
inorganic CsPbI3 film with a PEAI additive as PEACs and the hy-
brid Cs0.1FAxPbI2+xBr0.1 perovskite as FACs. The composition of
these two perovskites were probed by X-ray photoemission spec-
troscopy (XPS) as well as XPS depth profiling and is summarized
in Table S1 (Supporting Information). We note that the compo-
sition of thin films is not stoichiometric and is different from
that of thicker films,[38] which has been observed for thermally
evaporated perovskite layers in the past.[39] Detailed fabrication
procedures for each of the films are provided in the experimental
section.

To monitor the changes in the film morphology of the two dif-
ferent perovskite compositions with increasing film thickness,
the layers were characterized by scanning electron microscopy
(SEM) and atomic force microscopy (AFM). Considering that the
growth of the perovskite layers is impacted by the choice of under-
lying substrate,[30] we utilized ITO/PTAA substrates that would
later be used for the fabrication of ST-PSCs. In both cases, the
microstructure of the films consists of small grains, as is com-
mon for thermally evaporated perovskites (Figure 1c–h).[29] In-
terestingly, regardless of film thickness, the PEACs films exhibit
a smooth surface, evidenced by a root mean square (RMS) rough-
ness value of ≈2.5 nm, which is very close to the roughness of the
ITO/PTAA substrates (1.7 nm, Figure S1, Supporting Informa-
tion). On the other hand, the surface of FACs perovskite films is
significantly rougher (RMS roughness of ≈7 nm), similar to the
observations previously made for inorganic-organic perovskites
in literature.[32] For the 10 nm layer thickness, the PEACs film
is compact, homogeneous, and smooth, whereas the FACs layer
exhibits a discontinuous morphology with many pinholes. To ex-
plore whether PEACs perovskite can also be deposited in thinner,
compact layers, we deposited 2 nm and 5 nm films. SEM im-
ages (Figure S2, Supporting Information) revealed the presence
of many islands on the surface of 2 nm PEACs films, which be-
gin to form a more continuous film as more material is deposited.
This is evidenced by the 5 nm thick film, which still exhibits some
pinholes, which are eliminated entirely for the 10 nm thickness.
This observation suggests that the perovskite grows via a Volmer-
Weber type growth mode, which is consistent with the previ-
ously reported results.[31] Consequently, for the PEACs perovskite
composition, the minimum thickness for a continuous film is
≈10 nm, which is close to the perovskite grain size. On the other
hand, depositing 10 nm thick FACs films does not lead to the
formation of a continuous compact layer, and even a 20 nm thick
film was found to exhibit pinholes (Figure S3, Supporting Infor-
mation). These experiments suggest that the PEACs composition
has a substantially lower limit for the formation of a continuous
film. To explore whether the perovskite compositions (organic-
inorganic hybrid perovskite versus inorganic perovskite) induce
these different limits, we also characterized additive-free CsPbI3
perovskite films (i.e., without PEAI) of 10 nm and 100 nm
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Figure 1. a) Schematic illustration of perovskite film preparation, b) Absorbance spectra of 100 nm perovskite films with two kinds of perovskite (PEACs
and FACs). SEM images of different kinds of perovskite layer with different thickness, PEACs: c) 10 nm, d) 50 nm and e) 100 nm; FACs: f) 10 nm, g) 50
nm, and h) 100 nm. Inset figure is the corresponding AFM images. For all figures, the scale bar is 500 nm.

thickness. As can be seen in Figure S4 (Supporting Informa-
tion), 10 nm thick additive-free CsPbI3 films are discontinuous,
and only for far thicker films (100 nm), a typical small grain mi-
crostructure is observed.[40] This suggests that the different thick-
ness limitation is not only impacted by the composition of the
deposited perovskite layer, but also by the growth mechanism,
which will be explained in the following.

Interestingly, the difference between the two perovskite lay-
ers can also be observed by examining their optical properties.
Figure 1b displays the absorbance spectra of 100 nm PEACs and
FACs films. The spectra reveal that the PEACs film has a sharper
absorption edge than FACs, implying improved optoelectronic
quality of the PEACs perovskite layers.[41] We note that the FACs
film exhibits stronger absorption beyond 680 nm as a result of its
narrower band gap (Figure S5, Supporting Information).[42,43]

To further investigate the properties of the thin films, their
crystallinity was examined by X-ray diffraction (XRD) with the
corresponding diffraction patterns shown in Figure 2. Even in
the case of the ultra-thin perovskite films (10 nm), the diffrac-
tograms of both perovskite compositions exhibit the typical char-

acteristic peaks at ≈14° and 28.5°, without the presence of any ad-
ditional impurities such as PbI2, suggesting that both perovskites
are formed with good crystallinity and high purity by thermal
evaporation.[30,31,39,44] As the thickness of the perovskite films in-
creases, the main perovskite diffraction peaks become sharper
and stronger and peaks associated with other crystal orientations
become more evident. The PEACs films display a preferred (00l)
crystal orientation, whereas FACs films exhibit a preferred the
(h00) orientation. To better quantify the degree of preferred orien-
tation, we calculated the ratios between the peak intensities of the
preferred plane to other crystalline planes (Figure S6, Supporting
Information). The results reveal that as compared to the FACs
perovskite films, the PEACs are significantly more aligned along
the (00l) planes, which is consistent with earlier findings show-
ing that the use of larger organic A cation molecules can induce
a preferred (00l) orientation.[45–47] The (00l) planes are parallel to
the substrate, implying that perovskite crystals grow along the c-
axis, which is known to result in improved optoelectronic perfor-
mance and good charge transport in perovskite devices compared
to other crystal facets.[48–50]

Figure 2. X-ray diffraction (XRD) patterns of perovskite film on ITO/PTAA substrates with different thicknesses: a) PEACs perovskite film, b) FACs
perovskite film.
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Figure 3. Basic crystallization model for two kinds of perovskite composition on ITO/PTAA substrates: a) PEACs deposited on the ITO/PTAA substrates,
b) FACs deposited on ITO/PTAA substrates. Cross-sectional SEM images of 100 nm perovskite layers on the ITO/PTAA substrates: c) PEACs; d) FACs.
For all SEM images, the scale bar is 200 nm.

Taken together, the XRD and SEM results allow us to pro-
pose a basic model of the crystallization process in the ultra-
thin perovskite films based on the two compositions we explore
(Figure 3). We propose that there are two different scenarios for
the growth of the co-evaporated perovskite: (a) a columnar growth
mode and (b) a disordered growth mode. Due to the preferen-
tial growth along the (00l) plans, the PEACs perovskite tends to
adopt the columnar mode, as illustrated in Figure 3a. This crys-
tal growth mode can help form a uniform and smooth perovskite
film and enables the formation of compact ultra-thin layers.[30,49]

On the other hand, the growth of the FACs perovskite is not as
strongly oriented, so it follows a more disorderly growth mode
(Figure 3b). The difference between the two films is also evident
in the cross-sectional SEM images of the 100 nm thick films
(Figure 3c,d), where the FACs films exhibit significantly more
boundaries in the vertical direction, while the PEACs result in
a much more homogeneous grain structure. Notably, the FACs
film contains voids at the interface between the perovskite and
the ITO/PTAA substrates as well as in the bulk of perovskite
layer. These voids are further evidence for the disordered growth
mode and are consistent with the previous observations of pin-
holes and high surface roughness of the ultra-thin FACs films,
both of which are expected to negatively impact on the device
performance.[49]

2.2. Optical Properties and Photovoltaic Performance

To investigate the suitability of the PEACs and FACs perovskite
films for application in semitransparent solar cells, we first char-
acterized their optical properties. Figure 4a shows the transmit-
tance spectra of the PEACs and FACs perovskite film with differ-
ent thicknesses. For the 10 nm perovskite film, the FACs shows
a much higher transmittance in the entire 350–800 nm range as
compared to the PEACs perovskite, which is a consequence of
the many pinholes in the 10 nm FACs perovskite (see Figure 1d).
As the thickness of the perovskite layer increases, the ITO/PTAA
substrates are fully covered and the transmittance of the per-
ovskite films decreases. For thicker films such as 50 and 100 nm,
the PEACs films exhibit much higher transmittance than their
FACs counterparts, which is related to the larger bandgap of the
former. To quantify the differences in transmittance, the average
visible transmission (AVT) is used to evaluate the optical trans-
mission of perovskite film in the visible spectrum. The AVT is
defined as follows[51,52]:

AVT =
∫ T (𝜆) P (𝜆) S (𝜆) d𝜆

∫ P (𝜆) S (𝜆) d𝜆
(1)

where 𝜆 is the wavelength range of 390–780 nm, T is the trans-
mittance of the measured sample, P is the photopic response of

Figure 4. a) The human luminosity curve and transmittance spectra of PEACs and FACs perovskite films with different thickness; b) Color coordinates
plotted on the CIE 1932 chromaticity diagram and c) Corresponding photos of semi-transparent PEACs and FACs perovskite films with different thick-
nesses.
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Figure 5. a) Structure of devices in this work. b) JV curves of PEACs and FACs perovskite devices with various thicknesses and 80 nm Ag electrode.
Phototvoltaic performance parameters: c) VOC, d) FF, e) JSC and f) PCE distributions of PEACs and FACs perovskite devices with various thicknesses. A
total of 257 devices were measured.

human eyes, which is shown in Figure 4a. S is the solar pho-
ton flux intensity defined by the air mass (AM) 1.5 spectra. The
AVT values for both series of perovskite samples are summa-
rized in Table S2 (Supporting Information), ranging from ≈37%
to 79%. Another crucial factor for semi-transparent devices is
color neutrality. A semi-transparent film with a neutral color
(i.e., close to the white region) is more suitable for applications
such as smart windows. In general, the color neutrality can be
assessed by the color coordinate of the transmittance light in
the international commission on illumination (CIE) 1931 color
space. Figure 4b demonstrates that ultra-thin perovskite films
(10 nm) exhibit rather neutral coloration close to the white re-
gion, which indicates considerable potential for producing high-
quality semi-transparent perovskite devices.[52,53] This color neu-
trality can also be observed by eye when examining text placed
behind the PEACs and FACs samples (Figure 4c). Furthermore,
steady-state and time-resolved photoluminescence (TRPL) mea-
surements were performed to examine the quality of the per-
ovskite films and the corresponding results are shown in Figures
S7,S8 and Table S3 (Supporting Information). For both per-
ovskite compositions, a strong blue shift is observed with a de-
crease in the film thickness (Figure S7, Supporting Information),
which originates from a quantum confinement in the thin films,
described by Herz et al. in their previous work.[31] Figure S8 and
Table S3 (Supporting Information) display the TRPL decay curves

for the two different perovskite compositions and varying film
thicknesses. Compared to the inorganic PEACs perovskite, FACs
perovskites show a longer PL lifetime, which is consistent with
previous reports.[38,54–56] Moreover, we observe that the PL life-
time is reduced with decreasing the thickness of perovskite films
in both perovskite compositions.

To investigate the photovoltaic performance of the different
perovskite samples, they were integrated into a p-i-n device struc-
ture with ITO/PTAA/perovskite/PCBM/BCP/Ag architecture, as
is shown in Figure 5a. As a starting point, these devices include
an opaque Ag electrode (80 nm). The current-density-voltage (J-
V) curves of the best devices and the distribution of the photo-
voltaic parameters are displayed in Figure 5b–f. Generally, the
PEACs devices lead to much higher VOCs and FFs than those of
the FACs. The enhanced VOC is at least partly attributed to the
larger bandgap of the PEACs, however the fact that some 100 nm
PEACs devices reach a VOC of 1.18 V, also suggests that the op-
toelectronic quality of the thermally evaporated perovskite is very
high. In fact, to the best of our knowledge, this is one of the high-
est VOC values previously reported for evaporated perovskite de-
vices without any surface treatment.[54,57–60] In comparison to the
PEACs perovskite devices of the same thickness, devices based
on FACs show much broader photovoltaic parameter distribu-
tions and significantly lower FF values. Interestingly, considering
the much lower bandgap of the FACs perovskites, an increased
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short-circuit current (JSC) would be expected in comparison to
that of the PEACs devices, yet Figure 5e shows that the JSC of both
types of devices are very similar. Figure 5b shows the JV curves
of the champion cells with the associated photovoltaic parame-
ters summarized in Table S4 (Supporting Information). Figure
S9 (Supporting Information) shows the EQE spectra and the in-
tegrated JSC for champion devices, with the latter being consistent
with the values in the JV curves. The performance of the 10 nm
FACs device is particularly poor, consistent with our observations
of a poor morphology of perovskite active layer. To the contrary,
the 10 nm PEACs perovskite devices show decent performance.

To further examine the role of PEAI in the formation of
ultra-thin perovskite films, solution-processed CsPbI3 films
of various thicknesses were prepared by utilizing PEAI as
an additive. For consistency, the same amount of PEAI
was used as an additive in solution-processed layers as that
in the optimized evaporated layers (Figures S10–S12 and
Table S5, Supporting Information). The thickness of the lay-
ers was varied by changing the concentration of the per-
ovskite precursor solution. As shown in Figure S13 (Sup-
porting Information), films with higher concentration (0.4 m)
resulted in films with a complete coverage and a thickness of
≈160 nm. Lowering the concentration to 0.2 m results in thin-
ner layers (≈65 nm) and is accompanied by the emergence of
pinholes. As the concentration is further decreases to 0.1 m, the
films become thinner (≈40 nm) and the number of pinholes
markedly increases. For the lowest concentration of 0.05 m, the
films consist of many islands with a corresponding thickness
of ≈25 nm. These results are consistent with previous reports
that demonstrate that pinholes and islanding are commonly ob-
served in ultra-thin solution-processed perovskite films.[19,20,27]

The layers were incorporated into photovoltaic devices, whose
photovoltaic performance parameters distributions are summa-
rized in Figure S14 (Supporting Information) and the perfor-
mance of champion devices are shown in Figure S15 and Table
S6 (Supporting Information). In comparison to the evaporated
PEACs perovskite devices, solution-processed devices show no-
tably lower VOC and FF values as is expected for thin films with a
discontinuous morphology. Taken together, the SEM and photo-
voltaic performance results suggest that the impact of PEAI in the
formation of thermally evaporated CsPbI3 films cannot be trans-
lated to their processing from solution, and thus cannot be used
to reduce the thickness limitation for the formation of compact
solution-processed perovskite layers.

2.3. Performance of Ultra-Thin Perovskite Films with Optimal
Transparent Electrodes

Another critical factor in determining the transmittance of ST-
PSCs is the top electrode. To select the optimal transparent elec-
trode, we first integrated a 100 nm thick PEACs perovskite in
devices with a variety of electrode types. These include a thick Ag
(80 nm), thin Ag (7 nm or 10 nm) with Al seed layer (0.5 nm), an
ITO electrode, and ITO with an Al doped ZnO (AZO) buffer layer.
The device performance and transmittance spectra are shown in
Figure S16 and Table S7 (Supporting Information). While de-
vices with ITO-based electrodes exhibit higher transmittance,
their photovoltaic performance is significantly reduced, in par-

Table 1. Photovoltaic performance parameters of ST-PSCs on different per-
ovskite composition with various thicknesses.

Device Scan direction Voc [V] Jsc [mA/cm2] FF [%] PCE [%] AVT [%]

PEACs-100 Forward 1.17 10.65 78.09 9.77 31.89

Reverse 1.17 10.65 75.62 9.40

PEACs-50 Forward 1.16 7.21 78.53 6.58 39.98

Reverse 1.16 7.21 78.33 6.58

PEACs-10 Forward 1.08 4.19 79.74 3.60 54.26

Reverse 1.08 4.19 79.68 3.60

FACs-50 Forward 0.97 9.90 72.55 6.93 30.62

Reverse 1.01 9.90 70.73 7.07

ticular in the VOC and FF. The insertion of an AZO buffer layer
between the PCBM and ITO slightly mitigates this issue, but the
overall performance is still rather low.

Reducing the thickness of the metal contact is a well-
established method to increase transparency without signifi-
cantly sacrificing the device’s performance. The use of ultra-
thin metal electrodes is typically accompanied by the use of
buffer layers,[61] fabrication of dielectric-metal-dielectric multi-
layer layers,[19,62] or insertion of a seed layer.[32,63] We utilized the
latter approach and deposited an ultra-thin seed layer of 0.5 nm
Al in order to test thin Ag layers of either 7 nm or 10 nm in thick-
ness. The optimal interplay between high transmittance and high
photovoltaic efficiency was obtained for a 10 nm Ag layer, which
was selected for integration into semitransparent solar cells with
perovskite active layers of different thicknesses.

The photovoltaic performance parameter distributions of de-
vices with PEACs (thickness 10, 50, and 100 nm) and FACs
(50 nm) with 10 nm thick Ag electrodes are summarized in
Figure 6a–d. Compared to PEACs devices of any thickness, the
FACs devices result in a lower VOC (≈1.0 V) and FF (≈68%),
which is attributed to their rough surface, the presence of voids
and the disordered crystal orientation. On the other hand, the
PEACs devices exhibit higher VOC values, although a notable re-
duction is observed for decreasing active layer thickness. Still, the
ultra-thin devices with a 10 nm perovskite active layer reach VOC
as high as 1.08 V. Remarkably, the reduction in thickness has no
negative impact on the FF of the PEACs devices, which remains
at ≈80%. The JSC is reduced with decreasing active layer thick-
ness, as is expected due to the reduced light absorption.

Figure 6e displays the JV curves for the corresponding cham-
pion cells of each type with the photovoltaic parameters listed
in Table 1. We note that in addition to their lower performance,
the FACs devices exhibit obvious hysteresis. Figure 6f displays
the EQE spectra and corresponding integrated JSC for the cham-
pion cells, which match well with the JSC values extracted from
the JV curves. Furthermore, the EQE spectra and integrated
JSC are in good agreement with the results of optical device
simulations (Figures S17,S18 and Table S8, Supporting Infor-
mation). Figure 6g shows the transmittance spectra of all de-
vices and corresponding color coordinate plots on CIE 1932
chromaticity diagram are shown in Figure 6h. As can also be
seen from the inset of Figure 6g, the PEACs devices with a
10 nm thick perovskite active layer and 10 nm thick electrode
exhibit high transmittance and good color neutrality, making
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Figure 6. Photovoltaic performance parameters: a) VOC, b) FF, c) JSC and d) PCE distributions and corresponding e) JV curves of PEACs and FACs
perovskite devices with different thickness. A total of 273 devices were measured. f) EQE spectra, g) transmittance spectra and h) Color coordinates
plotted on the CIE 1932 chromaticity diagram of PEACs perovskite with different thickness perovskite active layer.

them particularly promising for a potential application in smart
windows or other applications with significant needs for high
AVT.

Finally, we compared the photovoltaic performance of the
PEACs ultra-thin devices with those previously reported for thin
perovskite active layers (≤200 nm). As is shown in Figure 7,
generally, a reduction in the active layer thickness is accompa-
nied by a strong decrease in the VOC and FF of the devices,
with very few exceptions. The PEACs perovskite devices, on
the other hand, exhibit very high VOC (1.1 V) and FF (80%)
in comparison to previously reported solution processed and
thermally evaporated semitransparent perovskite devices.[19,64–80]

Due to the ultra-thin perovskite active layer, the transmittance
of the 10 nm PEACs device is significantly increased, reaching
an AVT above 50%. As is shown in Figure 6c, this device is
the first demonstration of an efficient ST-PSC with such high
AVT.[19,20,22,61,62,64,81–89]

The stability of ST-PSCs is another important factor for their
future application in commercial devices. Previous reports sug-
gested that ultra-thin perovskite layers are fragile and may rapidly
decompose.[30,31] Figure 7d displays the shelf-storage stability
tests of 10 nm thick PEACs devices over 35 days, demon-
strating that the devices maintain their efficiency upon stor-
age. The operational stability (under continuous illumination)
of the ultra-thin unencapsulated devices is reduced in com-
parison to that of devices with thicker perovskite active layers
(Figures S19 and S20, Supporting Information),[38] as a conse-
quence of the sensitivity of thin perovskite films to oxygen and
humidity.[30,39] While these observations highlight the impor-
tance of developing surface passivation layers, more stable extrac-
tion layers and encapsulation strategies for enhancing the stabil-
ity of semitransparent PSCs, this goes beyond the scope of this
work.

3. Conclusion

To summarize, we demonstrated that it is possible to form
ultra-thin (10 nm), continuous, and smooth perovskite films us-
ing thermal evaporation processes. The introduction of small
amounts of PEAI during the deposition of CsPbI3 films enables
the control of the crystal growth and its orientation, leading to the
formation of compact and smooth thin films with thicknesses
below 50 nm. Other perovskite compositions, such as FACs or
CsPbI3 deposited without the PEAI additive do not result in com-
pact ultra-thin films as their growth is not highly oriented, but
is rather disordered. When integrated into photovoltaic devices
with optimized transparent electrodes, the ultra-thin PEACs per-
ovskite layers reach an efficiency of 3.6% with a high AVT of
54.26% – the highest reported to date for perovskite semitrans-
parent PSCs of AVT over 50%. These findings demonstrate the
importance of controlling the orientation of thermally evaporated
perovskite layers, thus enabling a columnar growth mode, re-
quired for the formation of compact and homogenous ultra-thin
layers, which are promising for future applications in smart win-
dows, light-emitting diodes, and tandem devices.

4. Experimental Section
Materials: ITO substrates were obtained from PsiOTech Ltd. PC61BM

(>99.5%) was bought from Luminescence Technology Crop. PTAA was
purchased from Sigma-Aldrich. Lead (II) iodide (99.99%, trace metals
basis) was obtained from TCI company. Cesium iodide (99.999%, met-
als basis) and formamidinium iodide (FAI) were bought from Sigma-
Aldrich. Aluminum doped ZnO (AZO) nanoparticle dispersion in alcohol
solvent (N-20X-Flex) were obtained from Avantama Company. Phenylethy-
lammonium iodide (PEAI) was obtained from Greatcellsolar Materials.
Chlorobenzene, Toluene, Isopropanol were bought from Acros Organics.
All materials were used without more purification.

Adv. Funct. Mater. 2023, 2307471 2307471 (7 of 11) © 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 7. Plots of a) VOC and b) FF as a function of thickness for comparison with other semitransparent PSCs (thickness ≤ 200 nm). c) PCE as a function
of AVT for comparison with other semitransparent PSCs. d) PCE stability characteristics of unencapsulated 10nm ST-PSCs with thin Ag electrode. Inset
figure is the MPP tracking of 10 nm semitransparent devices with thin Ag electrode.

Perovskite Film Deposition: Clean substrates were transferred to a vac-
uum chamber (CrePhys GmbH, Germany) from a nitrogen-filled glovebox.
For PEA-CsPbI3 and Cs0.1FAxPbI2+xBr0.1 perovskite, they were prepared
in two separated chambers to avoid the contamination. When the pres-
sure was pumped down to ≈10−6 mbar, the evaporation process started
to form individual perovskite composition. The deposition rates and layer
thickness were monitored using calibrated quartz crystal microbalances
(QCM, Rate/thickness monitor STM-100/MF, Syncon Instrument). The
tooling factor of evaporated materials adopted two ways. For inorganic
composition, they were tooled by comparing the thickness signal of QCMs
close to the crucibles to the thickness of film deposited on clean glass
substrates. The thickness of films on substrates was measured with Dek-
tak profilometer. Due to the soft property of organic components such as
PEAI and FAI, measuring thickness of these organic materials on glass was
not possible. So a QCM balance was mounted at the sample position and
the tooling factor was obtained via comparing the signals of two QCM
balances. For the PEA-CsPbI3 perovskite evaporation, the three sources
(PbI2, CsI and PEAI) were preheated to achieve a desirable rate ≈0.6–
0.8 Å s−1 (310–330 °C) for PbI2, 0.65–0.75 Å s−1 (445–455 °C) for CsI,
0.001–0.144 Å s−1(120–145 °C) for PEAI. For all evaporated PEA-CsPbI3
film, the rate ratio of PbI2 and CsI was fixed to a constant value of 1:0.85,
corresponding a molar ratio of 1: 1.11. And the volume concentration
of PEAI to PbI2 was fixed to 5%. For Cs0.1FAxPbI2+xBr0.1 evaporation,
the whole evaporation process were controlled by software SweepMe!
(https://sweep-me.net). The rates of FAI, CsBr, and PbI2 were fixed at
1.50 Å s−1 (120–130 °C), 0.06 Å s−1 (385–395 °C), and 0.83 Å s−1 (290–
300 °C) respectively. For thickness of all perovskite films, they were mea-
sured with Dektak profilometer.

Device Fabrication: Patterned ITO was rinsed with acetone to remove
the protective glue. Then they were ultrasonically cleaned with 2% hell-
manex detergent, deionized water, acetone, and isopropanol for 20 min
respectively, followed dry with nitrogen gun. For PTAA hole transport layer,
the ITO substrates was treated with oxygen plasma for 10 min and then
spin-coated with PTAA (1.5 mg mL−1 in toluene) at 6000 rpm 30 s, fol-
lowed by annealing at 100 °C for 10 min in a nitrogen filled glovebox. Sub-
sequently, HTLs coated substrates were transferred to a vacuum chamber
for evaporation. By detecting the rates of different sources, the perovskite
layers with different thicknesses were fabricated. Next, 25 μL PC61BM so-
lutions (20mg mL−1 in chlorobenzene) was dynamically spin-coated at
2000 rpm for 30 s followed by annealing at 100 °C for 3 min. Finally,
35 μL hole-blocking layer BCP (0.5mg mL−1 in isopropanol) was dynam-
ically deposited on substrates at 4000 rpm for 30 s, following by 80 nm
thermally evaporated Ag cathode (Mantis evaporator, base pressure of
10−7 mbar). For thin metal electrode evaporation, the samples are trans-
ferred to another nitrogen-filled metal chamber. First, a 0.5 nm Al seed
layer were evaporated on the perovskite film, followed by 7 or 10 nm Ag
deposition. For ITO electrode sputtering, prior to depositing electrode,
30 uL AZO nanoparticle dispersion solution dynamic spin-coated on the
substrates, followed by sputtering 500 nm ITO (Quorum, Q150T ES).

Photovoltaic Device Characterization: EQE spectra of the devices
were recorded using the monochromatic light of a halogen lamp from
400 nm to 800 nm, the reference spectra were calibrated using the NIST-
traceable Si diode (Thorlabs). J-V characteristics were recorded by using a
computer controlled Keithley 2450 source measure unit under a solar sim-
ulator (Abet Sun 3000 Class AAA solar simulator). The incident light inten-
sity was calibrated via a Si reference cell (NIST traceable, VLSI) and tuned
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by measuring the spectral mismatch factor between a real solar spectrum,
the spectral response of reference cell and perovskite devices. All devices
were scanned from short circuit to forward bias (1.3 V) to and reverse with
a rate of 0.025 V s−1. No treatment was applied prior to measurements.
The active area for all devices was 4.5 mm2.

UV–Vis Absorption and Photoluminescence Measurements: A Shimadzu
UV-3100 spectrometer was utilized to record the ultraviolet−visible
(UV−vis) absorbance spectra. PL measurements were performed using a
CW blue laser (405 nm, 10 mW, Coherent) as the excitation source. The PL
signal was collected using a NIR spectrometer (OceanOptics). All samples
were with encapsulation to prevent the decomposition, and all measure-
ments were carried out in ambient air at room temperature.

Time-Correlated Single Photon Counting (TCSPC): A TCSPC setup con-
tained of a 375 nm laser diode head (Pico Quant LDHDC375), a PMA
Hybrid Detector (PMA Hybrid 40), a TimeHarp platine (all PicoQuant),
and a Monochromator SpectraPro HRS-300 (Princeton Instruments). Per-
ovskite films on quartz were excited with the 375 nm laser diode and then
the emission was collected by the PMA hybrid detector. The pulse width
is ≈44 ps, power is ≈3 mW, the spot size is ≈1 mm2, so the excitation
fluence is ≈0.132 J m−2. The lifetimes were evaluated using reconvolution
algorithms of FluoFit (PicoQuant).

Scanning-Electron Microscopy (SEM): A SEM (Gemini 500, (ZEISS,
Oberkochen, Germany)) with an acceleration voltage of 3 kV was utilized
to obtain the surface and cross-sectional morphology images.

Atomic Force Microscopy (AFM): AFM measurements were performed
with a Dimension ICON3 scanning probe microscope from Bruker AXS
S.S.S under ambient conditions in the ScanAsyst mode in air using
RTESPA-150 tips. The size of the record images was 2×2 μm2 and the
scan rate ranged between 0.5–1.0 Hz at 1024 points per line. The samples
used for AFM imaging were perovskite layers deposited on ITO/PTAA sub-
strates.

X-Ray Diffraction (XRD): XRD patterns were measured in ambient air
by using a Bruker Advance D8 diffractometer equipped with a 1.6 kW Cu-
Anode (𝜆 = 1.54060 Å) and a LYNXEYE_XE_T 1D-Mode detector. The
scans (2theta-Omega mode, 2𝜃 = 10°−40°, step size 0.01°, 0.1 s/step)
were measured in Standard Bragg-Brentano Geometry (goniometer radius
420 mm) with a height limiting slit of 0.2 mm.

X-Ray Photoemission Spectroscopy (XPS) Measurement: The samples
were transferred to an ultrahigh vacuum chamber (ESCALAB 250Xi by
Thermo Scientific, base pressure: 2 × 10−10 mbar) for XPS measurements.
XPS measurements were carried out using an XR6 monochromated Al K𝛼
source (h𝜈 = 1486.6 eV) and a pass energy of 20 eV. Depth profiling and
X = 1.2 samples surface etching was performed using an argon gas clus-
ter ion beam with large argon clusters (Ar2000) and an energy of 4 k eV
generated by a MAGCIS dual mode ion source. During XPS depth pro-
filing, the etching spot size was (2.5 × 2.5) mm2 and the XPS measure-
ment spot size was 650 μm. The measurement time per etch level was
8 min.

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