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well-established state-of-the-art devices 
such as silicon heterojunction solar cells 
and inorganic and organic light-emitting 
diodes (LEDs) to perovskite solar cells 
(PSCs), and organic solar cells.[5–8] There 
are also many examples of TCOs in new 
approaches that simultaneously require 
semitransparency and flexibility, such as 
semitransparent conductors, field-effect 
transistors, thermal shields, photo-detec-
tors, and vertical transistors.[9–14] PSCs 
have attracted much interest since their 
onset in 2009 due to rapidly-increasing 
power conversion efficiencies (currently 
above 25% for small area cells). The perov-
skite layer and any adjacent charge trans-
port layers can be fabricated in many ways 

using either solution-based processes or vacuum-assisted dep-
osition. Vacuum-based deposition has the advantage of better 
control over the film thickness and is an additive method, 
moreover, it is a widely employed method of production of the 
before mentioned opto-electronic devices.[15,16]

Despite the benefits and promising perspectives of using 
TCOs in optoelectronics, the development of organic/TCO 
(TCO on top of organic) bi-layer structures is still a non-trivial 
challenge because of the generally harsh processing condi-
tions involved in the deposition of the TCO layers.[17] For 
both lab- and industrial-scale deposition of TCO, magnetron 
sputtering is the most widespread technique. It is a vacuum-
based process that employs direct current or radio frequency 
to excite a carrier gas (most commonly Ar) into a high kinetic 
energy plasma which bombards a target material, resulting in 
the transfer of fragments from the target to substrates posi-
tioned above it. However, the accelerated particles, together 
with side phenomena such as plasma luminescence and pro-
cessing-induced heat, can easily damage soft organic semicon-
ductor layers, leading to increased leakage current, as well as 
reduced efficiency and a lower lifetime of the optoelectronic 
device.[18,19] To overcome this limitation, a protective buffer 
layer is deposited prior to the TCO deposition.[17] Also, many 
efforts were proposed to minimize damages of sputtering depo-
sition on buffer-layer-free stacks by lowering the power density 
threshold by changes in power, target to substrate distance, 
sputtering gas, and process pressure,[20–24] but at the expense 
of longer processing times.[22,25–29] Among these reports, the 
most efficient buffer-layer-free PSC using TCO top-electrode 
was achieved by Ramos et  al. employing a post-annealed ITO 
sputtered directly onto a thick (290 nm) spiro-OMeTAD hole 

The deposition of transparent conductive oxides (TCO) usually employs harsh 
conditions that are frequently harmful to soft/organic underlayers. Herein, 
successful use of an industrial pulsed laser deposition (PLD) tool to directly 
deposit indium tin oxide (ITO) films on semitransparent vacuum-deposited 
perovskite solar cells without damage to the device stack is demonstrated. 
The morphological, electronic, and optical properties of the PLD deposited 
ITO films are optimized. A direct relation between the PLD chamber pressure 
and the solar cell performance is obtained. The semitransparent perovskite 
solar cells prepared exclusively by vacuum-assisted techniques had fill factors 
of 78% and exceeded 18% in power conversion efficiencies. This demon-
strates that the direct deposition of TCO-based top electrodes without protec-
tive buffer layers is possible and leads to efficient devices.

K. P. S. Zanoni, A. Paliwal, H. J. Bolink
Instituto de Ciencia Molecular
Universidad de Valencia
C/Catedrático J. Beltrán 2, Paterna 46980, Spain
E-mail: henk.bolink@uv.es
M. A. Hernández-Fenollosa
Instituto de Tecnología de Materiales
Universitat Politècnica de Valencia
Camino de Vera s/n, Valencia 46022, Spain
P.-A. Repecaud, M. Morales-Masis
MESA+ Institute for Nanotechnology
University of Twente
Enschede 7500 AE, The Netherlands

The ORCID identification number(s) for the author(s) of this article 
can be found under https://doi.org/10.1002/admt.202101747.

1. Introduction

Almost all optoelectronic devices make use of transparent con-
ductive oxides (TCO).[1–4] Sn-doped In2O3 (ITO) is the arche-
typal TCO in optoelectronics, yet there are many others, such 
as F-doped SnO2 (FTO), Al-doped ZnO (AZO), Ga-doped ZnO 
(GZO), Zr-doped In2O3 (IZrO), to name a few. Examples of 
successful uses of TCO in optoelectronics are abundant, from 
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transport layer (HTL), however not exceeding 15.7% power 
conversion efficiency (PCE).[26] Later, Dewi et al. achieved PSCs 
with a higher PCE (17.7%) also employing low-power-sputtered 
ITO top-electrodes onto a thick spiro-OMeTAD layer, however, 
their best operating PSCs required a thin thermally evaporated 
Ag film as a protective layer to diminish damages on the HTL 
underlayer.[28] Therefore, there is a need for the development 
of new “soft” deposition techniques that can potentially allow 
smooth damage-free deposition of TCO top-electrodes, prefer-
ably without the need of post-annealing treatments.

Pulsed laser deposition (PLD) is another well-known vacuum-
based technique for the deposition of TCOs.[30] PLD employs 
high-power laser pulses to vaporize the surface of a target mate-
rial leading to the formation of a plasma and allows for a wider 
range of deposition pressures, usually much larger than those 
used for sputtering deposition.[31] With increasing the chamber 
pressure, the background gas inside the chamber decreases the 
kinetic energy of the ablated species in the plasma via thermal-
ization, hence the impact of the deposition on the substrate is 
expected to be less damaging.[17] Despite its encouraging perspec-
tives, there are just a few reports on the successful usage of PLD-
deposited TCOs on thin-film photovoltaic devices, such as AZO, 
GZO, and B-doped ZnO bottom-contacts for a Cu(In,Ga)Se2 thin-
film solar cell,[32] and AZO or GZO top-electrodes for organic 
solar cells,[3,33] as well as IZrO and ITO as the top-electrode on 
PSCs,[2,34] and perovskite-based tandem solar cells.[35] However, 
in these perovskite device examples, the PCE did not exceed 15%. 
Apart from TCO top-electrodes, PLD has also been employed for 
the deposition of oxide charge transport layers, such as ZnO on 
organic solar cells[36] and PSCs,[37] as well as NiO in PSCs.[38]

Here we report on the effect of the deposition chamber 
pressure on the optical and electronic properties of ITO  
(2:98 wt% SnO2:In2O3) using an industrial PLD tool and its 
effect to achieve high efficiency buffer-layer-free semitrans-
parent perovskite solar cells. We employ optimized deposition 
parameters operating at room temperature to obtain ITO layers 
with absorptance values below 10% throughout the visible 
wavelength range with a low sheet resistance of 25 Ω □−1 (for  
160 nm thick films). This process was furthermore used to 
deposit >100 nm of ITO directly on top of a device stack con-
sisting of 500 nm of perovskite covered by organic semicon-
ductor layers with a total thickness below 32 nm, hence without 
any protective layer. Using this method of direct PLD depos-
ited ITO we achieve thin film semi-transparent perovskite solar 
cells with power conversion efficiencies exceeding 18% PCE.

2. Results and Discussion

2.1. ITO Film Characterization

The ITO deposition conditions were optimized using a chamber 
pressure in the range of 0.007 to 0.100 mbar, controlled by a 
constant injection of an oxygen/argon gas mix, and the laser 
fluence was kept at a constant value of 1.5–1.6 J cm–2 for all 
investigated pressures. As the chamber pressure increases 
the plasma shape expands (Figure S1A, Supporting Informa-
tion). This decreases the amount of material deposited per area 
leading to twofold decrease in the total growth (nm per cycle) as 

the chamber pressure increases from 7 × 10–3 to 1 × 10–1 mbar 
(Figure S1B, Supporting Information). The morphology of the 
films is also affected (Figure S1C Supporting Information) by 
the chamber pressure, leading to the deposition of a flat, pin-
hole-free film at 10–3 mbar, and films with gradually increasing 
porosity and granular structures for increasing pressures.[39] 
The growth rate when using a laser frequency of 25 Hz for 
the lower pressure process is 120 nm h–1. The X-ray diffraction 
pattern of the as-deposited ITO films deposited at any of the 
investigated PLD chamber pressures reveals that the films are 
of amorphous nature, (Figure S2, Supporting Information), 
similarly to previous reports.[40–43] The pristine PLD deposited 
TCO layers can be annealed causing the amorphous films to 
become polycrystalline;[42,43] however, our aim is to verify if PLD 

Figure 1.  A) Transmittance, B) absorptance, and C) reflectance spectra 
of ITO films deposited under different pulsed laser deposition (PLD) 
chamber pressures.
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can be used to deposit ITO on top of perovskite and organic 
semiconductors and therefore, no annealing step was per-
formed to the as-deposited ITO layer.

The transmittance, reflectance, and absorptance spectra of 
the ITO films on glass substrates are shown in Figure 1A–C. 
The main difference in the transmittance and reflectance 
spectra for the ITO films deposited at 0.1 mbar, as compared 
to the other pressures, is related to the lower thickness of 
the films, which occurs due to the higher deposition pres-
sure (when keeping equal deposition time or the number of 
pulses). Overall, the films present absorptance below 10% in 
the visible range, until 1200 nm. Increased parasitic absorp-
tion occurs in the NIR as the near-infrared radiation interacts 
with the free electrons in the conduction band,[44] leading to 
increased absorptance hence decreased transmittance at wave-
lengths higher than 1150 nm. Some interference phenomena 
can also occur in the visible region depending on the thickness 
of the film (Figure S3, Supporting Information). In addition to 
thickness, slight differences in transmittance, reflectance, and 
absorptance can be related to the O2:Ar ratio during deposition 
(Figures S4 and S5A, Supporting Information). Similar trends 
in transmission spectra of PLD-deposited ITO films as a func-
tion of chamber pressure and thickness were observed by Kim 
et al. for ITO films deposited at 300 °C[44] and by Smirnov et al. 
for PLD ITO deposited at room temperature.[34]

As expected, the sheet resistance increases for the less-
dense films deposited at higher chamber pressures (Figures S4 
and S5, supporting information). In fact, a surprisingly linear 
correlation is observed between the PLD chamber pressure 
and the logarithmic of the sheet resistance and conductivity 
(Figure S5B–D, Supporting Information). The fit of the linear 
relation leads to an R-squared (coefficient of determination cal-
culated from the simple linear regression) higher than 0.94. A 
resistivity as low as 4 × 10–4 Ω cm is reached for samples depos-
ited at 7 × 10–3 mbar, similar to previous publications on PLD 
grown ITO on glass at room temperature, using either UV-
excimer or 355-Nd:YAG lasers.[40–42,44–47]

2.2. Use of ITO Top-Electrodes on PSCs

To verify the impact of the PLD deposited ITO films on organic 
and perovskite-based semiconducting films, they were depos-
ited on top of the following stack of layers:

glass/ITO (160 nm)/MoO3 (6 nm)/TaTm (10 nm)/
MAPbI3 (500 nm)/C60 (25 nm)/BCP (7 nm) (where TaTm is 
N4,N4,N4″,N4″-tetra([1,1′-biphenyl]-4-yl)-[1,1′:4′,1″-terphenyl]-
4,4″-diamine, C60 is fullerene, and BCP is bathocuproine). 
This sequence of layers has been used to prepare efficient thin 
film opaque p-i-n solar cells using a Ag metal top electrode  
(it is referred to as p-i-n because the positive charge carriers 
are extracted at the electrode of light incidence and the nega-
tive charge carriers to the counter electrode).[16] We have used 
this exact same stack to verify if we can directly deposit ITO by 
PLD. For the ITO PLD deposition, the substrates were aligned 
to shadow masks to obtain the electrode layout indicated in 
Figure 2A, with 16 rectangular pixels of 0.082 cm2, eight on 
each side of the substrate, allowing for significant statistics. To 
ensure maximum current collection and minimize resistance 
losses, we also evaluated the use of thin (100 nm) silver grid 
lines (thermally-evaporated) surrounding the PLD-ITO con-
tacts, as demonstrated in Figure 2B. The addition of the silver 
grid lines leads to a slightly larger electrode overlap area of 
0.087 cm2. For comparison, standard non-transparent electrode 
reference devices were also fabricated using a reflective silver 
(Ag) layer (100 nm) as the top-electrode (Figure  2C), which 
leads to an electrode overlap area of 0.082 cm2. Although the 
semitransparent and reference devices have slightly different 
electrode overlap areas, all the samples were irradiated from the 
glass side using an illumination mask positioned at the center 
of the pixels with an opening of 0.050 cm2 and as such defining 
the active area to this value for all pixel variations.

The cross-sectional structure of the constructed stacks was 
investigated using a scanning electron microscope, in which 
some MAPbI3 crystals are observable in Figure 3A. Figure 3B 
shows a top view SEM image of the PLD-ITO top-electrode. It 
can be seen that the ITO layer is not perfectly flat but rather 
shows some microfeatures evidencing that ITO films deposited 
by PLD conformally follows the small thickness variations of 
the underlying stack.[48]

To verify that the ITO deposition does not lead to damage 
in the device stack, electrical and optical analysis were also 
performed on the semi-transparent device stacks. These were 
compared with the results from opaque reference devices that 
contain a thermally sublimed Ag metal top electrode. For this 
evaluation we deposited ITO on the device stacks using a range of 
different PLD chamber pressures, going from 0.007 to 0.1 mbar.  
The dark current density versus voltage (J–V) for devices 

Figure 2.  Top view photographs and cross-section device structures (not in scale) of semitransparent devices using 140 nm of pulsed laser deposition 
(PLD)-deposited ITO top-electrodes, without A) or with Ag grids B), and of a standard device using 100 nm of Ag top-electrode C).
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containing PLD ITO deposited at 0.007, 0.033, and 0.1 mbar  
(i.e., with 28, 80, and 840 Ω □–1, respectively) are shown in 
Figure 4A. The global trend of the dark current density for 
the semitransparent devices is similar to that of the reference 
device that has a reflecting Ag back electrode. We note that due 
to scan direction and scan rate the minimum current density 
is not at zero volts, but this is an artifact of the analysis. When 
taking the second scan the minimum does coincide with zero 
volts as shown in Figure S6, Supporting Information. The 
current density around zero volt, resembling the leakage cur-
rent, is slightly higher for the device for which the PLD-ITO 
was deposited at the lowest pressure, and in some cases (device 
with PLD-ITO deposited at a chamber pressure of 0.033 mbar) 
the leakage current is lower than for the reference device. 
The current density around 1 volt is virtually the same for all 
devices. This implies that there are no direct shorts generated 
by the direct deposition of the PLD-ITO on this stack. It is 
known that intrinsic MAPbI3 has a rather low conductivity and 
therefore, the combined stack of organic and perovskite semi-
conducting layers amounts to some 550 nm. Therefore, it is 
possible that some ITO did penetrate the top organic layers but 
this does not lead to an increase in current density due to the 
highly resistive (in the dark) perovskite film. We, therefore, also 
evaluated a stack without the perovskite film, and also in this 

Figure 3.  A) Cross section and B) topview scanning electron microscope 
(SEM) images of a semitransparent device using ITO top-electrode 
deposited by pulsed laser deposition (PLD) at 0.033 mbar.

Figure 4.  A) Dark J–V curve, B) illuminated J–V curves (measured under AM 1.5 G irradiation at 100 mW cm–2 at room temperature), C) External 
quantum efficiency (EQE) spectra and integrated JSC derived from the EQE spectra for devices with ITO top-electrodes deposited under different pulsed 
laser deposition (PLD) chamber pressures.
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case no significant increase in the leakage current was observed 
(Figure S7, supporting information).

Another, way to assess if the ITO layer is in contact with the 
perovskite layer is to evaluate the solar cells under illumina-
tion. The current density versus voltage under 1 sun illumina-
tion for three representative devices is depicted in Figure  4B 
(only the forward scan is shown, the forward and reverse scan 
are identical as shown in Figure S8, Supporting Information). 
For these three devices, the open-circuit voltage (Voc) is exactly 
the same. This is a strong indication that the ITO is not in 
direct contact with the perovskite as this would introduce some 
recombination losses at the perovskite-ITO interface, corrobo-
rating the conclusions drawn from the SEM cross-section, and 
the dark J–V curves in that the ITO is conformally coated on 
top of the organic semiconducting layers. The main difference 
in the J versus V curves obtained under 1 sun illumination is 
the reduced short circuit current density (JSC) of the semi-trans-
parent devices compared to the reference devices. This differ-
ence is due to the lack of reflective back contact and therefore 
the effective pathlength of the sunlight in the ITO-containing 

devices is reduced which leads to a loss in the generated current. 
Another factor that is different for the semitransparent cells is 
the fill factor (FF) which is slightly lower for the devices that use 
ITO from the lowest and highest chamber pressures. There is 
a clear effect of the gridlines on the devices that were finished 
with a top ITO electrode deposited using a chamber pressure in 
the range of 0.022–0.047 mbar which has virtually the same FF 
as the reference device. Devices that do not have the gridlines 
do suffer from a lower FF, as will be addressed in the following 
paragraphs. The external quantum efficiency (EQE, Figure 4C) 
of the PLD-ITO-based semitransparent devices is slightly lower 
than the reference device, in particular at the band edge where 
the optical path length has the highest impact.

Although the samples without Ag grids show a slightly lower 
JSC than the samples having the grids, the difference is sta-
tistically insignificant. As expected for devices in short circuit 
conditions, the EQE (Figure 4C) and JSC (Figure 5A) are inde-
pendent of the ITO-deposition pressure, with values around 
19–20 mA cm–2, except for the 0.100 mbar sample without the 
grids, which shows a significantly lower JSC mainly because the 

Figure 5.  Statistic distribution of the photovoltaic performance of ITO/MoO3/TaTm/MAPbI3/C60/BCP/top contact devices, with ITO top-electrodes 
deposited under different pulsed laser deposition (PLD) chamber pressures. A) JSC, B) VOC, C) FF, and D) PCE versus PLD chamber pressure of illumi-
nated devices with (green) or without (orange) Ag grid. At each chamber pressure, the ideal O2 partial pressure was set following the linear fit found in 
Figure S5A, Supporting Information. Sample size: at least eight samples for each pressure. Symbol interpretation: × at the bottom of the rectangular 
box stands for minimum value within the samples; bottom of the rectangular box stands for 25% of the samples; horizontal line in the middle of the 
rectangular box stands for 50% of the samples; top of the rectangular box stands for 75% of the samples; × at the top of the rectangular box stands 
for maximum value within the samples; star stands for mean.
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ITO obtained at this pressure is deposited too softly and has 
less adhesion to the glass, which can be easily scratched away 
by the alligator clips during measurement; nevertheless, the 
use of Ag grids reestablishes a proper contact.

The VOC (Figure 5B) of samples without Ag grid ranges from 
an average value of 1.09–1.10 V for the devices that have an ITO 
top electrode deposited at a chamber pressure between 0.007 
and 0.1 mbar. The VOC for the devices with gridlines is slightly 
higher and reaches 1.12 V almost similar over the range of 
devices. Therefore, the VOC in the Ag-grid containing devices 
is very close in magnitude to the reference device with the 
reflective Ag top electrode.

The series resistances of the investigated devices were derived 
from their illuminated J–V curve by calculating the inverse of the 
slope near the open circuit.[49] For the cells without the Ag grids, 
the lowest series resistance is 13.1 mΩ cm–2 derived for the device 
finished with a top ITO electrode deposited using a chamber pres-
sure of 0.007 mbar, which increases to 17.4 mΩ cm–2 for devices 
having ITO deposited at 0.033 mbar, and finally increasing fur-
ther to 67.2 mΩ cm–2 for devices with ITO fabricated at 0.100 
mbar. Therefore, this trend is very similar to the one observed 
for the ITO’s sheet resistance versus PLD chamber pressure. In 
fact, the logarithmic of the series resistance derived from the 
illuminated J–V curve of non-grided devices also follows a linear 
correlation to the PLD chamber pressure, in a very similar fashion 
to the linear correlation observed in Figure S5, Supporting Infor-
mation for the ITO’s sheet resistance. On the other hand, the 
lowest series resistance derived from the J–V curves for cells that 
contain a small Ag grid is 3.9 mΩ cm–2 for the ITO deposited at  
0.007 mbar, just slightly increasing to 4.8 mΩ cm–2 for 0.033 mbar, 
then slightly increasing again to only 6.9 mΩ cm–2 for 0.100 mbar. 
These results prove that the employed metal grids act effectively 
diminishing the series resistances of the devices, as expected.

The series resistance for cells without grids leads to variations 
in the FF, as shown in Figure 5C. For these cells, the tendency 
of the FF is in line with the increasing ITO sheet resistance and 
device series resistances. To verify this correlation between FF 
and the obtained series resistances, we calculated the predicted 
FF using approximations for a device under the large influence 
of series resistance (by means of Equation (21) in reference[50] 
– note that this equation considers only the influence of series 
resistance, but with negligible shunt resistance, which makes 
the calculations more practical, yet it can lead to small devia-
tions). As exhibited in Figure S9A, Supporting Information-
Supporting Information, the trend observed for the calculated 
FF is in very good agreement to the one for the experimentally 
observed FF, revealing that the lower FF for devices with ITO 
top contacts fabricated at higher pressures is indeed caused by 
their higher series resistances.

On the other hand, the cells with Ag grids, have a lower 
dependence of the FF on the ITO series resistance, reaching 
values as high as 77%–79%, which is similar to that of the Ag 
reference devices. The predicted FF (calculated from their series 
resistance) of these Ag-grided devices are also in very good 
agreement to their experimentally observed FF, as exhibited in 
Figure S9B, Supporting Information. Therefore, the improved 
FF of Ag-grided samples (as in comparison to non-grided) is 
in accordance with the diminished series resistances observed 
when the metal grids are implemented.

The devices in which the ITO layer was deposited at a chamber 
pressure of 0.007 mbar has a rather low FF, lower than what 
is expected from the ITO’s sheet resistance (28 Ω □−1) or the 
device’s series resistance (13.1 mΩ cm−2 for non-grided and  
3.9 mΩ cm−2 for Ag-grided), pointing to other factors affecting 
the total resistance across the device. In fact, the shape of its 
J–V curve – in particular the slope near short-circuit until more 
or less the voltage of maximum power point – is typical of a 
device limited by shunt resistances,[49] which could indicate par-
tial penetration of the ITO in the organic semiconductor films. 
This does not happen when the ITO is deposited at higher depo-
sition pressures. To check if indeed this might be the case, we 
reduced the BCP thickness away from the optimum 7 nm in 
devices that employ an ITO layer that is deposited at 0.033 mbar 
(Figure S10, Supporting Information) and compare the device 
performance with that of the anomalous one. The VOC and FF 
for the devices with a BCP layer of 3 nm matches the perfor-
mance of the anomalous one in which the ITO was deposited  
at a chamber pressure of 0.007 mbar. Hence, it is likely that the 
PLD-ITO top-electrode deposited at lower chamber pressures 
might penetrate a few nm in the BCP layer. This would lead to 
less blocking behavior and cause a loss in FF. Moreover, sample 
zero in Figure S10, Supporting Information (with only C60 in the 
electron transport layer) exhibits a much lower VOC (0.75 V) than 
devices with C60/BCP heterojunction (1.11 V), indicating that ITO 
did not completely penetrate across BCP in the 0.007 mbar device.

Ultimately, because the samples all show JSC or VOC with very 
similar magnitudes among each other, their PCE is affected pri-
marily by their FF, for which the trends versus chamber pres-
sure in Figure 5D are almost the same as the ones in Figure 5C. 
The devices that employ PLD ITO deposited with a chamber 
pressure ranging from 0.022 to 0.033 mbar that also have an 
Ag grid have very little spread in performance and have PCEs of 
around 17.5% on average. These results are remarkably similar 
to the Ag cathode reference (average PCE = 18.3%), only slightly 
lower due to the lower EQE/JSC of the semitransparent samples. 
From these experiments, we therefore conclude that no addi-
tional damage is occurring when depositing PLD-ITO instead 
of Ag. To try and verify that indeed no ITO is reaching the 
perovskite interface, we performed two additional analyses. In 
the first, we employed X-ray photoelectron spectroscopy (XPS) 
on delaminated devices. For this trial, we peeled the top layers 
off by following the procedure described by de Bastiani et al.,[51] 
in which a polyimide tape is employed as a peeling agent, and 
then XPS was obtained on the surfaces of both the peeled device 
and the peeled off films that stick to the tape (Figure S11, Sup-
porting Information, summarizes the peeling procedure). As 
summarized in Table S1, Supporting Information, the surface 
of the peeled device consists mainly of C and N, with a very low 
Pb and In content (0.01 and 0.04%, respectively). The peeled-
off films, on the other hand, contain C, N, In, and Sn and no 
detectable Pb. These results indicate that we delaminated the 
device in the middle of the ETL with MAPbI3/C60 on one side 
and C60/BCP/PLD-ITO on the other, as similarly observed by 
de Bastiani et al.[51] It is important to note that the derisory Pb 
and In observed on the peeled device most likely come from the 
rudimentary procedure of peeling with a tape, that in some very 
small areas might either a) peel off too much C60 and expose 
MAPbI3 or b) leave some traces of ETL/ITO unpeeled.[51] This 
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data shows that very little In is found in the part of the C60 layer 
still on top of the MAPbI3 layer and hence that the penetration 
depth of the ITO using this PLD process is less than 20 nm. In 
a second approach, we used energy-dispersive X-ray (EDS) map-
ping on a crosssection of the device, focussing on the MAPbI3/
C60/BCP/PLD-ITO interfaces. As shown in Figure S12, Sup-
porting Information, a high count of Pb and C (from MA+) is 
observed in the MAPbI3 layer. The Pb content starts to decline 
when reaching the C60/BCP interface. As we use dry deposition 
methods no Pb is mixed with the C60/BCP layer (as corrobo-
rated from the XPS data). Hence, the detection of Pb in the C60/
BCP layer is an artifact of this analytical method as EDS is a 
low resolution method.[52] More importantly, the counts of the 
elements of ITO, In, Sn, and O, are zero through the perovskite 
layer and only start to increase at the ITO interface with C60/
BCP. The carbon signal increases when we scan the ETL layer, 
as expected as there the presence of Carbon is higher.

Hence, juding from the good device performance, the XPS data 
for the delaminated devices, and the EDS on the cross-section, we 
conclude that no ITO reaches the perovskite/ETL interface.

Highlighting the semitransparency of our devices, 
Figure 6A,B show some pictures of the full ITO/MoO3/TaTm/
MAPbI3/C60/BCP/PLD-ITO(0.033 mbar) stack and Figure 6C 
exhibits its transmittance. These semitransparent PSCs with 
PLD-ITO deposited at 0.033 mbar were tested under illumina-
tion from both sides, either from the glass or from the PLD-
ITO top contact (device samples were encapsulated by 30 nm 
of Al2O3 deposited by atomic layer deposition, as described in 
our previous publication).[53] As shown in Figure 6D, both J–V 
curves are very similar. Our ongoing investigation is on eluci-
dating the differences between top and bottom illumination of 
both p-i-n and n-i-p configurations.

3. Conclusion

Using an industrial PLD tool we have evaluated the depend-
ence of the optical and electronic properties of ITO (2:98 wt% 
SnO2:In2O3) on the deposition chamber pressure. With opti-
mized deposition parameters operating at room temperature, 

Figure 6.  A) A picture of a squared substrate – half coated with a full ITO/MoO3/TaTm/MAPbI3/C60/BCP/PLD-ITO(0.033 mbar) PSC stack and the other 
half coated with a ITO/MoO3/TaTm/C60/BCP/PLD-ITO(0.033 mbar) diode stack (without MAPbI3) – held in front of the logos of our institute and of 
our research group. B) A picture of a PSC with ITO top contacts pulsed laser deposition (PLD)-deposited at 0.033 mbar and Ag grids held vertically in 
the air, with a colleague working in the laboratory at the background. C) Transmittance spectrum of the full semitransparent PSC stack. D) J–V curves 
of PSCs with ITO top contacts PLD-deposited at 0.033 mbar (with Ag grids) illuminated either from the glass side (bottom illumination) or from the 
PLD-ITO side (top illumination); measured under AM 1.5 G irradiation at 100 mW cm-2 at room temperature.
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ITO layers with absorptance values below 10% in the visible 
wavelength range and low sheet resistance of 25 Ω □−1 are 
obtained. This process was used to deposit ITO directly on top 
of a photovoltaic device stack consisting of 500 nm of MAPbI3 
perovskite covered by organic semiconductors with a thickness 
≈30 nm, hence without any protective layer. Using this method 
of direct PLD deposited ITO we achieve thin film semi-trans-
parent perovskite solar cells with power conversion efficiencies 
exceeding 18%.

4. Experimental Section
N4,N4,N4″,N4″-tetra([1,1′-biphenyl]-4-yl)-[1,1′:4′,1″-terphenyl]-4,4″-
diamine (TaTm) was provided by Novaled GmbH. Fullerene (C60) 
was purchased from Sigma–Aldrich. PbI2 was purchased from Tokyo 
Chemical Industry CO. MoO3, CH3NH3I (MAI), and bathocuproine 
(BCP) were purchased from Lumtec.

Pre-patterned ITO coated glass substrates were purchased from 
Naranjo Substrates. They were cleaned by subsequent immersions 
in soap, water, deionized water, and isopropanol in a sonication bath 
for 5  min each, followed by insertion in an ozone chamber with UV 
irradiation for 20 min.

Industrial Scale PLD System: The ITO films were deposited on glass 
substrates or directly on the toplayers of PSCs at room temperature 
using a Solmates large area PLD 200 mm system in the University of 
Valencia facilities. The system is equipped with a droplet trap to reduce 
the number of undesired particles on the deposited film, which allows 
for a homogeneous deposition on large areas >615 cm2, with less 
than 1.5% variation in TCO thickness and sheet resistance. This PLD 
tool is coupled to a N2 glovebox, to minimize any detrimental effects 
from O2 and moisture on the performance of the finally produced 
devices. A Lightmachinery’s IPEX-700 KrF excimer laser (λ  = 248 nm) 
was employed, setting the repetition rate at 25 Hz and a fluence of 
1.5–1.6 J cm−2. The source material for ITO deposition was a SnO2:In2O3 
ceramic target with 2:98 wt.%, acquired from Pi-kem. The substrates 
were taped to shadow masks to obtain the final deposition layouts.

Device Fabrication: All the solar cell layers were prepared in the 
University of Valencia facilities by thermal vacuum deposition performed 
in vacuum chambers evacuated to a pressure of 10−6 mbar, which were 
integrated into a nitrogen-filled glovebox (H2O and O2  < 0.1 ppm). 
In general, the vacuum chambers were equipped with 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 distance between the substrate holder 
and the evaporation source was approximately 20 cm. Individual quartz 
crystal microbalance (QCM) sensors monitored the deposition rate of 
each evaporation source and another one close to the substrate holder 
monitored the total deposition rate.

For the perovskite deposition, MAI and PbI2 were co-evaporated at 
the same time by measuring the deposition rate of each material in two 
different sensors (with rates of 0.45 and 0.50 Å s−1, respectively) and 
obtaining the total perovskite thickness in a third one located closer 
to the substrates (rate around 0.7 Å s−1), leading to a 500 nm thick 
perovskite. TaTm, C60, and BCP were sublimed in the same vacuum 
chamber with temperatures around 300, 420, and 140  °C, respectively, 
and the precise evaporation rate and deposited film thickness were 
controlled by the QCM sensors. In general, the deposition rate for TaTm 
and C60 was 0.6 Å s−1 while the thinner BCP layer was evaporated around 
0.4 Å s−1. MoO3 and Ag were evaporated in another vacuum chamber 
using aluminum boats as sources by applying currents ranging from 2.0 
to 4.5 A.

The devices were encapsulated using atomic layer deposition of Al2O3 
at 40 °C, using a protocol recently published by us.[53]

General Characterization: Absorption spectra were collected using a 
fiber optics-based Avantes Avaspec2048 spectrometer. X-ray photoelectron 

spectra of sample surfaces were recorded using a Thermo Scientific 
K-Alpha with a monochromatic Al Kα X-ray source (1486.6 eV) available in 
the ICMol facilities; data were analyzed and deconvoluted with Avantage 
software; the binding energies were adjusted to the standard C 1s peak 
at 284.6 eV. SEM images and EDS mapping were recorded using a ZEISS 
AURIGA Compact field emission scanning electron microscope with 
focused ion beam (FIB). A FIB is comparable to an SEM, yet instead of 
electrons, it uses a beam of Ga+ ions, which are 130 000 times heavier than 
electrons; consequently, the interaction with the specimen is significantly 
stronger, whereas the penetration level is lower. Thus, ions produce a break 
of the chemical bonds and ionization of the substrate atoms. Since the 
ion beam can be focused and monitored, this effect can be used to modify 
the structure of the specimen on a nanometric scale. Thicknesses were 
measured with an Ambios XP1 mechanical profilometer. X-ray diffraction 
was measured with a Panalytical Empyrean diffractometer equipped 
with CuKα anode operated at 45 kV and 30 mA and a Pixel 1D detector 
in scanning line mode; single scans were acquired in the 2 θ  = 5–50° 
range in Bragg–Brentano geometry in air. Hall effect measurements were 
obtained using an Ecopia HMS-3000 Hall Measurement System.

The EQE was estimated using the cell response at a different 
wavelength (measured with a white light halogen lamp in combination 
with band-pass filters). We determined the spectral mismatch factor 
(M) using a calibrated Silicon reference cell (supplied by ECN, from 
the Netherlands) via the correction methodology published by NREL 
and found M to be very close to 1 (0.9937) as expected for the AAA 
solar simulator used.[54] The J−V curves for the solar cells were recorded 
using a Keithley 2612A SourceMeter in a −0.2 and 1.2 V voltage range, 
with 0.01 V steps and integrating the signal for 20 ms after a 10 ms 
delay, corresponding to a speed of about 0.3 V s−1. The devices were 
illuminated under a Wavelabs Sinus 70 AAA LED solar simulator. 
The light intensity was calibrated before every measurement using 
a calibrated Si reference diode equipped with an infrared cutoff 
filter (KG-3, Schott). For all devices, we compare the calculated Jsc 
from the EQE with that obtained from the J–V analysis of the cells 
illuminated with the AAA Led solar simulator. During the experiment, 
the encapsulated devices were exposed to air; the temperature was 
stabilized at 298 K during the entire measurement using a cooling 
system controlled by a Peltier element.

Statistical Analysis: For the statistics presented in Figure  5, the 
minimum sample size was eight samples for each condition described. 
The statistical distribution was treated using the software Origin 2021.
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