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Low-Temperature, Scalable, Reactive Deposition of Tin
Oxide for Perovskite Solar Cells

Dominic Blackburn, Thomas J. Routledge, Mary O’Kane, Elena J. Cassella,
Onkar S. Game, Thomas E. Catley, Christopher J. Wood, Trevor McArdle,
and David George Lidzey*

1. Introduction

Interest in perovskite solar cells (PSCs) has increased greatly over
the recent years due to the rapid improvement in photovoltaic per-
formance. The first reported perovskite photovoltaic devices had a
power conversion efficiency (PCE) of 3.8%, which then increased
as a result of intensive research and development to now exceed
25%.[1–4] This increase in device performance has been driven
by the high absorption coefficient, long charge-carrier diffusion
length, tunable optical bandgap, and low defect density of metal-
halide perovskites.[5–16] Indeed, the photovoltaic performance of
lab-scale PSCs is now comparable to crystalline silicon cells.
However, much development is still required to develop perovskite
manufacturing processes to compete commercially with silicon.

The first reports of PSCs were based on structures developed
from dye-sensitized solar cells and used an n-i-p architecture.

Initially, devices used an electron transport
layer (ETL) based on mesoporous titanium
dioxide (m-TiO2), which is enhanced by
the addition of a compact TiO2 layer incorpo-
rated beneath the m-TiO2 layer.[17–21]

However, it has been shown that TiO2-based
PSCs undergo degradation when exposed to
UV light.[22] The push for higher efficiencies
and more stable devices has seen the explo-
ration of numerous alternative metal oxides
and organic thin films.[23–27] In recent years,
SnO2 has been shown to be a particularly
promising ETL due to its wide bandgap, high

optical transmission, high electronmobility, and a conduction band
that is well aligned with common perovskite compositions.[28–34]

A number of techniques have been explored to deposit SnO2

ETLs, including chemical bath deposition (CBD), sol�gel conver-
sion, atomic layer deposition (ALD), chemical vapor deposition
(CVD), thermal evaporation, magnetron sputtering, pulsed laser
deposition, colloidal nanoparticle routes, and electron-beam
evaporation.[35–38] However, many of these fabrication routes
have potential manufacture scaling issues. For example, CBD
requires an elevated temperature during the deposition or the
application of a post-deposition sintering step making it incom-
patible with the sensitive polymeric substrates that are increas-
ingly used in flexible photovoltaic applications.[39] Recently,
process temperatures below 100 °C have been demonstrated,
however, these often require extended reaction times making
them less suitable for mass production. They also require the
use of highly acidic solutions, again making them unsuitable
for combination with sensitive polymeric substrates.[3,40]

Although high-quality layers can be deposited via ALD, the
slow deposition rates and multiple cycles required to build up
layers of the thickness required for high-performing devices
are also barriers to rapid production.[41–43] Furthermore, ALD
processes can result in the generation of gaseous and corrosive
by-products which can contaminate the substrate.

Colloidal SnO2 nanoparticles have been successfully spin-cast
on small area devices to produce high-performing PSCs and these
have been deposited via slot-die, blade, and spray coating, demon-
strating their potential scalability.[33,44–51] However, such nanopar-
ticle solutions usually contain residual organic ligands or stabilizers
that cannot be removed by low-temperature annealing. As such
their compatibility with polymeric substrates for roll-to-roll process-
ing is questionable. In fact, some of the added stabilizers are
known to reduce the stability of triple cation-based perovskites
through the generation of undesirable metal halide salts.[52]
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Tin oxide (SnOx) electron-extraction layers are fabricated via a reactive electron-beam

evaporation process from a metal source under a partial pressure of oxygen. These

are then used in standard (n-i-p) architecture perovskite solar cells and achieve

power conversion efficiencies up to 19.3%. The SnOx deposition process is per-

formed onto substrates maintained at low temperature compared to similar tech-

niques, with films not requiring any subsequent high-temperature post-deposition

annealing. This demonstrates the potential compatibility of reactive electron-beam

evaporation with roll-to-roll processing onto flexible polymeric substrates.
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Thermal evaporation, magnetron sputtering, pulsed laser
deposition (PLD), and electron-beam evaporation have all been
previously used to deposit SnO2 for PSCs.

[53–57] These deposition
techniques share broad similarities, with each having their own
benefits and drawbacks, however, in each case, the source mate-
rial for deposition has been stoichiometric SnO2. This require-
ment can also result in production issues as the exposure of a
stoichiometric source material to a laser, ion, or electron-beam
quickly changes initial stoichiometry, even under oxygen partial
pressures. This in turn can lead to a variation in the optoelec-
tronic properties of the layer deposited during the deposition,
leading to poor control over device properties.

In this article, we deposit SnOx films using a process that uti-
lizes metallic tin pellets as a source material which are evaporated
using an electron-beam (Figure 1a). During the process, oxygen
is fed into the chamber to maintain a constant partial pressure,
oxidizing the vaporized metal as it is deposited. After deposition,
the films are exposed to a UV–ozone treatment, which further
increases the ratio of oxygen-to-tin in the film, improving the
optical transmission and the functionality of the layer. The reac-
tive electron-beam technique used here has been previously used
to fabricate hole-selective nickel oxide and electron-selective tita-
nium dioxide from metal sources, demonstrating its broad appli-
cability to deposit a range of metal oxide thin films for
optoelectronics.[58] Reactive electron-beam deposition of metal
oxides is inherently low-cost in nature and combines both
reduced substrate temperature and high-speed deposition.[59–61]

It is, therefore, well suited for use on polymeric substrates as part
of a roll-to-roll process. Using this technique, we fabricate stan-
dard architecture (n-i-p) PSCs with a SnOx electron-transporting
layer and report a champion PCE of 19.3%. This is benchmarked
against devices that incorporate a SnO2 ETL prepared from col-
loidal SnO2 nanoparticles, with similar performance metrics
demonstrated.

2. Results

SnOx films were deposited using a low-temperature reactive elec-
tron-beam process incorporating a post-deposition UV–ozone
treatment. The composition, transmission, surface topography,
and crystal morphology of representative thin films were

characterized, with properties compared both with and without
the post-deposition UV–ozone treatment. Films were then uti-
lized as the ETL in standard architecture (n-i-p) devices to extract
performance metrics and external quantum efficiency (EQE)
and compared with the equivalent devices prepared using
nanoparticle SnO2 ETL (np-SnO2).

We first discuss the optical characterization of the reactive
SnOx (r-SnOx) thin films. Here, films of 25 nm thickness were
deposited on either quartz-coated glass (Figure 2a) or indium tin
oxide (ITO) coated glass substrates (Figure S3, Supporting
Information) at a partial pressure of 9� 10�4mbar oxygen
and at a rate of 1.75 Å s�1 (further details in supplemental).
The thickness of this layer was chosen to closely replicate the thick-
ness of films used as ETLs in optimized PSC devices. It was found
that freshly deposited r-SnOx films (without any post-deposition
treatments) had good optical transparency but were slightly “gray”
when inspected by the eye. Figure 2a shows the optical transmis-
sion of such films on quartz-coated glass. Here it can be seen that
films have 75% transmission at 380 nmwhich increases to 90% at
498 nm and 95% at wavelengths beyond 605 nm. We have found
that when these films are treated with UV–ozone for 20min, they
have enhanced levels of transparency with a transmission of 80%
at 380 nm, 90% at 444 nm, and >95% at wavelengths longer than
519 nm. However, this is less than the transparency of films
deposited from colloidal nanoparticle tin oxide solutions which
have a transmission of >95% across the entire visible region.

It is apparent that the UV–ozone-treated r-SnOx films have
good optical transmissivity, however, the observed reduction
in transmission (compared to films prepared from np-SnO2)
might lead to a relative reduction in photocurrent when they
are used as an ETL in photovoltaic devices owing to parasitic
optical absorption. To investigate this issue, measurements were
repeated on ITO substrates (Figure S3, Supporting Information).
Here we find that differences in transmission between np-SnO2

and UVO-treated r-SnOx films were significantly reduced at
wavelengths <500 nm, with the transmission of the films being
nearly identical at wavelengths >500 nm. This suggests that the
use of r-SnOx ETLs will have a relatively insignificant effect on
photocurrent when they are incorporated as an ETL in PSC devi-
ces. We note that the transmission of np-SnO2 films deposited on
an ITO-coated substrate is higher than the transmission of

Figure 1. a) Schematic diagram of a reactive electron-beam deposition process. b) Cross-sectional scanning electron microscope (SEM) image of device

featuring reactive SnOx as the electron transport layer (ETL).
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uncoated ITO at certain wavelengths as ITO itself can act as an
antireflective layer.

To further explore the effect of the UV–ozone treatment on
r-SnOx, we have deposited films having enhanced thickness
(85 nm) on quartz substrates with transmission measurements
then recorded. Here, it was found that such thicker films allowed
the absorption edge to be more clearly identified than compara-
ble transmission measurements made on device-appropriate
(thinner) films (Figure S1, Supporting Information). Figure 2b
shows a Tauc plot constructed from the transmission data, with
data presented for an r-SnOx film both with and without
UV–ozone treatment. From this, we determine a bandgap for
the untreated r-SnOx film of 3.46 eV; a value that increased to
3.56 eV after the 20min UV–ozone treatment. This increase
in bandgap is consistent with the increase in optical transmission
observed across the visible spectrum following UV–ozone treat-
ment. We note that the bandgap of colloidal nanoparticle SnO2

films has been determined to be 3.79 eV; a result that suggests
the UV–ozone-treated r-SnOx films explored here are likely to be
sub-stoichiometric.

Figure 3a shows atomic force microscopy (AFM) topographs
recorded from a bare ITO substrate and a 25 nm thick,
UV–ozone-treated r-SnOx film deposited on an ITO substrate.
From these, we determine root mean squared (RMS) roughness
values of (1.9� 0.10) nm and (2.6� 0.04) nm, respectively. Given
the uncertainty in such measurements, and that we did not
observe significant short-circuiting in our devices, we conclude

that the roughness of the ITO surface is not substantially modified
by the deposition of the r-SnOx.

To further characterize the structure of the films, X-Ray
diffraction (XRD) measurements were recorded from the
UV–ozone-treated r-SnOx on quartz-coated glass substrates. A
typical scattering spectrum is shown in Figure 3b. Here it is
apparent that no sharp (crystalline) diffraction features are
observed, rather the films appear largely amorphous. We note
previous measurements have reported that the colloidal nanopar-
ticle films are crystalline, with (110), (101), (200), (211), (310), and
(301) scattering planes observed, indicating a tetragonal crystal-
line structure.[33]

We have characterized the elemental composition and stoichi-
ometry of our films using X-Ray photoelectron spectroscopy
(XPS). Figure 4a shows the Sn 3d5/2 core lines recorded from
a thin r-SnOx film with 4b showing the equivalent spectra
recorded from a similar film after UV–ozone treatment. It can
be seen that the peak energy and linewidth of r-SnOx films both
before and after UV–ozone treatment are very similar, with peaks
observed at 486.9 and 487.0 eV respectively. Such values closely
match literature values for SnO2 (486.7–487.0 eV) and np-SnO2

(486.9 eV).[62] We note, however, that the UV–ozone treatment
affected the O1 s signal which increased in relative intensity
compared to the 3d5/2 peak and underwent some broadening
(see Figure S2, Supporting Information) suggesting increased
incorporation of oxygen into the film. We can estimate film
stoichiometry by comparing the area of the O1 s and Sn 3d5/2

Figure 2. a) Transmission spectra of 25 nm r-SnOx films on quartz with and without UV–ozone treatment compared with that of np-SnO2. b) Tauc plot of

r-SnOx (85 nm thick film) with and without UV–ozone treatment.

Figure 3. a) Atomic force microscopy (AFM) images of bare ITO substrate (left) and a 25 nm thick film of r-SnOx on ITO (right). b) X-Ray diffraction (XRD)

of r-SnOx film after UV–ozone treatment.
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peaks. This suggests an oxygen to tin ratio of 1.26 (SnO1.26) in the
untreated r-SnOx film and 1.74 (SnO1.74) in the UV–ozone-
treated film. For completeness, if we apply the same technique
to an np-SnO2 film (Figure S2c, Supporting Information) we
determine an oxygen to tin ratio of 2.03.

Figure 4c plots the tin valence spectra of the untreated r-SnOx,
UV–ozone-treated r-SnOx, and colloidal np-SnO2 films. Although
the spectra are relatively noisy, it is apparent that there are three
peaks in the UV–ozone-treated r-SnOx and np-SnO2 films whose
intensity decreases with increasing binding energy; a result con-
sistent with previous reports.[63] Notably, however a peak around
8 eV is largely absent in the r-SnOx film, with the valence spectra

being more similar to that of SnO.[63] This further suggests that
the untreated r-SnOx film is sub-stoichiometric.

We now explore the application of the different SnOx thin
films as the ETL in a PSC. All devices were fabricated
on ITO-coated glass substrates and utilized a spin-coated tri-
ple-cation perovskite annealed at 100 °C for 30min under nitro-
gen. Hole extraction was achieved using a doped spiro-OMeTAD
hole transport layer (HTL) and a top gold anode that was depos-
ited by thermal evaporation (full details in supplemental). These
devices had an active area defined by the anode and cathode-con-
tact overlap of approximately 5mm2. An SEM cross-section
through a typical device is shown in Figure 1b.

Figure 4. a) X-Ray photoelectron spectroscopy (XPS) of r-SnOx. b) XPS of r-SnOx with UV–ozone treatment. c) XPS valence spectra of r-SnOx (with and

without UV–ozone treatment) and np-SnO2. Full spectra in Supporting Information.

Table 1. Performance metrics from champion-device reverse sweeps. Mean and standard deviation shown in brackets. Further statistics on device

performance metrics can be found in S5 and S6.

PCE [%] Jsc
[mA cm�2]

Voc [V] FF [%]

UVO treated r-SnOx 19.3 (17.8� 1.4) 23.5 (22.6� 0.5) 1.14 (1.12� 0.02) 74.8 (71� 5)

np-SnO2 19.5 (18.4� 0.8) 23.1 (22.7� 0.2) 1.15 (1.13� 0.01) 75.0 (72� 3)

Figure 5. Boxplots showing distribution of performance metrics from equivalent devices made using np-SnO2 and r-SnOx.
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Significantly, we find that devices made using untreated
r-SnOx films are largely nonfunctional, with negligible photocur-
rent recorded (see Figure S7, Supporting Information). However,
when such films were exposed to a UV–ozone treatment for
20min prior to perovskite deposition, device performance
improved significantly. This can be seen in Figure 5 (Table 1)
where we compare the reverse sweep metrics of devices incorpo-
rating the UV–ozone-treated r-SnOx ETLs with those incorporat-
ing colloidal np-SnO2. Here, we find the mean short circuit
current density ( Jsc) of both types of device to be near identical
(22.6� 0.5 and 22.7� 0.2mA cm�2 respectively) despite the
slightly lower transmission of the UV–ozone-treated r-SnOx

ETL film. We note however that the spread in Jsc is slightly nar-
rower in devices incorporating the np-SnO2 ETL. We also find
that the mean open-circuit voltage (Voc) and fill factor (FF) of
the np-SnO2 devices are slightly higher than those of the UV–
ozone-treated r-SnOx devices, being (1.11� 0.02, 1.13� 0.01 V
and 71� 5, 72� 3% respectively). This results in a comparable
but higher average PCE of 18.4� 0.8% for np-SnO2 compared to
17.8� 1.4% for r-SnOx.

We have also explored the fabrication of devices having a
slightly larger active area (25mm2, but measured through an
aperture mask of approximately 16mm2). Here, Figure S9,
Supporting Information, shows J–V sweeps of such larger area
np-SnO2 and r-SnOx based devices, with PCEs determined of
16.8% and 15.2%, respectively. We expect that this reduction
in PCE largely results from enhanced sheet resistance of the
ITO contact which mainly reduces the fill factor.[64]

Figure 6a plots the champion stabilized output of a
UV–ozone-treated r-SnOx ETL device, with Figure 6b plotting
the forward and reverse J–V sweep from the champion stabilized
pixel. Here it can be seen that, unlike np-SnO2 devices which
demonstrate negligible hysteresis (Figure S8, Supporting
Information), the treated r-SnOx device shows significant hyster-
esis. Specifically, we determine a Voc (FF) value of 1.109 V (67%)
for the forward sweep and 1.123 V (74%) for the reverse sweep,
resulting in recorded PCE of 16.9% and 19.1%, respectively.
However, when the same pixel was measured at the maximum
power point, it stabilized to a PCE of 18.7%; a value only fraction-
ally less than the reverse sweep performance. For completeness,
Figure 6c shows the EQE of the same pixel together with the inte-
grated Jsc obtained from the EQE. Here the integrated Jsc value of
21.5 mA cm�2 is slightly lower than that taken from the reverse
sweep value (22.9mA cm�2). We note, however, that the differ-
ence of 1.4mA cm�2 observed here has been determined to be
an acceptable level of mismatch, with multiple discrepancies
between the measurement techniques speculated to explain this
phenomenon.[65]

Finally, we have explored the relative stability of devices based
on utilizing np-SnO2 and r-SnOx ETLs. Here, devices were made
as described earlier and exposed to 160 h of illumination in air
using a light source approximating AM1.5, with periodic
current–voltage sweeps made in situ. All devices were also char-
acterized using a calibrated solar simulator before and after their
respective light exposure. This was necessary, as the solar simu-
lator and light source used in aging measurements had slightly
different spectral characteristics. To accelerate the degradation
processes, all devices remained unencapsulated during light
exposure.

Figure S11, Supporting Information, shows in situ PCE meas-
urements recorded from both the np-SnO2 and r-SnOx devices
made during light exposure. Figure S12, Supporting
Information, shows the relative change in all device metrics
recorded before and after the 160 h light exposure treatment.
It can be seen that there are drops in all performance metrics
for both types of the device after 160 h of light exposure, with
these most notably occurring in Jsc. This suggests that the main

Figure 6. a) Champion stabilized power conversion efficiency (PCE) of

UV–ozone-treated r-SnOx device. b) J–V sweep of champion stabilized

pixel. c) External quantum efficiency (EQE) measurement of the same pixel

and integrated Jsc obtained from EQE.
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degradation process involved the perovskite light-harvesting
layer. Indeed, a visual inspection following light exposure
revealed that devices appeared “gray” on their light-exposed side,
suggesting decomposition to lead iodide. Nevertheless, we find
the r-SnOx and np-SnO2 devices to have a very similar level of
stability, suggesting that the process used to deposit the SnO2

film has little impact on device lifetime.
For completeness, unencapsulated devices were also

stored under nitrogen in the dark (Figure S10, Supporting
Information). Here, the r-SnOx devices underwent very little
reduction in their performance metrics after 12 days of storage.
Interestingly, the np-SnO2 devices had a larger spread in all per-
formance metrics after storage, with some devices undergoing
large losses in PCE. The reduced stability observed in some of
the np-SnO2 devices may occur as a result of excess potassium
iodide, which is used as an additive to enhance the stability of the
colloidal solution. This additive has previously been found to
reduce the stability of mixed-halide perovskites through the for-
mation of non-perovskite phases.[52] This result suggests that the
use of r-SnOx deposited ETLs may well improve the long-term
stability of PSC devices, however further measurements on fully
encapsulated devices are needed to confirm this.

3. Discussion

We have analyzed the stoichiometry of tin oxide films prepared
by reactive electron-beam deposition and by a conventional col-
loidal nanoparticle route via XPS and optical transmission meas-
urements. XPS spectroscopy indicates an increase in the oxygen
content of r-SnOx films after a UV–ozone treatment, as has been
previously demonstrated, with optical transmission measure-
ments confirming the resulting changes in the electronic
bandgap.[66,67] We note, however, that XPS is a surface-sensitive
technique that is only able to probe the composition of the top
10 nm of a film.[68] As the tin oxide films used in devices were
around 25 nm thick, XPS estimations of the stoichiometry of the
treated films are only representative of the surface layers of the
film. Given the nature of the reactive electron-beam deposition
technique, it is unlikely that the composition of the r-SnOx film
before the UV–ozone treatment varied significantly as a function
of depth in the film. Furthermore, the UV–ozone treatment used
is likely to mainly affect the surface composition of the film. We
speculate, therefore, that there may be a greater deficiency of oxy-
gen within the bulk of the UV–ozone-treated film, however, this
cannot be determined using XPS as it is unable to probe deeper
into a film. We note however that the bulk composition of the
r-SnOx is not expected to substantially affect its ETL functionality,
as this is mainly dictated by surface chemistry. It has been pre-
viously established that a UV–ozone treatment can greatly
improve solar cell efficiency by increasing precursor solution
wettability which improves surface coverage of perovskite, while
also reducing the density of oxygen vacancies. Comparative stud-
ies have also shown that a UV–ozone treatment applied to a metal
oxide ETL can improve the efficiency of a PSC device by over 3%
compared to a device using an equivalent untreated film.[69,70] In
fact, we found that untreated devices made with an r-SnOx ETL
were nonfunctional as solar cells, whereas those based on a
UV–ozone-treated r-SnOx film had PCEs up to 19.3%. The fact

that our champion devices are comparable to those made using
nanoparticle SnO2 demonstrates that it is the surface properties
of the ETL that appear to dominate device performance.

The optical transmission measurements used here to calculate
bandgaps probe the entire bulk of the film. These were recorded
on thicker r-SnOx films (85 nm) than are typically used in opti-
mized devices to allow us to accurately identify the spectral loca-
tion of the absorption edge. Here, we determine effective
bandgaps of 3.46 and 3.56 eV for the untreated and
UV–ozone-treated films, respectively. For the untreated surface,
we expect that this should accurately reflect the bandgap of the
bulk film as we do not expect differences between the bandgap of
the surface and the bulk. However, for the UV–ozone-treated
film, we expect that the bandgap of the surface layer may well
be higher than that of the bulk resulting from the higher oxygen
content, with the value of the bandgap determined by transmis-
sion measurements not accurately reflecting the actual bandgap
of the surface layer. Nevertheless, we suspect that the surface of
UV–ozone film may not be fully stoichiometric.

In this study, solar cell devices were made using r-SnOx and
np-SnO2 as electron transporting layers, and it was found that
r-SnOx-based devices had a greater degree of hysteresis between
forward and reverse JV sweeps. This effect was most evident in
larger area devices. It was also found that light soaking effects
were evident in r-SnOx-based devices, with output power only
stabilizing after around 20 s of light exposure. We speculate that
hysteresis and light soaking effects may result from oxygen
vacancies at the ETL/perovskite interface (resulting from the
sub-stoichiometric surface) which act as trap states. Here, charge
carriers become trapped under forward bias conditions and are
then released under reverse bias, resulting in the greater
observed current. Light soaking during the stabilized efficiency
measurements is also expected to populate such states over time
and thus increase device efficiency. We expect that the density of
trap states could be reduced using additional post-deposition
treatments such as thermal annealing, as has been applied to
other ETLs such as TiO2.

[71] However, such techniques are
unlikely to be applicable with sensitive polymeric substrates.

4. Conclusions

We have described a method by which films of tin oxide can be
deposited via a low-temperature reactive electron-beam evapora-
tion technique followed by the application of a post-deposition
UV–ozone treatment. Using XRD measurements, we have con-
firmed that the films are amorphous, with XPS measurements
demonstrating that the UV–ozone treatment increases the ratio
of oxygen to tin at the surface from 1.26 to 1.74. Thin films depos-
ited via this method were used as an ETL in PSCs based on a
standard (n-i-p) architecture and compared to those utilizing
an ETL deposited via colloidal tin oxide nanoparticles. In general,
both types of devices had similar performance metrics, with
champion devices for both nanoparticle and reactive tin oxide
devices having remarkably similar values of PCE, Voc, Jsc, and
FF. However, devices incorporating the ETL deposited by the
reactive deposition process had a broader distribution of all four
performance metrics together with a greater degree of hysteresis
in the J–V curves. Nevertheless, we believe the use of reactive
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electron-beam deposition to deposit the ETL has numerous
advantages over a process involving the use of a colloidal nano-
particle solution, such as the presence of additives in the colloidal
solution that has been shown to reduce solar cell stability. We
also observed similar degradation rates of devices containing
the electron-beam deposited tin oxide under illumination to their
nanoparticle equivalents. We believe the reactive process is also
superior to other reported deposition methods in terms of its
compatibility with sensitive plastic substrates. Although the
UV–ozone exposure step applied here is relatively slow (taking
20min), we expect that this process could be accelerated by using
a higher power UV source, with further experiments planned to
explore this issue. We believe, therefore, that the reactive
electron-beam process described here has potential as a low
temperature, high throughput method for depositing tin oxide
layers for roll-to-roll printing of highly efficient PSCs.

Supporting Information

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