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ABSTRACT: The development of scalable deposition methods SnO; spray

drying

investigate the use and processing of nanoparticle SnO, films as

for perovskite solar cell materials is critical to enable the nanoparticles
commercialization of this nascent technology. Herein, we V )

electron transport layers in perovskite solar cells and develop g f v
deposition methods for ultrasonic spray coating and slot-die ] P — &
coating, leading to photovoltaic device efficiencies over 19%. The ~_* \ : J \\ ) “ETZ S L
effects of postprocessing treatments (thermal annealing, UV ozone, g " 192 % k1 ‘ . gm 18.7 % oy
and O, plasma) are then probed using structural and spectroscopic = . 470 %1 30 min Tminhot = L0
techniques to characterize the nature of the np-SnO,/perovskite o annealing - airflow g L o
interface. We show that a brief “hot air flow” method can be used Voltage (V) Time (5)

to replace extended thermal annealing, confirming that this

approach is compatible with high-throughput processing. Our results highlight the importance of interface management to
minimize nonradiative losses and provide a deeper understanding of the processing requirements for large-area deposition of
nanoparticle metal oxides.
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B INTRODUCTION and will also limit their use in tandem devices that may have
other temperature-sensitive layers.

One approach to mitigate ETL UV instability and reduce the
processing temperature is to replace TiO, (band gap ~3.3 eV)
with a wider band gap metal oxide such as SnO, (3.6—4.2 eV),
with the wider band gap also reducing parasitic absorption.””
Compared to TiO,, crystalline SnO, exhibits nearly 2 orders of
magnitude higher electron mobility;'® a property that suggests
it should act as a highly effective ETL. Atomic layer deposition

Organic—inorganic hybrid perovskite materials have generated
excitement and extensive research interest in the photovoltaic
community since their demonstration in 2009, with the record
single-junction power conversion efficiency (PCE) now
reaching above 25%."” This has been made possible by a
distinctive set of characteristics in this family of materials,
including high optical absorption, long charge-carrier lifetimes

enabled by low nonradiative recombination rates, and (ALD) has been used to deposit amorphous SnO,, and it is
extensive possibilities for compositional tuning.”* Typically, thought that its conduction band is well aligned for barrier-free
high efficiency n—i—p cell architectures have relied on a electron transfer from various perovskites.'' Various routes
compact and mesoporous TiO, electron transport layer (ETL) have been used to deposit planar SnO, including chemical bath
architecture.’” However, a primary concern with TiO, is the deposition (CBD), sol—gel conversion,'” chemical vapor
inherent instability caused by UV light interacting with deposition (CVD)," plasma-enhanced ALD,"* electron-beam
molecular O, adsorbed at surface defect sites. This process evaporation,' thermal evaporation,' sputtering,'” spin-coated

may then lead to decomposition of the organic component of

the active layer, with many stability studies on devices utilizing Received: March 12, 2020
TiO, typically making use of UV filters to negate such Accepted: May 7, 2020
effects.”” TiO,-based systems also commonly require process- Published: May 8, 2020

ing steps at temperatures above 450 °C.” This temperature is,
however, incompatible with many roll-to-roll (R2R) or sheet-
to-sheet substrates such as polyethylene terephthalate (PET)
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Figure 1. np-SnO, device structure and performance. (a) Illustration of the n—i—p layer architecture with a photograph of a completed device
inset. (b) Cross-sectional SEM image of a completed device showing densely packed perovskite grains and ultrathin np-SnO, layer. (c) Histogram
of all spin-coated device efficiencies (forward and reverse sweep), showing excellent reproducibility. Champion cell performance is illustrated by
(d) a current—voltage sweep and (e) stabilized device performance at the J—V determined MPP.

sol—gel precursor in combination with CBD,"® nanoparticle
routes,"”” and mesoporous SnO,.”"** Importantly, meso-
porous SnO, has also been demonstrated to have improved
UV stability relative to mesoporous TiO,, although it has so far
been processed at high temperature, preventing the use of
fluorine—SnO, (FTO) layers because of fluorine migra-
tion.”""** Two key papers on planar SnO,-only ETL deposition
routes have reported efficiencies of over 20%,' '’ with the
work by Jiang et al. using an off-the-shelf nanoparticle SnO,
(np-Sn0,) product subsequently leading to a record-breaking
planar n—i—p device PCE of 23.3%.”> This np-SnO, system
has the advantage of not undergoing temperature-sensitive
phase formation during annealing, which can impact the
reproducibility of other SnO, ETL deposition processes.

In this paper, we utilize an np-SnO, system with a triple
cation, mixed-halide perovskite® with solution composition
Cso0sFAg70MA  16Pbl, 4sBrgss and demonstrate highly repro-
ducible stabilized power output (SPO) efficiencies of up to
19.7% and good batch-to-batch reproducibility. We explore
two scalable np-SnO,-coating methods (spray-coating and slot-
die coating) and achieve peak PCEs of over 18% SPO. To
demonstrate a rapid process compatible with R2R manufac-
ture, we investigate both annealing-free and hot air flow (HAF)
flash drying processes (120 °C for 1 min) combined with other
low-temperature post-treatments (ultraviolet-ozone (UVO)
and O, plasma) to replace or reduce the commonly used
annealing step (10—30 min at 150 °C).! Using such
techniques, we develop a rapid process that combines spray-
coating, HAF at 120 °C, and UVO treatment to achieve 18.7%
SPO using a fully scalable ETL deposition process. These
results demonstrate the benefit of ex situ-crystallized nano-
particle metal oxides for achieving efficient, rapidly processed
photovoltaic devices.
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B RESULTS AND DISCUSSION

Electron Transport Layer Deposition. To establish a
stable baseline for experiments using more scalable techniques,
we explored the fabrication of perovskite solar cell (PSC)
devices in which the ETL was deposited by spin-coating np-
SnO, from a diluted commercially available dispersion. Full
details of the techniques used are given in Experimental
Methods. Figure 1 shows the n—i—p configuration of the
device, together with a scanning electron micrograph (SEM)
cross-section of a completed device. Here, the full device
structure is as follows: indium tin oxide (ITO), np-SnO, ETL,
triple cation perovskite CsyosFAg79MA, 14Pbl, 4sBr;ss absorb-
ing layer, doped spiro-OMeTAD hole transport layer (HTL),
and Au top contact.

We achieved a narrow distribution of device efficiencies on
ITO for large 0.16 cm? cells (see Figure 1c), with a champion
device PCE of 19.8% reverse sweep (V¢ to Jgc) efficiency
(Figure 1d) with the stabilized power output (SPO) closely
matching the reverse sweep PCE at 19.7% (see Figure le). The
batch-to-batch reproducibility and device metrics are promis-
ing; multiple devices were realized with a V¢ of 1.17 V,
corresponding to a voltage loss of 0.45 eV from the 1.62 eV
band gap in the best cells (Figure S1). Comparable efficiencies
of up to 18.8% were demonstrated for smaller devices
fabricated on fluorine-doped tin oxide (FTO) substrates (see
Figure S2). For comparison, we also show data in Figure S3 for
small cells fabricated using the SnCl,-SH,0 spin-coating
method proposed by Ke et al. and developed by Anaraki et
al®'® Here, we found similar performance in some devices;
however, we find the process to have low reproducibility (a
broader distribution compared to np-SnO, devices in Figure
S2), with full cell performance parameters given in Table S1.
The process also requires a drying step at 100 °C followed by a
longer annealing time at higher temperature (180 °C for 60
min).'® Taken together, we believe that the low reproduci-

https://dx.doi.org/10.1021/acsaem.0c00525
ACS Appl. Energy Mater. 2020, 3, 5552—5562


http://pubs.acs.org/doi/suppl/10.1021/acsaem.0c00525/suppl_file/ae0c00525_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsaem.0c00525/suppl_file/ae0c00525_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsaem.0c00525/suppl_file/ae0c00525_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsaem.0c00525/suppl_file/ae0c00525_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsaem.0c00525/suppl_file/ae0c00525_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsaem.0c00525/suppl_file/ae0c00525_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsaem.0c00525?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.0c00525?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.0c00525?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.0c00525?fig=fig1&ref=pdf
www.acsaem.org?ref=pdf
https://dx.doi.org/10.1021/acsaem.0c00525?ref=pdf

ACS Applied Energy Materials

www.acsaem.org

a0
S
.
== / iv.
Spray head passes with oo,
droplets coating surface elr,',,g

Unlevel wet film
begins to reticulate

Uniform, flat wet film
spreads over substrate

Inhomogeneous drying
- uneven, dappled film

drying

Sequential drying
leaves compact film

Figure 2. Scheme illustrating the optimized np-SnO, drying process across the UVO-treated ITO surface: (i) spray-coating, (ii) fast reticulation,
(iii) dry film with poor uniformity, (iv) ideal wet film, and (v) drying proceeds across the substrate.
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Figure 3. AFM height maps for uniformity and roughness of (a) ITO, (b) spin-coated and (c) spray-coated np-SnO, layers. Profilometric mapping
of completed devices using spray-deposited np-SnO, with (d) IPA/H,O mixed solvent and (e) H,O-only solution; here, np-SnO, layer
inhomogeneity in the IPA/H,O cast film leads to pinholes in subsequent layers. (f) J—V curve for the best-performing spray np-SnO, device.

bility, and temperature requirements to convert to SnO,,
makes the SnCl,-5H,0 conversion process unsuitable for use
in scalable device architectures, with nanoparticle metal oxides
being an attractive solution for rapid processing.

Slot-Die Coating. Two scalable deposition methods were
investigated to deposit the ETL layer. Slot-die coating is widely
used in industrial R2R processes and has the key benefit of
minimal material wastage during coating.””’*® To deposit a
range of thicknesses, we used a set solution concentration and
flow speed and then explored a range of head speeds. Surface
wetting was enhanced by UVO treating the ITO prior to
deposition, with a 3 wt % np-SnO, solution prepared by
diluting with H,O. Improved wetting for contact coating
methods can also be promoted by mixing the primary solvent
with ethanol by dropwise addition.”® We note that when
diluting using only H,O (which has a high surface tension of
>70 mN m™' at RT), a meniscus forms around the slot die
head and at the substrate edges. Here, we mitigated this effect
by placing the target substrate between two other substrates to
ensure a uniform flow across the intended device area (see
Figure S4), with the meniscus defining the thickness of the
deposited layer (found to be ~38 nm see Figure S5). This is
confirmed by process optimization results, showing device
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efficiencies that are comparable across a range of head speeds
from 3 to 15 mm s~ (see Figure S6a). Champion and average
device performance metrics are shown in Table S1 for all
devices in both sweep directions, with a maximum PCE of
18.5% and only mild hysteresis for the reverse sweep direction
(Figure S6b).

Spray Coating. As a non-contact scalable deposition
technique, spray-coating offers the benefit of higher
throughput than is achievable using slot-die or other contact
coating methods.”’ However, care must be taken to ensure
good wetting of the substrate, the formation of a uniform,
leveled wet film and homogenous drying. In the case of
perovskite films, solvent optimization is particularly critical as it
is also necessary to control nucleation and crystallization
behavior. This can be achieved through careful post-deposition
treatments such as vacuum exposure,”® a technique that has
also been used in inkjet printing.”” For the methods outlined
here, we are using an ultrasonic spray coater, which atomizes
the coating solution using a piezoelectric transducer into
droplets from a moving head, which are directed with gas flow
onto a static coating surface.”” Here, we have adopted a single-

pass coating approach, operating in ambient conditions and
using nontoxic solvents.

https://dx.doi.org/10.1021/acsaem.0c00525
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Table 1. Champion Device Performance Metrics for Spin- and Spray-Coated np-SnO, Devices, with Average and Standard

Deviation in Parenthesis”

coating treatment sweep
spin  annealed +15 min UVO forward
reverse
spray  annealed +15 min UVO forward
reverse
spray  annealed + delayed 15 min UVO  forward

reverse

PCE (%)
19.29 (17.21 + 1.40)
19.82 (18.17 + 0.97)
17.86 (16.62 + 1.75)
19.22 (18.45 + 1.18)
14.92 (11.32 + 2.68)
17.01 (15.08 + 3.18)

no. of
Jsc (mA cm™) Voc (V) FF (%) cells
22.93 (22.13 + 0.43) 1.16 (1.12 + 0.03) 75.30 (69.23 + 4.80) 43
22.94 (22.15 + 046) 1.17 (1.13 + 0.03) 76.14 (72.58 + 2.38)
2226 (22.13 + 0.26) 1.13 (1.13 + 0.01) 70.76 (66.24 + 6.13) 13
22.29 (22.19 £ 0.20) 115 (1.14 £ 0.01) 75.27 (72.76 + 3.75)
22.21 (22.01 £ 0.20) 1.01 (0.94 + 0.09) 66.28 (53.76 + 8.73) 13

22.39 (22.11 + 0.23)

1.06 (1.00 + 0.11)

72.38 (67.09 + 10.07)

“All devices use np-SnO, layers which were thermally annealed (150 °C for 30 min) and post-treated with UVO. Performance for spray-coated
cells with np-SnO, layers left in air for 2 days following annealing is also shown, highlighting the issue of loss of performance resulting from surface

contamination.

Typically, low surface tension and low boiling point solvents
are used for spray-coating. When using H,O as a solvent to
spray-coat SnO,, its high surface tension can lead to the
formation of thick wet films despite its good wetting properties
(indeed 30 s of UVO exposure is sufficient to encourage
complete wetting, see Figure S7). The thickness of the wet film
is also dictated by the volume of solution that lands on the
substrate, the surface energy of the substrate, and meniscus
effects at the edge of the substrate. We have optimized the
spray-deposition process to deposit SnO, films on ITO glass
and find that the use of a low concentration solution (1:70 np-
Sn0,/H,0), together with a UVO treatment leads to the
formation of a homogeneous wet film. From this wet film,
drying proceeds over the substrate surface in around 60 s. We
show this process schematically in Figure 2, with further images
and uniform conformal coatings shown in Figure S8. We note
that in an industrial process, drying could be further controlled
by use of an air-blade® or HAF across the surface, a process
that we describe later.

Topography and Device Performance. To investigate
the uniformity and roughness of the deposited films, we
performed atomic force microscopy (AFM) on spin- and
spray-coated np-SnO, (see Figure 3a—c). We found that spin
coating significantly reduced the film root mean square surface
roughness (Rgys) from 2.46 nm for the uncoated ITO to 1.37
nm, with the spray-coated film being slightly rougher (Rpys =
2.20 nm). Examining the topography of the coated surfaces, we
find that the np-SnO, film (prepared using both deposition
techniques) significantly reduces the surface density of voids in
the ITO. We have compared spin- and slot-die-coated surfaces
and find that slot-die-coated np-SnO, films exhibit comparable
roughness to spin-coated films (1.37 nm) with annealing
having little effect on film morphology (see Figure S9). We
find that the spray-coated films have a reduced layer
thicknesses, which is ~17 nm (measured by spectroscopic
ellipsometry), with this thickness being apparently insensitive
to spray-coater head speed (see Figure SS). We speculate that
this thin-sprayed np-SnO, film dries conformally over the
surface, with its greater roughness possibly reflecting the
roughness of the underlying ITO (see Figure 2).

We have also performed surface profilometry mapping on
completed devices (glass/ITO/np-SnO,/perovskite/spiro-
OMeTAD/Au) to explore film morphology over larger length
scales (2.5 mm X 2.5 mm). A surface map is shown in Figure
3d that was recorded from the surface of a device incorporating
a spray-coated np-SnO, layer deposited from an IPA/H,0/np-
SnO, solvent mixture, with similar mixtures having been used
with slot-die coating to improve wetting.”® However, we found
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that de-mixing of this two-solvent system occurs during the
atomization process in the ultrasonic spray head, as illustrated
in Figure S10. Consequently, this poor uniformity bottom layer
leads to a significant number of pinholes, with ring-like
morphological defects resulting from undulations in the np-
SnO, layer apparently propagating through subsequent layers
in the completed device. However, this behavior can be largely
suppressed by judicious choice of the spray solvent. Here,
Figure 3e shows a topographic image of a device surface in
which the np-SnO, was spray-coated with only H,O solvent,
leading to a greatly reduced density of pinholes and no ring-
like features evident. This result highlights the different
challenges with solvent engineering for spray coating as
compared to contact methods; further details on creating
stable solvent mixtures for spray-coating are given in
Supporting Information note 1.

Device performance metrics for all devices are shown in
Table 1. For optimized spray-coated np-SnO, devices, we
achieved a champion PCE of 19.2% with a SPO for the best-
performing cell of 18.6% (see Figure S11). We find that
devices fabricated using a spray-coated np-SnO, layer exhibit
increased J—V hysteresis, a result consistent with a reduced
uniformity in layer thickness. Despite this, we find that other
performance metrics for spray-coated and slot-die-fabricated
devices closely match those of average spin-coated cells.

We note that it is imperative to use the np-SnO, films
directly after the application of annealing and UV ozone
treatments. We observed that leaving annealed np-SnO, films
in ambient conditions, even if subject to a UVO treatment
directly before coating with perovskite, leads to a substantial
loss in V¢ (see Table 1). This effect most likely results from
the adsorption of organic species at the surface that cannot be
effectively removed through the UVO treatment alone.

Scalable Processing. The methods outlined so far have
utilized an annealing step of 150 °C for 30 min to dry,
crystallize, and remove the solvent from the np-SnO, layer.
However, such an extended thermal treatment is incompatible
with rapid R2R or continuous processing, where the duration
of the longest process dictates the maximum web speed.
Furthermore, our standard process also involves a UVO surface
preparation treatment for 15 min to increase the surface energy
for perovskite wetting and remove surface contaminants. In the
following sections, we describe techniques that we have
developed to reduce process time and temperature, while
maintaining good device performance.

Effect of Thermal Annealing. To minimize the cost and
duration of film processing, it is desirable to remove the
transport layer thermal annealing step. Fortunately, as the

https://dx.doi.org/10.1021/acsaem.0c00525
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SnO, nanoparticle system is already composed of precrystal-
lized nanoparticle domains, there is no phase change or
oxidation process required to form the SnO, phase. However,
it is necessary to understand the effects played by any thermal
treatments and UVO exposure on the transport layer and the
SnO,/perovskite interface. Previous reports on the optical
absorption of np-SnO, suggest a band gap of 3.79—3.94 eV for
annealed np-SnO, films, but with only a limited wavelength
range below the band gap, required for accurate fitting."”*
Tauc-like plots from our transmission measurements indicate
optical band gap values of 4.43 eV for non-annealed films and
4.39 eV for 150 °C annealed np-SnO, films (Figure S12).
These values are significantly higher than those typically
expected for phase-pure SnO,, so we applied a band-
fluctuations fitting model to spectroscopic ellipsometry
data.’® This confirmed the apparent wide optical band gap of
4.48 and 4.45 eV for as-deposited and thermally annealed
films, respectively (see Table S2); this model is discussed in
Supporting Information note 2.

Grazing incidence small-angle X-ray scattering (GISAXS)
techniques can provide a wealth of information about the thin-
film material structure and has been used extensively for
characterization of photovoltaic materials. Here, we collected
2D X-ray scattering patterns of np-SnO, films (see Figure S13)
and fitted an empirical Guinier—Porod model®* to in-plane
cuts through this data (see Figure 4) to investigate changes
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Figure 4. In-plane linecuts and Guinier—Porod fitting of GISAXS
from np-SnO, layers with different annealing conditions; as-deposited,
30 min 150 °C annealed, and HAF for 1, 2, and § min. 2D GISAXS
patterns for all samples are shown in Figure S13.

that occur in the lateral structure during annealing. Using this
approach, we determine typical correlation lengths for
crystalline domains within our films between 1.1 and 1.2 nm
(see Table 2), with such values agreeing with the
manufacturer’s data. Here, GISAXS measurements were
designed to preferentially probe the np-SnO, layer averaging
over the irradiated sample surface, where changes induced by
annealing are most likely to be evident (our complete
methodology is explained in Supporting Information note 3).
From the fitted values shown in Table 2 (with further
parameters presented in Table S3), thermal annealing increases
the typical domain size for grains in the film from ~1.17 to
~1.22 nm, a result that confirms that thermal annealing
increases the average size of the crystalline domains. We also
determine a reduction in the Porod exponent d from ~4
(corresponding to an ideal, smooth surface) to ~3.6, a result
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Table 2. Guinier—Porod Fitting Parameters for GISAXS
Profiles of np-SnO, Films“

d (Porod fitted domain size
sample R, (A7) exponent) (nm)
as deposited ~ 9.09 + 0.05 3.984 + 031 1.173 + 0.006
annealed 9.43 + 0.05 3.612 + 0.24 1.218 + 0.006
HAF 1 min 9.27 + 0.05 3.829 + 0.28 1.197 + 0.006
HAF 2 min 9.31 + 0.0 3.831 + 0.27 1.202 + 0.006
HAF S min 9.42 + 0.05 3.661 + 0.24 1.216 + 0.006

“Typical grain size is determined assuming spherical domains, with
full details given in Supporting Information note 3.

that indicates the presence of less well-defined spherical
boundaries between SnO, domains following annealing.
Therefore, we conclude that the annealed film can be
considered as a densely packed layer of spheres that become
fused, with the crystalline domaincontinuing to grow during
thermal annealing.

Various rapid thermal processing techniques have been used
to process perovskite layers, notably photonic curing, flash
infra-red annealing, intense pulsed light (IPL), and rapid
thermal processing.***® Such techniques have also been used
to replace TiO, sintering;37_39 however, the high trans-
missivity of thin np-SnO, complicates their use for this
material; for example, photonic curing or extended thermal
annealing will instead cause damage to flexible plastic
substrates like PET or PEN. To replace thermal annealing,
we have explored the use of a rapid thermal HAF process at a
temperature of 120 + 10 °C for between 1 and S min, as has
been used to process perovskite films.”” Here, a temperature-
controlled heat gun was used to replicate the typical hot-plate
thermal annealing process, representing a technique consistent
with R2R processing in air. Our experimental setup is shown in
Figure S14. Guinier—Porod fit parameters extracted from in-
plane scatter measurements (Figure 4) from films processed
using HAF show similar trends to those extracted following
extended thermal annealing, with an increase in the grain
radius and reduction of smoothness determined for increasing
HAF process times (see Table 2). Indeed, both the Porod
exponent and grain radius are found to closely match the
extended annealing after only S min of HAF.

Post-Deposition Treatments. Various options exist to
clean/process layers for R2R fabrication, including exposure to
plasma. We note that the UVO system used here did not
include an O, gas feed, so we expect that process times could
be significantly reduced by including an oxygen feed or by
using more intense UV light sources. UVO has been widely
used as a surface treatment for SnO, and has been reported to
enhance carrier extraction.”’ The UVO process is believed to
enhance surface hydroxylation*” (increasing the surface
energy) and to reduce the surface-density of oxygen vacancies.
Again, our objective is to explore an industrially applicable
process, so we also investigated a 5 min O, plasma treatment
because of its extensive use in the coating industry and explore
its impact on the np-SnO, surface, and the SnO,/perovskite
interface. The O, plasma treatment combines UV cleaning
under vacuum with cleaning by various ionized oxygen species.
In optoelectronic devices, this has been used to modify surface
electronic properties for enhanced carrier injection or
extraction,*>**

We first investigated the effect of removing the thermal
annealing process on device performance. Here, PV devices
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were prepared by either drying np-SnO, in air or by using a
one-minute annealing step at 120 °C to match the fastest HAF
process that would be compatible with processing on a flexible
substrate. In each case, a further 15 min UVO (here termed
“120 + UVO”) or O, plasma (termed “120 + O,”) post-
treatment was applied to the np-SnO, ETL to understand its
effect on cell performance. Table S4 shows device efficiencies
following each treatment, with optimum device performance
achieved using the 120 + UVO process, where a maximum
reverse sweep PCE of 18.9% was recorded (champion device
shown in Figure S). This encouraging result suggests that high
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Figure S. =V curves for the best-performing cells using np-SnO,
treated with 1 min 120 °C drying and either 15 min UVO or S min
O, plasma prior to perovskite deposition. Key sweep parameters are
inset (full parameters in Table S4), with the O, plasma-treated np-
SnO, device exhibiting lower V¢ and increased hysteresis.

performance can be achieved using both reduced processing
time and relatively low annealing temperatures, with even brief
annealing having performance benefit. Table S4 also indicates a
reduction in V¢ by around 80 mV for devices treated using
O, plasma compared with those treated using UVO (average
~1.05 V compared with ~1.13 V, respectively). This reduction
is accompanied by an increase in hysteresis during scanning,
where the J—V sweep for the best-performing 120 + O, device
(see Figure 5) shows a significant difference in the forward and
reverse sweep PCE, Vi, and FF compared with that processed
using the 120 + UVO np-SnO,.

To first confirm whether these changes in device perform-
ance result from changes in the perovskite deposited on the
treated surfaces, we performed white light absorption and
steady-state photoluminescence (SSPL) measurements on
bilayer np-SnO,/perovskite samples, with np-SnO, exposed
to various processing conditions. Figure S15 shows the optical
density for np-SnO,/perovskite samples and corresponding
Tauc-like plots where we assume a direct band gap. In all cases,
films were found to have a similar optical band gap of ~1.62
eV, corresponding well with PL emission (see Figure S16) at
~1.63 €V in all the samples (Table SS). To further confirm
whether changes observed in device performance are due to
changes in the perovskite layer, we recorded grazing-incidence
wide-angle X-ray scattering (GIWAXS) patterns for samples
using np-SnO, substrates with either the 120 + UVO or 120 +
O, plasma treatment (Figure S17). Here, we found no
substrate-dependent effects on the perovskite crystallinity or
orientation. From these observations, we conclude that the
perovskite bulk composition and structure is comparable in
both cases, irrespective of the np-SnO, layer treatment, a result
that suggests that the observed changes in device performance
result from modification at the SnO,/perovskite interface.
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Photoelectron Spectroscopy. To investigate the effect of
UVO and O, plasma treatments on the band structure and
composition of the np-SnO,, we performed ultraviolet (UPS)
and X-ray (XPS) photoelectron spectroscopy measurements.
These highly surface sensitive techniques give a wealth of
information on the electronic nature of surfaces and interfaces,
with many reports investigating doped and undoped SnO, for
many applications, from TCOs to gas sensing.%_48 Here, we
prepared np-SnO, films on ITO at the same thickness as used
in completed devices. XPS and UPS measurements will also
include the effect of surface contaminants and adsorbates,
which will be heavily dependent on the SnO, surface.”
Samples might typically be prepared by thorough cleaning,
followed by Ar" sputtering to remove adventitious carbon or
other detectable species, and remain under high vacuum after
preparation.”’ Here, however, cleaning/sputtering of the SnO,
will affect its surface composition,”" so following UVO or O,
treatments in air, samples were sealed under vacuum and then
rapidly transferred to high vacuum for the measurements.

By measuring XPS spectra across an extended binding
energy range, we investigate the surface elemental composition
of the np-SnO, layers. We note that the np-SnO, suspension
used here is stabilized using KOH (with a solution pH of
~11.5, see Figure S18). From survey (wide) scan spectra
shown in Figure S19, we find that the O, plasma-treated
samples are characterized by reduced emission from K 2p core
levels and weakly detectable emission from In 3d levels. This
indicates that the O, plasma partially removes KOH from the
np-SnO, surface, and also etches the np-SnO, layer, allowing
indium in the ITO substrate to be detected. We also find
significantly increased F 1s intensity which we attribute to
fluorine contamination arising from degraded PTFE coatings
within the plasma reactor.”> Indeed, if fluorine is incorporated
into the SnO, surface, it may increase the optical band gap.*’
We also compared the effect of each processing step on the
adventitious carbon with C 1s core-level spectra (see Figure
$20). As expected, we found that annealing does not remove
carbon contaminants, whereas UVO and O, plasma both
significantly reduce carbon species present at the surface.

Various other stable adsorbates are expected to be present at
SnO, surfaces, notably O,, H,O, and hydroxide species, with
their concentration heavily dependent on the SnO, surface and
stoichiometry.*”***> We probed the O 1s core-level XPS
emission to understand changes in surface oxygen species, with
spectra and fits for 120 + UVO and 120 + O, plasma shown in
Figure S21. Two components were fitted (in most cases) using
a lower energy feature having a binding energy of 531.1—-531.3
eV together with a higher energy shoulder at 532.4—532.6 eV
(fitting methodology is described in the experimental
methods). The peak at 531.2 eV is ascribed to lattice oxygen
(O—Sn bonds) with the second broader feature originating
from adsorbed species such as —OH groups and carb-
oxides.”>*® In the O, plasma-treated samples, a distinct third
peak was detected at 533.3 eV which we suspect is related to
an additional adsorbate species induced by fluorine modifying
the surface.”” In Table S6, we compare the relative areas of O
Is and Sn 3d and find that annealed and 120 + UVO samples
have the highest area ratio for both [O 1s]/[Sn 3d] and Sn—
O/[Sn 3d], which is reduced following an O, plasma
treatment. While these values should be treated with caution
because of the effect of adsorbates, our results suggest that 5
min of O, plasma treatment can significantly modify the
surface species, apparently leading to an Sn-rich, O-poor

https://dx.doi.org/10.1021/acsaem.0c00525
ACS Appl. Energy Mater. 2020, 3, 5552—5562


http://pubs.acs.org/doi/suppl/10.1021/acsaem.0c00525/suppl_file/ae0c00525_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsaem.0c00525/suppl_file/ae0c00525_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsaem.0c00525/suppl_file/ae0c00525_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsaem.0c00525/suppl_file/ae0c00525_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsaem.0c00525/suppl_file/ae0c00525_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsaem.0c00525/suppl_file/ae0c00525_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsaem.0c00525/suppl_file/ae0c00525_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsaem.0c00525/suppl_file/ae0c00525_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsaem.0c00525/suppl_file/ae0c00525_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsaem.0c00525/suppl_file/ae0c00525_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsaem.0c00525/suppl_file/ae0c00525_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsaem.0c00525/suppl_file/ae0c00525_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsaem.0c00525?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.0c00525?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.0c00525?fig=fig5&ref=pdf
http://pubs.acs.org/doi/suppl/10.1021/acsaem.0c00525/suppl_file/ae0c00525_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsaem.0c00525?fig=fig5&ref=pdf
www.acsaem.org?ref=pdf
https://dx.doi.org/10.1021/acsaem.0c00525?ref=pdf

ACS Applied Energy Materials

www.acsaem.org

(@)

Evac T
24
— -3.44
>
L 49 Yo -3.96 -4.64
> -4.54 It N
2 -5.07
O 6
c
L
1 7.92
10 - -9'1 1
ITO Annealed Annealed 120 + UVO 120 + O;

+UVO

plasma

(b) 1.20

1.15 4
1.10 4

—

S

o1.05. ——'__,—'

>O =" = Non-linear relationship -
1.00 4 " tail-off at high intensity
0.95 4
0.90

1000

Intensity (Wm2)

Figure 6. Understanding the effect of UVO and O, plasma treatments. (a) Electronic structure at the np-SnO, surface with the Fermi level (Eg)
from UPS measurements, valence band from UPS and XPS and estimated conduction band from the optical band gap. (b) Stabilized light-Voc
measurements for 120 + UVO and 120 + O, devices, showing reduced Vi for the plasma treatment. Agparent n;q from linear fits are shown, and in
the O, plasma case, behavior indicates increased nonradiative recombination at the ETL interface.**’

surface.”® A reduced O/Sn ratio has previously been observed
following an O, plasma treatment,” but the reverse has also
been reported for reduced SnO, surfaces.”” In summary, the
SnO, surface following the treatment will be impacted by the
initial stoichiometry and crystallinity of the surface, the
proportion of different ionized oxygen species in the plasma,
the nature of fluorine contamination, and the process
duration.*?

To analyze the electronic structure from UPS spectra, the
secondary electron edge (or E ) was used to determine the
work function (WF) for each layer, with the onset energy
(E,peer) used to find the valence band maximum (VBM) with
respect to the Fermi level (Eg) (see Figure $22). To confirm
the VBM positions (ionisation energy, I;) for all samples, we
also extracted E,,, values from XPS valence spectra (see
Figure $23). These values agreed with those determined from
UPS measurements (see Tables S5 and S6). As noted above,
the energy-level determination will be affected by extrinsic
band bending because of adsorbates, with adsorbed moisture
expected to lead to the formation of an accumulation layer at
the SnO,/perovskite interface.>* Noting this, we show an
apparent energy level diagram for ITO and key np-SnO,
samples in Figure 6a, illustrating the position of the Fermi
level, the VBM and estimated conduction band minimum
(CBM) using our previously determined optical band gap
values for np-SnO, (Figure S24 illustrates the energy level
determination). Here, it is immediately apparent that the O,
plasma treatment has caused a significant shift of the Fermi
level and ionization energy. Changes to the chemical species
present, together with a reduced layer thickness and modified
oxidation state have significantly altered the surface of the 120
+ O, sample surface, a conclusion confirmed by the “as-
deposited + O,” sample exhibiting similarly shifted energy
levels (see Table S7). We note that this is consistent with
literature reports on TCOs treated with O, plasma, a process
that has been shown to downshift the Fermi level in FTO and
ITO surfaces by 0.5—0.6 eV."**” We also note that the energy
levels determined for the annealed sample are significantly
modified following the UVO treatment, an observation that
may partly result from removal of carbon species, as identified
in Figure S20. For completeness, we give typical triple cation
perovskite and spiro-OMeTAD energy levels (predominantly
measured by UPS at the top surface combined with optical
bandgap) in Table S9, with the triple-cation perovskite CBM
typically in the range —3.79 to —4.46 eV.
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Device Physics. Previous work has shown that the
illumination intensity-dependent variation of V¢ can provide
information about the dominant recombination mechanisms in
photovoltaic devices. Classically, the light ideality factor (n,4)
extracted using this approach determines whether recombina-
tion is primarily bimolecular (band-to-band) or monomolec-
ular (trap-assisted), in cases with comparable electron and hole
densities.”"°> With varied carrier densities, trap energies and
trap locations (bulk or interface), n;4 can take a range of values
(ng ~ 1-2); analysis is complicated in hybrid perovskite
devices by the influence of mobile ions, which lead to transient
modification of interfaces, and therefore carrier extraction
behavior.”>** Adopting the approach modeled by Tress et al.,
we recorded stabilized Vy: measurements after a set
illumination period and found that the 120 + O, sample
exhibits behavior consistent with poor charge selectivity (see
Figure 6b).°* This result suggests increased interface
recombination in this case despite a lower apparent ny
extracted from a linear fit (1.32 compared to 2.00 in the 120
+ UVO sample). Transient photovoltage measurements
recorded at 1 sun are shown in Figure S25 and show slower
voltage stabilization for O, plasma-treated devices. Over tens
of seconds, these changes in Vi are likely to result from
dynamic processes at the ETL interface caused by the
interaction of both mobile ions and charge carriers, modifying
carrier extraction behaviour.’>*®

Therefore, we conclude that the observed V¢ loss shown in
Figure S and Table S4 for devices utilizing the 120 + O, ETL
results from a significant modification of the surface chemistry.
This leads to an apparent downshift of the VBM, Fermi level,
and CBM of the SnO,, resulting in a loss of electron selectivity,
with reduced quasi-Fermi level splitting in the device. While
the observed energy shifts are significant, they are affected by
adsorbates which also affect the extrinsic electron density at the
interface and may even evolve dynamically under opera-
tion."*** However, it is clear that both misalignment and
modified doping density will change the charge and ionic
screening behavior of the interface, a process that most likely
causes the increased hysteresis observed in O, plasma-treated
samples.”® However, it is unclear whether band alignment and
doping effects can be independently modified with O,
plasma.**®” It has also been reported that ALD SnO, with
different oxidants (such as O, plasma or ozone) can lead to
changes in the electronic properties of the ETL layer, as well as
modifying the subsequent perovskite growth,”® a process that
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Figure 7. Photovoltaic performance for devices prepared using fast processing: spray coating, 1 min HAF, and UVO treatment. (a) Reverse and
forward sweep efficiencies for 19 operational cells, (b) J—V sweep, and (c) SPO of the best-performing cell.

Table 3. Fast-Processed Device Performance Using Sprayed np-SnO,, 1 min HAF and UVO Treatment

PCE (%)
17.11 (15.95 + 1.29)
18.62 (18.11 + 0.66)

treatment

HAF 1 min + UVO

coating sweep

spray forward
reverse

Jsc (mA cm™) Voc FF

22.55 (22.54 + 0.18)
2245 (22.55 + 0.17)

no. of cells

1.11 (1.09 + 0.03)
1.12 (1.11 = 0.01)

68.52 (65.08 + 3.62) 19
73.81 (72.32 + 1.93)

may also be influenced by the observed reduction in KOH.* It
is clear that further research is needed to characterize chemical
reactivity between different substrate transport materials and
the perovskite layer during film formation.”*®

Overall, it is evident that O, plasma can have a detrimental
impact on the SnO,/perovskite interface if not properly
controlled; however, promising results using shorter treatment
times have been achieved.”” Surface preparation equipment
(both UVO and O, plasma) used in research contexts varies
greatly in device performance, power and process control,
making exact methods difficult to reproduce between
laboratories. As such, further efforts must be made to replicate
industrially relevant plasma cleaning approaches used in
interface preparation.

Rapid Processing. Combining the optimized spray
coating, 1 min HAF, and UVO treatment, PV devices were
prepared using this series of processes that have the potential
to be fully transferrable to R2R or other low-cost processing. In
Figure 7, we show a histogram of all device efficiencies, as well
as the current—voltage performance and SPO for the
champion device with a stabilized PCE of 18.7%. To
accompany this, average and champion performance parame-
ters are shown in Table 3, showing comparable metrics to
annealed spin- and spray-coated devices presented earlier,
although with increased hysteresis and slightly reduced average
Voc and FF. The total processing time here is around 1 min
(mainly determined by the annealing step), with spatial atomic
layer deposition (SALD) being the only comparably rapid,
low-temperature deposition technique that operates in an
ambient atmosphere able to create functional SnO, layers for
applications in perovskite solar cells. We note that Hoffmann et
al. fabricated p—i—n devices incorporating a SnO, ETL (that
also acted as an impermeable barrier layer), with devices with
over 12% PCE. Here, devices were fabricated using a substrate
processing speed and temperature of 20—80 mm s~' and 80
°C, respectively (compared with 25 °C and up to 180 mm s
achieved in our process), but with no further annealing
required.”’

B CONCLUSIONS

We have explored the deposition of SnO, nanoparticle layers
using two scalable deposition processes (spray coating and
slot-die coating) and fabricated perovskite devices with
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performance and morphology comparable to those of spin-
coating. The effect of annealing is investigated using GISAXS,
where we quantify the fusing of nanoparticles into a densely
packed ETL. The effect of annealing, UV ozone, and O,
plasma post-treatments were also investigated using UPS, XPS,
optical, and electrical measurements. We observed significant
modification to adsorbed species, concomitant with shifts of
apparent np-SnO, energy levels. Using an O, plasma
treatment, a significant reduction in the Fermi level led to a
loss of Vo and increased current—voltage hysteresis. Finally,
we demonstrated an optimized fast deposition technique
involving annealing the SnO, layer in hot air to create
photovoltaic devices yielding stabilized power conversion
efficiencies close to 19%. This work outlines the future design
requirements for rapid processing of functional metal oxide
nanoparticle layers, deposited at high speed and under ambient
conditions—conditions compatible with R2R processing.
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