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Abstract

We present a commercially available glass substrate which incorporates both a FTO and
compact TiOo layer deposited through CVD that is commonly used in “solar control prod-
ucts”. The substrate, known commercially as Pilkington Eclipse Advantage”™ , has been
designed for use as an infrared radiation control product and this is the first known in-
stance of it being employed and extensively characterized for use as a mass manufactured
n-type contact in perovskite solar cells. Using this substrate with no additional compact
TiO, layer, perovskite solar cells with PCEs of up to 15.9% were achieved. These devices
were superior in performance to those where the compact TiO2 was deposited via spray
pyrolysis. The reproducibility and large scale manufacturing base already established
with this substrate represents significant potential for solving the problem of upscaling a
uniform and pinhole free n-type compact TiO4 blocking layer.
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1 Introduction

Perovskite solar cells (PSCs) have seen a meteoric rise in prominence amongst the
photovoltaic community with power conversion efficiencies increasing from 3.8% in
2009, [1]to over 22% in 2017. [2] [3] [4] With improvements in stability and performance
being reported regularly, PSCs appear a promising candidate to compete with existing
silicon and thin-film based technologies. The cost associated with organic-inorganic
perovskite materials and the technologies to process them is projected to be relatively
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low. [5] One of the challenges facing PSCs and other emerging thin film photovoltaics
is the scaling up of lab-scale devices to commercial production using inexpensive
roll-to-roll or sheet-to-sheet manufacturing techniques. Recently, an article by Youn-Jung
Heo and co-workers has demonstrated a fully printed PSC fabricated through the use of
slot die coating with a PCE of 14.4%. [6] [7] [8] [9] With these large scale-compatible
deposition methods, coupled with novel fast processing techniques, [10] [11] [12] [13]
the future looks bright for scaled production of PSCs. PSCs are typically fabricated
by solution processing layers onto transparent conducting oxide (TCO)-coated glass.
Common TCOs used include fluorine-doped tin oxide (FTO) and tin-doped indium oxide
(ITO): FTO-coated glass, in particular, is already produced inexpensively on industrial
scales using a chemical vapor deposition technique integrated within the glass production
process. Depending on the architecture of the PSC, either a p-type (in the case of
“inverted”-type devices) or n-type (in the case of “normal”-type devices) semiconducting
layer is deposited onto the TCO-coated substrate. Currently, the majority of “normal”
structure devices report TiO, as an n-type, electron selective contact; usually in the
form of a compact layer followed by a thicker mesoporous layer. [14] [15] The most
common reported means of depositing high quality compact layers of TiO at lab scale
involve spray pyrolysis of a metal-organic precursor solution. [16] In spray pyrolysis, this
solution is sprayed onto a heated substrate, typically at temperatures in excess of 300 °C
to remove the carrier solvent as well as organic ligands associated with the precursor. A
subsequent annealing step in excess of 450 °C is also required to sinter and crystallize the
amorphous titanium dioxide into a crystalline anatase form. Although the deposition and
heating of such a layer may be scaled up, it may be dangerous owing to the presence of
flammable solvent vapor in close contact with heated substrates, as well as being difficult
to replicate consistently. This poses a potentially significant bottleneck to the realization
of mass-produced perovskite photovoltaics. In this report, we demonstrate efficient PSCs
fabricated on a commercially available glass substrate known as “Pilkington Eclipse 7
Advantage” (EA) that is commonly used in solar control products. EA is produced by
the glass conglomerate NSG Pilkington and consists of 1.9 mm thick glass with a base
layer of 25 nm SnO; followed by another 25 nm of SiO3. On top of this base layer is
a 200-250 nm thick FTO layer subsequently overlaid with a 20-40 nm thick TiO» layer
via CVD (chemical vapor deposition). During standard operation the EA functions as
a solar control product allowing the control of heat and light into a building, primarily
in warmer climates, where the aforementioned TiO, is used to control the optics in
the system. EA is manufactured at large scale and is presently commercially available,
however although its stack is ordered appropriately and in the correct thickness range
for a PSC charge-selective layer, EA has yet to be realized in the use of PSC. In this
paper we investigate the potential of using EA as a substrate in perovskite solar cells and
characterize its suitability as an electron transport layer (ETL) using techniques including
X-ray photoelectron analysis (XPS), Raman spectroscopy, scanning electron microscopy
(SEM) and X-ray diffraction analysis (XRD) as well as cyclic voltammetry (CV) and
transient photovoltage measurements (TPV).



2 Results and Discussion

During the operation of a PSC, illumination occurs through the glass/ FTO substrate in-
terface thus confirming the importance of optical characterization of these and subsequent
layers. Figure 1 shows optical transmission spectra for both EA and a conventional spray
pyrolysis processed compact (c)-TiOz layer (50 nm) on FTO-coated glass as well as a
plain FTO glass (TEC15) sample. In this instance, the sheet resistance of the TCO in both
the EA and spray pyrolysis-processed substrate (Solaronix), were measured at 15 Qsq~*
using a Jandel four point probe. It is apparent that both EA and spray pyrolysis processed
¢-TiO5 layers on FTO glass exhibit very similar optical transmission between 250 nm and
800 nm. In both cases, the transmission through EA and conventionally coated substrates
is markedly reduced compared to FTO glass without a c-TiO5 layer, especially at shorter
wavelengths. Average transmission (AT) values of EA are fractionally lower than that of
conventional spray pyrolysis with an AT of 59.52% compared to 60.85%. There is a small
blue shift at the band absorption edge in the EA, this is likely due to the variation in glass
substrates. EA consists of 1.9 mm thick glass with a base layer of 25 nm SnO» followed
by another 25 nm of SiOs. On top of this base layer is a 200-250 nm thick FTO layer
subsequently overlaid with a 20-40 nm thick TiO5 layer via CVD. The spray pyrolysis
sample was produced on TEC15 glass that consists 2.2mm thick glass and an FTO film
overlaid with a 40-50 nm of spray pyrolyzed TiO,. The variation in the two samples is
likely due to the nature of the glass substrate and thickness of TiOs.
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FIGURE 1: (a) UV-visible transmission spectra for Pilkington Eclipse 7" Advantage,
as well as conventionally processed c-TiO, substrates. Note: Spray pyrolysis indicates
FTO (TEC15) with a subsequent application of spray pyrolysed TiOs. (b) XPS elemental
mapping of a scratched Pilkington Eclipse 7% Advantage surface. Red indicates the
presence of Ti whereas blue indicates the presence of Sn.

In order to quantitatively determine the surface elemental composition of the TiOq
layer applied to the EA substrate, x-ray photoelectron spectroscopy (XPS) was employed.
Figure 1 shows an elemental map of a mechanically scribed region of the EA in order
to expose the underlying surface. A surface layer of Ti is observed (highlighted in red),
with exposed Sn (highlighted in blue) seen in the scribed areas, the dark areas are con-



taminants/ debris left over as a result of the scribing process. The analysis showed Ti
and O peaks, with the Ti peaks being consistent with Ti (IV) present in TiOo. With the
EA substrate, a significant amount of Sn and C was detected at the surface. These are a
result of sample contamination during the manufacturing process. In addition, XPS depth
profiling revealed that the Ti layer found on EA is thinner than what might be preferred
in PSCs according to literature, [17] estimated to be below 20 nm. However, recent work
has shown that highly efficient PSCs utilizing ultra-thin TiOy electron transport layers
in the region of 2 nanometers are possible. [18] It has also been demonstrated that the
crystallinity of such thin layers may not be a barrier to solar cell performance, with PCEs
of 19.2% achievable on planar heterojunction devices utilizing an atomic layer deposited
amorphous TiO,. [19] It has also been demonstrated that a compact TiO, may not be
required at all to achieve reasonable PCEs. [20] [21] [22] Raman spectroscopy was used
to further identify the presence of TiO2 and analysis of the resulting spectra was used to
identify any crystalline behavior. Sharp intense peaks give an insight into the degree of
crystallinity within a film, while broad, less intense peaks are indicative of amorphous
materials. A plot of Raman shift intensity for both spray pyrolysis processed c-TiO2 and
EA substrates is shown in Figure 2. Interestingly, while the TiO2 indicative peak at 145
cm™! is present for the conventionally processed c-TiO, layer through spray pyrolysis,
no such peak is present in the EA sample. Figure 2 also shows the spectra of a EA sample
having undergone an additional heat treatment at 550 °C in order to induce a
crystallographic transformation of any TiOs present to the anatase polymorph. De-
spite a drop in Raman shift intensity around 445 cm~! and 575 cm™!, the anticipated
TiO4 peak fails to manifest itself following heat treatment. X-ray diffraction (XRD) was
then employed to probe further the presence of crystalline TiO on both EA and spray
pyrolysed processed films. Figure 2 shows x-ray diffraction patterns for both samples.
The data suggests that the c-TiO5 in the spray pyrolysed films is crystalline in nature as
suggested by the peak around 25.25 degrees which correlates to the anatase TiO5 (101)
atomic planes. The corresponding peak for FTO at 26.5 degrees can be observed in both
samples; the intensity and sharpness of both peaks indicate a highly crystalline film, cor-
roborated by the Raman spectra in Figure 2. The c-TiOy in EA is either amorphous,
crystalline but too thin to detect or characterized with extremely small grain sizes. Raman
spectroscopy and XRD are limited in the analysis of very thin films especially where the
crystalline range is also very small. Work carried out by Chandiran et al. and Tilley et
al. demonstrated that Raman and XRD are known to suggest very thin films of c-TiO,
are amorphous in nature. [23] [24] Though they are still prone to crystallization to ru-
tile or anatase at elevated temperatures similar to those employed during fabrication, [25]
so crystalline behavior of these thin films cannot be ruled out. The presence of TiO,
proves difficult to identify through x-ray diffraction and Raman spectroscopy as has been
shown previously for ultra-thin layers (less than 20 nm). Cyclic voltammetry (CV) is an
electrochemical technique that can uncover the characteristic hole-blocking properties of
TiOs5 in the EA substrate when present on an FTO surface. Figure 2 shows cyclic voltam-
mograms of different TiO5 films exposed to a potassium ferro/ ferri cyanide electrolyte
couple. In this experiment, the Fe(CN)63*/ 4-
three-electrode cell, with the TiO» coated FTO glass acting as a working electrode. CV

solution acts as a model redox system in a
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FIGURE 2: (a) Raman spectra measured for a traditional spray pyrolysis processed c-
TiO; layer of FTO-coated glass, as well as pre and post heat treated Pilkington Eclipse
TM Advantage. (b) Cyclic voltammograms of Pilkington Eclipse 7™ Advantage and
spray pyrolysis processed c-TiOs layers, including additional mesoporous TiO4 layers.
(c) XRD plot to show the relative peak intensities for Pilkington Eclipse 7 Advantage
and Spray Pyrolysis TiOs on FTO-coated glass.

(d) Characteristic pinholes found in a spayed compact blocking layer as demonstrated by
cyclic voltammetry.

was carried out on several different areas of the eclipse advantage sheets (numerous sam-
ples taken from different sheets of 30 cm x 30 cm) supplied by NSG Pilkington to test the
effectiveness of the ETL over a large area and compared to similar large area spray pyroly-
sis device. Each CV measurement was 1 cm x 2 cm.EA and a 50 nm thick spray pyrolysis
processed compact TiO5 layer both show a strong blocking effect over the voltage range as
there is minimal current activity, indicating good quality TiO2 blocking layers with high
film coverage that make a rectifying interface. At this point no anodic currents of Ferro
cyanide oxidation can flow because TiO; is in the depletion regime at these potentials.
If the CV scan were to be extended towards -0.7 V the cathodic current will be detected
meaning the TiO, layer is in the accumulation regime i.e. exhibiting metallic behavior as
described by Kavan et al. [26] [27] Pin holes and defects were monitored by measuring
any anodic current response; the current measured from these effects arises from the fer-
rocyanide oxidation at the bare FTO regions, thus indicating an inhomogeneity within the



film. Our results for FTO are within good agreement to that published by Tzu-Sen Su and
Kavan et al. [27] [28] One of the major drawbacks to spray pyrolysis has been its relative
unreliability to reproduce homogeneous films. The sensitivity of the CV measurement
reveals the presence of defects within the c-TiO5 otherwise undetectable with the naked
eye. Characteristic signs of pin holes were deduced from the corresponding increase in
anodic activity resulting from ferrocyanide oxidation occurring at uncoated FTO regions
as seen in Figure 2. An increase in cathodic activity also indicated relatively poor film
coverage for this sample as shown by Tzu-Sen-Su and co-workers. [28] Conversely; EA
showed no appearance of defects or pinholes under CV across all samples tested, giving
further credence to the reproducible nature of chemical vapor deposition. Bare FTO does
not have any hole blocking layer characteristics as evidenced by the Nernstian response in
the CV pot in Figure 2. The cathodic (Epc) and anodic peak potential (Epa) are separated
by 92.00 mV. The AEP is within a reasonable degree to that of the theoretical value of
56.00 mV for a one-electron reversible reaction. This is because of resistances associ-
ated with the solution; contacts, area masking, barrier layer lacquer and wiring were not
accounted for in these calculations. This means the redox reaction of the electrolyte is
electrochemically reversible on bare FTO, suggesting no blocking effect. This result is
also within good agreement to that published by Tzu-Sen Su and Kavan et al. [27] [28]
The blocking effect of mesoporous TiO5 scaffolds were also investigated in full devices.
30NRD, procured from Dyesol was prepared by diluting its paste with a mixture of Ter-
pineol and (IPA) to produce a 200 nm thick layer via spin coating. 30NRD has an average
nano-particle size of 30 nm, and gives a transparent Titania film with a large surface area
to volume ratio upon sintering at 550 °C. The resulting voltammograms in Figure 2 show
that a 30NRD mesoporous TiO4 scaffold exhibits no blocking layer effect, the porous na-
ture of the film allows pinholes to expose bare FTO and so result in a substantial anodic
and cathodic current being observed much the same as with bare FTO, again the behav-
ior is Nernstian and the redox reaction reversible. We attribute the very small amount
of current (of the order of micro-amperes) observed in the EA and homogeneous spray
pyrolysis samples to be down to capacitive charge effects as the number of voltage cycles
increases. The small currents detected are a consequence of the lack of Faraday cages
used in our set-up which results in small currents being detected from the surrounding
environment. [29]

Following confirmation of a blocking function on EA, full devices based on a mixed
cation composition were fabricated. The device architecture can be seen in Figure 3, with
the perovskite based around published work by Saliba et al. [14] The resulting cesium
containing triple cation perovskite of composition Csp.05(MAg.17 FAg.83)(0.95Pb(Io.s3
Bry.17)s produces excellent films for power conversion efficiencies as can be seen in Fig-
ure 4. We chose to employ the mesoporous scaffold (30RND) into both spray pyrolysis
and EA architectures because, to date, cells with the highest overall device efficiencies
employ the mesoporous scaffold in their architecture. One key difference in the process-
ing of EA involves the electronic isolation of the cells which is necessary to enable elec-
trode contacting in solar cell fabrication; this is done in spray pyrolysis usually by etching
a masked area of FTO with a suitable acid, usually concentrated hydrochloric acid in
combination with a reactive metal powder such as Zinc. In order to electrically isolate the



Y Evaporated Gold
[ i i Contacts ~ 80 nm

I}
g B B G

Spiro-MeOTAD (HTM) ~ 250 nm

) H*
Perovskite
Triple Cation
~370 nm 5, ——
e T

'y - % et
I - e e e o
.o .Mesoporous TiO,~ 180nm . . . . ...

Pilkington
Eclipse ™
Advantage

FIGURE 3: Device Architecture of our standard laboratory devices, note perovskite used
was the triple cation of composition Csg.o5(MAg.17 FAg.83)(0.95)Pb(lo.83 Bro.17)3.

desired regions of FTO in EA, one must additionally remove the TiO» layer that has been
chemically vapor deposited on top. We achieved this through the use of a neodymium
sourced YVO, yttrium orthovanadate laser with wavelength of 532 nm, operating at 32
Amperes. An analysis of Current-Voltage (J-V) statistics for EA devices is presented in
Figure 5. Device performance for EA and spray pyrolysis were characterized using a so-
lar simulator (Oriel Sol AAA 940238) and tested under 1 sun illumination in air. It can
clearly be seen that EA outperforms spray pyrolysis cells in terms of power conversion
efficiencies, the record device for EA achieved a stabilized power conversion efficiency
of just under 15% over 180 s of maximum power point tracking (J,,;,), the maximum
PCE achieved in a single unstabilized device was 15.9% whereas devices with a spray
pyrolysis blocking layer achieved a maximum PCE of 14.8% that reduced to 13.1% on
stabilized measurement.

The resulting EA JV curve shown in Figure 5 shows there is some residual hystere-
sis but it appears to be limited and the same can be observed in the spray pyrolysis cells
also shown in figure 5,typical of this architecture. The hysteresis in the devices can be
attributed to a lack of optimization in the perovskite film processing conditions, such as
residual solvents present in our glove box due to a lack of laminar flow capabilities as well
as a lack of subsequent treatment of the mesoporous TiOq layer such as doping and ozone
treatment. It can be seen that the origin of the hysteresis is not due to the TiO, ETLs as
both TiOy ETL deposition methods and devices without a compact ETL show similar lev-
els of hysteresis [30] [31] [32] [33]. The V¢ for all devices is relatively high; this would
indicate high perovskite film coverage and a low defect density. This is because poor
coverage and a high degree of pin holes has been shown to cause a reduction in voltages
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FIGURE 4: Statistical analysis of J-V parameters for spray pyrolysis, Pilkington Eclipse
TM Advantage and samples without a compact TiO5 layer (labelled Meso). All devices
built and tested concurrently to avoid batch to batch variation.

in perovskite devices through recombination at the interface between the compact TiOq
blocking layers and Spiro-OMeTAD that arises inside pinholes as reported by Carnie et
al. [34] The high associated Js~ would indicate that there is a sufficient capping layer
of perovskite above the mesoporous scaffold that allows for large current densities to be
generated. The fill factors for all devices could be considered an area for improvement.
Though not low, it appears fill factors have been reduced by the effect of increased series
resistance. We attribute this to poor contact at the perovskite — Spiro-OMeTAD interface
and a lack of optimized Spiro-OMeTAD processing conditions within our labs as reported
by Troughton et al. [11] Devices were also fabricated onto FTO (Solaronix TCO15) with
no compact TiOs blocking layer whatsoever; these cells again incorporated a mesoporous
TiO; scaffold into the cell architecture. These devices performed higher when scanned
from Vo to Jsco. Where a peak PCE was observed at 12.9%, but under testing in the for-
ward direction (Jsc to Vocy PCEs reduced to nearly half that when tested in the reverse
scan (Voc to Jg¢y. In addition to this, stabilized PCEs were noticeably lower than both
spray pyrolysis and EA with a maximum stabilized PCE of 10.7% achieved indicating
hysteresis within the cell.

We attribute this to increased recombination of electron-hole pairs due to the lack of
blocking effect and subsequent charge separation at the FTO/ Mesoporous TiOy / per-
ovskite interfaces within the device. Perovskite film morphology could be further opti-
mized on the EA substrate (for example by varying the deposition process of perovskite)
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FIGURE 6: (a)Cross sectional SEM of Pilkington Eclipse 7" Advantage taken using a
Zeiss Cross beam 540 ultra-high resolution FEG SEM FIB. (b) AFM in contact mode of
Solaronix (TEC15) FTO glass

(c) AFM in contact mode of Solaronix (TEC15) FTO overlaid with 50 nm of spray pyrol-
ysis deposited TiOs.

(d) AFM in contact mode of Pilkington Eclipse 7 Advantage.

All AFM imagery taken using a JPK Nanowizard 3 AFM, using a 0.8 newton meter tip
in contact mode. All images taken are of dimensions 7.5 ym by 7.5 um for comparative
purposes.
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TABLE 1
Summary for the best performing devices for Pilkington Eclipse”® Advantage, Spray
Pyrolysis deposited TiO, blocking layers (SP BL) and a blocking layer free device
(Meso).

Cell Variant: Voc Jsc Fill Max Max PCE

) Factor PCE (stabilized)
(mV)  (mAcm~?) (%) (%) (%)

EA (Reverse) 1040 214 71.2 159 149

EA (Forward) 1000  21.2 59.3 12.5

Spray (Reverse) 990 21.3 69.7 148 13.1

Spray (Forward) 990 20.7 54.7 11.2

Meso (Reverse) 980 20.5 64.4 129 10.7

Meso (Forward) 1000 19.5 48.5 9.5

to improve performance as processing conditions for both planar TiO, and mesoporous
TiO4 devices is critical [35]. In this study EA still outperforms our optimized spray pyrol-
ysis samples, the mesoporous TiO4 layer has been optimized for use with spray pyrolysis
and not EA. Given the resulting Jsc for both EA and Spray pyrolysis are very similar (21.4
and 21.3 mAcm 2 respectively) and the much higher Voc in EA compared to spray pyrol-
ysis in our labs (1040mV and 990 mV) this demonstrates that the perovskite microstruc-
ture is not hampered by the EA but rather charge extraction is enhanced and recombi-
nation pathways mitigated.Cross sectional SEM images taken using a Zeiss Cross beam
540 ultra-high resolution FEG SEM FIB of EA and Atomic Force Microscopy (AFM)
imagery taken using a JPK Nanowizard 3 AFM, using a 0.8 newton meter tip in contact
mode can also be seen in Figure 6. The observations confirm that the EA sample has a
very thin but highly conformal and homogeneous layer of TiO, overlaid upon the rela-
tively large FTO grains. Cross-sectional SEM measurements confirm that the TiO, layer
is around 20 nm thick as suggested by XPS. The lack of pinholes observed confirms re-
sult collected via cyclic voltammetry and XPS, suggesting EA has a very high degree of
surface coverage over a large area. The average roughness values (ARV) calculated via
AFM analysis show very little difference in EA, Spray pyrolysis and bare FTO glass with
ARVs of 14.03, 12.57 and 13.15 nm respectively. The difference in the values is down to
natural variation in roughness seen in the FTO. Further analysis on the devices was carried
out using steady state and transient photo-voltage measurements to understand the effect
of blocking layer quality on recombination. The light intensity dependence of the open
circuit voltage, as seen in Figure 7 demonstrates the similarities between the two types of
cell employing a blocking layer. Both the spray pyrolysis TiO2 and EA devices have a
similar dependence over two decades of light intensity. The mesoporous-only cell without
a blocking layer exhibits a similar trend at high light intensity, with the voltage dropping
off sharply below 10% intensity. This suggests that a different recombination process
dominates at low light intensity when the cell has no blocking layer. This affect appears
to be similar to the case for Dye Sensitized Solar Cells (DSSC) at low intensity without a
blocking layer. In DSSC and PSCs this is attributed to recombination processes including
the back reaction of electrons via the substrate to the oxidized electrolyte species, [36]
or recombination via trap states in the TiOs bandgap. [37] The impact of blocking layers
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on PSC device performance at low intensity has not been extensively studied, but it is
possible that there could be a similar DSSC-like behavior. Gouda et al. [38] have also
observed several distinct regions in the trend of open-circuit voltage on light intensity and
showed that the electron selective interface has a strong influence upon it. It has also
been shown that the underlying TiOy blocking layer is more influential than the type of
mesoporous oxide used. [10] Recombination processes have been shown to be affected
by ion migration and the associated build-up of charged species at the interfaces of the
device. [39] [40] [41] [42] It is possible that without the presence of a blocking layer this
accumulation of ions is unable to sustain a stable layer and therefore causes a less favor-
able band structure at the interface resulting in higher recombination. This instability may
also be evidenced by the variation in open-circuit voltage at low intensity where a smooth
trend is not observed. Further analysis is beyond the scope of this work, but it is clear that
a good quality blocking layer is needed to produce cells that will work efficiently over a
wide range of light intensities. The transient photovoltage decays displayed simple mono-
exponential behavior at all light intensities for the cells containing a blocking layer. At
lower intensities the decay transients for the cell without a blocking layer showed double
exponential characteristics, similar to previous work considering modifications to reduce
interfacial recombination. [36] Again this data shows the almost identical performance of
the two blocking layers. The increased rate of recombination at low light intensity for the
cell without a blocking layer is evidenced by the sudden tailing-off of the lifetime below
0.9 V as seen in Figure 7.
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FIGURE 7: (a) Vo verses Intensity measurements of Pilkington Eclipse 7 Advantage,
conventional spray blocking layers and Mesoporous TiOs . (b) Lifetime verses Voc mea-
surements of Pilkington Eclipse 7% Advantage, conventional spray blocking layers and
Mesoporous TiOs.

At low light intensity the Vo could be reduced by recombination involving trap
states in the TiO2 shunting via the substrate or band edge changes due to ionic migration
that are somehow mitigated by the presence of a blocking layer. The emergence of multi-
ple recombination processes at low intensity in the blocking layer free cell is suggested by
the transition to double exponential decays. The cells with a blocking layer EA and spray
pyrolysis once again show near identical characteristics in open-circuit photovoltage de-
cay (OCVD) measurements, as seen in Figure 8. These cells exhibit a slow decay in Vo,
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FIGURE 8: Open-circuit photovoltage decay measurements of Pilkington Eclipse 7

Advantage, conventional spray blocking layers and Mesoporous TiOs.

taking over 1 minute to decay to zero. In contrast, the absence of a blocking layer causes
the Vo to decay completely in around 1 s. This striking difference in OCVD behavior
has been reported previously in cells that are seemingly identical at 1 sun intensities. [43]
The results here suggest that the blocking layer is highly influential for the Voo decay,
so this technique may be very useful in analyzing the quality and reproducibility of these
layers.

3 Conclusions

The work here presents an alternative technology to depositing compact TiOy spray py-
rolysis blocking layers. EA originally designed for use as a solar control product, utilizes
a thin, < 20 nm CVD TiO, compact blocking layer and conductive FTO base layer to per-
form remarkably well in a mesoporous triple cation perovskite device with PCE exceed-
ing 15%, this is higher than that produced via spray pyrolysis within our research group.
XRD, XPS and Raman spectroscopy confirm that the layer of TiO; in EA is very thin
(<20 nm). The crystalline nature of the TiOy proved difficult to surmise owing to the thin
nature of the film and the aforementioned limitations of techniques used, however process-
ing conditions under CVD suggest it is crystalline in nature. Despite being designed as a
solar control product, EA makes a highly suitable, mass manufacturable perovskite photo-
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voltaic substrate, performing well under standard testing conditions, with relatively high
short circuit currents, open current voltages and fill factors. There is potential for even
better performances by tuning the physical and optical TiO5 parameters. The substrate has
the potential to remove process bottlenecks such as the laborious spraying and sintering
of blocking layers while at the same time streamlining the fabrication process to reduce
total build times. The use of cyclic voltammetry indicated EA shows a strong blocking
effect similar to that found in spray pyrolysis TiO, layers sintered at 550°C. TPV and
CV analysis shows TiO- films on the EA substrate have fewer pinholes and stronger rec-
tifying behavior compared to conventionally processed c-TiO layers prepared via spray
pyrolysis. EA doesn’t suffer with the inconsistencies and technical difficulties associated
with the scaling-up of spray pyrolysis (principally glass cracking and inhomogeneity of
film coverage etc.) found when trying to replicate spray pyrolysis at scale. In summary
EA proves superior to spray pyrolysis for the large scale production of effective electron
transport layers based on TiOs.

4 Experimental

4.1 Perovskite Solar Cell Fabrication

Pilkington TEC15 TM (<15 Qcm~2) glass and Pilkington Eclipse TM Advantage
were submerged in de-ionised water (<18 m2) at 80 °C for 20 minutes and subsequently
rinsed with de-ionised water, acetone, ethanol and isopropanol. The substrates were then
blown dry with a nitrogen air knife and placed into an oxygen plasma cleaner for 10 min-
utes to remove any residual carbon contaminants and make the surfaces more hydrophilic.
Electron transport layers (ETL) (where used) were prepared by diluting a solution of 0.2
M titanium di-isopropoxide bis(acetylacetonate) (or TAA) in ethanol and filtered with
a 0.2 um PTFE filter. The deposition of these layers was achieved via manual spray-
ing with an art spray gun (Sealey, Model No. AB932) over the conductive surface of
a fluorine-doped tin oxide (FTO)-coated glass. The substrate was pre-heated and main-
tained at 300 °C on a hotplate during spraying and a subsequent annealing stage at 550
°C was carried out for 30 minutes to crystallise the TiOy to the anatase phase. A se-
ries of 25 sprays were applied successively at 5 s intervals to build up a layer thickness
of 40 nm. The mesoporous TiO, scaffold was fabricated by diluting a TiOy paste, 30-
NRD, procured from Greatcell Solar, in a mixture of isopropanol and terpineol (Ratio
30-NRD: terpineol: isopropanol 2:6:4.5 by weight) to produce a 200 nm thick layer via
solution processed spin coating (6000 rpm, 2000 rpms ', 30 s). The triple cation per-
ovskite film was fabricated according to the procedures in the literature.'? The desired
triple cation composition consisted of a 5% addition of CsI solution (1.5 M stock solution
in DMSO) dispersed in a 95% mixed perovskite precursor to obtain the final composi-
tion, Csp.05(MAo.17 FA0.83)(0.95)Pb(lo.s3 Bro.17)3. The solution was then filtered using
a 0.2 ym PTFE filter and deposited on top of the mesoporous TiO4 scaffold via solution
processed spin coating (150 pL, 1000 rpm/ 1000 rpms—* for 10 s followed immediately
by a 4000 rpm/ 4000 rpms~! for 20 s). During the spin coating process, 150 pL of
chlorobenzene was deposited dynamically onto the spinning substrate 10 s before the end
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the second spin programme. Upon addition of the anti-solvent (chlorobenzene) the per-
ovskite film immediately turned dark and once the spin coating procedure had finished
the films were transferred to a hotplate and annealed at 100 °C for 1 hour. The entire
perovskite procedure was carried out in nitrogen filled glove-box. For the hole trans-
porting material (HTM), a spiro-OMeTAD solution (90 mg of spiro-OMeTAD, 34 uL
of 4-tert-butylpyridine (tBP), 19 pL of a lithium-bis(tri-fluoromethanesulfonyl)imide (Li-
TESI) solution (520 mg Li-TFSI in 1 mL acetonitrile) and 10 pL of a FK209 (300 mg
in 1 mL of acetonitrile) in 1 mL of chlorobenzene) was spin-coated at 4000 rpm, 2000
rpms ! for 20 s on top of the annealed perovskite. Again the preparation and deposition
of the HTM was performed in a nitrogen filled glove-box. Finally 70-80 nm of gold top
electrode was thermally evaporated under high vacuum.

4.2 Thin Film Characterisation

Scanning electron Microscopy (SEM) was performed on a Zeiss Crossbeam 540-47-
51 ultra-high resolution FEG SEM FIB using a focused ion beam (FIB) probe (30kV:50p)
with a working distance of approximately 5.1 mm. X-Ray Photoelectron Spectroscopy
(XPS) was carried out using a Kratos Axis Supra (Kratos Analytical) using a monochro-
mated Al Ko source. All data was analyzed on CasaXPS (2.3.17dev6.4k) using the Kratos
sensitivity factor library. UV-Vis-NIR spectroscopy was carried out using a Perkin Elmer
UV/VIS/NIR spectrophotometer Lambda 750 with a 100 mm InGaAs integrating sphere.
Scans from 800-250 nm were taken with a 1 nm data interval at 266.75 nm/ min with
transmission mode. Cyclic voltammetry (CV) was conducted using a potassium ferro/

3=/4= golution acts as a

ferri cyanide electrolyte couple. In the experiment, the Fe(CN)g
model redox system in a three-electrode cell, with the TiO, coated FTO glass acting as
a working electrode and a calomel electrode acting as a reference electrode. The crys-
talline properties of the samples were determined by glancing angle X-ray diffraction
crystallography (XRD) measurements taken with a D8 Discover instrument from Bruker
(Germany) with a CuKa beam at 40 kV, 40 mA and scan parameters of 0.1 s per step at
0.01 20 step size. (Radiation A = 1.5406 A). Raman spectroscopy measurements were
taken using a Renishaw Invia Raman microscope. (Operating power: 30mW, Objective
lens 50 x magnifications with a 1 um spot-size, working wavelength 532 nm). All Atomic
Force Microscopy (AFM) was imagery taken using a JPK Nanowizard 3 AFM, using a
0.8 newton meter tip in contact mode. All images are of dimensions 7.5 pum by 7.5 pm
for comparative purposes.

4.3 Device Characterisation

For current-voltage measurements of solar cells, devices were masked to 0.1 cm 2
and tested under a class AAA solar simulator (Newport Oriel Sol3A) at AM1.5 and 100
mWcm ™2 illumination conditions calibrated against a KGS5 filtered silicon reference cell
(Newport Oriel 91150-KG5) using a Keithley 2400 source meter. Current-voltage sweeps

were performed from both Vo¢ to Jg¢ and vice versa at a rate of 0.1 Vs™1.

For sta-
bilized power output measurements, device bias was set to the maximum power point
voltage determined by the J-V sweep and current monitored under 100 mWem ™2 illumi-
nation. External quantum efficiency measurements were performed in 10 nm increments
on a PV Measurements QEX10 in DC mode calibrated against a NIST-traceable pho-

todiode. Transient photovoltage measurements were performed using a commercially
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available transient measurement system (Automatic Research GmbH). This system uses
a 635 nm red laser diode driven by a waveform generator (Keysight 33500B). The laser
pulse length was 10 ps. Background illumination was provided by a white LED with its
intensity calibrated to generate the same device photocurrent as measured using the so-
lar simulator. This intensity is referred to as 1 Sun equivalent. Transient responses were
captured by a digital storage oscilloscope (Keysight DSOX2024A), the number of sample
averages being adjusted to optimize signal noise and measurement time. The device un-
der test is assumed to be held at open-circuit by the 1 M2 oscilloscope input. Transient
photo voltage (TPV) decays were fitted using a single exponential function. Open-circuit
photovoltage decay (OCVD) measurements were performed using the same white LED
and oscilloscope.
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