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Enhancing the Performance of the Mesoporous TiO2 Film in
Printed Perovskite Photovoltaics through High-Speed
Imaging and Ink Rheology Techniques

Sarah-Jane Potts,* Rebecca Bolton, Tom Dunlop, Kathryn Lacey, Carys Worsley,
Trystan Watson, and Eifion Jewell

Mesoscopic carbon-based perovskite solar cells (C-PSCs) have the potential to
be manufactured at an industrial scale by utilizing screen-printing, a simple,
affordable, and commercially mature process. As such, many recent
publications have focused on enhancing performance through modifying cell
architecture and perovskite chemistries. This work examines how ink
rheology can be tuned to optimize cell performance through reducing the
occurrence of common print defects to create higher quality m-TiO2 films.
Inks with different solvent dilutions and rheological profiles are assessed
using high-speed imaging through the screen-printing visualization (SPV)
technique, to investigate the impact of the viscosity and elasticity on ink
separation mechanisms. The resultant film quality and its influence on device
performances are then assessed. Ink separation lengths are minimized, and
the formation of filaments ceases during printing, leading to improved TiO2

film topography and homogenous infiltration of the perovskite precursor.
Consequently, PCE is improved by over 10% of the original efficiency in cells
and 224 cm2 active area modules due to enhanced Voc and FF. These results
not only provide key insights into tailoring ink rheology, to achieve improved
print homogeneity and higher performing cells, but also aid further work on
enhancing the performance of other screen-printed functional films.

1. Introduction

Perovskite solar cells (PSCs) have become an increasingly viable
alternative to traditional monocrystalline silicon devices, with
PSCs recently achieving a power conversion efficiency (PCE)
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of 26% at 1 sun.[1] However, these record
efficiencies are typically produced with lab-
scale methods of limited commercial viabil-
ity, such as spin-coating.[1–4] Printed meso-
scopic carbon-based perovskite solar cells
(C-PSCs) are an alternative architecture
manufactured using screen-printing, a rela-
tively simple, affordable, and commercially
mature process that can produce industrial
scale devices.[5–8] These multi-layer devices
consist of sequentially screen-printed meso-
porous films of TiO2, ZrO2 and carbon.[9–11]

After the binder is removed, a lead halide
organic precursor is infiltrated through the
printed films via drop casting or inkjet
printing and heated to form the per-
ovskite light absorber.[12,13] Large-scale C-
PSC modules have already been fabri-
cated using sustainable, non-toxic solvents,
such as 𝛾-valerolactone (GVL), helping fur-
ther improve the commercial viability.[14–16]

Infiltration, the extent to which per-
ovskite fills the mesoporous stack, is
intrinsically linked to device performance
and perovskite crystal morphology.[17,18]

Cross-sectional SEM analyses have
confirmed that the uniformity of the infiltrated perovskite solu-
tion across the mesoporous layers significantly impacts device
performance.[19,20] As a complex, multi-interface structure, there
are many ways in which this can be influenced. For example,
precursor composition, substrate and solution temperature, and
graphite flake orientation can all influence infiltration.[17,18]

The thickness and roughness of the printed mesoporous layers
can also have a notable impact on infiltration and resultant C-PSC
performance. Li et al. found that increasing ZrO2 film thickness
enabled PCE improvements from 8.37% to 11.33% by preventing
detrimental TiO2 to carbon electron transfer.[21] Similar results
were obtained by Lee et al. where increases in ZrO2 thickness
of up to 204 nm led to improvements in cell PCE, while further
increases in film thickness led to a reduction.[22] A study by Wan
et al. assessed the impact of lowering TiO2 ink and altering print
parameter settings, producing very thin mesoporous TiO2 films
of 500–550 nm thickness for C-PSCs, although this study does
not relate these findings to resultant cell performances.[23]

However, changes in print surface topography and rough-
ness, which can also heavily influence precursor infiltration or
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Figure 1. Viscosity profiles assessing changes in viscosity with a) shear rate and viscoelastic profiles assessing changes in phase angle (𝛿); b) storage
modulus (elastic component of shear modulus) (G′); c) and loss modulus (viscous component of shear modulus) (G”) with changes in frequency; d)
for the different paste to dilutant ratios for the TiO2 inks.

resultant cell performance due to interfacial homogeneity, are
not thoroughly examined in such works. Modifying ink rheol-
ogy and process parameters are known to significantly impact
topography,[24–28] which has been found in some studies to have
a nonlinear relationship with film thickness. Therefore, it cannot
be assumed that optimal print topography relates to optimal film
thickness.[29] Despite this, the impact of ink rheology or print to-
pography on resultant cell performance has yet to be thoroughly
examined.[9,15,23,30,31]

Screen-printing visualization (SPV) is an emerging technique
that enables improvements in ink characteristics and process pa-
rameters by minimizing the formation of print defects such as
agglomerates and mesh marking (regular features correspond-
ing with the frequency of the mesh).[32–34] This technique utilizes
high-speed imaging to visualize and quantify key ink separation
stages which occur during the screen-printing process. The SPV
technique has previously been used to identify optimal carbon
concentrations and morphologies to improve printed film rough-
ness, homogeneity, and conductivity. These results also demon-
strated a clear correspondence between the ink separation stage
lengths and the resultant topographical profile of the printed
films produced.[33]

The mesoporous TiO2 electron transporting layer (ETL), often
produced with a commercial product such as 30 NR-D Titania
Paste, is regularly reported as requiring dilution in C-PSC litera-
ture, with paste to dilutant ratios of between 1:1 and 1:6 by weight
commonly used.[9,15,30,31] However, there are limited studies as to
what constitutes the optimal paste to dilutant ratio for ensuring
smooth, conformal layers and how this may influence precursor
infiltration.

Therefore, a study was undertaken to improve the understand-
ing of how the m-TiO2 paste to dilutant ratio influences the inks
rheological profile, separation mechanisms and resultant print
topographical profile, in terms of film thickness and roughness
in order to optimize the performance of the C-PSCs (Support-
ing Information). This was coupled with statistical performance
analyses of completed cells, to quantify the impact of changes ob-
served in print topography on device performance. Microscopic
analyses of the cells and photoluminescence analyses of the m-
TiO2 film were also conducted to identify whether this change in
printed film profile impacts perovskite infiltration.

2. Results and Discussions

2.1. Rheological Analyses

Rheological analyses were conducted to quantify the viscosity and
viscoelasticity profiles of the different paste to dilutant ratios.
These profiles influence how the ink flows through the screen
and subsequently separates, determining the volume of ink de-
posited and its topographical surface profile. The shear rheolog-
ical data is presented in Figure 1, as charts of viscosity against
shear rate (a), phase angle against oscillation frequency (b), elas-
tic modulus (G“) against oscillation frequency (c), and viscous
modulus (G”) against oscillation frequency.

The viscosity profile in Figure 1a displays the change in vis-
cosity for all dilutions under assessment, with increasing and
then decreasing shear rates. All dilutions show a notable reduc-
tion in viscosity with increasing shear rate, indicating shear thin-
ning (pseudoplastic) behavior. This would enable the ink to flow
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more readily when experiencing the higher shear rates which oc-
cur during the screen-printing process. Additionally, they all ex-
hibit minimal hysteresis, owing to a rapid recovery time in the
initial viscosity. This would reduce ink spread following deposi-
tion, which is beneficial for minimizing the loss of print reso-
lution. However, this can be problematic if there are unwanted
print defects, such as mesh marking and agglomerations, which
benefit from a longer hysteresis to reduce the print roughness.

The reduction in viscosity was greatest for the plain ink be-
tween 1 and 30 s−1, although there was a continuous reduction
in viscosity with shear rate up to the maximum rate of 300 s−1.
Similar viscosity profiles were obtained from the diluted inks, al-
though these produced increasingly lower viscosities at all shear
rates assessed with increasing dilutant concentration and showed
less hysteresis. The difference between the viscosity at rest and
the viscosity obtained at the maximum shear rate also became
less significant as the ratio of dilutant increased. The reduction
in resistance to flow is a result of decreasing TiO2 particle con-
centration in the solvent-resin matrix, enabling greater ease of
particle alignment and minimal hydrodynamic disturbances in
the ink flow.[35,36]

As shown in Figure 1b the elevated dilutant ratio also led to
increases in the phase angle (𝛿) due to reductions in particle-
polymer and particle-particle interactions, causing a greater rela-
tive reduction in the elastic modulus (G′) than the viscous mod-
ulus (G″). G″ was considerably larger than G′ by almost a factor
of two in all instances as shown in Figure 1c,d respectively. This
resulted in a more dominant viscous response with high phase
angles of at least 69° at 1 Hz, increasing to over 75° with dilution.
These low levels of elasticity would result in rapid separation of
the ink from the substrate, which could minimize the formation
of print defects such as mesh marking and agglomerations.

The increase in 𝛿 was most significant between the plain ink
and the 1:0.25 dilutant ratio (Figure 1b), with the changes in 𝛿

becoming less notable as the ratio of solvent increased further.
The 1:0.75 and 1:1 paste to dilutant ratios have the same 𝛿 value
at three different points, with the 1:0.75 dilution having lower 𝛿 at
the frequencies below 0.3 Hz and above 2 Hz, but higher 𝛿 than
the 1:1 dilution ratio between these points.

This reducing change in 𝛿 indicates that there are less signifi-
cant differences in the viscoelastic profile with greater increases
in the concentration of dilutant, despite the viscosity continuing
to gradually reduce. This could imply that further reductions in
ink viscosity may not be required for minimizing the presence of
print defects which impede the functionality of the printed film.
In which case, the 1:0.75 paste to dilutant ratio could be optimal
for maximizing the m-TiO2 film’s performance.

2.2. Ink Separation Mechanisms during Printing

The mechanisms by which the ink separates between the mesh
and substrate during screen printing is critical to enabling the
production of a coherent printed film which is defect free,
smooth, and highly performing. The SPV technique was used to
identify how the rheological profiles of the different TiO2 paste to
dilutant ratios influenced the ink separation mechanisms occur-
ring during screen-printing. The quantified, cross-sectional areas
of the screen-printing ink separation process for each of the paste

to dilutant ratios are shown in Figure 2a, with images of the print
interface on the left, and charts of the relative lengths of the ink
separation stages on the right, as outlined in Figure 2b.[32] The
average length of the paste flow ahead of the squeegee was also
quantified in Figure 2a, but displayed no significant changes be-
yond standard deviation for the different paste to dilutant ratios
tested, which aligns with findings from previous studies.[33,34]

The plain TiO2 ink displays a high concentration of filaments
forming during the final stages of ink separation, leading to sig-
nificant peaks and troughs in the print surface after separation.
This is indicated by the long flow to separation stage of 593 μm.
The presence of these filaments have been directly linked to the
formation of print defects such as mesh marking in previous
studies.[33,34] The plain ink also exhibits a high adhesion to ex-
tension stage length of 1082 μm, leading to a long distance for
ink separation between the mesh and substate. This prolonged
interaction between the ink, mesh and substrate could also im-
pact on the resultant printed film homogeneity.

Both ink separation lengths gradually reduce until the paste
to dilutant ratio of 1:0.75. At this point, no filamentation during
ink separation is observed, leading to a flow to separation stage
of zero, along with the lowest adhesion to extension stage length
of 840 μm. This would result in a printed film with a reduction
in film roughness and the presence of print defects. The trends
observed here are likely due to the greater interparticle distance
of higher dilutions. This results in fewer particle-particle interac-
tions and more liquid like behavior, producing less filamentation
at the point of separation with increasing solvent concentration.
Comparable results have been observed when assessing carbon
pastes, which are also used in these perovskite cells.[33]

Further increases in dilutant concentration beyond the paste to
dilutant ratio of 1:0.75 had no impact on filamentation, with the
flow to separation stage remaining at zero for the 1:1 paste to di-
lutant ratio. However, this had a negative impact on the adhesion
to extension stage, which increased to 906 μm. This might be a
result of the 1:0.75 and 1:1 paste to dilutant ratios having similar
phase angles, despite the continued reduction in viscosity for the
1:1 ratio, as described in Section 2.1 (Figure 1).

This indicates that phase angle may have a more dominant
effect on ink separation mechanisms than viscosity and there-
fore provide a better indicator for an inks aptitude to produce a
smooth, defect free, highly performing film. Whereas the viscos-
ity continues to gradually reduce with further increases in solvent
concentration in this instance (Figure 1a). Therefore, the 1:0.75
paste to dilutant ratio has the greatest potential, providing a fila-
ment free ink separation with the shorter separation lengths than
lower dilutions, minimizing print defects. While also containing
more TiO2 particles to act as a hole barrier and ETL than the 1:1
paste to dilutant ratio.

2.3. Film Thickness and Topography

Ink dilution is known to impact the volume of ink deposited
during printing. The resultant “wet film” thickness is infor-
mative, in that it enables a more accurate representation of
the film deposited prior to solvent removal. Thermogravimet-
ric analysis (TGA) was conducted to provide an estimate of
the mass lost during drying for wet film thickness calculations.
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Figure 2. a) High-speed camera images at 5 times magnification and accompanying quantification of average print stage lengths for TiO2 ink deposition
of different paste to dilutant ratios (error bars represent standard deviation) with b) the labelled high-speed camera image conducted on the screen-
printing visualizer (SPV), identifying the two key ink separation stages occurring during ink separation, along with the length of paste flow region ahead
of the squeegee contact point (Reproduced with permission.[32] 2020, J. Coatings Technol. Res).

Thus, enabling comparisons in the amount of ink deposited
prior to solvent losses from drying to be made for the differ-
ent paste to dilutant ratios. The TGA graph in Figure 3 dis-
plays the change in mass fraction measured with gradual heat-
ing to 550 °C, which is the maximum temperature attained dur-
ing TiO2 sintering when manufacturing C-PSCs. The mass val-
ues plateau at around 450 °C, indicating that all solvents and
binder materials have been fully removed. Therefore, the tita-
nium dioxide accounts for 20.4% of the original mass of the
ink.

As the ink is heated to 550 °C during TiO2 sintering, all sol-
vents and binders will be successfully removed from the printed
film, as required for C-PSCs functionality. When diluting the ink
down a solvent to paste ratio of 1:1, this would result in the mass
of titanium dioxide accounting for around 10% of the total ink
weight.

Topography analyses were conducted with white light interfer-
ometry on the dried and cured printed films to provide a compar-
ison between the ink separation mechanisms and print quality
produced. The average ink film thickness and surface roughness
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Figure 3. Thermogravimetric analyses of the plain (undiluted) TiO2 ink up
to 550 °C.

values of the printed films are shown in Figure 4a,b respectively,
along with corresponding topography images in Figure 4c and
higher magnification images of the cured films in Figure 4d. The
roughness and average height values were calculated based on
1.2 mm by 0.93 mm sections conducted at 5x magnification to
enable the variations in print roughness and height across the
samples to be accounted for. There was a gradual reduction in
the average print film thickness with increasing solvent concen-
trations, from 1.7 μm for the plain, undiluted ink to 0.8 μm for the
1:1 paste to dilutant ratio. The most significant reductions in av-
erage film height were between the plain ink and the 1:0.25 paste
to dilutant ratio, with the values for the 1:0.5 to 1:1 paste to dilu-
tant ratios producing film thicknesses within standard deviation
of each other.

When solvent content is considered, the changes in wet film
thickness underline the interaction between the process, solids
content and material rheology. As with the average dry film thick-
ness, the plain, undiluted ink still has the highest average wet
film thickness, but this then suddenly drops for the 1:0.25 and
1:0.5 paste to dilutant ratios, before significantly increasing back
up for the 1:0.75 paste to dilutant ratio, with a smaller increase up
to the 1:1 sample. This indicates that the more dilute pastes pro-
duced a thicker wet film than those of the 1:0.25 and 1:0.5 paste
to dilutant ratios, with the reduction in average height of the dry
film being less than that of the increase in solvent concentration.
The greater quantity of wet paste being deposited is likely due to
the clean ink separation preventing excess ink being left behind
on the mesh, as observed in the ink separation cross sections,
shown in Figure 2a. Above a 1:0.5 paste to dilutant ratio, enhance-
ment of transfer by viscosity reduction does not compensate for
the reduction in solids and the film subsequent contraction dur-
ing drying. This is supported by the high-resolution white light
interferometry images (0.3 mm by 0.23 mm images conducted at
20x magnification) of the cured film profiles shown in Figure 4d.
In the films produced with the plain ink to 1:0.5 paste to dilutant
ratio, mesh marking can be seen in the form of characteristic
spaced peaks and troughs left by the mesh on the printed film
but ceases in the 1:0.75 paste to dilutant ratio film. The presence
of these mesh marks on the printed film are directly related to the
formation of filaments during separation, as proven in previous
studies.[33,34]

The impact of increasing dilutant levels on the topography of
the dried films was also assessed in terms of average surface
roughness across 1.2 mm by 0.93 mm sections (Figure 4c). The
average print surface roughness (Sa) reduces notably from the
plain to the diluted inks. The 1:0.5 paste to dilutant ratio produces
the lowest average Sa value of around 206 μm, with Sa increasing
back up to around 294 μm with further dilution. However, the
0.3 mm by 0.23 mm images show that the 1:0.5 paste to dilutant
ratio still displays some subtle mesh marks over the print surface.
As Sa is observing the average surface roughness, this low value
may be due to a uniform distribution of peaks and troughs from
particle agglomerations and pinholes respectively. When compar-
ing the average maximum surface roughness (Sz) of the films,
the plain ink has the highest Sz value by far at around 7 μm, most
likely due to the severe presence of mesh marking and other print
defects. Whereas the Sz of the dilutions are around 4–5 μm, with
relatively little difference between the films due to the presence
of particle agglomerates and mesh marks across the film areas.
However, the presence of these print defects appears the least fre-
quent in the 1:0.75 paste to dilutant ratio sample in the 0.3 mm
by 0.23 mm white light interferometry images.

To provide further analyses of these print defects, scanning
electron microscopy images were also conducted on the cured
films, as shown in Figure 5. As with the higher resolution white
light interferometry images, the impact of mesh marking can be
observed in the plain and lower dilution level inks. This is most
prominent in the plain ink analyses (Figure 5a) which demon-
strated a notable ridge of agglomerated particles formed by one
of the lines from the mesh marks. In the plain ink to 1:0.5 paste to
dilutant ratio films (Figure 5a–c), a series of mounds and troughs
from agglomerations of particles, alongside voids indicating the
presence of pinholes can be seen. Similar defects are also ob-
served in the 1:1 paste to dilutant ratio film (Figure 5e), where
insufficient distributions of TiO2 particles across the film have
also led to regions of high and low particle concentrations, once
again resulting in agglomerations and pin holes. In contrast, the
1:0.75 paste to dilutant ratio printed film was smoother and more
even, without the regular presence of these print defects. Thus,
providing a more uniform hole barrier and ETL than the other
films.

2.4. Cell Performance and Infiltration Quality

C-PSCs were fabricated with the 1:0.5, 1:0.75 and 1:1 paste to di-
lutant ratios as their rheological properties and dry film thick-
nesses were within the required window for the m-TiO2 film
(typical film thickness of 0.4–1 μm after curing).[8,37–39] Whereas
the plain ink and 1:0.25 paste to dilutant ratio produced incon-
sistent coverage of the m-TiO2 across the printed film and were
unable to create functioning cells. The statistical results for the
cells are presented in Figure 6. Those fabricated with the 1:0.75
paste to dilutant ratio produced the highest average PCE of 13.5%
± 0.7, with a maximum forward PCE of 14.4% from the hero
cell. Cells produced with 1:0.5 and 1:1 paste to dilutant ratios per-
formed less well, with average forward PCEs of 11.5% ± 1.0 and
12.3% ± 0.3, and hero cells of 12.9% and 12.8% PCE respectively.
The improved performance of the 1:0.75 paste to dilutant ratio
was a consequence of elevated open-circuit voltage (Voc) and fill
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Figure 4. Average film thickness (wet and dry) a), average surface roughness (Sa) and maximum surface roughness (Sz) b) of the printed films (error
bars for standard deviation), with corresponding white light interferometry topography images of the surface of the prints conducted for the different
paste to dilutant ratios at c) 5-times magnification and d) 20-times magnification for the cured films.

Figure 5. Scanning electron microscope (SEM) images showing the microstructure of the cured TiO2 printed films for the different paste to dilutant
ratios (a–e) at 10000-times magnification and 20000-times magnification on inset images.
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Figure 6. Box plot of a) I–V PCE, b) Voc, c) FF, and d) Jsc values for the devices with different paste to dilutant ratios in the mesoporous titanium dioxide
layer, along with the I–V curves of the champion device for each paste to dilutant ratio e), under 1 sun AM1.5G illumination (based on five cells for each
set).

factor (FF), although there was not a significant change in short-
circuit current density (Jsc).

Infiltration inconsistencies can also result in significant per-
formance loss on device scale-up. For a stable, high-performance
module, all contributing devices must exhibit consistently high
PCE across the active area. Therefore, the presence of print de-
fects such as mesh marks, other agglomerations and pinholes
across a printed film could be detrimental. As shown in Figure 7,
a similar improvement in the performance of 224 cm2 active
area modules is observed when comparing the 1:0.75 paste to

dilutant ratio with the commonly used paste to dilutant ratio of
1:1.[9,15,30,31] There were notable increases in the Voc, but only a
small change in the short-circuit current density Jsc of the mod-
ule, as with the cells. There were also significant reductions in
hysteresis, likely a result of the improved evenness of the printed
film and resultant perovskite infiltration, as found in previous
studies.[15] This resulted in increases in PCE from 6.4% to 9.9%
in the reverse direction and from 8.7% to 9.5% in the forward
direction when changing from the commonly used paste to dilu-
tant ratio of 1:1, to 1:0.75.

Figure 7. a) I–V curves of hero modules fabricated with 1:0.75 and 1:1 TiO2 paste to dilutant ratios, with inlaid table showing measured photovoltaic
parameters, conducted under 1 sun AM1.5G illumination. b) Photograph of the 1:0.75 TiO2 paste to dilutant ratio module with dimensions labeled.
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Figure 8. 4000 × 4000 μm optical microscopy images of resultant device infiltration imaged through the glass substrate of the cells, with 3000 × 3000 μm
PL peak intensity and PL peak position maps of the infiltrated m-TiO2 films (capped with carbon to enable even infiltration to occur) for a) 1:0.5, b)
1:0.75 and c)1:1 paste to dilutant ratios.

These changes in both the cell and module performances are
most likely a result of improved infiltration coherence across the
film, leading to an increased Voc and reduction in hysteresis. This
is likely due to the minimization of particle agglomerations and
pinholes, enabling a more even particle distribution across the
film, as observed in Figures 5d and 6. Whereas the lack of change
in Jsc may be a result of insignificant changes in the perovskite
crystallinity, as all other aspects remain constant.

This improvement in infiltration coherence can be observed
in the optical microscopy and photoluminescence maps, shown
in Figure 8. These provide a macroscopic representation of
device infiltration, with variations in infiltration quality across
the cells and m-TiO2 layer. All maps and optical images were
taken from the substrate side. This optical microscopy tech-
nique has been found in previous studies to identify the im-
pact of print related defects on the infiltration quality.[19,40] Op-
tical microscopy images of the 1:0.5 and 1:1 paste to dilutant ra-
tio cells shown in Figure 8a,c respectively, reveal clearly nonuni-
form films. Perovskite-free areas are visible as bright regions on
the 1:0.5 sample, which could represent pinholes in the TiO2
film due to agglomerations and mesh marking, aligning with
the film microstructure shown in Figure 5.[40] Conversely, the 1:1
paste to dilutant ratio cell presented with large circular darker
and lighter regions. This is likely a consequence of the excessive
dilution leading to varying concentrations of TiO2 (and thus per-
ovskite) across the printed film, once again leading to print de-
fects, including particle agglomerations and pinholes as shown

in Figure 5. The 1:0.75 paste to dilutant ratio cell shown in
Figure 8b also shows some lighter colored circular features, al-
though these show a less significant contrast than the other de-
vices, suggesting a more uniform infiltration distribution, result-
ing from a more coherent film.

The PL intensity maps were conducted on the plain m-TiO2
film infiltrated with the perovskite solution (capped with carbon
to enable even infiltration to occur) to provide a more thorough
analysis of this layer. The PL intensity and peak position maps
correlate well with the optical images, with circular regions of no-
tably higher and lower PL intensity present more in the 1:0.5 and
1:1 paste to dilutant ratio samples. The PL intensity map of the
1:0.75 paste to dilutant ratio remains more uniform across the
entire region, indicating a more even and coherent perovskite in-
filtration. It should be noted that there is the presence of small
dark dots present across all three PL intensity maps, these are a
feature of the mesh marks of the carbon ink. These are identifi-
able from their spacing of around 164 μm, the frequency of the
carbon screen’s mesh, rather than the spacing of the TiO2 mesh
which is around 77 μm.

This is also supported by the cross-sectional SEM images of
infiltrated cells with EDS analyses, shown in Figure 9. Confor-
mal infiltration of the perovskite precursor was observed down
to the FTO layer in the 1:0.75 paste to dilutant cell in the cross-
sectional analyses (Figure 9b). The m-TiO2 layer was also sig-
nificantly more homogeneous for this cell, whereas the 1:0.5
and 1:1 paste to dilutant ratio cells displayed less homogeneous
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Figure 9. Scanning electron microscopy of the cross-sectional views of the infiltrated cells with corresponding EDS maps of the same sections for a)
1:0.5, b) 1:0.75 and c) 1:1 paste to dilutant ratios.

distributions of TiO2, as highlighted by the dashed circles indi-
cating regions of incoherent TiO2 distribution. This also led to
more patchy perovskite distributions, indicated by the presence
of lead (Figure 9a,c). This aligns with the observed reduction in
peaks and troughs forming on the surface of the printed films
during ink separation for the 1:0.75 paste to dilutant ratio due to
the lack of filamentation during ink separation (Figure 2a). Thus,
leading to a more homogeneous distribution of particles with the
minimization of mesh marking, particle agglomerations and pin-
holes (Figures 5 and 6), enabling a more uniform distribution of
perovskite precursor across the devices.

Overall, the dilution at which the formation of filamentation
ceases and separation lengths are minimized produced the high-
est performing and most consistently infiltrated cells and mod-

ules. This is due to the minimization of print defects such as
mesh marking, particle agglomerations, and pinholes. This con-
firms that print topography has a significant impact on infiltra-
tion. Topography does not change linearly with film thickness, as
it is dependent on the complex and non-linear rheological pro-
files of the inks and their interaction with the mesh and sub-
strate. Simply diluting inks to produce thinner layers does not
necessarily therefore lead to higher performing cells, and cell
performance cannot be predicted or optimized by adjusting only
layer thickness. Indeed, although past studies have used paste
to dilutant ratios of 1:1 or higher to obtain optimum layer thick-
ness, these results show that paste to dilutant ratios beyond 1:0.75
move beyond the optimum point for this particular paste and sol-
vent combination.[9,15,23,30,31]
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Studies on printed layer optimization should therefore con-
duct rheological and printing studies alongside dilution and
other forms of ink modifications, to concurrently optimize both
thickness and topography. This approach could be used to op-
timize print quality and performance of the other inks used in
C-PSC fabrication, as well as those used in other screen-printed
electronics such as electrochemical sensors, batteries, and solid
oxide fuel cells.

3. Conclusion

This work demonstrates the significant impact of TiO2 film to-
pography on C-PSC infiltration and performance. Combined rhe-
ological analysis and SPV is used to identify the paste to dilutant
ratio at which filamentation is prevented, improving wet film to-
pography through minimizing mesh marking and other print de-
fects. This in turn enables more homogeneous perovskite precur-
sor infiltration and significantly enhanced device PCE, Voc and FF
at the optimal ratio of 1: 0.75 for both cells and modules.

These results indicate that there is a point where further reduc-
tions in viscosity do not lead to further improvements in print
quality and demonstrate that true layer optimization cannot be
achieved through thickness modification alone. A concurrent ap-
proach considering both thickness and topology should therefore
be applied when optimizing screen printed layers for thin film
devices such as C-PSCs.

4. Experimental Section
Characterization of Ink Rheology: The study used a commercial TiO2

ink by Greatcell Solar Materials (30 NR-D Titania Paste) as supplied and
diluted 1:0.25, 1:0.5, 1:0.75 and 1:1 by weight with terpineol. Rheological
evaluation was carried out using a combination of shear and viscoelas-
tic measurements. Shear viscosity measurements were carried out on a
Malvern Bohlin rotational rheometer (Gemini Bohlin Nano, Malvern In-
struments, Malvern Panalytical Ltd, Malvern, UK) with a 2◦ 20 mm stain-
less steel cone and a parallel plate held at 25 ◦C. Ink viscosity was mea-
sured as the shear rate was gradually increased to 100 s−1 and then re-
duced back to 1 s−1. Viscoelastic measurements were carried out on a
Malvern Kinexus Pro Rheometer (Malvern Instruments, Malvern Panalyti-
cal Ltd., Malvern, UK) with a 1◦ 50 mm stainless steel cone and a parallel
plate. Amplitude (strain) sweep measurements were conducted to estab-
lish the linear viscoelastic range at 0.1, 1, and 10 Hz. Then using a stress
within the established linear viscoelastic region, a frequency sweep from
0.1:10 Hz was conducted.

Screen-Printing Visualization: The mesh-substrate ink separation oc-
curring during screen-printing was captured on a high-speed camera
(Photron FastCam Mini High-Speed Camera) at a frame rate of 125
frames per second, with 8 × magnification, and a 10000-lux lamp used
for backlighting. The printing was conducted on a custom- made screen-
printing apparatus, the screen-printing Visualizer (SPV) (described in de-
tail previously).[32–34] A polyester mesh at 22.5° with 130 threads per cm,
34 μm thread diameter and 9-micron emulsion was used to print the im-
age. A 65–70 Shore A hardness diamond squeegee was used, along with
a snap distance (distance between screen and substrate) of 1.825 mm
and squeegee travel speed of 300 cm min−1 (50 mm s-1). The substrate
was PET (polyethylene terephthalate—Melinex 339, DuPont Teijin Films
(175 μm thickness) opaque white). The print image consisted of a contin-
uous 75 μm wide line in the direction of squeegee travel.

The ink separation was quantified with two key regions, the adhesion
to extension region (where the ink remains in continuous contact with the
mesh and substrate), and the flow to separation region (where the main

body of ink splits off into filaments that eventually separate) (Figure 1). A
total of 45 sets of measurements were taken for each ink (15 sets of mea-
surements conducted for each of the three prints, across evenly spaced
intervals in the region assessed with high-speed imaging) from which the
average and standard deviation in each of the print stages for each dilution
was calculated.

Thermogravimetric Analyses (TGA): TGA was used to establish the
evaporative characteristics of the plain, undiluted ink to provide an esti-
mate of the mass lost during drying to enable the wet film thickness val-
ues to be estimated. This was carried out by a Perkin Elmer Pyris 1 (Perkin
Elmer Inc., Waltham, MA, United States) analysis with a temperature ramp
to 550 ◦C over a period of 2 h (4.6 ◦C min−1) in a nitrogen atmosphere to
allow evaporation of the solvent content and decomposition of the binder.

Characterization of Print Topography: White light interferometry
(NT9300, Veeco Instruments, Inc., Plainview, NY, USA) was used to mea-
sure a full 3D surface profile of printed squares of TiO2. 5× magnification
was used for printed film thickness and roughness analyses, giving a mea-
surement area of 1.2 mm by 0.93 mm (at a resolution of 736 pixels ×
480 pixels with sampling at 1.67 μm intervals). The dry ink film thickness
was evaluated by measuring over the edge of the solid print, calculated as
the average thickness of the substrate subtracted from the average thick-
ness of the ink. The wet film thickness was also calculated based on the
TGA analysis of the undiluted ink, used to identify the relative mass of
solvents, binders, and TiO2 in the ink. As the solvents were evaporated
during drying, the dry film thickness was estimated as a solvent free solid
film containing the remaining binder and TiO2 from the ink. Therefore,
the volume percentage of the solvent lost during drying was used to esti-
mate the wet film thicknesses for the different ink dilutions. Analyses were
also conducted in the center of the print for the average surface roughness
(Sa) and average maximum surface roughness (Sz) values. A total of eight
measurements were conducted for each dilution for both surface rough-
ness and film thickness, from which the average and standard deviation,
in film thickness and surface roughness were calculated. Additionally, 20×
magnification was used to provide a more detailed analysis of the cured
film, giving a measurement area of 0.3 mm by 0.23 mm.

Manufacturing of Photovoltaic Cells: To fabricate the cells, FTO sub-
strates (FTO glass TEC-7 2.2 mm, XOP Glass) were patterned with a Rofin
Nb:YVO4 laser (532 nm) at a speed of 150 mm s−1. These were then
cleaned with approximately 2% Hellmanex solution in deionized water,
washed with deionized water and rinsed with acetone and IPA, then dried
with N2. To deposit the compact TiO2 layer, the substrates were then
heated to 300 °C on a hot plate, and a solution of titanium diisopropoxide
bis (acetylacetonate) (TAA, 75% in IPA, Sigma-Aldrich) with anhydrous 2-
propanol (IPA, 99.5%, Sigma Aldrich) was deposited by spray pyrolysis.
All layers of the triple mesoporous stack were deposited via screen print-
ing on an ATMA AT-25PA flatbed screen printer. Each printed sample was
dried in a Thieme hot dryer at 100 °C for a residence time of 20 min, then
cured in a HENGLI Belt Furnace.

The TiO2 layers were diluted 1:0.5, 1:0.75 and 1:1 by weight with terpi-
neol were printed with a polyester mesh at 45° with 130 threads per cm,
34 μm thread diameter and 9-μm emulsion over mesh (EOM). A 70–75
Shore A hardness double bevel blade squeegee of 130 mm length was
used, along with a snap distance (distance between screen and substrate)
of 3.3 mm and squeegee travel speed of 210 mm s−1. These were then sin-
tered at 550 °C for 30 min after a slow ramp. The ZrO2 ink (Zr-Nanoxide
ZT/SP, Solaronix) was printed with the same mesh, squeegee, and print
speed as the TiO2 ink, but with a 4.3 mm snap distance. These were then
sintered at 400 °C for 30 min after a slow ramp. The carbon ink (GEM
C2150317D3 carbon paste (Gwent Electronics Materials (GEM)), diluted
with 5 wt% 1-methoxy-2-propanol (Sigma)) was printed with a polyester
mesh at 45° with 61 threads per cm, 64 μm thread diameter and 12 μm
emulsion over mesh (EOM). A 65–70 Shore A hardness blade squeegee at
30° to the mesh was used, along with a snap distance (distance between
screen and substrate) of 4.3 mm, with the same print speed as before. As
with the ZrO2 inks, these were then sintered at 400 °C for 30 min after a
slow ramp.

All layers were cooled to room temperature in ambient conditions (30–
50% RH, 18–21 °C), before drop casting of 20 ml room temperature
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perovskite precursor (containing PbI2 (99%, TCI), MAI (CH3NH3I, anhy-
drous, Greatcell Solar), 5-ammonium valeric acid iodide (5-AVAI, Great-
cell Solar), g-valerolactone (GVL, Sigma Aldrich) and anhydrous MeOH
(Sigma Aldrich)) onto the stack. Devices were left for 20 min in ambient
conditions after drop casting precursor to ensure adequate infiltration, be-
fore annealing on a hot plate for 1.5 h at 45 °C. Contacts were applied with
an ultrasonic solder at 180 °C.

Manufacturing of Photovoltaic Modules: The interconnects between
the cells were patterned using a scribing method.[41] The P1 scribes
in the FTO layer were created via a Nd:YVO4 laser. The substrates
were then cleaned as per the cell fabrication method. The FTO coated
226 mm × 176 mm glass superstrate was heated to 300 °C on a hot plate
and the compact TiO2 blocking layer was deposited by spray pyrolysis.
The mesoporous layers were once again deposited with an ATMA AT-25PA
flatbed screen printer. The P2 and P3 scribes to create the interconnects
in the other layers were conducted on a Workbee CNC instrument with
a steel blade under 0.54 N/mm pressure, to mechanically create the pat-
terns. The scribe widths measured 50 nm, 0.60 mm, and 0.20 mm for P1,
P2 and P3, respectively, resulting in an active area of 224 cm2 across 22
cells with a geometric fill factor of around 80%. The perovskite precur-
sor was deposited via a LOCTITE 400D deposition robot at a speed of
12 m s −1 with a 12-gauge syringe tip at 1 bar of pressure, then cured in
a Thieme conveyor dryer at 45 °C for 1.5 h. Contacts were applied man-
ually via ultrasonic soldering at 180 °C, robotic wires were subsequently
soldered to the contacts. Modules were stored in a blacked out, airtight
box in ambient conditions once soldered.

Testing of Photovoltaic Cells: The cells were masked to 0.16 cm2 and
placed under a fan for testing. A Keithley 2400-C source meter and class
AAA solar simulator (G2V Sunbrick solar simulator) at 1 sun was used for
J–V measurements (calibrated against a silicon reference cell, Newport
Oriel 91150 V). Devices were scanned at a rate of 100 mV s-1 from −0.2–
1.1 V and vice-versa after a light soaking period of 180 s.

Testing of Photovoltaic Modules: A Keithley 2400-C 5A source meter
and class AAA solar simulator (G2V Sunbrick solar simulator) at 1 sun
was used for J–V measurements (calibrated against a silicon reference
cell, Newport Oriel 91150 V). The devices were scanned at a rate of
70 mV s−1 between −0.1 and 21 V in forward and reverse directions over
the full device area, after a light soaking period of 180 s. For stabilized cur-
rent measurements, devices were held at the maximum power point (as
determined by the preceding IV scan) for a period of 200 s to account for
slow device response times.

Optical Microscopy of Cells: Optical microscopy was used to assess
the quality of infiltration over a 4000 × 4000 μm region. This was done
with a Zeiss Axio Observer Z1M using darkfield imaging to improve con-
trast between the infiltrated and infiltrated areas. Zeiss control software
was used to provide a full cell stitched image which was then opened
in Zeiss ZEN Blue and an apertured 4 × 4 mm area was selected for
analysis. This was done to ensure matching with the PV testing pa-
rameters. Active area was determined using a machine learning auto-
mated image segmentation which has been trained on a large number
of carbon cells using the ZEN Intellesis framework to ensure high match
accuracy.

Scanning Electron Microscopy: The microstructure of the prints was as-
sessed using a JEOL JSL 7800F FEG scanning electron microscope (SEM).
Top-down images of the TiO2 films were conducted on samples that were
sputter coated in 5 nm of Pt to enhance conductivity, in secondary elec-
tron scanning mode with an electron energy of 10 kV, a working distance
of 10 mm, at magnifications of 10000× and 20000× . Cross sectional
images were also acquired in secondary electron scanning mode with an
electron energy of 15 kV, a working distance of 10 mm and magnification
of 15000× . The chemical analyses of the cross sections were performed
using an Oxford Instruments Ultim energy-dispersive X-ray spectroscopy
(EDS) detector with an AZTEC software (Ver 5.0) analysis package (Ox-
ford Instruments Plc, Abingdon, UK), at a 10 mm working distance with
the samples angled towards the detector to improve the signal. Samples
were prepared by standard fracture methods, mounted onto a conductive
holder, and coated with 5 nm Pt to provide conductivity for the glass sub-
strate.

Photoluminescence Mapping: Photoluminescence mapping measure-
ments were carried out using a Renishaw InVia confocal Raman micro-
scope by measuring the samples through the glass substrates on an X–Y
scanning stage (100 nm minimum step size). Maps were produced with
individual spectra at each region producing a 3000×3000 μm map for each
sample. All measurements were conducted with a 5× objective lens. A
532 nm laser excitation source was used (spot size ≈ 1 μm) at 0.05 μW
laser power.
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