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Printable mesoscopic carbon perovskite solar cells (CPSCs) are cited as a potential frontrunner to
commercialisation, as they are fabricated using low-cost screen printing. CPSCs produced using
different perovskite precursor solvents benefit from different post-treatments. For example, cells made
with  DMF/DMSO precursors improve with light exposure, whereas y-butyrolactone cells require
humidity exposure for peak performance. Understanding the evolution of devices fabricated using
different systems is therefore key to maximising PCE. This work examines the performance evolution
of CPSCs and modules fabricated with low toxicity y-valerolactone based precursors. It is found that
PCE improves independently of humidity or light exposure due to gradual residual solvent loss and
associated crystal realignment in the days following fabrication. In 1 cm? cells significant Vo and FF

Received 13th February 2024, produced an average increase of ~15% on initial PCE, with some devices nearly doubling in

Accepted 27th March 2024 performance. Similarly, 220 cm? modules were also found to experience PCE increases. Critically, it
DOI: 10.1039/d4ma00136b appears this ageing step is essential for peak performance, as early encapsulation and extended heating

impaired both performance and stability. This work may therefore help inform future work designing
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1. Introduction

CPSCs are easily scalable and represent perhaps the most intrin-
sically stable PSC architecture, as the encompassing scaffold and
thick, hydrophobic carbon contact limit moisture ingress and MAI
escape.'™ Stability can be significantly enhanced by adding
5-aminovaleric acid (AVA) to MAPDbI; precursors in y-butyro-
lactone (GBL). AVA improves infiltration (the extent to which
perovskite fills the stack), increases TiO, contact, limits super-
oxide damage and passivates surface defects.”* Encapsulated
devices with AVA, ,;MAPDI; precursors thus passed stringent
IEC61215:2016 testing in 2020.°

CPSC precursors most commonly use GBL, DMF/DMSO mixes
or NMF. While GBL has lower toxicity than DMF or NMF-based
precursors, it still presents several key issues for large-scale
application. As a psychoactive substance banned in several coun-
tries, obtaining GBL for research or commercial application can
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scaled-up processes for fabricating and encapsulating high performing CPSC modules.

be challenging and costly.®® GBL precursors are also prone to
precipitation below 60 °C, producing equipment blockages and
preventing effective module infiltration when applied at scale.’

Recent works have explored y-valerolactone (GVL) as a less
toxic, more sustainable and more accessible alternative to GBL
for AVA, o;MAPDI; devices.”** When combined with a MeOH
additive, GVL cells exhibit enhanced crystallinity, better
infiltration and improved performance.’™" The GVL precursors
are also stable towards room temperature precipitation, which
has enabled superior reproducible production of 220 cm?
modules."

Several studies have presented post-infiltration treatments
for improving CPSC performance. For example, GBL devices
require an additional step after perovskite annealing, wherein
cells are kept in 70% RH for several hours prior to testing.
Resultant humidity treated (HT) devices and modules typically
exhibit improved PCE due to large increases in J,. and FF."'
This is a consequence of humidity induced crystallite reorga-
nisation and growth, which can be observed as changes in XRD
spectra intensity."!

Interestingly, CPSCs fabricated with different perovskite
precursor solvents appear to benefit from different post-
treatments. Some work has found that HT do not benefit

© 2024 The Author(s). Published by the Royal Society of Chemistry
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devices produced with more toxic DMF/DMSO or NMF precursors
due to superior initial crystallinity."®'” This is achieved through
annealing under optimised physical cover for prolonged
periods.'®! Although DMF/DMSO samples do not undergo
significant crystallinity changes post fabrication, some works
have observed time-dependent Js. increases in DMF/DMSO
devices due to complex ion rearrangement at interfaces."” Light
exposure and bias treatments can also be applied to induce
irreversible V,. increases in DMF/DMSO fabricated cells.'”*”

CPSCs fabricated with different precursor solvents clearly
exhibit different maturation behaviours, with GBL devices
requiring HT and DMF/DMSO benefitting from light
exposure.'®'”*” Understanding the evolution of devices fabri-
cated using different systems is therefore key to maximising
performance, and can help inform how best to treat, encapsu-
late or test devices. It has not yet been established whether this
behaviour is demonstrated to the same extent at the module
scale using any precursor solvent.

This work examines the performance evolution of devices
fabricated with GVL-based precursors exposed to HT, light and
bias. Despite a similar chemical structure to GBL, HT is not
found to significantly impact GVL device performance, with
cells and modules improving over a week of storage regardless
of humidity exposure. Similarly, bias and light exposure do not
significantly affect the cells, which improve over time regard-
less of the applied conditions. Unlike in GBL and DMF/DMSO
CPSCs, the performance enhancement was not a consequence
of J,. increases, but of V,. and fill factor gains."*™"”

CPSCs and modules fabricated with low toxicity, green GVL-
based precursors do not therefore require HT or light exposure
to attain peak performance. Instead, devices improve after
fabrication due to slow residual solvent loss, which drives crystal
realignment and associated reductions in non-radiative recombi-
nation. This phenomenon is also observed in 220 cm® modules.
This work could therefore inform future scaled initiatives in
designing procedures for reproducibly fabricating and encapsulat-
ing high-performing modules.

2. Experimental

2.1. Materials

PbI, (99%, Sigma-Aldrich), MAI (CH3NH;l, anhydrous, Dyesol),
5-ammonium valeric acid iodide (AVAI, Dyesol), y-valerolactone
(GVL, Sigma Aldrich) and anhydrous MeOH (Sigma Aldrich)
were used as received.

For device stacks, titanium diisopropoxide bis (acetylaceto-
nate) (TAA, 75% in IPA, Sigma-Aldrich), anhydrous 2-propanol
(IPA, 99.5%, Sigma Aldrich), TiO, paste (30NR-D, GreatCell
Solar), ZrO, paste (GreatCell Solar), carbon paste (Gwent elec-
tronic materials) and terpineol (95%, Sigma-Aldrich) were used
as received.

2.2. Precursors

AVA, 03sMAPDbI; perovskite precursors were prepared to a
concentration of 1.1 M in a solvent mix of 9:1 GVL:MeOH in

© 2024 The Author(s). Published by the Royal Society of Chemistry
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an N, glove box. Precursors were stirred at room temperature
(16-18 °C) overnight after fabrication and stored in ambient
conditions (16-18 °C, 30-60% RH).

2.3. Devices and modules

Substrates were washed with Hellmanex and deionised water,
rinsed with acetone and IPA, and dried with N,. They were then
placed in a Nano plasma system (Diener Electronics) and
plasma cleaned for five minutes in an O, environment. The
substrate was heated to 300 °C on a hot plate and a compact
TiO, blocking layer deposited by spray pyrolysis of 0.2 M
titanium di-isopropoxide-bis(acetylacetonate) in IPA.

To form the mesoporous TiO, layer, the titania paste (30NRD)
was diluted 1: 1 by weight in terpineol, screen printed and sintered
at 550 °C for 30 minutes after a slow ramp. Next, ZrO, and carbon
were printed and annealed at 400 °C for 30 minutes each. Layer
thicknesses were 600-800 nm, ~2.6 um and ~17 um for TiO,,
ZrO, and carbon respectively. All layers were printed and annealed
in ambient conditions.

Devices were cooled to room temperature in ambient con-
ditions (30-50% RH, 18-21 °C), before drop casting of 20 ul
room temperature precursor onto the stack. Devices were left
for fifteen minutes in ambient conditions after drop casting
precursor to ensure adequate infiltration, before annealing on a
hot plate for 1.5 h at 45 °C.

Contacts were applied with an ultrasonic solder at 180 °C.
Non-treated devices were stored in an airtight box in ambient
conditions once soldered.

Humidity treatments were applied for 16 hours in a humid-
ity oven at 25 °C and 70% RH and a subsequent 4-10 hours
under vacuum to remove any adsorbed water and prevent water
driven degradation during testing. We have not found the
vacuum exposed time to have any significant impact on device
performance. On removal from the vacuum, devices were
stored alongside non treated samples in an airtight box in dark
ambient conditions.

Module fabrication was carried out following previously
established scribe method1l with scribe widths of 50 nm,
0.60 mm and 0.20 mm for P1, P2 and P3, respectively, resulting
in an active area of 220 cm?® over 22 cells and geometric
fill factor of 80%. Substrate area was 22.6 cm by 17.6 cm. Scribe
P1 was created via a Nd:YVO, laser, and the triple mesoporous
layers were deposited via screen printing. The measured meso-
porous layer thicknesses were 0.8, 1.9 and 12 um for TiO,, ZrO,
and carbon, respectively. P2 and P3 scribes were created
mechanically with a steel blade under 0.54 N mm ™" pressure.
The precursor solutions were deposited into the module shells
using a robotic head and syringe with a 30 ga blunt end needle

tip at a deposition speed of 12 m s~ .

2.4. Device characterisation

Devices were unencapsulated during storage and testing, and
stored in ambient conditions (18-20 °C, 30-60% RH) before
and after all measurements.

For IV testing the 1 cm” active area was masked to 0.16 cm”
and placed under a fan for testing. A Keithley 2400 source meter
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and class AAA solar simulator (Newport Oriel Sol3A) at 1 sun
were used, calibrated against a KG5 filtered silicon reference
cell, Newport Oriel 91150-KG5. Devices were scanned at a rate
of 0.126 V s~ from V. to Js and vice versa after a light soaking
period of 180 s. For stabilised current 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.

XRD measurements were performed on a Bruker D8 Dis-
cover diffractometer with a Bragg-Brentano geometry source
and a Cu (1 = 1.54 A) source was used to obtain 26 scans
between 10° and 65° using a step size of 0.03°. Devices
were analysed the day after fabrication (after soldering), then
subjected to HT or ambient storage before re-examination
(18-20 °C, 30-60% RH).

Photoluminescence mapping measurements were done
using Renishaw InVia confocal Raman microscope. Light was
shined from the glass side on to the directly mounted samples
on an X-Y scanning stage with a minimum step size of 100 nm.
Measurement was done using 532 nm laser excitation source,
the power of the which was adjusted using 1 OD neutral density
filter to 0.0075 pW. Photoluminescence spectra was recorded at
every 250 pm step using 50x objective lens with an acquisition
time of 25 ms.

2.5. Electrochemical impedance spectroscopy (EIS)

Measurements were performed on unmasked devices using a
Zahner CIMPS-X photoelectrochemical workstation. Measure-
ments were performed over the frequency range 10 MHz to 1 Hz
at open circuit under illumination from a red LED (630 nm) at
intensities from 1 to 0.01 Sun equivalent intensity.

2.6. FTIR samples

Mesoporous ZrO, films were printed onto plain glass and
annealed at 400 °C for 30 minutes. 10 pl of perovskite precursor
was then drop cast onto the cooled layer and annealed at 45 °C
for one hour.

On day 1, half of the sample was scraped off onto the FTIR
crystal using a razor blade for measurement. The remaining
half of the sample was stored in dry ambient conditions until it
was scraped off for the second measurement on day 7.

2.7. Encapsulation

Flat end wires were first soldered onto the cells to extend the
contacts. To encapsulate, a polyurethane thermoplastic was
first applied atop the carbon layer using a press at 120 °C for
30 seconds. A fast set two-part epoxy was then applied around
the device edges, and cover glass applied on top. This was left to
cure for 24 hours before testing.

2.8. TGA samples

Mesoporous ZrO, films were printed onto plain glass and
annealed at 400 °C for 30 minutes. 10 pl of perovskite precursor
was then drop cast onto the cooled layer and annealed at 45 °C
for one hour. A mesoporous scaffold was required to mimic
the conditions within a cell (bare perovskite may behave
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differently). ZrO, was chosen for practicality, as the printed
layer is thicker and larger than the TiO, print, and thus
contained enough material to split into two TGA samples.

On day 1, half of the sample was scraped off using a razor
blade for TGA measurements. The remaining half of the sample
was returned to dry ambient conditions until it was scraped off
for the second measurement on day 7.

3. Results and discussion

3.1. The impact of humidity treatment on GVL devices

CPSCs are known to be particularly resistant to humidity
related degradation, as the encompassing mesoscopic scaffold
slows ambient water ingress and MAI escape (Fig. 1(a)).'""?
Indeed, in CPSCs produced using GBL precursors, 70% relative
humidity exposure significantly improves performance by indu-
cing crystal realignment in the (110) direction.">'* This is
observable in XRD measurements by increases in the 20 ~
14° relative peak intensity, not seen dry-stored devices.'>'* As a
result, defect driven recombination is reduced, and bulk carrier
transport and perovskite-electrode contact are improved.>

Previous work has found that MAPDI; crystallised from GVL
in mesoporous scaffolds is of superior crystallinity to similar
samples crystallised from GBL.>® Cells fabricated using DMF/
DMSO or NMF precursors with high initial crystallinity achieve
high PCE without HT."®"” It was therefore unknown whether
HT would have an impact on GVL samples.

To thoroughly examine the impact of humidity on GVL cells,
devices were made and split into two groups immediately
following manufacture. Devices are printed in strips of four
cells. To avoid print variations causing a misleading trend,
devices were grouped to ensure an even mix of prints from each
strip in each batch. One group was then subjected to a 24 hour
HT and the other to dry ambient exposure (<20% RH). After
HT, devices from were stored in dry ambient conditions before
remeasurement. To monitor any changes in perovskite crystal-
linity, XRD measurements were performed before and after
humidity or dry ambient exposure.

Fig. 1(b) shows normalised PCEs of GVL devices before and
after HT or dry storage. Non normalised data is presented in
Fig. S1 (ESIT). The non-HT sample group tested slightly higher
than those from HT on day 1 due to high variation between
samples. Both groups of devices experienced similar perfor-
mance improvements over time due to V,. and FF increases
(Fig. S1, ESIY), resulting in a higher overall performance in the
non-HT group. It is clear from these data that GVL devices
improve over time regardless of humidity exposure. Another
variable must therefore be causing this change.

Light and age related PCE increases In DMF/DMSO cells
have been assigned to complex ion rearrangement at elec-
trode interfaces.”” Conversely, in GBL devices, HT improves
PCE through inducing crystallinity and orientation changes,
Fig. S2 and S3 (ESIT)."""* This can be observed in Fig. S3 (ESIf),
where HT GBL samples show reorientation towards the (110)
plane and dry stored cells remain unchanged.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) Diagrammatic representation of a CPSC cross section. (b) Normalised PCEs of GVL CPSCs before and after HT or dry ambient storage. Samples

were measured 1 day and 7 days after fabrication, with HT on days 2—-3. 14-18 samples in each set. (c) XRD of AVAq 03MAPbIs perovskites crystallised from
GVL-based precursors in mesoporous ZrO, scaffolds. Samples were examined directly after annealing (black) and again after exposure to dry ambient air

(red) or 70% RH HT (blue).

Fig. 1(c) shows the XRD spectra of GVL devices before and
after HT or dry storage, which show clear changes in perovskite
orientation over time in both samples. As in the case of GBL,
the HT sample realigned to favour the (110) = orientation with a
14° dominant peak.">?" Conversely, the dry sample reoriented
away from a (110) alignment, with other peaks increasing in
relative intensity.

These results suggest that, like in GBL cells, perovskite
crystallised from GVL can undergo significant changes that
positively impact performance after annealing. However, this is
occurring independently of humidity exposure in GVL cells,
which has is not observed in the case of GBL.

3.2. Examining performance evolution in dry-ambient stored
devices

To ascertain that changes were reproducible between batches
and more closely examine the extent of performance changes

© 2024 The Author(s). Published by the Royal Society of Chemistry

under dry ambient storage, a more comprehensive study was
undertaken.

Fig. 2(a) shows the photovoltaic performance parameters of
standard control devices from eight different experiments 1 day
and 7 days post-infiltration. Each device was carefully marked
prior to testing to ensure identical mask placement across
multiple tests. Performance changes were also examined at
an individual level, by calculating the % change of each photo-
voltaic parameter for each device over time. It should be noted
that the initial batch also tested on day 4, but cells had not yet
reached peak performance (Fig. S3, ESIt). The long time frame
therefore appears necessary for achieving peak performance.

A clear increase in PCE over time was observed in 78% of
devices (Fig. 2(a) and (b)). The extent of this performance
change was extremely varied, ranging from 7% to 92.2%
improvement on the initial performance (average change
15.5%, Fig. 2(c)). 11% of devices showed no change, with the

Mater. Adv., 2024, 5, 4354-4365 | 4357
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Fig. 2

(a) PV parameters of 27 GVL AVAq 03sMAPDI3 devices from various batches, 1 and 7 days after fabrication. (b) Table showing % of devices that

experienced an improvement, no change, or fall in performance. (c) Table showing average and range % change in each PV parameter compared to initial

values.

remaining 11% falling compared to the initial measurement.
Devices that fell in performance did not show a drastic decrease,
with a maximum decrease of 7% of initial PCE observed.

Overall, there is a clear time-dependent increase in perfor-
mance driven primarily by the FF and V,.: 78% of devices
experiencing a V. increase (mean +5%, maximum +20%), and
63% improved FF (mean +10.6%, maximum +58%). On average,
Jsc remained statistically similar between measurements, with a
mean change of well below 1% over time.

This represents a key difference to the performance
increases seen in GBL and DMF/DMSO devices examined in
other works, where large /. improvements were the main
contributor to PCE enhancement.'"'*'” Significant V,. changes
were highlighted in these works only after light and bias

4358 | Mater. Adv., 2024, 5, 4354-4365

exposure treatments.'>'” This suggests that the underlying

mechanism behind PCE gains may be different in this case.

Voc and FF enhancements are respectively indicative of
improved carrier lifetime and better charge extraction.”*??
This corroborates the crystallinity changes observed with
XRD: greater crystal alignment has been shown to improve
Voe in MAPDI; devices.?>2472¢

While the XRD measurements above showed crystallinity
changes over time, this measurement only provides informa-
tion about perovskite atop or within the carbon electrode. This
may not represent the behaviour of perovskite deeper within
the stack. Therefore, to examine perovskite properties within
the TiO, layer, photoluminescence (PL) and photocurrent (PC)
maps were obtained.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3
after fabrication.

Fig. 3(a)-(c) show PL, PC and PL peak position maps of the
TiO, layer of an infiltrated device obtained 1 day and 7 days
after perovskite annealing, alongside concurrent device perfor-
mance (Fig. 3(d)).

Alongside device PCE, FF, V,. and performance increases, PL
intensity (Fig. 3(a)) rose significantly between measurements,
from 1620 average counts on day 1 to 8064 on day 7. Lower
emission intensity is observed at the right of the sample, likely
due to closer proximity to the carbon electrode.

PL intensity correlates positively with crystal quality, with
larger more crystalline samples producing more intense emission

© 2024 The Author(s). Published by the Royal Society of Chemistry

(a) Photoluminescence maps, (b) Photocurrent maps, (c) PL peak position maps, and (d) PV performance parameters of a device 1 (i) and 8 (ii) days

due to lower levels of recombination.>”>° This large PL increase is
likely indicative of a significant decrease in non-radiative recom-
bination across the active area, which suggests some form of
defect passivation is occurring. This would be consistent with the
perovskite crystal realignment observed in Fig. 1.>"*”*° Although
PL at the base of a cell could also indicate that perovskite-TiO,
contact is poorer in day 7 samples due to reduced PL quenching,
improved device FF and PCE with on day 7 suggest the opposite
is true.

A significant change in PC also occurred between days one
and seven, increasing tenfold in the second measurement

Mater. Adv,, 2024, 5, 4354-4365 | 4359
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(Fig. 3(b)). However, IV results did not reflect this- although
device Ji. improved slightly, the change was not particularly
drastic. This discrepancy is likely due to differences in the IV
and PL mapping testing setup. The IV results presented in this
work were all obtained after three minutes of light soaking,
required in CPSCs because the thick mesoscopic stack restricts
ion movement and increases the distance across which carriers
must travel.”®*° However, such light soaking is not possible
with the low intensity, small spot size laser used for PL and PC
mapping.

The PC measured during mapping is therefore more repre-
sentative of device response during light soaking. A much
higher photocurrent being generated during mapping is likely
therefore due to faster response under illumination as opposed
to increased steady state current output. This is typical of
improved perovskite quality, where fewer shallow traps and
improved charge transport result in faster current generation.”**”

Interestingly, PL redshifts were also observed with ageing
(Fig. 3(c)). This was somewhat unexpected: crystal realignments
and associated defect passivation was expected to cause a blue-
shift due to a reduction in shallow traps increasing the optical
bandgap. Although this could be an indication of early degra-
dation, this was considered unlikely as device performance had
significantly improved and aged XRD samples contained no
sign of Pbl, formation (Fig. 1).

Some works have shown that perovskite crystallite size can
impact PL peak position, with larger crystallites producing a
redshifted emission peak.*’*> Similar claims have been made
about crystal orientation.® However, several conflicting studies
show that grain size and orientation have no significant impact on
PL emission wavelength.*® Therefore, while the redshift observed
here may indicate some recrystallisation, it cannot by itself
conclusively identify this as the cause. Alternatively, the crystal
reorganisation observed in the XRD could passivate non-radiative
deep traps, producing perovskite with a shallower trap population
and thus increased, redshifted PL emission after 7 days.

It is clear from the changes in PL and PC data that signi-
ficant changes are occurring at the base of the stack over time.
This indicates that the observed perovskite crystallinity changes
are consistent throughout the device, lowering non-radiative
recombination and increasing device V..

The drastic increase in device PC response suggests that
interfacial charge transfer is also impacted. To further examine
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this, electrochemical impedance spectroscopy (EIS) was there-
fore performed on cells on days 1 and 7 to examine whether
interfacial charge extraction changes over time.

As CPSCs contain many complex interfaces, there is cur-
rently little agreement on detailed interpretation of EIS data,
with 2, 3 and 4 equivalent electrical circuit diagrams presented
in the literature.**~*° There is however some consensus that the
high and upper intermediate frequency regions are respectively
associated with carbon/perovskite and TiO,/perovskite inter-
facial charge transfer, while the area of the first Nyquist arc has
been related to charge transfer resistance (Rcr) in several
works.>*%® Shifts in the size and position of this large arc are
therefore indicative of changes in interfacial charge transfer
and overall series resistance.*>*

Fig. 4 presents Nyquist impedance plots of the fresh and
aged device. A large arc from the high to intermediate fre-
quency region is evident in both devices, with additional
features towards the low frequency region.

Both the high and intermediate frequency regions of the day
7 Nyquist curve in Fig. 4 are shifted to much lower values,
indicating that perovskite-electrode charge transfer is superior
at both electrodes after ageing. This csonfirms that the
increased PL observed in Fig. 3 is not due to poorer perovskite
contact in this sample and supports the conclusion that the
increase in photocurrent is a consequence of faster device
response (due to improved perovskite-electrode contact).

3.3. Determining the cause of performance increases

It is clear that device performance improves under dry ambient
conditions over the week following fabrication. Previous work
has shown that light exposure can induce changes in perovskite
crystal structure, resulting in irreversible V,. enhancements.?”*®
Bias application can also induce structural changes.”” It was
therefore posited that some element of the device testing process
could be driving the observed performance increases.

An experiment was therefore devised to determine whether
IV testing was driving performance evolution. This is visually
depicted in Table 1. After perovskite annealing, devices were
split into four groups, with group 1 tested as usual, group 2
exposed only to testing bias sweeps, group 3 only to light and
group 4 to dark storage. Should PCE increases be related to
light exposure or bias, the untested dark storage samples will
exhibit lower PCE upon testing on day 7.

2. R R
2031800 Hz 3203600 Hz w
8 1{ |~ Dpay7cel 8609 Hz .. 6586 Hz
;,: //' \'\.‘.
./ -..
n T T T T T T T T T
8 9 10 11 12 13 14 15 16
Z' (Qem?)

Fig. 4 Nyquist plots of a cell on days 1 and 7, with relevant frequencies labelled for the start and end points of the large first arc.
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Table1l Experimental design to examine the impact of IV testing variables
on device performance

Light Bias Light Bias
exposure Sweeps s exposure sweeps
©
Group 1 g
(control) v v £ v v
Group 2 x \/ ; % \/
(Bias) %
=
Group 3 &
(Light) v X z v v
Group 4 x X \/ \/

(Dark)

All samples exhibited similar performance on day 7 (Fig. S4,
ESIY), indicating that performance enhancements were occur-
ring independently of light or bias exposure.

Having eliminated the testing process as a cause of these
changes, two potential causes of performance enhancement
remain. It is possible that crystal realignment occurs sponta-
neously, as realignment to reduce strain may be energetically
favourable. Alternatively, environmental exposure could be
causing the change, as all data presented thus far were from
unencapsulated devices stored in dry ambient (<20% RH)
environments. Although humidity exposure was not found to
influence performance enhancements in Fig. 1, keeping devices
unencapsulated allows potential ingress of other environmen-
tal species such as O,, as well as egress of internal components
such as residual solvent or volatile MAI. Should such a process
be causing the observed changes, early encapsulation to isolate
the device from the surrounding environment should inhibit
PCE improvements.

As shown in Fig. S5 (ESIt), encapsulated devices did not
improve over time, remaining the same after encapsulation
before falling in performance by day. On average, this was

a)

View Article Online
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driven by losses in J,., with V,. and FF losses also observed in
several samples (Fig. S5 and Table S1, ESIt). Each individual
encapsulated device suffered some loss in performance between
days 3 and 8, while unencapsulated controls improved as
observed in previous batches (Table S2, ESIt).

Not allowing environmental exposure following fabrication
not only prevented performance enhancement but induced
significant V,. and FF losses. It appears that an ageing period
where devices are left unencapsulated is required to ensure
high performance and stability. This could be a critical consi-
deration in potential scale-up settings, where completed devices
are typically encapsulated immediately following fabrication.

Clearly, something must enter or exit the stack following
fabrication to achieve peak performance. Previous work has
revealed that significant amounts of solvent can remain in
perovskite films after annealing, even in planar devices with
no evaporation-limiting scaffold.***' While GVL has a high
boiling point of 208 °C, CPSCs are annealed at 45 °C to slow
crystal nucleation and promote high quality infiltration. GVL is
clearly removed at this temperature, as crystallisation to the
black phase occurs. However, residual solvent may remain-
especially deep in the base TiO, layer where microns of scaffold
restrict solvent escape.

Recent work showed that ethylene carbonate additives
remain in AVA, osMAPbI; CPSCs after annealing, coordinating
to Pb centres via the carbonyl group.*” As a structurally similar
compound, GVL could also interact with Pb centres and grain
boundary iodide vacancy defects through its electron rich C=0
group. This could further prevent solvent removal during
annealing. To observe whether GVL could remain after anneal-
ing and identify any coordination to Pb centres, Fourier trans-
form infrared (FTIR) spectroscopy was performed.

Fig. 5(a) shows FTIR spectra of pure GVL, pure Pbl, and Pbl,
dried from a GVL suspension for an hour at 45 °C (reflecting a
typical perovskite annealing procedure). FTIR comparisons of

Sample Temperature (°C)

—GVL

——Pbl,

= Pbl, from GVL

?

b) so0 100 150 200 250
100 100

®

E é
w 99 9 &
g s
= ®

Day 1
98 98
Day 7 TGA
3 2004 DSC 215 &
2 g
S —
3 =
< 19.5 21.0 2
2 3
3 205 &
= 19.0{ c
© ©
3 200 2
50 100 150 200 250

T T T T
3000 2500 2000 1500

Wavenumber (cm™)

T
4000 3500

Fig. 5

T
1000

Sample Temperature (°C)

(a) FTIR of pure GVL, pure Pbl, and Pbl; after drying from GVL at 45 °C. Highlighted sections show notable characteristic GVL peaks, identified in

Table S3 (ESIY). (b) TGA, derivative weight % and DSC of AVAg 0sMAPbIz in ZrO, 24 h (i) and 7 days (i) after annealing.
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perovskites were not performed, as the organic groups and AVA
COOH sections would likely mask any signals due to residual
GVL. A table of identified major peaks is available in Table S3
(ESTH).

The pure GVL sample showed a clear sharp symmetric C—=0
stretch at 1762 cm ™', as well as a group of C-H stretches at
2800-3000 cm ™, respectively representing the lactone group
and hydrocarbon backbone. These peaks are also present in the
dried GVL-Pbl, sample and absent in the pure PbI,. This
indicates that the perovskite annealing process did not fully
remove GVL from the Pbl,.

Interestingly, the dried GVL-PbI, C—O peak shifted to
1710 cm™ ' and presented with shoulder towards higher wave-
numbers. Such a shift can be indicative of C=O interaction
with a metal centre, although the presence of a shoulder
suggests that some uncoordinated GVL may also reside in the
film.*> An O-H stretch at ~3000-3500 cm ™" was also present in
the dried GVL-PbI, trace. While this could be evidence of GVL
ring opening, this was considered improbable as such reactions
generally occur in the presence of water and a catalyst.** It is
more likely due to ambient water adsorption, as samples were
stored briefly in ambient air (~55% RH) prior to measuring.

As annealing at 45 °C for an hour did not fully remove GVL
from PbI,, and there is evidence of coordination to Pb centres,
it is likely that it is also retained after perovskite annealing
in devices. It was posited that slow residual solvent loss over
time may therefore account for the observed crystallinity and
performance changes.

65 -

60

FF (%)

55

50

1 25
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To determine whether GVL was retained in annealed per-
ovskite, thermogravimetric analysis (TGA) and differential scan-
ning calorimetry (DSC) were performed on fresh and aged
AVA, osMAPDI; in ZrO, scaffolds, to mimic the conditions in
a cell.

In accordance with previous studies, TGA showed a large
loss from 200-300 °C comprised of two separate events, a
smaller loss from 225-250 °C is also present likely AVA removal,
followed by a much larger MAI loss (Fig. S6, ESI).*®

Critically, Fig. 5(b) reveals a 0.5% initial mass loss in the day
1 sample from 40-100 °C. This is accompanied by an endother-
mic DSC peak in the same temperature range and is typical of
residual solvent loss.*®** No such TGA loss is present in the day
7 data, and no endothermic DSC peak is observed, indicating
that the retained solvent is no longer present. The residual
solvent must therefore be leaving the stack during this period,
which could drive the observed changes in perovskite crystal-
linity and device behaviour.

A long ageing period to allow slow recrystallisation over
several days is not practical, especially from a commercial
standpoint. Residual GVL could be removed by using a higher
annealing temperature, however, this risks detrimentally fast
crystallisation. Therefore, device annealing time was increased
from one hour to 2.5 hours in an attempt to remove all solvent
during the initial fabrication.

Presented in Fig. 6, long annealed samples did not exhibit
higher initial performance, and also displayed limited perfor-
mance enhancement over the week when compared to standard

24

N

w

wn
1

N
w
L

Jsc (mAcm?)

22.54
1 7 1 7
1 2.5
0.95
0.9+
: =
Q
8 S
g |
0.85
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1 7 1 7
1 2.5

Fig. 6 Performance of GVL-MeOH AVAq 03MAPbIs devices annealed for 1 or 2.5 hours at 45 °C 1 day and 7 days after fabrication. Four samples in

each set.
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Fig. 7 Photovoltaic parameters of 220 cm? modules 1 and 7 days after infiltration. 3 modules tested. Inlaid photograph of a module with substrate

measurements.

devices. It would appear that removing a greater proportion of
solvent at the outset did not produce enhanced crystallinity,
and furthermore limited the capacity for crystal reorganisation
following fabrication.

It therefore seems that the slow loss of solvent over time is
key to maximising performance in this case, as devices encap-
sulated early or exposed to greater annealing time do not
improve after fabrication. An ageing period to enable residual
solvent loss and crystal realignment is therefore advised prior
to encapsulation of CPSCs or modules made using GVL pre-
cursors. It should be noted that this may also occur with other
precursor solvents: CPSCs are generally infiltrated with high
boiling point solvents (i.e. DMF, DMSO, GBL), but annealed at
low temperatures of <100 °C to aid infiltration.*’

4. Performance increases in modules

To ascertain whether similar performance increases occur at
large scale, three 220 cm” active area modules were fabricated
and measured on days 1 and 7 after infiltration. Photovoltaic
parameters are shown in Fig. 7.

Performance enhancement was observed in two of the three
samples, with the third showing a negligible change. As in
smaller cells, this was due to improvements in V,. and FF, while
Jsc had a negligible change. The PCE increased by 6.44% on
average, slightly less than in the small devices (which improved
by 15.5% PCE on average). Average batch PCE was Improve-
ments in crystal quality due to residual solvent loss may be
having less impact on performance here due to the greater
detrimental impact of the non-selective carbon electrode at

© 2024 The Author(s). Published by the Royal Society of Chemistry

scale. Therefore, as performance is more limited by factors
such as series resistance, recrystallisation may have less of an
impact.

However, as performance increases were still observed over
time, residual solvent is likely still present in freshly infiltrated
modules. To attain peak performance and prevent detrimental
lifetime losses, modules should therefore be left post fabri-
cation to allow time for residual solvent removal before
encapsulation.

5. Conclusion

This work examines the performance evolution of CPSCs made
using GVL-based precursors. Although similar GBL and DMF/
DMSO cells are respectively known to benefit from humidity
and light treatments, GVL devices improve over time regardless
of humidity application. Increases in FF and V,, drive signifi-
cant performance increases in 78% of devices following fabri-
cation, with an average gain of 15.5% on the initial PCE.
This was also observed at larger scale, with 220 cm® modules
experiencing a 6.4% PCE increase. This is a consequence of
slow loss of residual solvent, which enables crystal reorienta-
tion without post treatment, evidenced by concurrent XRD peak
ratio PL intensity changes.

Crucially, early device encapsulation and long-annealing
were found to reduce initial performance and hinder PCE
improvements. Preventing solvent egress and the related crystal
reorganisation during the ageing period is therefore detrimen-
tal to both performance and lifetime. A period of unencapsu-
lated storage is therefore recommended prior to encapsulation
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to attain peak cell or module performance. This work may
enable improved laboratory results using GVL precursors and
could aid in designing scaled-up processes for fabricating high
performing CPSC modules.
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