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Innovative and Photovoltaic Devices Laboratory, situated in
Portici - ITALY, is an ENEA research group focused on the
development of materials and device architecture for high
efficient solar cells, as perovskite/silicon tandem solar cells.

The effect of storage cycle on improvement in the photovoltaic
parameters of planar triple cation perovskite solar cells

Un-encapsulated planar triple cation solar cells were
characterized over time after storage in moderate humid
air/low vacuum environment. A rise of efficiency from
13.2% to 20.8% after 72 h was recorded and, after 720 h
from fabrication day and low vacuum storage, a slight
efficiency increase to 20.9% was further reached. An
enhancement of all PV parameters and hysteresis-free
respect to pristine cells were shown. The storage cycle
could be a route to improve the performance of pristine
perovskite solar cells and to proceed with encapsulation.
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One of the important challenges in the field of perovskite solar cells is to investigate the competitive
mechanisms of humidity and oxygen which improve the efficiency of cells at moderate humidity and
cause the degradation of perovskites at high levels of moisture. We found that when an un-encapsulated
standard planar architecture, glass/ITO/SnO,/triple cation perovskite/Spiro-OMeTAD/Au, was realized,
exposure to moderate humid air was always needed for proper functioning. We investigated the
fabrication and storage procedures of thin (~320 nm) triple cation perovskite solar cells showing, for the
first time, to the best of our knowledge, a remarkable enhancement of all photovoltaic parameters
compared to those of pristine cells (with the fill factor exceeding 80%, a short circuit current density of
about 24 mA cm™2 and an open circuit voltage of 1121 mV, for champion devices) and, particularly, an
impressive increase of power conversion efficiency (PCE) from 13.2% to 20.8% after 72 h of storage in air
with moderate humidity. A slight PCE increase to 20.9% was also achieved after subsequent low vacuum
storage and after 720 h from the fabrication day. Moreover, devices exhibiting hysteresis-free behavior
after storage were characterized for evaluating the mechanism of charge carrier recombination by means
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of dark and light current density—voltage and illumination-dependent photovoltaic parameters. The
storage cycle shown in this work could be a possible route to improve the performance of pristine
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1. Introduction

The most appealing features of perovskite solar cells (PSCs), such
as high light absorption, excellent ambipolar charge mobility,
small binding energy, high efficiency and low fabrication cost,
have drawn attention from the scientific community achieving
remarkable power conversion efficiency (PCE) improvements in
few years, from 3.9 to 25.5%."* Despite the strong advances in
technology, there is still a number of relevant effects that are
subject to ongoing investigations. These effects could include, for
example, less stability against light exposure, temperature and
moisture and the dependence of J-V curves on the scan direction,
e.g. hysteresis.”" Moreover, in the wide variety of perovskite
chemical compositions, multi-cation perovskites have attracted
increasing attention for different photovoltaic (PV) applications
such as transparent windows, photodetectors, and flexible and
tandem devices.">™"” In the perovskite layer, the absorption of
light generates free electrons and holes whose transport is
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perovskite solar cells and consequently to proceed with encapsulation procedures.

dependent on the device architecture, thickness and chemical
composition of the perovskite absorber. PSCs generally consist
of about 200-1000 nm layers of perovskites, sandwiched
between two charge transporting layers, e.g. electron and hole
transport materials (ETMs and HTMs, respectively). Many
aspects are still under investigation to obtain high-quality
perovskite solar cells. One of the desired goals is to use, for
example, thin perovskite films for lowering the Pb content and
reducing the cost, while maintaining high performances.'®"”
More efforts are also devoted to investigating the ETM layer
properties, together with the HTM properties, for effective
carrier separation at the perovskite interface resulting in lower
charge recombination at the interface contacts. One of the
commonly employed ETMs is TiO,, which, together with a
transparent conductive oxide (TCO) such as indium tin oxide
(ITO) or fluorine-doped tin oxide (FTO), forms a photoanode in
both planar and mesoscopic perovskite high efficiency solar
cells."® > More recently, tin dioxide has been studied as an
alternative to TiO,, especially for its advantage of getting deposited
by low temperature processes, for facilitating also the integration of
perovskite solar cells in promising monolithic tandem perovskite—
silicon solar cells."***>* However, irrespective of the ETM or HTM,
it is also important to reduce the defects, which are spontaneously

© 2021 The Author(s). Published by the Royal Society of Chemistry
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and inevitably formed during the conventional device manu-
facturing process, both at the surface of the perovskite film and
at the interfaces of the ETM and HTM. Lowering defects
implies a reduction of recombination mechanisms to obtain
high quality PSCs.?>*° In an ideal cell, the only recombination
channel is the radiative recombination of free electrons and
holes in the same layer where they are generated. In contrast,
the real presence of defects, in the perovskite absorber material,
inserts energy transition levels (trap states) trapping the free
charges and affecting the charge transport. The most efficient
strategies to compensate for these disadvantages are surface
and interface passivation. A wide variety of materials, ranging
from inorganic to organic molecules or even polymers, have
been used as passivating layers through self-assembled mono-
layer deposition and self-passivation due to excess or deficiency
of PbL,.*°® More recently, air was studied as a means of
passivation. According to many authors, low levels of humidity
and oxygen could actually improve the crystallinity of the
perovskite layer enhancing the PV performance. Oxygen in air
could act as a reactant to passivate the traps, not only under
illumination but also by thermal treatment in air, and it could
also act as a p-type dopant.’”*° Furthermore, it was suggested
that water molecules could also be a strong n-type dopant and
can interact for filling deep charge carrier traps.®*>** There-
fore, it becomes crucial to understand the effects of humid air
during fabrication and probable storage. While moderate levels
of humidity would positively affect the high efficiency, at high
levels of moisture or prolonged time exposure at low humidity,
the formation of a hydrate phase perovskite would decrease the
PCE.>7 114346 ith regard to this, just recently, Cho et al.*®
clarified a mechanism that increases the PCE after ambient and
moderate humidity storage in an n-i-p architecture based on
mesoporous perovskite solar cells, with 200 nm mesoporous
TiO, as the ETM and 400 nm capping perovskite layer. They
found an increase in the PCE in a double cation perovskite, in the
first 48 h of storage, from 17.1% to 20.4%, at room temperature
and moderate humidity, finding that the effect of moisture on
the initial cell performance improvement was a combined result
of temporal changes in both the perovskite and HTM, by showing
surface passivation and changes in conductivity. Insights
into the competitive mechanisms of humidity and oxygen are
fundamental to improve the performance of perovskite solar cells,
helping the future development of the PSC technology.*’~*%>7> In
this work, we focus on the fabrication and storage procedure of
thin (~320 nm) un-encapsulated triple cation perovskite solar
cells with planar architecture and consequently the influence of
the related PV parameters. We show, for the first time, to the best
of our knowledge, a remarkable enhancement, over time, of all PV
parameters (an open circuit voltage (V,) of 1121 mV, a short circuit
current density (Js.) of 24.07 mA cm > and a fill factor (FF) of
81.6% for champion devices) and in particular, an impressive
increase in PCE (from 13.2% to 20.8% after 72 h of storage in
humid air, and a slight increase to 20.9% after subsequent low
vacuum storage and 720 h from the fabrication day) of PSCs
completely fabricated in a Ny-filled glove box (GB), stored in the
dark, and exposed to humid air and low vacuum, with a relative

© 2021 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Materials Advances

humidity (RH) of (30 + 10)%. The light current density-voltage
(J-V) characteristics of the devices, by reverse and forward scans,
were measured immediately after the fabrication process and over
time, the hysteresis-free behavior of the stored samples was
observed. Dark J-V and illumination-dependent V,. and J. were
recorded to understand the recombination mechanism which
could occur for aged devices. Scanning electron microscopy
(SEM) and energy dispersive X-ray (EDX) analyses were performed
to evaluate the morphological and structural differences of the
devices monitored over time. Our results highlight that high
performance devices can be obtained with thin triple cation
perovskites fabricated completely in a N,-filled glove box, followed
by humid air/vacuum storage cycles.

2. Experimental
Materials and device characterization

SnO, colloid precursor (tin(v) oxide 15% H,O colloidal dispersion),
PbI, (>99.999, ultradry) and PbBr, (Puratronic, >99.998)
were obtained from Alfa Aesar. CsI (>99.999, anhydrous) and
acetonitrile (ACN) were obtained from Acros Organics.
N,N-dymethylformamide (DMF), dimethyl sulfoxide (DMSO),
formamidinium iodide (FAI), methylammonium bromide
(MaBr, >99%, anhydrous), Spiro-OMeTAD, chlorobenzene (CB),
4-tert-butylpyridine  (TBPy),  Dbis(trifluoromethane)sulfonimide
lithium salt (Li-TFSI), and FK 209 Co(m) TFSI salt were purchased
from Merck. All the chemicals were used without further
purification. We used 2 x 2 cm?” glass/ITO substrates received
from Kintec (10 Q sq ). The scanning electron microscopy
(SEM) and energy-disperse X-ray (EDX) analyses were performed
using a Thermo Fisher Scientific Phenom pro X SEM, with an
electron beam accelerated at 15 kV, and it was equipped with a
long lifetime thermoionic source of cerium hexaboride. The
cross section used to evaluate the different layers in PSCs was
made using an FEI Dual Beam Quanta 200 3D apparatus, which
integrates a finely focused gallium ion beam (FIB). The thick-
ness of the different layers was also measured using a KLA
Tencor profilometer. The performance of the solar cells was
characterized using a solar simulator (Wacom Electric Co. Ltd,
WXS 1558, L2.AM1.5G) generated with two AAA class lamps
(Ha and Xe) located in a non-air-conditioned laboratory. The
current-voltage characteristics of the devices were obtained by
applying an external potential bias to the cell by recording the
generated photo-current using a Keithley (Model 2651A) high
power system source meter. J-V data acquisition was performed
at a rate of 2 V s~* for all the electrical measurements, both
forward and reverse scans, and both pristine and stored devices.
All the samples were not polarized and the first measurement
was always from 1.2 V to —0.1 V (reverse scan).

Device fabrication

The fabrication process of PSCs for triple cation perovskite was
developed by different authors®®>' but the final process was
often modified according to requirements. To prepare perovskite
solar cells, ITO glass substrates were cleaned by sonication with
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acetone and ethanol for 15 minutes each. Then, two thin layers
of Sn0,, as electron transport materials, were deposited by spin-
coater at 6000 rpm for 30 s on the ITO substrates previously
treated with UV-ozone. Spin-coating deposition was made under
a fume extractor system, where temperature and relative humid-
ity were monitored but not controlled because depending on the
outdoor atmospheric conditions. The SnO, solution was pre-
pared by diluting a commercial SnO, colloidal dispersion with
deionized water (1:5). The annealing temperature was set to
130 °C for 1 h on a hotplate, controlled with a thermocouple, in
humid air. Substrates were again treated with UV-ozone before
perovskite layer deposition. Perovskite and Spiro-OMeTAD were
deposited by a spinning approach in a glove box (Jacomex) with a
N, carrier and at RH of less than 1 ppm. The schematic diagram of
the device fabrication procedure is shown in Fig. S1 (ESIT).

Two batches of PSCs were fabricated on the same day
(T =20 °C and RH = (30 + 10)%): the former batch, after the
SnO, spinning process in humid air, was inserted into a nitrogen-
filled glove box for perovskite and HTM spinning deposition and
subsequent thermal evaporation of gold electrical contacts (here-
after denoted as devices completed inside the GB) (Fig. S1a, ESIT);
the latter, after perovskite and HTM spinning deposition, was kept
outside the glove box, left in humid air for 1 h, the time needed for
transferring and loading in an external evaporator, for subsequent
gold evaporation (hereafter denoted as devices completed outside
the GB) (Fig. S1b, ESI¥).

The perovskite Csg 05FA; sMAy 15PbI, 5Br, 5 (mixed cation Cs,
FA = formamidinium, MA = methylammonium, and mixed
halide (I,Br)) solution was prepared by mixing PbI, (1.10 M),
PbBr, (0.22 M), FAI (1.05 M), and MABr (0.20 M) in DMF/DMSO
(4:1 v/v%), and the CsI iodide solution (1.50 M) in DMSO was
added to the above solution to obtain a molar ratio of 5%. The
perovskite spin-coating process was set as a two-step program with
1000 and 6000 rpm for 10 and 20 seconds, respectively. 150 pL of
CB was added dropwise on the substrate a few seconds before
spin-coating was completed. After that, the perovskite layer was
crystallized by annealing at 100 °C for 1 hour. To deposit Spiro-
OMeTAD, HTM solution was spun on the perovskite layer at
4000 rpm for 30 seconds. The HTM solution consists of 73 mg of
Spiro-OMeTAD diluted in 1 mL of CB, 27 pL of TBPy, 17 pL of a
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Li-TFSI solution (520 mg of Li-TFSI in 1 mL of ACN), and 7 uL of
a FK 209 Co(m) TFSI (375 mg of Co-complex in 1 mL of ACN).
Finally, devices were completed in a thermal evaporator inside
or outside the glove box and 80 nm Au back-contact layer was
evaporated on the Spiro-OMeTAD for all the devices, using a
mask to define the positive electrode. The architecture of the
PSCs and the photographs of a typical device are reported in Fig.
S2a and b, respectively (ESIt). In order to evaluate the thickness
of the different layers composing the devices, in addition to a
mechanical profilometer, FIB was used for a rapid (few minutes)
cross-sectional analysis.>” A beam of finely focused gallium ions
was moved with an energy of 30 kV and accelerated with a
current of 1 nA. Ions stroke the PSC surface, milling into the
surface, sputtering ionized and neutral atoms. Images were
produced by scanning the ion beam at lower currents, 10 pA, to
minimize sample damage (Fig. 1a and Fig. S3, ESIt). An enlarged
image of the cross section displayed in Fig. 1b allowed a better
viewing of the thickness of the different layers. In Table S1 (ESIt),
the PCE of the champion devices is shown compared with other
devices reported in the literature, with respect to air ambient
fabrication or air storage conditions, perovskite chemical compo-
sitions, the thickness of perovskite and the architecture.

3. Results and discussion

J-V characteristics and PV parameters for pristine and stored
PSCs

Two batches of devices, completed inside the GB and outside
the GB, were fabricated on the same day with RH = (30 + 10)%
at 20 °C. Solar cells, after the first electrical measurement,
were initially stored for 312 h in the dark and in a box with
(30 + 10)% relative humidity and monitored over time.

When a decrease in the cell efficiency was recorded, the
devices were placed in a low vacuum chamber (P ~ 100 mbar)
and measured over time again.

The last J-V measurements were performed after 720 h from
the fabrication day and after low vacuum exposure. The -V
characteristics of the devices were always measured in humid
air for both the batches of devices, constantly monitored but

Spiro-OMeTAD  ~200 nm

Perovskite ~320nm

Sn0; ~35nm

ITO ~180 nm

- glass

(a)

Fig. 1
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(b)

(a) lon images of FIB cross section of a typical device; (b) enlarged image of the cross section and thickness of different layers measured by FIB.
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Fig. 2 Box plot charts of normal distribution of PV parameters monitored
over time for devices completed outside the GB. Pristine devices were
measured at time O, then stored in humid air for 312 h, and measured over
time at 72 h and 312 h. Finally, the devices were inserted into a low vacuum
chamber and measured at 720 h from the fabrication day.

not controlled. In Fig. 2 and 3, the box plot charts of the normal
distribution of PSCs are reported for all the PV parameters. In
Tables S2 and S3 (ESIt), the average and champion values of each
parameter measured over time for both the batches are reported.
In the tables, the error values are reported as the standard
deviations of three to ten devices averaged together for V. and
Jsc data, while the error propagation was reported for FF and PCE.

The open circuit voltage (V,.). The V,. of all the devices
showed a jump after the first 72 h in humid air (Fig. 2a and 3a).
After 312 h in humid air, the devices were inserted into a low
vacuum chamber and the V,. increased to 1121 mV for the
champion device completed inside the glove box overcoming
the V.. of the other batch.
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Fig. 3 Box plot charts of normal distribution of PV parameters monitored
over time for devices completed inside the GB. Pristine devices were
measured at time 0, then stored in humid air for 312 h, and measured over
time at 72 h and 312 h. Finally, the devices were inserted into a low vacuum
chamber and measured at 720 h from the fabrication day.
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The short circuit current density (Js.). The J;. of the devices
completed inside the GB (Fig. 3b), after an initial strong increase
in the first 72 h in humid air, exhibited a decrease to the initial
value. A further increase in current density was recorded at 720 h
after the fabrication day and a low vacuum cycle, showing a quite
reversible behaviour. Meanwhile, the J;. of the batch completed
outside the glove box (Fig. 2b) showed the maximum value only
on the first day (¢ = 0) and then started to decrease during storage
in air. After 720 h and low vacuum storage, the J,. reversibly
increased similar to that of the previous batch (Fig. 2b).

The fill factor (FF). The FF increased in the first 72 h (Fig. 2¢
and 3c) from 64.9% to 81.6% for the devices completed inside
the glove box and from 56.3% to 74.8% for the other devices.
After vacuum storage, the FF was quite stable for all the devices.

The power conversion efficiency (PCE). The PCE showed a
great increase for the first 72 h (Fig. 2d and 3d). After the initial
rising stage (20.8% for the champion device completed inside
the glove box and 17.4% for the one completed outside the
glove box, with a percentage of increase of 50% and 40%,
respectively), the PCE continued to increase after low vacuum
storage, reaching the efficiency of 20.9% for the champion
device of the batch completed inside the GB, and 19.7% for the
other batch. The champion device reached 20.9% independently
of pristine efficiency which was about 12-13% for both the
batches. The PCE, as well as FF, V,., and J, improved after
72 h of humid air storage, and the PCE slightly decreased after
312 h in moisture, suggesting that competitive mechanisms are
always present when moisture interacts with perovskite. Oxygen
and moderate moisture have a positive effect on the photovoltaic
performances, but prolonged exposure to humid air can lead to
acute degradation of PSCs.®*¢°*3% The former mechanism that
leads to an increase in conductivity could be attributed to the
effect of water molecules (n-type dopant)*>** and the filling of
deep charge carrier traps.***** The latter mechanism could be
the oxidation of Spiro-OMeTAD that increases the charge transfer
at the perovskite/Spiro-OMeTAD/gold interfaces, decreasing the
series resistance, R,.° Consequently, the fill factor, dependent on
R,, enhances, as well as the V,..>>”° A subsequent decrease in
conductivity, recorded after 312 h, was observed after prolonged
exposure to humid air, which could otherwise be caused by the
formation of more perovskite hydrate species.”> The exposure of
devices to oxygen and moisture showed a remarkable PCE
enhancement of 50% with respect to the pristine value, whereas
prolonged exposure to moisture alone led to the degradation of the
devices. We showed that this degradation could be avoided when
the moistened devices were transferred to a low vacuum chamber,
showing a further improvement of all the PV parameters. The low
vacuum storage in fact should erase the effect of the hydrated
species formed during the first exposure to humid air.

Furthermore, the oxygen present in the low vacuum chamber
continuously improved the interface recombination between
the perovskite/HTM and HTM/gold, thereby increasing the V..
Finally, the best efficiency was obtained for the devices fabri-
cated completely inside the nitrogen-filled glove box and after
storage in humid air/low vacuum, for a total period of 720 h
from the fabrication day. The batch of PSCs completed outside

Mater. Adv, 2021, 2, 5396-5405 | 5399
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Fig. 4 J-V curves acquired over time, before and after storage, for champion devices: pristine (black line), at 72 h (blue line) and at 720 h (red line) from

device fabrication day (a) completely inside the GB and (b) outside the GB.

the GB confirmed the results discussed previously. This set of
devices, having been exposed to humid air before gold evaporation,
showed a high value of pristine J,., probably caused by the doping of
water molecules incorporated into the perovskite bulk. As we
formerly expected, after 72 h in humid air, this batch of devices
completed outside the GB also exhibited a higher V,,, taking part in
the oxidation of HTM, and consequently, a higher PCE. An interest-
ing stability in performance was noted after 312 h in humid air and a
decrease in PCE was not observed. However, also for these devices,
after storage in a low vacuum chamber, PCE improvement was
observed, confirming that reversible hydration was also present.” In
Fig. 4, the J-V curves over the storage time of the champion
perovskite devices of the two different batches completed inside
(Fig. 4a) and outside the GB (Fig. 4b) monitored over time are shown.

The SEM and EDX elemental mapping of the perovskite film
confirmed that moisture changed both the morphology and the
bulk composition of the perovskite layer after exposure to humid
air before gold evaporation (Fig. 5a, al and a2). More grains with
smaller areas were observed when the perovskite absorber was

stine device completed outside the GB

Pristine device completed nside the GB

£ ey

exposed to humid air before gold evaporation (Fig. 5a and Fig. S4,
ESIt), while larger grain areas were observed (Fig. 5b) when the
cells were completed inside the GB. This feature could at least
partially explain the better performance of these PSCs.””*® A proof
that oxygen was deeply incorporated into the devices completed
outside the GB, and then stored in humid air before gold
evaporation, was given from EDX mapping. The presence of
oxygen, among the atoms, in the devices exposed to air, before
gold evaporation, evidenced the presence of probable hydrate
compounds (Fig. 5a1). Moreover, after one storage cycle in low
vacuum, only a small reduction of oxygen occurred (Fig. 5a2).
Meanwhile, the devices completed inside the glove box, after
storage in humid air and low vacuum, did not show the
presence of oxygen in the structure, demonstrating a non-
significant absorption (Fig. 5b1 and b2).

Hysteresis-free behaviour of aged PSCs after storage

Typical hysteresis graphs were shown for the pristine and stored
devices after humid air and low vacuum storage (Fig. 6). The J-V
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Fig. 5 SEM images of perovskite layers (a) after exposure to humid air before gold evaporation for devices completed outside the GB and (b) for devices
completed inside the GB immediately after gold deposition. EDX mapping and weight percentage of elemental atoms of pristine devices completed
outside the glove box (al) and after one air/vacuum cycle (a2); pristine devices completed inside the glove box (b1) and after one air/vacuum cycle (b2).
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Fig. 6 Reverse (dark line) and forward (red line) scans for hysteresis
behaviour: (a) pristine PSCs, (b) after 72 h of storage in dark and in humid
air, (c) and (d) after 720 h from the fabrication day for devices completed
outside and inside the GB, respectively.

data of the pristine devices exhibited a large discrepancy
(Fig. 6a) between the reverse and forward scan directions, which
decreased after 72 h in humid air (Fig. 6b). A hysteresis-free
behaviour was observed for all the devices after 720 h, after a
cycle of humid air and low vacuum exposure (Fig. 6¢c and d). The
J-V hysteresis is a dynamic process which can be influenced by
both pre-conditions and measurement conditions, and by
material properties such as the crystallite size of the perovskite
layer and the interfaces between the absorber and the electron/
hole transport materials.>

In our case, the reduction of hysteresis was dependent on the
storage conditions and not on the measurement procedures
because the scan rate was always the same and the applied pre-
bias was settled to 1.2 V close to V,,.. Humid air improves the HTM
conductivity and also balances the charge transport between the
electrons and holes in the ETM and HTM, thereby reducing the
number of surface traps and consequently reducing the hysteresis.

Dark J-V and ideality factor

The absence of hysteresis over time allowed a more in-depth
evaluation of the diode characteristics with and without
illumination. The dark current-voltage curves for four different
devices, completed both inside and outside the GB, recorded after
720 h from the fabrication day, are displayed in Fig. S5 (ESIY).

When the current starts to increase in a non-linear way, the
trap filling process is activated. The kink point between the linear
region and the non-linear one is defined using the trap-filled
limit voltage (Vi) and it is possible to calculate the trap density,
according to the space-charge-limited current (SCLC) model,
using the equation:*

2¢e0eV
N, = 6052tﬂ
el

ey

where L is the thickness of the perovskite layer (~320 nm), e is
the elementary charge, ¢, is the vacuum permittivity, and ¢ is the
dielectric constant of the perovskite film (~33°%'). The Vg is

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Dark J-V measurements of the devices displaying the Viq kink
point.

shown in Fig. 7 and is used to calculate the trap density, reported
in Table S4 (ESIY).

The devices completed inside the GB, after 720 h, have a
smaller trap density compared to the devices completed outside
the GB. Then, the increase in V,, for the first batch during the
storage time is probably due to the decrease in trap density.
Probably, the incorporation of water molecules into the devices
completed inside the glove box, after gold deposition and filling
of deep charge carrier traps, reduces the defects and improves the
conductivity of the HTM. However, water molecules incorporated
into the devices completed outside the GB, before gold evaporation,
leaves rather a larger trap density.

In order to investigate the recombination mechanism of the
stored devices, illumination-dependent photovoltaic parameters
were measured. To obtain the light-intensity dependent measure-
ments, a set of neutral density filters was used, tuning the AM1.5
light of the solar simulator. The measurements were recorded at
1 sun (100 mW ¢cm™ %) and also at 0.4, 0.25, 0.16, 0.1 and 0.03 sun.
The recombination was then investigated using the diode ideality
factor (n;q) extracted from the current-voltage curves measured at
the slope of V. as a function of illumination intensity. Identify-
ing the ideality factor is a reliable way to indicate the dominant
recombination mechanism of a solar cell which can be categorized
into trap-assisted and bimolecular recombination.®*~*® Tress et al.*>
summarized that the ideality factor (1;4) of PSCs is reliably obtained
by light-intensity-dependent V,,. measurements because measure-
ments performed using an open circuit are not affected by the
parasitic series resistance. For these measurements, n;q can be
calculated using the linear fit of the V,, as a function of In(Ipn/I)
under relative light intensities using the equation:

kgT I
VOC = nidBT In (%h) (2)

where e is the elementary charge, kg is the Boltzmann constant, T
is the temperature, I, is the photocurrent under illumination
and I is the light intensity. Some studies reported the value of
ideality factor for aged and pristine devices, suggesting that the
unity value of n indicates the dominance of recombination at
the surface of the perovskite film, whereas n;q < 2 refers to the
trap-assisted Shockley-Read-Hall (SRH) recombination in the
perovskite bulk.**®” The authors found that for aged devices,

Mater. Adv., 2021, 2, 5396-5405 | 5401


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ma00345c

Open Access Article. Published on 23 June 2021. Downloaded on 3/8/2026 4:41:13 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Materials Advances

A device completed out of GB]
W device completed into GB
1.10
L]
- A
> 105 -
Q -
> . p
n=1.3
A
A
1,00
a n=18
r , .
1 2 3 4 5

In(ly/1)

Fig. 8
the GB.

Intensity-dependent V. for devices completed inside and outside

the SRH recombination was dominant. For our devices, the ideality
factor was calculated from the slope of Vo vs. In(Z,/I) reported in
Fig. 8. The ideality factor values were about 1.8 for the devices
completed inside the GB, while about 1.3 for the devices com-
pleted outside the GB. This finding showed that the recombination
mechanism changed depending on the fabrication procedure. The
higher ideality factor value, calculated for the stored devices
completed outside the GB, indicates the dominant existence of
trap-assisted recombination, but considering the increase in V.,
compared to that of the pristine devices, a reduction of traps or
non-radiative recombination could be noted.’® Conversely, the
smaller nyq, calculated for the stored devices completed inside
the GB, is attributed to the band-to-band direct recombination
which was confirmed from the higher values of V,. compared
to those of all the other devices. This is reliable with the
experimental results.

To gain insights into charge recombination, we also studied
the variation of J,. as a function of illumination intensity
(Fig. S6, ESIt). Many authors have observed a power-law depen-
dence of J;. upon light intensity (Jsc ~ Jon ~ I” where Jpy, is the
photocurrent, I is the light intensity and « typically ranges <1).
A value of o close to 1 indicates weak bimolecular recombination
and non-space-charge limited devices, while the deviation of o
from unity could be attributed to the bimolecular recombination,
space-charge effects and variations in mobility between the holes
and electrons.®® The preliminary results show the coefficient « to
be 0.76 for the devices completed outside the GB (Fig. Sé6a, ESIY)
and 0.81 for the devices completed inside the GB (Fig. S6b, ESIT),
showing sublinear dependence less marked for the second one,
probably evidencing a weak bimolecular recombination. These
preliminary results are calculated for the devices stored in
ambient air showing that the phenomenon of charge recombi-
nation depends not only on aging but also on the manufacturing
environment, Ze. if the PSCs were exposed to air before or after
gold evaporation. All the aged devices were in any case hysteresis-
free, and probably, the increase of performances was due to the
lower migration of ions and consequently, due to the less charge
recombination. The mechanism that rules these phenomena is
not yet clear. It could probably be the oxygen or the water present
in humid air that fills the deep charge carrier traps, as shown in
this work, or it could be the lithium dopant from the HTM that
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could significantly dope the perovskite absorber layer through
diffusion, as reported in a recent study where the authors studied
this mechanism, monitoring over a three-day window, with a
decrease of spontaneous non-radiative recombination from trap
states, providing an increase of photovoltaic performances.”
Moreover, the improvement of PV performances, compared to
fresh and aged devices, was just recently studied for all-inorganic
perovskite solar cells. The authors showed that all deep defects
were reduced after resting the perovskite films overnight prob-
ably due to the self-regulation mechanism, connected with the
strain released over time, showing the suppression of hysteresis
too.”! Immediate understanding of these mechanisms is not
possible and a better insight is required to apply multiple
dynamic processes under different operating conditions. Several
studies have been conducted to measure the charge transfer
process, such as time-of-flight secondary-ion mass spectrometry,
glow discharge optical emission spectrometry, transient photo-
voltage decay measurements and electrochemical impedance
spectroscopy.?*?>%7:7274 These analyses could give more infor-
mation on charge transport in PSCs, especially when hysteresis-
free devices are obtained. Further investigation is needed to
study the devices stored in ambient air, adding information on
charge recombination when PV parameters increase over time,
by linking the results with fabrication and storage processes.

4. Conclusions

In summary, we studied the effects of humid air and low vacuum
storage on un-encapsulated planar devices (glass/ITO/SnO,/triple
cation perovskite/Spiro-OMeTAD/Au) fabricated completely inside
a Ny-filled glove box or with gold contacts deposited outside the
glove box. When all the devices, independently of the fabrication
procedure, are stored in humid air for 72 h, exposure to oxygen
and moisture showed an electrical conductivity enhancement and
consequently, an improvement in interface charge transfer. As a
result, V,,. and FF increased due to the faster charge extraction. The
devices showed, after 312 h in humid air, a good stability (less than
5% change) for all the PV parameters, except for J;. which
decreased by about 10%. The subsequent storage in low vacuum
preserved the PV performance of all the devices, removing partly
the water molecules inside the cell and improving additionally the
PV parameters. We found, for the first time, to the best of our
knowledge, an impressive increase of power conversion efficiency
(PCE) from 13.2% to 20.8% after 72 h of storage in humid air
(RH = 30 + 10%), and a slight increase to 20.9% after low vacuum
storage and 720 h from the fabrication day, for PSCs fabricated
completely in a nitrogen-filled glove box. Moreover, all the PV
parameters increased after storage with the fill factor exceeding
80%, a short circuit current density of about 24 mA cm ™2 and an
open circuit voltage of 1121 mV, for the champion devices. The
hysteresis-free behaviour was also observed for all the devices after
720 h. Preliminary studies on possible charge recombination
mechanisms were presented which showed that the devices
completed inside the glove box exhibited a weak bimolecular or
band-to-band recombination which is confirmed from the higher

© 2021 The Author(s). Published by the Royal Society of Chemistry
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values of V,.. Improvement of PV parameters of un-encapsulated
pristine perovskite solar cells after storage cycles in moderate
humid air and low vacuum exposure opens up a new route for
following encapsulation procedures.
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