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We report humidity assisted thermal exposure (HTE) as a post-
treatment method for carbon based printed perovskite solar cells
(CPSCs). The method does not only improve the interfaces of different
layers of the printed stack, but also provides a pathway to fabricate
high performance CPSCs with low hysteresis along with high stability.
The HTE treatment directly influences over the associated compo-
nents in the stack and remarkably improves each photovoltaic
parameter of the CPSCs as seen by several characterization schemes
presented in this study. The average initial efficiency (9.0% + 0.2%) of
the CPSCs of a batch was significantly improved to 13.1% + 0.2% i.e. as
high as 45% when subjected to HTE treatment for a period of 200
hours. Furthermore, the highest average efficiency obtained from the
same batch from reverse scanning was 13.8% + 0.4% with a CPSC
attaining as high as 14.3% when exposed to the same thermo-humid
environment for a period of 115 hours. Above all, the stability of the
HTE treated CPSCs was also not compromised for over 350 hours
under full-sun illumination stress testing at 40 °C. The results pre-
sented in this work provide an opportunity to adopt HTE treatment as
a complementary step for the fabrication of high-performance
carbon-based perovskite solar cells with low hysteresis accompa-
nied by high durability and performance reproducibility.

Organic-Inorganic lead halide perovskite based solar cells
(PSCs) have recently exhibited very high efficiencies (>22%) in
their traditional device structures,' thus showing potential to
compete with other commercialized photovoltaic (PV)
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technologies, such as cadmium telluride (CdTe, 22.1%), multi-
crystalline Si (c-Si, 21.3%) or copper indium gallium selenide
(CIGS, 22.3%) solar cells, along with their rapid energy payback
time.>* Nevertheless, poor long-term stability and costly mate-
rials (i.e. high purity Spiro-OMeTAD approximately costs 200-
400 $ per g) along with expensive manufacturing methods and
high lead (Pb) wastage are the biggest challenges in the
commercialization of these traditional PSCs technologies.*”
Therefore, several alternative device structures have been
explored by integrating these solution processed perovskite
compounds to address the aforementioned key issues.®™**

Amongst alternative device structures,'™* carbon-based
perovskite solar cells (CPSCs)'>'*2° look highly promising due
to their low cost and abundantly available materials (TiO,, ZrO,,
carbon black and graphite powders),'**® cost-efficient scalable
fabrication methods™ and the inherent high stability reported
by several research groups.''>'®?' However, the high cell
resistance of a thicker stack of their active materials (~12-14
um)** along with uncontrolled and limited crystallization of the
perovskite precursor solution in this thick porous stack are the
limiting factors for significant enhancements in their solar-to-
electrical conversion efficiencies.”** Therefore improvements
in the photovoltaic performance of CPSCs may be realized if the
aforementioned challenges could be addressed prudently.*

Keeping this motive in mind, we report here humidity assisted
thermal exposure (HTE) as a post-treatment method for these
CPSCs, which does not only improve the interfaces of different
layers of the printed stack, but also provides a pathway to fabricate
high performance and highly stable CPSCs with low hysteresis.

In this work, we observed significant improvements in the
photovoltaic parameters when a batch of CPSCs (7 devices) was
first infiltrated with the traditional precursor solution (as re-
ported before'>'*'®) containing lead iodide (Pbl,), methyl
ammonium iodide (MAI) and 5-ammoniumvaleric acid (5-AVAI)
in gamma butyrolactone (GBL), and then exposed to high
humidity (70% =+ 5%) at a constant temperature (40 °C) for up to
200 hours in an environmental chamber (Arctest 150 - Fin-
land,* see also the ESIf).
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(@) J-V curves of the champion CPSC (b) J-V curves of the same CPSC after HTE treatment for a period of 115 hours.

Table 1 Photovoltaic parameters of the champion CPSC as they appeared in Fig. 1a and b

Name Scan Jsc (mA cm™?) Voc (mV) FF 7 (%) Regr (Q)

Fresh Forward 18.1 0.828 0.49 7.3 75.5
Reverse 17.5 0.875 0.72 11.1 50.4
Average 17.8 0.851 0.60 9.2 62.9

HTE treated (115 h) Forward 21.0 0.887 0.71 13.3 28.2
Reverse 21.5 0.863 0.77 14.3 29.5
Average 21.2 0.875 0.74 13.8 28.8

Fig. 1a and b and Table 1 present the j-V curves and the
photovoltaic parameters respectively of the initial and HTE
treated CPSC (from a batch of 7 devices) that was exposed for
a period of 115 hours to the aforementioned environmental
conditions which resulted in drastic enhancements in the
preliminary measured values of short circuit current density (Jsc
= 19%), fill factor (FF = 23%), and efficiency (n = 50%) as well
as a severe decrease in the overall cell resistance (Rcgrr, = 54%)
which is determined from the slope of the J-V curves. Above all,
the hysteresis in the fabricated devices (which has been a crit-
ical issue in determining the reliable efficiencies of CPSCs) was
also remarkably improved explaining the post-curing effects,
which have not been observed in earlier reports of these
CPSCs."*?

The detailed trends of these impressive changes in the
photovoltaic parameters are also summarized in Fig. 2, where
the fabricated batch (7 cells) was measured periodically up to
200 hours, after which slight signs of degradation appeared at
the edges of some of the devices in this batch, indicating the
extreme limits of exposure (Fig. 3a and b). Hence the HTE
treatment was restricted to 115-120 hours for further batches of
CPSCs fabricated for this study. Nevertheless, the overall
photovoltaic performance was not compromised (n = 13.1% +
0.2%) and no major physical changes were observed, which was
further verified by measuring the reflectance of the fabricated
CPSCs (Fig. 3a—c).

More importantly, the repetitive j-V curves of some of these
HTE treated CPSCs were also obtained by scanning them under
full sunlight illumination to determine if the drastic improve-
ments in their overall photovoltaic parameters was permanent
or not. Fig. 4 presents ten consecutive J-V curves of a HTE
treated CPSC which showed exceptionally high stability by

This journal is © The Royal Society of Chemistry 2017

exhibiting no change in the overall conversion efficiency (13%)
with a minimal compensation in the Js¢ (1.5% increased) and
Voc (only 0.5% decrement) values, which were stabilized after
five scans (Fig. 4).

Motivated by these promising findings, we further investi-
gated both the fresh and HTE exposed CPSC device structures
via isolating key components, which directly influence their
overall photovoltaic performance. In this regard, the carbon
back contact electrode was first examined by the four-probe
sheet resistance measurement method (see the ESI}) since it
directly contributes to the open circuit voltage (Voc) and fill
factor (FF), which were significantly improved during the HTE
treatment. As expected, the sheet resistance (Rgy = 8.5 + 0.10 Q
Sq ") of the HTE treated CPSCs was impressively reduced (by
13%) compared to that of the fresh CPSCs before exposing them
to HTE treatment (Table 2), thus attesting to the improvements
in the overall conductivity of the porous carbon electrode. We
confidently state that these improvements are mainly attributed
due to an increase in the interconnectivity of carbon nano-
particles through a possible crystal growth of the perovskites
(after their precursor infiltration and heating at 50 °C), which
may be enhanced within the porous stack during HTE treat-
ment that consequently influenced the fill factor and open
circuit voltage of the fabricated CPSCs (Fig. 2).

Therefore, the structure of the perovskite crystals within the
CPSC stack was also examined via X-ray diffraction (XRD)
measurements. Fig. 5a shows the XRD patterns of a CPSC
collected at the initial state and up to 115 hours of HTE treat-
ment which did not induce any growth of Pbl,.>* During HTE
treatment, the perovskite structure remained unchanged at the
atomic level: the d spacing remained constant, indicating no
release of stress or strain and the FWHM of the diffraction
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Fig.2 Photovoltaic parameters of a batch (7 cells) of CPSCs exposed in the environmental chamber for the HTE treatment. The values represent
the average of forward- and reverse-scanned J-V curves (see also the ESIT).
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Fig. 3 (a) Front and (b) back view and (c) initial and aged reflectance
spectra of a HTE treated CPSC for a period of 200 h.
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peaks varied only slightly. The perovskite crystal structure was
also cross-checked from FTIR spectra (Fig. 6) which also
remained almost unaltered during the aging process, suggest-
ing that the HTE treatment did not have any effect on the
perovskite chemical configuration. On the other hand, an
increase in the integrated intensity of the strongest perovskite
reflection at 14.1° (ref. 15 and 16) was observed, most likely due
to a slight increase in crystallite sizes which supports the idea of
reorganization of the crystallites within the porous matrix.
Hence, the effect of the HTE on the morphology and appearance
of the perovskite layer was correspondingly analysed at the edge
of the carbon electrode of CPSCs by scanning electron micros-
copy (Fig. 7 a). The micrographs revealed a steady perovskite

This journal is © The Royal Society of Chemistry 2017


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7ta04132b

Open Access Article. Published on 22 May 2017. Downloaded on 4/2/2026 4:30:50 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Communication

& (mAlem?) (V) o (@
g 144 1st 19.5 0.885 0.754 13.04 22.82
b 2nd 19.5 0.883 0.753 13.02 22.62
= ——3rd 19.8 0.881 0.774 13.01 23.20
rd ——4th 197 0.881 0.747 13.02 23.52
2 ——5th 19.8 0.881 0.746 13.02 23.64
741 ——6th 19.8 0.880 0.744 13.03 23.66
——7th 19.8 0.880 0.745 13.05 23.52
——8th 19.8 0.880 0.746 13.05 23.33
——9th 19.8 0.880 0.745 13.03 23.90
o ——10th 19.8 0.880 0.746 13.07 23.56 :
L] L]
0.0 0.3 0.6 0.9
Voltage (V)

Fig. 4 J-V curves obtained from 1-10 times scanning of a high
performance HTE treated CPSC for a period of 115 hours. The values
represent the average of forward- and reverse-scanned J-V curves.

Table 2 Sheet resistances of the carbon electrodes

Sheet resistance No of
Electrode Qsq™ electrodes
Fresh carbon back electrode 14.4 + 0.1 3
(without perovskite
precursor infiltration)
Fresh carbon back electrode after 9.8 + 0.4 3
perovskite infiltration and
crystallization at 50 °C
Carbon back electrode after 8.5+ 0.1 3

HTE treatment (115 h)

crystal growth (Fig. 7d, e and h) in the HTE-treated devices
compared to the fresh ones (Fig. 7b) and consequently reduced
the reduced overall porosity (Fig. 7g and h) which was well
evident in the fresh devices (Fig. 7b-d) thus providing another
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Fig. 5
CPSC monitored from 0-115 hours.
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Fig. 6 FTIR spectra of fresh and HTE treated (115 h) CPSCs.

evidence for crystallite growth within the porous stack of the
fabricated devices.

In addition to this, we also explored steady-state and time-
resolved photoluminescence (PL, Fig. 8) to understand the
influence of HTE on the emission characteristics of the perov-
skite layer. Upon exciting the perovskite samples at 450 nm, PL
spectra corresponding to the band-to-band recombination
appeared around 780 nm (inset; Fig. 8), in agreement with the
intrinsic bandgap of CH3;NH,;Pbl;.** The injection of electrons
from the conduction band (CB) of the perovskite into that of
TiO, was further investigated by probing the decay of emission
using the time-correlated single photon counting (TCSPC)
technique. Fig. 6 shows the time-resolved photoluminescence
(TRPL) spectra acquired from various perovskite devices
measured at A, UpoOn excitation at 408 nm from the FTO side.
With increasing duration of HTE of the perovskite devices, PL
quenching increased continuously, establishing that electron
injection from the CB of the perovskite into that of TiO,
becomes relatively more efficient when devices are subjected to
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(a) XRD patterns of a CPSC obtained via periodical measurements from 0—115 hours (b) normalized integral peak intensity of the same
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Fig. 7 SEM images: (a) top view of the carbon edge showing perovskite layer formation, (b) fresh perovskite layer at the carbon electrode edge,
(c) 2 hour aged perovskite layer at the carbon electrode edge, (d) close view of the 2 hour aged perovskite layer, (e) 65 hour aged perovskite layer
at the carbon electrode edge, (f) close view of the 65 hour aged perovskite layer at the carbon electrode edge, (g) 200 hour aged perovskite layer
at the carbon electrode edge, and (h) close view of the 200 hour aged perovskite layer.

HTE.*® Probably, in addition to improving the crystallinity, HTE
makes the interface between mesoporous TiO, and the perov-
skite layer more favorable for electron injection, which even-
tually increases the Jsc.

The evidence of the perovskite crystal growth under
humidity was first reported by You et al. in one of the traditional
thin film geometry based PSCs where the thermal annealing of
the perovskite precursor film was performed under ambient air
(humidity = 35% =+ 5%).*” Similar enhancements (as presented
here in this work) were also observed in their photovoltaic
parameters, which include high FF (>80%) and high Jsc (~20

12064 | J. Mater. Chem. A, 2017, 5, 12060-12067

mA cm %) values.?”” Nevertheless, due to the thin stack (~1 pm)
in any type of combination for traditional PSCs (such as that
presented in ref. 11), the devices do not survive in a highly
humid environment over longer periods of time as due to its
hygroscopic nature, the CH;NH;I rapidly decomposes within
the perovskite crystals and affects the overall device perfor-
mance.” Contrary to this, the 12-14 times thicker and robust
device architecture in the case of CPSCs makes it possible to
expose the devices to much higher humidity for longer periods
of time. We propose that the thick (10-12 um) hydrophobic
carbon electrode of CPSCs, during the HTE treatment, works as

This journal is © The Royal Society of Chemistry 2017
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Fig. 8 Photoluminescence of the CPSC after HTE treatment from 2—
200 hours. Time-resolved photoluminescence measured at Ay UpON
excitation at 408 nm. The inset shows the steady-state photo-
luminescence recorded upon excitation at 450 nm.

View Article Online

Journal of Materials Chemistry A

a ‘mesh’ i.e. strongly blocks the rapid intrusion of large water
droplets which may be produced in this ‘thermo-humid’ envi-
ronment and only allows the gaseous state of the moisture to
first pass through it and then proceed through more dense
mesoporous ZrO, to assist the irreversible perovskite crystal
growth both in the TiO, scaffold as well as in the whole porous
stack without changing its chemical structure.

Finally, the remaining task in this work was to test the long-
term stability of the HTE-treated CPSCs. In this regard, one
more batch (6 cells) of the HTE exposed CPSCs was subjected to
full sun illumination at 40 °C. Fig. 9a—e present the results of
the photovoltaic parameters of the subjected CPSCs for a period
of 350 hours of this ongoing stability test which retained ~92%
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Fig. 9 Stability data of a batch of CPSCs (6 cells) along with their standard deviations for a period of 350 hours.

This journal is © The Royal Society of Chemistry 2017

J. Mater. Chem. A, 2017, 5, 12060-12067 | 12065


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7ta04132b

Open Access Article. Published on 22 May 2017. Downloaded on 4/2/2026 4:30:50 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Journal of Materials Chemistry A

of the average initial efficiency thus endorsing the high
performance durability and calling for an opportunity to apply
this interesting method also over large area carbon-based
perovskite solar modules to further enhance their perfor-
mance which is now crossing 10%.*>*® The initial slight
decrease and increase in the FF and Rcgyy, values, respectively, is
an expected result due to the additional contacts (fabricated
with copper tapes and silver paint and further protected with
the slowly drying epoxy) that were slowly stabilized and conse-
quently improved and retained the Voc and the conversion
efficiencies respectively (see also the statistical data in the ESIT).

In recent CPSC developments, efforts have mostly been made
to formulate new precursor solutions of perovskites by intro-
ducing new solvents and materials which have shown good
performances.'>*® However, the importance of reducing the
overall cell resistance of CPSCs has been hardly discussed*” and
has not been highlighted before this report. Further improve-
ments in reducing the cell resistance in future work may also be
realized by fabricating more conductive carbon back electrodes
(i.e. replacing large graphite particles with low cost and
conductive multi-walled carbon nanotubes (MWCNTs) or single
walled carbon nanotubes (SWCNTs)). An additional HTE treat-
ment such as the one presented in this study should potentially
influence the overall photovoltaic performance by decreasing
further the sheet resistance of these highly conductive carbon
back electrodes within the CPSC device configuration.

To sum up, we successfully demonstrated here humidity
assisted thermal exposure (HTE) as a post-treatment scheme
to obtain high performance and durable carbon-based printed
perovskite solar cells. It was shown in this work that tradi-
tional heating (at 50 °C) after perovskite precursor infiltration
into their highly porous stack is not enough to generate
sufficient perovskite crystal growth and also does not effec-
tively improve the interfaces of the porous stack of the CPSCs.
The additional HTE treatment directly influences over the
associated components in the stack and remarkably improves
each photovoltaic parameter of the CPSCs which were further
certified by several characterization schemes presented in this
study. With HTE, the average initial efficiencies (9.0% + 0.2%,
calculated from forward and reverse scans of the J-V curves) of
the fabricated devices were greatly improved to 13.1% =+ 0.2%
i.e. as high as 45% after exposing one batch of solar cells for
a period of 200 hours (Fig. 2, see also the ESI{). The highest
average efficiency obtained from the same batch from the
reverse scanning of the fabricated CPSCs was 13.8% =+ 0.4%
with a CPSC attaining as high as 14.3% (Fig. 1 and Table 1)
after 115 hours of exposure in an automated weather chamber.
Moreover, the long-term photovoltaic performance of the HTE
treated CPSCs has also not been compromised for greater than
350 hours under stressful conditions in the stability test. The
results presented in this work are very encouraging for the
adoption of HTE treatment as an additional step in the stan-
dard CPSC fabrication procedure to obtain high performance
carbon-based perovskite solar cells with low hysteresis
accompanied by high durability and reliable performance
reproducibility.
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