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a b s t r a c t

The use of expensive hole transport layers (HTLs) and back contact along with the stability issue of
perovskite solar cells (PSCs) has been a detrimental factor when it comes to commercialization of the
technology. In addition, high temperature and long annealing time processed electron transport layers
(ETLs, e.g. TiO2) prevent the flexible solar cell application in most polymer substrates. Herein, we opted
for HTL-free carbon electrodes owing to their low-cost production and superior stability in air, compared
with their noble metal counterparts. In this work, we fabricate planar PSCs using low-temperature so-
lution processed SnO2 quantum dots (QDs) as ETLs, which offers significant advantages over high-
temperature processed ETLs because of its excellent electron extraction and hole blocking ability. In
addition, by integrating a low-cost and stable carbon electrode, an impressive energy conversion effi-
ciency of 13.64% with a device architecture glass/In doped SnO2/QD-SnO2/perovskite/carbon under 1 sun
illumination at ambient conditions have been achieved. This work paves the way to achieve fully low-
temperature processed printable PSCs at an affordable cost by integrating the QD SnO2 ETL and car-
bon electrodes.

© 2020 Elsevier Ltd. All rights reserved.
1. Introduction

Photovoltaic devices such as solar cells are used to efficiently
convert solar energy into useful electrical energy. More than 90% of
the installed solar modules use crystalline silicon panels [1]. In the
last few decades, new technologies such as organic photovoltaics,
excitonic solar cells, and thin-film modules have been developed to
keep costs low and to boost the device performance beyond con-
ventional efficiency limits [2e9]. Perovskite solar cells (PSCs), with
an inorganic-organic hybrid absorber (e.g. CH3NH3PbI3), have
demonstrated a power conversion efficiency (PCE) from ~3.8% to an
impressive 25.2% in less than one decade [10e13]. The rapid
development of PSCs has turned heads in the solar industry as it has
the potential for replacing the conventional photovoltaic devices,
tributed equally to this work.
such as Si and CdTe. Going by the theoretical prediction, a single-
junction PSC can attain PCEs as high as 33.5%, surpassing the
well-established copper indium gallium selenide and CdTe-based
solar cells [14]. The hybrid PSCs have gathered attention not only
because of their sky-rocketing PCEs but also because of the low-
cost materials and synthesis techniques involved as it makes use
of simple solution-processing techniques, such as roll-to-roll pro-
cessing [15,16].

For the highly efficient planar solar cell architecture, either the
regular or inverted structure, the PSC layer was switched between
an ETL and a HTL. The ETL is an indispensable component to select
electrons and block holes while the HTL is desired to collect the
holes and form a barrier for the electron transport. Thus, improving
the performance of PSCs starts with proper choice of ETLs and HTLs
and optimizing their processing conditions. To date, most PSCs use
compact layers and mesoporous scaffolds of TiO2 as an ETL, and it
has resulted in an impressive PCE (up to 25.2%) through various
material and structural optimizations [15e20]. Despite numerous
advantages that TiO2 possesses, one major disadvantage to scale up
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the TiO2-based PSC is its high processing temperature (>450 �C)
and long durations for sintering to fully crystallize into the desired
polymorph, which translates into high costs and high energy con-
sumption while also hampering the possibility of developing flex-
ible PSCs on most of the low-melting-point polymer substrates
[21]. TiO2 also suffers from poor optoelectronic properties including
poor conductivity and mobility [22e24]. Moreover, using TiO2
compromises long-term stability as it is prone to photocatalysis
under UV illumination [22,25,26]. To address these concerns,
replacing TiO2 with SnO2 in planar PSCs plays as an effective way to
reduce the annealing time and temperature and to improve the
stability and efficiency [27e29]. In particular, photophysical benefit
from SnO2 ETL includes excellent charge mobility, wider bandgap,
low-temperature synthesis, and a favorable band energy alignment
[30,31]. The excellent electron mobility and wider bandgap con-
tributes to more efficient charge transport from the absorber layer
to SnO2, which contributes toward improved PCEs. However, SnO2
comes with its own set of issues. For instance, solution-processed
SnO2 cannot be fully crystallized at low annealing temperatures
(<200 �C) which in turn takes a toll on the electron mobility. If the
annealing temperature is increased to fully crystallize the film, it
may result in film breakdown [32]. The annealing temperature can
be reduced by using the low-temperature processed colloidal
nanoparticles, thereby overcoming this dilemma. While the
colloidal SnO2 solution may suffer from long-term stability issues,
SnO2 quantum dots (QDs) have been extensively explored in PSCs,
due to their higher molar extinction coefficients, tunable photo-
response, strong light scattering ability, fast electron transport, and
slow recombination, resulting in a dramatic increase in PCE
[33e37].

Most commonly used HTLs are organics, such as spiro-
OMeTAD and P3HT, and are usually unstable and much more
expensive than perovskite materials. Hence, it is desired to
eliminate HTLs from PSC architecture to reduce the complexity
and the cost of the device fabrication process. By reducing one
step of the standard coating process, at least one-third of the
manufacturing cost and time can be saved, in addition to savings
of material cost for HTLs [38e42]. The noble metal electrode, for
example, Au and Ag, also adds to the cost of the device as the
metal itself is expensive and it requires to be thermally evapo-
rated in vacuum. These mounting costs will hinder the progress of
PSCs toward affordable commercialization. Hence, it becomes
imperative to address these challenges by combinations of HTLs
with back contact that can also be efficiently used for large-scale
deployment of PSCs [43e45]. Fortunately, perovskites are so
unique that it can also serve as an HTL because of its ambipolar
nature, thereby enabling HTL-free PSCs [46e50]. And these
aforementioned issues prompted the researchers to explore the
promise offered by carbon-based perovskites as it is earth abun-
dant, low cost, environmentally stable, and conductive
[20,51e54]. In particular, the conventional precious HTL-free de-
vice is desired to reduce the cost of the PSCs.

Carbon electrode is considered to be the most promising
electrode for the back contact as it is cheap, stable, inert to ion
migration from perovskite, and inherently water resistant which
acts as a protection for the perovskite layer from the moisture
[55,56]. But carbon comes along with a set of disadvantages such
as low conductivity and the need for HTLs for highly efficient
carbon-based PSCs. Although the stability of the carbon-based
PSCs is far superior than that of the traditional PSCs, the long-
term stability still lags when compared with that of the well-
established inorganic solar cells, such as Si, and CdTe solar cells.
Ku et al. [52] were the first to use spheroidal graphite and carbon
black as a substitute for HTLs and the metal cathode. The fabri-
cated cell reported a PCE of 6.6%, and it was a breakthrough in
PSCs that resulted in the evolution of HTL and metal electrode-
free PSCs. Since then several forms of carbon such as single-
walled and multi-walled carbon nanotubes, graphite powder,
carbon cloth carbon black, and so on have been used in HTL and
metal electrode-free PSCs [57e61]. Within a short span of time,
the PCE of carbon-based PSCs have drastically increased from 6.6%
to 17%. But most of the reported work requires the HTL along with
carbon [62,63].

Based on the well-established fabrication techniques for high-
efficiency PSCs, the fabrication process can be made scalable for
flexible devices via roll-to-roll processing by opting for materials
that require low processing temperatures (<200 �C) and printing or
coating of the back electrode with good contact to the absorber
layer without damaging it. Through our work, we address the usage
of low-temperature processed materials by replacing the
commonly used mesoporous TiO2 as the ETL with SnO2 QDs. And
we substitute the commonly used vacuum-deposited back elec-
trode with low-temperature curable carbon electrode. In this work,
we develop a fully low-temperature processed carbon-based HTL-
free planar PSC with a PCE of ~13.64% by integrating SnO2 QD ETLs.
The processing temperature for the whole device, glass/ITO/SnO2/
perovskite/carbon, never exceeded 180 �C. This study demonstrates
printability for the flexible carbon-based low-cost PSCs on the
polymer substrate.

2. Experimental section

2.1. Materials

PbI2 (Sigma-Aldrich, 99.999%), PbBr2 (Alfa Aesar, 99.98%), for-
mamidinium iodide (FAI, GreatCellSolar), methylammonium bro-
mide (MABr, GreatCellSolar), CsI (BeanTown Chemical, 99.9%),
SnCl2.2H2O (Acros Organics, 97%), and thiourea (Alfa Aesar, 99%)
were used as received. Dimethyl sulfoxide (DMSO) and dimethyl
formamide (DMF) were purchased from Sigma-Aldrich and used
without further purification.

2.2. Perovskite precursor preparation

The Cs0.05FA0.81MA0.14PbI2.55Br0.45 precursor solution was pre-
pared with corresponding molar ratios of PbI2 (1.1 M), PbBr2
(0.2 M), FAI (1 M), MABr (0.2 M), and CsI (1.5 M in DMSO) dissolved
in amixed solvent of DMF and DMSOwith a volume ratio of 4:1. The
prepared perovskite precursor was then stirred at 70 �C.

2.3. Solar cell fabrication

ITO substrates were successively cleaned by sonication with
detergent solution, deionized water (DIW), acetone, and
isopropanol followed by a UV-ozone treatment for 30 min. The
SnO2 QDs were synthesized at room temperature following the
previous report [36]. A 0.15 M solution of SnCl2.2H2O in DIW with
the presence of thiourea (CH4N2S) as reaction accelerator and
stabilizer was prepared. The aggregation of SnO2 QDs is inhibited
by the amino groups surrounding the QDs which limits the size of
the QDs to 3e5 nm. This solution is filtered with 0.45 mm PTFE
filter before use. The SnO2 layer was then spin coated using the
SnO2 QD solution. The as-deposited ETL was annealed at 180 �C
for 1 h in ambient. The ITO substrate was then transferred into a
nitrogen-filled glovebox for coating the perovskite layer. The tri-
ple cation perovskite film was then deposited onto the ETL-coated
ITOs by a two-step spin-coating procedure. The first step was
1000 r.p.m. 10 s followed by 6000 r.p.m. 20 s. Diethyl ether was
dropped on the spinning ITOs during the high-speed rotation 5 s
before the end of the spin coating. The deposited films were then
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transferred to a hot plate and annealed at 100 �C for 30 min.
Finally, after cooling down to room temperature, carbon paste
was doctor bladed on top of the perovskite layer and the cells
were then annealed at 100 �C for 10 min to cure the carbon
electrode.

2.4. Materials and device characterization

The surface morphology of the perovskite film and carbon
electrode along with the cross-sectional view of the device was
characterized by the Thermo Scientific Apreo scanning electron
microscopy (SEM). The electron beamwas accelerated at 10 kV and
5 kV for the surface morphology and cross-sectional view, respec-
tively. Surface roughness and particle sizewere analyzed using Park
XE-70 atomic force microscope. A Philips X'Pert Materials Research
Diffractometer using 45 kV, 40 mA Cu Ka radiation
(l ¼ 0.15405 nm) was used to measure the crystal structures of
SnO2 QDs and perovskite films. Four-point probe station was used
to measure the sheet resistivity of the films. The Raman spectra of
the perovskite filmwere measured with excitation at a wavelength
of 532 nm in room temperature and ambient conditions using a
LabRAM HR 800 Raman spectrometer. The X-ray photoelectron
spectroscopy (XPS) was performed in a Krato Axis XPS system
equpped with a monochromated Al X-ray source. The electrical
characteristics were obtained using a solar simulator (Newport,
Oriel Class AAA 94063A, 1000-Watt Xenon light source) with a
Keithley 2420 source meter under simulated AM 1.5G (100 mW/
cm2) solar irradiation. The light intensity was calibrated using a
silicon reference cell (Newport, 91150V, certified by National
Renewable Energy Lab). The current-voltage scan rate was
Fig. 1. (a) X-ray diffractogram of the different layers in the photoanode, where the perovskit
(b) AFM topography map of the SnO2 QD coated ITO; (c) and (d) shows high-resolution XPS
QD, quantum dot; XPS, X-ray photoelectron spectroscopy.
100 mVs�1. The masked active area is 0.08 cm2. The external
quantum efficiency (EQE) was obtained by an EnliTech QE mea-
surement system.

3. Results and discussion

X-ray diffraction (XRD) pattern of the photoanode (ITO, SnO2,
and perovskite layers) is shown in Fig. 1a. The (200) peak at
2q ~ 37.4� indicates that the SnO2 QDs ETL is highly crystalline with
a tetragonal rutile structure. The perovskite film presents cubic
crystalline structure and is in agreement with the reported triple
perovskite structure. The presence of the XRD peaks of photo-
inactive cubic PbI2 ~ 12.38� suggests that extra PbI2 exist in the
perovskite films, which is due to the excess Pb that was introduced
in the precursor. The excess PbI2 could suppress the degradation of
the perovskite film and increase the reliability when exposed in
ambient. It is reported that moderate residues of PbI2 in the
absorber layer can effectively passivate grain boundaries, thereby
reducing the defects in the material and hence improve the device
performance [64e66]. In addition, the FAPbI3 peak (2q ~ 11.28�)
may indicate the decomposition of the perovskite film upon
exposure to the ambient conditions while the sample was being
transferred from the N2-filled glovebox to the XRD instrument or
decompose during the XRD measurement with humidity ~50% RH.

To investigate the morphology of QD SnO2-coated ITO substrate,
atomic force microscopy (AFM) was used to record the nanometric
dimensional surface roughness and to visualize the surface nano-
texture of the deposited QD SnO2 ETL films, as shown in Fig. 1b. The
sphere-like structures represent the SnO2 QDs at the substrate
surface. The AFM image shows well-dispersed SnO2 QDs. A
e shows the photoinactive d-FAPbI3 and the cubic PbI2 marked by # and *, respectively;
scan to examine the Sn 3d and O 1s states, respectively. AFM, atomic force microscopy;
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relatively small QD-sized distribution with an average size of 3 nm
was observed. The SnO2 QDs were found to be clustered together
and well connected with each other which play a key role in
transfer of the charge carriers from one QD to the adjacent one. The
films were also found to be dense with no pinholes in between. The
root mean square (RMS) surface roughness of the QD SnO2 filmwas
found to be 1.67 nm which demonstrates that our SnO2 QD syn-
thesis and deposition technique gave us a uniform, high quality,
and smooth ETL. The surface roughness of the SnO2 coated ITO
surface is reduced compared to the ITO substrate (RMS ~ 2.99 nm,
see the Fig. S1 in supporting information). A smoother surface of QD
SnO2 layer plays a vital role in determining the device performance,
especially its electrical properties. A smoother surface inhibits the
formation of electrical shorts or formation of preferred current
channels around the ETL/perovskite interface and, in turn, benefits
the device performance.

X-ray photoelectron spectroscopy measurements were carried
out on the SnO2 QD ETL specimen to examine the chemical states of
the constituent elements. Fig. 1c shows that the Sn 3d core-level
spectrum exhibits the double split centered at 485.1 eV and
493.5 eV representing Sn 3d3/2 and Sn 3d5/2, respectively. These two
broad peaks and the spin-orbiting coupling energy between these
two levels confirm that Sn is in 4þ oxidation state in SnO2. Fig. 1d
displays the high-resolution scan of the symmetrical O 1s peak at
529 eV with lower and higher binding energies from the lattice
oxygen atoms in SneOeSn coordinated environment and the hy-
droxide species (SneOH), respectively. The coordinated SneOeSn
plays as the electron conductance pathways while the hydroxide
species (SneOH) serve as shallow trap sites [67,68].

ITO, SnO2 QD film, and perovskite filmwere subjected to UVeVis
spectroscopic studies to determine their optical properties, as
Fig. 2. (a) Transmittance spectra and (b) Tauc plot of ITO, SnO2, and perovskite layers; (c) Co
ITO; (d) Raman spectra of triple cation perovskite. ETL, electron transport layer.
shown in Fig. 2a. The optical direct bandgap (Eg) was determined by
using Tauc relation to plot (ahn)1/r versus energy of the photons,
where r represents the nature of transition of the charge
carriers and r ¼ ½ for direct bandgap materials. From the extrap-
olation of the Tauc plot as shown in Fig. 2b, SnO2 QD was deter-
mined to have a wide bandgap of ~3.72 eV which is similar to what
has been previously reported [69]. This wide bandgap could be due
to the imperfections in the crystal lattice, such as oxygen deficiency
[70,71]. The ITO was observed to have a bandgap of 3.82 eV while
perovskite layer had a bandgap of 1.53 eV. The wide bandgap of ITO
and SnO2 suggests that these materials do not interact with the
photons in the visible solar spectrum, while the perovskite material
interacts with the photons in the visible solar spectrum due to its
narrow bandgap. The optical transmittance characteristics and the
calculated optical bandgap values suggest that the perovskite film
acts as an absorber while SnO2 QDs and ITO block the UV spectrum.

Fig. 2c shows the effect of QD SnO2 film thickness on the elec-
trical conductivity, by varying the spin-coating speed for the
deposition of SnO2 QDs from 3000 r.p.m. to 5000 r.p.m. When the
spin-coating speed was increased from 3000 r.p.m. to 5000 r.p.m.,
the sheet resistance of the QD SnO2 film decreased from 15.8 to
14.2U/sq. Here, the dashed line indicates that the ITO substratewas
observed to have a sheet resistance of 13.3 U/sq. An ideal scenario
would be to have a dense film with the least resistivity. Although
the film deposited at 5000 r.p.m. had the least sheet resistance due
to it being the thinnest film of the lot, we opted for 4000 r.p.m. as
the filmwould be denser and hence less chances for pinholes being
present in the film. Film deposited at 3000 r.p.m. would be even
more dense, but due to its high resistivity it outweighs the benefits
of the denser films. We also measured the resistivity of the carbon
electrode on a glass substrate and the obtained results are
mparison of the sheet resistance of ETL for different spin-coating speeds and for a bare
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displayed in Fig. S2 in supporting information. The carbon paste
was annealed at 100 �C for durations of 10, 20, and 30 min, and the
sheet resistancewas found to decrease from 14.6 to 13.1U/sq due to
evaporation of the non-conducting binder in the paste. The longer
the carbon film was annealed, more binder was evaporated and
hence lower the sheet resistance.

Raman spectroscopy was performed on the absorber film to
detect structural and compositional variations on microscopic
scale. Considering the relative instability of the absorber film, a fast
decomposition of the perovskite under excessive laser light exci-
tation was expected. Fig. 2d shows Raman spectra of triple cation
perovskite film after background subtraction obtained under exci-
tation at 532 nm. The spectra can be characterized by two struc-
tures: the broadest one from 80 to 830 cm�1 and the narrower one
from 880 to 1230 cm�1. The fitting of the experimental data shows a
much higher full width at half maximum (FWHM) of the peaks at
higher wavenumber region (250e960 cm�1), in agreement with
their more molecular origin [72]. A low FWHM is expected for
highly ordered PbeI cage structure, which can attribute to the
peaks at 116 and 1156 cm�1. On the contrary, organic molecules
such as methylammonium (MA) and formamidinium (FA) have
several additional degrees of torsional and rotational freedom and
hence can be regarded as a disordered arrangement of separated
molecules [73,74].
Fig. 3. (a) Schematic of the carbon-based perovskite device structure and (b) energy level d
the perovskite film; (d) Top-view SEM image of the carbon electrode; (e) Cross-sectional SEM
electrode. HTL, hole transport layer.
Fig. 3a and b show an illustration of the device structure and
energy level diagram of the PSC, respectively. The PSC with a simple
structure of ITO/SnO2 QDs/perovskite/carbon was designed and
fabricated using spin-coating technique. The excitons generated in
the perovskite leads to the injection of electrons into the conduc-
tion band of SnO2 QDs, while the holes are injected into the carbon.
The photogenerated electrons in the perovskite diffuse through to
reach the SnO2 QDs and ITO while the photoexcited holes were
transferred into the carbon electrode (Fig. 4b). The surface
morphology of the as-grown perovskite thin film of the device is
shown in Fig. 3c. The pinhole-free perovskite films were observed
to be dense and continuous with an average grain size of 300 nm.
The AFM topography and the perovskite grains appear to be smooth
with RMS~20 nm (refer the supporting information, Fig. S2). The
grain size is relatively small compared with the reported micro-
meter level grain size, the potential reason is that the QD SnO2 ETL
provides additional nuclei site and suppress the grain growth
during perovskite deposition and thermal annealing [75]. More-
over, when grain sizes are in the micrometer range, there is a
possibility for large intercrystal cracks due to the mechanical stress
from the fast crystal growth during the annealing of the film, which
would lead to more defects and quantum traps. It has been previ-
ously stated that an antisolvent can reduce the solubility of the
solvent in the solution without completely inhibiting it; it plays a
key role in accelerating homogeneous nucleation due to
iagram of individual layers used in the device without HTL; (c) Top-view SEM image of
image of the perovskite solar cell device; (f) Cross-sectional SEM image of the carbon



Fig. 4. (a) J-V characteristics of the PSC and the inset depicts a histogram of the PCE distribution for 80 planar PSCs; (b) EQE spectra and integrated current density of the PSC as a
function of wavelength. EQE, external quantum efficiency; PSC, perovskite solar cell; PCE, power conversion efficiency.
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supersaturation [56,76e78]. The antisolvent should be optimized
according to the substrate area and the volume of perovskite pre-
cursor as it optimizes the film morphology and crystallization, and
it can also generate the largest grain sizes and flat surface which
would then benefit the subsequent layers [76]. The cross-sectional
image of the PSC was shown in the Fig. 3e, where the layered (e.g.
~3 layer) nanoscale perovskite grain (~100 nm) can be observed
along the film thickness, suggesting that the perovskite shows
nanocrystalline grain size. This nanocrystalline perovskite grown
on QD SnO2 ETLs is different from that of the columnar perovskite
grains deposited on the TiO2 ETL or SnO2 nanocrystalline ETLs. This
nanocrystalline perovskite grain size can also originate from the
fine nuclei of perovskite formed on the QD SnO2 ETL.

Fig. 3d and f show the surface morphology and the cross-
sectional view of the carbon electrode, respectively. The thickness
of the carbon electrode is about 15 mm, which is much thicker than
that of the perovskite layer. In addition, the carbon electrode has a
lot of pores in it due to the evaporation of the binder when the
carbon electrode is annealed. As illustrated in the cross-sectional
SEM images, the device architecture is glass/ITO/SnO2/perovskite/
carbon. From the cross-sectional image of the device, the grains of
perovskite tend to stack on top of each other forming highly ori-
ented grains perpendicular to the substrate. No voids were
observed in the cross-sectional view of the absorber layer which
could have acted as a recombination center to impede the charge
carrier collection during the operation of the device.

We identified SnO2 0.15MQD as the best suited ETL after several
screening of different concentrations of SnO2 QD and SnO2 colloid.
Table 1 and Fig. S3a show the comparison of electrical character-
istics of PSCs with SnO2 colloid (3% volume fraction in DIW), 0.15 M
and 0.1 M SnO2 QDs as ETLs. Although there are reports that
attribute PCE of ~20% for PSCs using SnO2 colloid, our PSCwith SnO2
colloid had the worst performance because of the poor charge
transfer capability [79]. Unlike the SnO2 QDs, the ETL synthesized
with colloid SnO2 had high trap density present in the material
Table 1
Comparison of J-V parameters of PSCs measured under AM1.5G illumination at
100 mWcm�2 with different SnO2 ETL.

SnO2 details VOC (V) JSC (mAcm�2) FF (%) ROC RSC PCE (%)

0.15 M QD 1.08 22.19 56.64 134.93 11845.48 13.64
0.1 M QD 1.05 20.17 52.95 162.41 6465.25 11.22
0.17 M QD 1.09 14.68 53.72 238.78 19473.06 8.59
3% colloid 1.04 18.35 44.27 201.55 3965.53 8.42

PCE, power conversion efficiency; FF, fill factor; QD, quantum dot; PSC, perovskite
solar cell; ETL, electron transport layer.
which impeded the diffusion of the charge carriers toward the ITO.
Because of the inefficient collection of electrons, the JSC was much
lower than that of the cells with QD ETLs and it also contributed
toward an unimpressive FF. These issues were addressed by the
scientific community by using a very thin phenyl-C61-butyric acid
methyl ester (PCBM) layer on the SnO2 layer to enhance electron
transport and suppress the recombination [80]. EDTA-complexed
SnO2 was synthesized by Yang et al. [28], Zuo et al [29], and Yang
et al [81] to boost the electron mobility, and multiple other groups
used self-assembled monolayers to passivate the trap states pre-
sent at the interface. Although the cell with SnO2 colloid delivers a
comparable VOC as that with the SnO2 QD ETL, the poor JSC and FF
resulted in reduced PCE. Among the cells with SnO2 QD ETLs, the
cell that was fabricated with 0.15 M precursor showed an improved
performance due to the dense ETL because of the increased con-
centration of the precursor. The concentration increase contributed
to the pinhole free and well-connected ETLs as shown in Fig. 3c
which contributed to improved collection of the charge carriers.
But upon further increase of the precursor concentration to 0.17 M,
the electrical performance of the device was found to take a hit. We
believe this is because of the increased thickness of ETLs which
would then act as a blocking layer for the electrons from
reaching ITO and hence hinders the efficient collection of charge
carriers.

Table 2 and Fig. S3b show the impact of change in spin-coating
speed of SnO2 0.15 M ETLs on the device performance. The device
with SnO2 0.15 M ETLs deposited at 4000 r.p.m. gave the best
performance. When the speed was reduced to 3000 r.p.m., the PCE
reduced because the SnO2 ETL became thicker and hence blocked
the charge diffusion toward ITO as was the case when the precursor
concentration increased. When the spin-coating speed was
increased to 5000 r.p.m., the ETL became thinner and hence
resulted in an ineffective hole blocking. This resulted in increased
recombination of charge carriers and hence the JSC reduced which
adversely affected the FF and PCE of the device. These tests gave us
a conclusive evidence that 4000 r.p.m. is the best speed for the
deposition of ETLs.

The champion device based on SnO2 QD ETLs delivers a PCE of
13.64%, with a VOC of 1.08 V, JSCof 22.19 mA/cm2, and FF of 56.64%
measured under reverse scan conditions. This impressive perfor-
mance was reproducible as shown in Fig. 4a which compares the J-
V characteristics of multiple cells fabricated under the same con-
ditions. These measurements were carried out in ambient air under
AM 1.5 illumination at the light intensity 100 mW/cm2. VOC of our
champion device is better thanwhat is already reported for the best
performing carbon-based HTL-free devices, while the JSC matches
with the reported values [82,83]. The FF is related to the shunt



Table 2
Comparison of key J-V parameters of PSCs measured under AM1.5G illumination at 100 mW cm-2 with SnO2 0.15 M QD ETL spin-coated at various speeds.

SnO2 details Spin-coating speed (r.p.m.) VOC (V) JSC(mAcm�2) FF (%) ROC RSC PCE (%)

0.15 M QD 3000 1.05 20.16 52.95 162.41 6465.26 11.22
0.15 M QD 4000 1.08 22.19 56.64 134.93 11845.48 13.64
0.15 M QD 5000 1.1 19.02 49.55 198.01 4903.34 10.35

PCE, power conversion efficiency; QD, quantum dot; ETL, electron transport layer; PSC, perovskite solar cell.
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resistance, Rsh, and the series resistance, Rs, by the factor Rsh/Rs. The
comparatively poor FF was due to the inefficient contact between
the perovskite layer and the carbon electrode which results in poor
charge transfer between these layers and hence an increased Rs.
Mishra et al. [84] did a detailed study on the effect of annealing
temperature on the morphology of screen-printed carbon [85]. It
was observed that sintering temperature above 300 �C ensured
better contact between particles, which would enable faster and
efficient transport of charge carriers and better conductivity. A
highly mesoporous structure with pore filling capability was
created this way. Moreover, when the carbon paste is annealed at
temperature below 300 �C, highly resistive electrodes with poor
perovskite infiltration was obtained. But, annealing the carbon
electrode at these high temperatures would beat one of the major
goals of our work, which is to synthesis ‘low-temperature pro-
cessed materials’ to make flexible PSCs a possibility. The absence of
an HTL too played a role in the inefficient transport of charge car-
riers which resulted in a reduced FF. The inset in Fig. 4a is a his-
togram of PCE values for the 80 cells demonstrating that the devices
exhibit an average PCE of 10.32%.

Fig. 4b shows the EQE with 17.3 mA/cm2 as the integrated value
of JSC. This value is lower than what has been derived from J-V
curves due to the absence of light-soaking during EQE measure-
ments. It generally takes a few seconds for light soaking to stabilize
the photocurrent of the cell [86e89]. There is a decline in the
quantum efficiency values from ~410 nm due to the inefficient
interface between the absorber layer and the back contact. This
suggests that the holes being generated in the perovskite layer are
not efficiently transferred to the carbon electrode. This could be due
to the inefficient contact between the carbon and perovskite layers
due to the pores present in the carbon, and hence the carbon layer
is not able to uniformly touch the entire surface of the perovskite
layer. Further interfacial engineering by inserting low-cost HTLs
may address this issue.
4. Conclusions

In conclusion, we successfully fabricated highly efficient and
reproducible PSCs by replacing TiO2 with low-temperature pro-
cessed SnO2 QD ETLs and carbon electrodes. Using the optimized
parameters for all the functional layers in the device, we fabricated
a planar PSC with a champion PCE of 13.64%. The cells fabricated
with SnO2 QD precursors of different concentrations showed
similar impressive performancewhile SnO2 colloid could notmatch
the same. The experimental results reveal that the excellent per-
formance is ascribed to the outstanding optoelectronic properties
of the SnO2 QD ETL and the perovskite, such as good
conductivity and narrow bandgap, respectively. Owing to the low-
temperature processability of SnO2 QD ETLs, this work promises a
pathway toward high-quality cheap and flexible PSCs for com-
mercial applications.
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