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ABSTRACT: With a power conversion efficiency (PCE) of more than 25%, perovskite solar cells (PSCs) have shown an immense
potential application for solar energy conversion. Owing to lower manufacturing costs and facile processibility via printing
techniques, PSCs can easily be scaled up to an industrial scale. The device performance of printed PSCs has been improving steadily
with the development and optimization of the printing process for the device functional layers. Various kinds of SnO, nanoparticle
(NP) dispersion solutions including commercial ones are used to print the electron transport layer (ETL) of printed PSCs, and high
processing temperatures are often required to obtain ETLs with optimum quality. This, however, limits the application of SnO,
ETLs in printed and flexible PSCs. In this work, the use of an alternative SnO, dispersion solution based on SnO, quantum dots
(QDs) to fabricate ETLs of printed PSCs on flexible substrates is reported. A comparative analysis of the performance and properties
of the obtained devices with the devices fabricated employing ETLs made with a commercial SnO, NP dispersion solution is carried
out. The ETLs made with SnO, QDs are shown to improve the performance of devices by ~11% on average compared to the ETLs
made with SnO, NPs. It is found that employing SnO, QDs can reduce trap states in the perovskite layer and improve charge
extraction in devices.

B INTRODUCTION

Organic—inorganic perovskites (OIPs) have attracted enor-

The primary function of the ETL is to extract electrons from
the OIP layer and efficiently transport them to the front

mous attention in photovoltaics (PV) research due to their
excellent optoelectronic properties (e.g., optimal band gap, low
exciton binding energy, long charge carrier diffusion length,
and low density of sub-band gap trap states), solution
processability, and low cost."”> Perovskite solar cells (PSCs)
based on OIP photoactive layers have achieved a certified PCE
of 25.7% in a matter of a decade.’ Currently, PSCs are
considered to be one of the fastest developing technology in
PV research and are forecasted to make several viable
commercial applications in emerging new technologies such
as smart buildings, wearable and portable optoelectronics, the
IoT technology, and the automobile industry.*™’

In a typical n—i—p-structured PSC, an OIP layer (layer with
i-type conductivity) is sandwiched between an electron
transport layer (ETL, layer with n-type conductivity) and a
hole transport layer (HTL, layer with p-type conductivity).*”
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contact.'” The front contact is usually made of a transparent
conducting oxide (TCO) such as fluorine- or indium-doped
SnO, (FTO or ITO). The HTL, on the other hand, serves to
block the flow of electrons while allowing holes to flow from
the OIP layer to the back contact."' The most efficient PSCs to
date are fabricated using the spin-coating technique. However,
the spin-coating technique is not suitable for scale-up
manufacturing of PSCs.'>"? Inkjet printing, screen printing,
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slot-die coating, and blade coating, on the other hand, are
some of the techniques that are more suitable for scale-up
manufacturing of PSCs.'*13 Among them, slot-die coating is
one of the more appealing scalable printing techniques as it
provides fast and effective deposition of solution-processed
thin films on large areas with little material waste. In addition,
this technique can be integrated into both roll-to-roll (R2R)
and sheet-to-sheet (S2S) printing systems, which enables the
fabrication of PSCs on both rigid and flexible substrates.'®'”

Printed and flexible PSCs are of paramount importance for
the industrialization of this technology and their successful
application in other fields."®"” In these devices, flexible plastic
substrates such as poly(ethylene terephthalate) (PET) or
poly(ethylene naphthalate) (PEN) are used to deposit the
device functional layers.”””' The use of plastic substrates,
however, requires deposition and annealing of all device
functional layers below 150 °C. Above this temperature, the
required mechanical properties of plastic substrates alter or/
and degrade, affecting the structural integrity of the device
functional layers on top and deteriorating the overall PV
performance of devices. Typically, the processing temperatures
for HTLs and OIPs are less than 150 °C. However, higher
processing temperatures are often required to obtain high-
quality ETLs.”>** Hence, the fabrication of ETLs of PSCs on
flexible substrates using printing techniques still requires
further investigation and development.***°

In n—i—p-structured PSCs, it is important to choose ETL
materials with high optical transparency (in the visible range),
high electron mobility, appropriate conduction and valence
band energies, and low fabrication cost. SnO, is frequently
used as an effective ETL material for PSCs due to its wide
optical band gap (3.6—4.0 eV), deep conduction band, better
transparency, high electron mobility (240 cm® V™' s7'), long
charge carrier diffusion length, and exceptional chemical
stability.””** However, processing of SnO, ETLs for PSCs
may require temperatures above 180 °C.”*° Most reported
printed and flexible PSCs employ commercially available SnO,
NP dispersion solutions to prepare ETL inks and to fabricate
ETLs of devices. However, the performance of resulting
devices is still inferior to those fabricated on glass/TCO
substrates and with SnO, ETLs processed at high temper-
atures.”*” Recently, ETL inks based on SnO, QD dispersion
solutions have been used to manufacture efficient printed and
flexible PSCs with SnO, ETLs deposited at lower temper-
atures.”> Hence, this report aims to investigate the perform-
ance and device properties of printed flexible PSCs with SnO,
QD-based ETLs and compare them with similarly made
devices employing commercially available SnO, NP-based
ETLs. The devices are manufactured using the slot-die coating
technique employing thin PET films with a TCO layer as
flexible substrates. The performance analysis and investigation
of device properties are carried out employing both
experimental and theoretical methods. The obtained results
provide a valuable understanding of the effect of SnO, QD-
and SnO, NP-based ETLs on the behavior and performance of
devices.

B EXPERIMENTAL SECTION

Materials. SnO, NP colloid dispersion (15 wt % colloidal
dispersion in H,0) is purchased from Alfa Aesar. Methyl-
ammonium iodide (MAIL, 99.995%) is purchased from
GreatCell Solar. Tin chloride dihydrate (SnCl,-2H,0, 98%),
lead iodide (Pbl, 99%), 4-tert-butylpyridine (4tBp, 98%),

chlorobenzene (CB, 99.80%), bis(trifluoromethane)-
sulfonimide lithium salt (Li-TFSI, 99%), methylamine solution
(MA, 33 wt % in absolute ethanol), acetonitrile (ACN,
99.80%), and acetone (99.80%) are purchased from Merck.
2,2',7,7'-Tetrakis-(N,N-di-4-methoxyphenylamino)-9,9’-spiro-
bifluorene (Spiro-MeOTAD, 99.50%) and (6,6)-phenyl C71
butyric acid methyl ester (PC,BM) are purchased from
Lumtec. Potassium hydroxide pellets (KOH, 85%) are
purchased from ACS reagent. 2-Propanol (IPA, 99.80%) and
ethanol (96.3%) are purchased from a local supplier. MoO,, Al,
and Ag are purchased from Kurt. J. Lesker. Patterned PET/
ITO substrates (48 Q sq™") are purchased from Mekoprint. All
of the chemicals are used as received.

Ink Preparations. The ETL inks are prepared using as-
synthesized SnO, QDs and commercial SnO, NP colloidal
dispersion solution. SnO, QDs are synthesized using a
previously reported solvothermal technique and have an
average size of ~2.5 nm.>> The SnO, QD-based inks are
obtained by dispersing SnO, QDs in an aqueous medium at a
2.0 wt % concentration.’® To prepare the SnO, NP-based inks,
a commercial SnO, NP dispersion solution is further diluted
with water to obtain aqueous colloidal dispersions with a 2 wt
% concentration of SnO, NPs. The obtained colloidal
solutions (ETL inks) are then filtered using 0.45-um-sized
PTFE filters. For the preparation of the perovskite
(methylammonium lead iodide, MAPbI,) inks, PbI, and
MALI are used as precursors, while MA and ACN are used as
solvents. Preparation of the perovskite ink involves dissolving 1
mol of PbL, and MAI each in 700 4L of MA. The solution is
stirred at 70 °C and 460 rpm for an hour using a hot plate and
a magnetic stirrer. Next, 700 uL of ACN is added to the
solution and stirred at 460 rpm at room temperature for an
additional 3 h. A 0.45-um-sized PTFE filter is then used to
filter the perovskite ink. The HTL ink is prepared simply by
dissolving 45 mg of Spiro-MeOTAD in 1 mL of CB using a
vortex shaker. After 1 h of shaking at 460 rpm, 28.8 uL 4tBp
and 17.5 pL lithium salt solution (520 mg mL™" of Li-TFSI in
ACN) are added to Spiro-MeOTAD/CB solution as additives.
A 0.45-pum-sized PTEFE filter is then used to filter the HTL ink.
For the fabrication of electron-only devices, a PC,;;BM solution
in CB is prepared by dissolving 10 mg of PC,;BM in 1 mL of
CB. The solution is stirred at 90 °C and 460 rpm for an hour
using a hot plate and a magnetic stirrer. The final solution is
then filtered using a 0.45-pm-sized PTFE filter.

Substrate Preparation. PET/ITO substrates are used to
fabricate printed and flexible PSCs. For this, the PET/ITO
substrates are cleaned by washing them for 10 min in DI water
with a detergent, clean DI water, acetone, and IPA while
sonicating them using an ultrasonic bath. After drying them
under a stream of compressed air, the substrates are treated
with ultraviolet—ozone (UV—ozone) for 15 min.

Device Fabrication. A slot-die coater with a slot-die head
(FOM Technologies, Denmark) is used to print main device
functional layers (ETL, perovskite, and HTL). All device
functional layers are printed in an ambient atmosphere at 25
°C and relative humidity of 40—60%. To fabricate devices,
ETLs are printed on PET/ITO substrates. For this, freshly
prepared SnO, QD-based inks are slot-die-coated on clean
PET/ITO substrates and annealed at 140 °C for 30 min using
a vacuum hot plate. Then, freshly prepared perovskite inks are
printed on top of ETLs and the substrates are annealed at 100
°C for 10 min. Next, HTL inks are printed on top of the
perovskite layer. The temperature of the slot-die coater
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substrate chuck is kept at 25 °C during all printing steps.
Exactly the same protocol is used to print devices with SnO,
NP-based ETLs. After the deposition of all functional layers,
the substrates are stored in a dry box overnight to improve the
hole-transporting properties of Spiro-MeOTAD HTLs. Finally,
MoO, /Al contacts are deposited on top of HTLs using a
thermal evaporator (Nexdep PVD, Angstrom, Canada). A
schematic sketch of the structure and band diagram™ of the
fabricated devices are presented in Figure lab, respectively.
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Figure 1. Schematic diagram of the (a) structure of printed and
flexible PSCs and (b) the device band diagram.

Table S1 (see the Supporting Information) displays the
coating parameters used for slot-die coating of the functional
layers of devices. For the fabrication of electron-only devices, a
PC,;,BM/CB ink is slot-die-coated on top of the perovskite
layer instead of HTL and Ag contacts are deposited on top
using the thermal evaporator.

Device Characterization. A transmission electron micro-
scope (TEM, JEOL JEM-1400 Plus, Japan) is used to estimate
the crystallinity and particle size of SnO, QDs and SnO, NPs.
An X-ray diffractometer (XRD, SmartLab Rigaku) is used to
examine the crystal structure of SnO, QDs and SnO, NPs
(using Cu Ka = 1.5418 A). A scanning electron microscope
(SEM, Zeiss Crossbeam 540, Germany) is used to obtain
cross-sectional-view SEM micrographs of devices with SnO,
QD- and SnO, NP-based ETLs. For better cross-sectional

SEM imaging and analysis of the thickness of the functional
layers, devices are fabricated on glass instead of PET/ITO
substrates. Top-view SEM micrographs of SnO, QD- and
SnO, NP-based ETLs are also recorded to study their
morphology. Light transmittance of SnO, QD- and SnO,
NP-based ETLs on glass substrates is measured using a UV—
visible (UV—vis) spectrometer (Lambda 1050, PerkinElmer).
The elemental composition of SnO, QD- and SnO, NP-based
ETLs on ITO glass substrates is determined using an X-ray
photoelectron spectroscope (XPS, Nexsa, Thermo Scientific).
Device performance is characterized using a solar simulator
(Oriel Sol3A, Newport) and a Keithley 2400 source measure
unit (Keithley). Current density—voltage (J—V) curves of
devices are recorded at a scan rate of 400 mV s™' between —0.2
V and +1.2 V. The fabricated devices have an active area of 0.1
cm?, and a mask with an active area of 0.03 cm? is used to plot
their J—V curves. An FLS 1000 spectrometer (Edinburgh
Instruments, U.K.) is used to perform photoluminescence
(PL) studies. Open-circuit voltage decay (OCVD) curves of
devices are measured using a potentiostat/galvanostat instru-
ment (Autolab PGSTAT302N, Metrohm, Switzerland). An
external quantum efficiency (EQE) measurement system
(ORIEL IQE-200) is used to record the EQE spectra of
devices.

Computer Simulation and Modeling. COMSOL Multi-
physics software is used for computer simulation and modeling
experiments. The wavelength dependence of refractive index ,
extinction coeflicient k, and real part of complex permittivity &
of the materials employed in the optical simulation experi-
ments are taken from the literature (see Figure S1 of the
Supporting Information).*>*° Theoretical J-V curves of
devices are obtained using the standard drift-diffusion model.
More details about the computer simulation and modeling
method employed in this work can be found in our previous
reports. >33

B RESULTS AND DISCUSSION

The TEM is used to estimate and compare the particle sizes of
SnO, QDs and SnO, NPs employed in the experiments. For
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Figure 2. TEM micrographs of SnO, QDs obtained at (a) lower and (b) higher magnification. (c) Particle size distribution curve for SnO, QDs.
TEM micrographs of SnO, NPs obtained at (d) lower and (e) higher magnification. (f) Particle size distribution of SnO, NPs.
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Figure 3. Comparison of (a) ], (b) V,, (c) FF, (d) PCE, (e) R, and (f) Rg, of the experimentally obtained PSCs with SnO, QD- and SnO, NP-
based ETLs. (g) Comparison of PCE distribution in the devices with SnO, QD- and SnO, NP-based ETLs.

this, TEM micrographs are obtained for the samples with SnO,
QDs (Figure 2a,b) and SnO, NPs (Figure 2d,e). Figure 2b,e
indicates that the SnO, QDs and SnO, NPs are crystalline and
have rather uniform size distributions. The estimated average
particle size of SnO, QDs is around 2.5 nm (see Figure 2c),
which is smaller than the Bohr exciton radius of SnO, (2.70
nm).*”> The average particle size of SnO, NPs is around 4.5 nm
(see Figure 2f). The recorded X-ray diffractograms of the
samples with SnO, QDs and SnO, NPs (see Supporting
Information Figure S2) also show that the particles of SnO,
QDs and SnO, NPs are crystalline.

To fabricate printed and flexible PSCs with ETLs made of
Sn0O, QDs and SnO, NPs, the ETL inks based on SnO, QDs
and SnO, NPs are slot-die-coated on top of clean PET/ITO
substrates. A top-view SEM analysis is conducted on the ETL-
coated PET/ITO substrates to investigate the surface coverage
and uniformity of the obtained SnO, QD- and SnO, NP-based
ETLs. The SEM micrographs (see Figure S3 in the Supporting
Information) indicate that there are no discernible pinholes in
the ETLs, which implies that both types of ETLs cover the
surface of PET/ITO substrates rather uniformly. Next, the
MAPDI; perovskite layer is slot-die-coated on top of freshly
prepared SnO, QD- and SnO, NP-based ETLs on PET/ITO
substrates. Once the perovskite layer is formed, a Spiro-
MeOTAD-based HTL is slot-die-coated on top of the
perovskite layer. The device fabrication process is completed
by depositing MoO, /Al contacts using a thermal evaporator.

21215

The cross-sectional-view SEM micrographs of the obtained
devices are shown in Figure S4 (see Figure S4 in the
Supporting Information).

The device performance of the obtained devices is
investigated in ambient conditions without any encapsulation.
Figure 3 displays a comparison of the solar cell parameters of
the obtained devices. In total, 45 devices are analyzed for both
types of ETLs. Here, the comparison is shown for short-circuit
current density (J,.), open-circuit voltage (V,.), fill factor (FF),
PCE, series resistance (R,), and shunt resistance (Rg,). The R,
and Rgy, are calculated using the differential resistance method
(see Figure SS in the Supporting Information for details). The
average values of the solar cell parameters are displayed in
Table S2 (see the Supporting Information).

Figure 3a,b indicates that the ], and V. values of the devices
with SnO, QD-based ETLs are higher than those with SnO,
NP-based ETLs. The devices with SnO, QD-based ETLs have
higher average J, V., and FF values than in those with SnO,
NP-based ETLs. Due to this, the average PCE of the devices
with SnO, QD-based ETLs is higher by ~11% than in those
with SnO, NP-based ETLs. Figure 3e,f shows that SnO, QD-
based ETLs offer lower R and higher Ry, in devices than SnO,
NP-based ETLs. This could be due to the more compact
nature of SnO, QD-based ETLs compared to their SnO, NP-
based alternative. Figure 3g depicts that the majority of devices
with SnO, QD-based ETLs have PCE values around 9—10.5%,
while it is 8—9% for the devices with SnO, NP-based ETLs.
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Figure 4a shows the J—V curves of the best-performing
devices with SnO, QD- and SnO, NP-based ETLs. The solar
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Figure 4. Comparison of (a) J—V curves and (b) EQE spectra of
champion devices with SnO, QD- and SnO, NP-based ETLs under
AM1.5G condition.

cell parameters of these devices are presented in Table 1. A
PCE value of around 12.91% is obtained for the best-
performing device with SnO, QD-based ETLs. This is higher
than the highest PCE (10.6%) obtained in devices with SnO,
NP-based ETLs by ~18%. The J—V curves of the devices show
a considerable hysteresis. This could be due to the fabrication
of the devices in an ambient environment with relatively high
humidity (40—60%) and without the use of passivation
strategies to improve the ETL/perovskite interface. Further-
more, the spectral responses of these devices are also evaluated
by comparing their recorded EQE spectra (see Figure 4b). The
EQE spectra of the devices are typical for MAPbI;-based
devices and well above 50% over the visible spectrum.’”*’ The
device with SnO, QD-based ETLs shows higher EQE values
throughout the measurement range compared to the device
with SnO, NP-based ETLs. Here, a significant gain in the EQE
values of the former is in the 600—750 nm wavelength range,
which is up to ~15% higher than the EQE values of the latter
device for the same wavelengths. The J_ values obtained from
the integration of the EQE spectra yield 15 and 13.5 mA cm™
for the device with SnO, QD- and SnO, NP-based ETLs (See

Table 1), respectively. This is qualitatively consistent with the
J values obtained from the J—V measurements (see Figure 4a
and Table 1).

The above findings indicate that the devices with SnO, QD-
based ETLs, in general, perform better than those with SnO,
NP-based ETLs. The main difference between these two types
of ETLs is in the sizes of SnO, particles. It is possible that this
can influence the interface between the ETL and perovskite
layers. Different sizes of SnO, particles may result in a
difference in the optical properties of its ETLs, which,
subsequently, can influence carrier generation in the perovskite
layer and also can influence the carrier extraction and
recombination process at the ETL/perovskite interface.*' ™"
However, the UV—vis transmittance measurements performed
on SnO, QD- and SnO, NP-based ETLs on glass (see Figure
S6 in the Supporting Information) show that these two types
of ETLs have a comparable optical transparency. This means
that, roughly, the same amount of light is transmitted to the
perovskite layer upon illumination and the size difference
between the SnO, QD and the SnO, NP is not the origin of
the performance difference in the devices. If the perovskite
layer in devices with these two different types of ETLs has the
same thickness and structure, which is roughly the case in the
obtained devices, carrier generation in the perovskite layer
under the same light illumination can also be assumed the
same. Hence, the origin of the discrepancy in the performance
between the devices with the SnO, QD- and SnO, NP-based
ETLs is not the difference in carrier generation but possibly
due to carrier extraction and recombination processes at the
ETL/perovskite interfaces.

The extraction coefficient that characterizes the charge
carrier extraction processes, approximately, can be defined by
the following relation

J;
CeX(V) ~ i

Jien (M
where ], is the current density of photogenerated charge
carriers and J,_ is short-circuit current density.** The current of
photogenerated carriers in solar cells includes two compo-
nents: current density due to holes (J,) and electrons (J,). Jgen
is described by the following equations™™™

Jgen =T, T, )
where,

]P = qn/,tpEV + /JPkBTVp 3)

J, = qmuE. + pkgTVn (4)

Here, E, = =V(V + g, + Egq) and E. = =V(V + y,) are the
valence and conduction band energies, respectively, Eg, is the

Table 1. Solar Cell Performance Parameters of Champion Devices with SnO, QD- and SnO, NP-Based ETLs under AM1.5G

Condition
ETL scan direction Joo (mA cm™?) V. (V) FF (%)
SnO, QDs reverse 18.8 0.99 69
theoretical 19.0 1.00 68
forward 17.3 0.97 48
SnO, NPs reverse 15.73 0.956 71
theoretical 15.7 0.94 69
forward 14.47 0.965 59
21216

PCE (%) R, (Q cm?) Ry, (kQ cm?) integrated J,. (mA cm™)
12.9 3.86 1.01
129 3.8 1.01 15.0
8.1 3.98 0.17
10.6 3.97 091
10.3 3.96 0.92 13.5
8.2 4.68 0.32
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band gap, y, is the electron affinity, u, is the mobility of
electrons, and y, is the mobility of holes. Since the hole
selective layer is the same in the fabricated devices with SnO,
QD- and SnO, NP-based ETLs, the current generated by the
holes can be considered the same. In this case, the difference in
charge carrier extraction is determined by J,.

To better understand charge transfer between the perovskite
layer and SnO, QD- and SnO, NP-based ETLs, steady-state
PL measurements are conducted for a neat perovskite film on
the glass as well as for the SnO, QD-based ETL/perovskite
and SnO, NP-based ETL/perovskite films on glass. Figure 5

—— MAPbI,
[—— S0, QDs/MAPI,
SnO, NPs/MAPbI,
[
=
<
N
2]
3
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=
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Figure 5. Comparison of the steady-state PL spectra of neat
perovskite, SnO, QD-based ETL/perovskite, and SnO, NP-based
ETL/perovskite films on glass.

shows that the neat perovskite film has a PL peak at around
775 nm, which is typical for MAPbI;. The PL peak of the SnO,
QD-based ETL/perovskite film and the SnO, NP-based ETL/
perovskite film is considerably lower than the PL peak of the
neat perovskite film, i.e,, SnO, ETLs partially quench the PL
emission of the perovskite layer. This indicates the occurrence
of charge transfer from the perovskite layer to SnO, ETLs.
Figure S also depicts that the PL peak of the SnO, NP-based
ETL/perovskite film is considerably higher than that of the
SnO, QD-based ETL/perovskite film. This suggests that
charge extraction by SnO, QD-based ETLs is more effective
than it is in SnO, NP-based ETLs. These findings clearly point
to a certain difference in the properties of the ETL/perovskite
interface for SnO, QD- and SnO, NP-based ETLs. Hence,
investigation of the physical properties of this interface may
give some insights into the observed performance difference in
the devices with SnO, QD- and SnO, NP-based ETLs.
Space-charge-limited current (SCLC) measurements carried
out with electron- or hole-only devices are useful for
determining charge carrier mobility and density of trap states
in semiconductors.”~*’ Thus, fabricating electron-only devices
with SnO, QD- and SnO, NP-based ETLs can provide some
insights into how different ETLs affect these parameters in the
perovskite layer and help to probe the properties of the ETL/
perovskite interface in devices. With this in mind, electron-only
devices are printed using SnO, QD- and SnO, NP-based ETLs
and the J—V characteristics of the obtained devices are
investigated. Figure 6 shows the J—V characteristics of the
electron-only devices, and the inset graph depicts the structure
of prepared electron-only devices. The J—V curves of the
electron-only devices display three distinct regions. The first
region is at low voltages with a slope of 1. The second is at
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Figure 6. Comparison of J—V curves of electron-only devices with
SnO, QD- and SnO, NP-based ETLs.

intermediate voltages with a slope of 2. This region is referred
to as the trap-filling regime.“’46 Finally, the third region, which
is referred to as the SCLC region with a slope of more than 2,
appears at high voltages.* The electron mobility from the
SCLC region is estimated using the Mott—Gurney equation

8, A
/,%1 =
9ee, V> (5)

where Jp is the current density, V is the applied voltage, &
(equal to 28.8) is the relative dielectric constant of MAPbI,
perovskite,*** g, is the vacuum permittivity, and A (equal to
550 nm) is the thickness of the MAPbI, film.

The estimated p, values in the perovskite layer of the
electron-only devices with SnO, QD- and SnO, NP-based
ETLs are 6.4 X 107 and 6.1 X 10™* cm® V™' 57, respectively.
Here, 1, for the device with SnO, QD-based ETLs is slightly
higher than the value of y, obtained for the device with SnO,
NP-based ETLs. While this might be in favor of SnO, QD-
based ETLs, this small difference in the p, values, however, is
not large enough to produce the notable difference observed in
the J,. values of the fabricated devices (see Figures 3a and 4a).
Hence, the origin of the difference in the carrier extraction
coefficient in devices with SnO, QD- and SnO, NP-based
ETLs might be related to the concentration of charge carriers,
which, in turn, is a function of the recombination processes
taking place in devices.*’

In general, carrier recombination in PSCs includes three
main components: radiative, Shockley—Read—Hall (SRH),
and surface recombination. Radiative recombination in the
perovskite layer is a characteristic of the material and should
not change depending on the carrier selective layers. Hence,
the difference in carrier recombination in the devices with
SnO, QD- and SnO, NP-based ETLs is mainly due to the
SRH and surface recombination processes. To quantify the
recombination processes in the devices, the values for the
density of trap states are calculated using the following relation

_ 2¢e€4Vipr
ntrap - (qu) (6)

where ¢ is the elementary charge and Vi is the trap-filled-
limit voltage estimated from SCLC measurements with the
electron-only devices.*””” The estimated value of Nyqp in the
perovskite layer of the device with SnO, QD-based ETLs is
1.16 X 10'® cm®, whereas it is 1.89 X 10'® cm?® in the device
with SnO, NP-based ETLs. These results show that the use of
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SnO, NPs to form ETLs results in more trap states in the
perovskite layer.

To gain a further understanding of the recombination
processes, the dependence of V. and J,. on light intensity in
the obtained PSCs is investigated.”' > For this, the J—V
curves of the best-performing PSCs with SnO, QD- and SnO,
NP-based ETLs (see Figure 4a) are measured under different
light intensities using neutral density filters (see Figure S7 in
the Supporting Information). The dependence of J,. on the
light intensity appears linear (see the inset graph in Figure 7)
for both devices. This indicates that recombination losses in
the devices under the short-circuit condition are small.”*
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* SnO,NPsSlope=1.02kTq" .7~
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Figure 7. Comparison of the dependence of V. and ] of the best-
performing PSCs with SnO, QD- and SnO, NP-based ETLs on light
intensity.

The dependence of V_ vs light intensity can be described by
the following equation’®”>°
_ MaksT In(L)

ocC

where nq is the light ideality factor, T is the absolute
temperature, kg is Boltzmann’s constant, and L is the light
intensity. It is possible to determine n;g; from the slope of the
dependence of V. on In(L). The estimated value of ny; from
Figure 7 for the device with SnO, QD-based ETLs is around
1.7. This indicates that the dominant recombination in this
device is due to SRH recombination.””*>>” The dominance of
SRH recombination in PSCs is usually attributed to the defects
within the perovskite active layer.”®” As for the device with
SnO, NP-based ETLs, the estimated value of ny; is 1.02. This
is considerably lower than the ny value in the device with
SnO, QD-based ETLs. The decrease in ng is usually
attributed to the surface recombination effects.””®" Based on
this, it can be suggested that, in addition to the SRH
recombination, there is a considerable loss of photogenerated
charge carriers due to surface recombination in the devices
with SnO, NP-based ETLs. This is further supported by open-
circuit voltage decay (OCVD) measurements performed with
the devices, which show higher electron lifetime () values
(around maximum power point and lower voltages) in the
device with SnO, QD-based ETLs compared to the device
with SnO, NP-based ETLs (see Figure S8 in the Supporting
Information).

To further understand the experimentally obtained results,
the J—V curves (reverse scans) of the best-performing devices
with SnO, QD- and SnO, NP-based ETLs are modeled using
numerical simulation methods. For this, the experimentally
determined perovskite layer electronic parameters such as
charge carrier mobility (estimated from SCLC measurements,
see Figure 6) and electron lifetime (estimated from OCVD
measurements, see Figure S8 in the Supporting Information)
as well as the literature values of material parameters of the
device functional layers (see Table S3 in the Supporting
Information) are used to obtain the theoretical J—V curves
(see Figure 4a and Table 1) that closely match the

1 ™) experimental ones. The simulation experiments show that
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Figure 8. XPS spectra of (a) SnO, QD- and (b) SnO, NP-based ETLs. Comparison of the magnified XPS spectra of SnO, QD- and SnO, NP-

based ETLs for (c) Sn and (d) O peaks, respectively.
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surface recombination speed is higher in the device with SnO,
NP-based ETLs than it is in the device with SnO, QD-based
ETLs. This indicates that charge carrier recombination at the
ETL/perovskite interface in the device with SnO, NP-based
ETLs is also higher, and this could be due to high
concentration of surface defects at this interface. This is
consistent with the above-presented experimental studies.

A higher degree of charge extraction at the SnO, QD-based
ETL/perovskite interface in devices might be correlated with
lower oxygen vacancies in SnO, QDs compared to SnO, NPs.
Lower oxygen vacancies in SnO, imply a lower concentration
of trap states in its ETLs and better device performance.”””**
To investigate this, XPS analysis is performed on SnO, QD-
and SnO, NP-based ETLs on glass. The XPS spectra recorded
for the samples are shown in Figure 8, in which Figure 8a,b
shows the entire XPS spectra of the samples, whereas Figure
8c,d shows the magnified images of the spectral peaks
associated with tin (Sn) and oxygen (O). Figure 8ab also
shows the presence of potassium (K) impurities in the samples.
Potassium originates from the potassium hydroxide additive in
the ETL inks, which is used to stabilize the SnO, QD and
SnO, NP colloidal solutions.'® Table 2 shows the elemental

Table 2. XPS Elemental Ratio of Sn, O, and K in SnO, QD-
and SnO, NP-Based ETLs

atomic percentage

element SnO, QDs SnO, NPs
Sn 3d 18.72 21.29
O 1s 69.68 74.17
Sn 3d/0 1s 3.72 3.48
K 2p 11.6 4.54

ratio of Sn, O, and K in SnO, QD- and SnO, NP-based ETLs
obtained from Sn 3d, O 1s, and K 2p XPS peaks. The ratio of
O 1s to Sn 3d for SnO, QD- and SnO, NP-based ETLs yields
values of 3.72 and 3.48, respectively, indicating lower oxygen
vacancies in the former. Additionally, the elemental ratio of K
in SnO, QD-based ETLs appears more than 2 times higher
than that in SnO, NP-based ETLs. It is noteworthy to mention
that potassium ions can act as an effective passivating agent for
the perovskite layer surface defects.”>™” Hence, it is
reasonable to suggest that the improved performance of
printed and flexible PSCs with SnO, QD-based ETLs
compared to their SnO, NP-based alternative could indeed
be due to a lower concentration of oxygen vacancies in the
former. Additionally, a higher concentration of the potassium
ions sitting on the surface of SnO, QD-based ETLs helps to
better passivate the surface defects of the perovskite layer at
the ETL/perovskite interface. This, in turn, affords reduced
density of trap states and hindered surface recombination.
Overall, based on above findings, it is apparent that the
particles of SnO, forming ETLs should not have many defects
in the form of oxygen vacancies to result in more ideal surface
to extract charges from the perovskite layer. This could be
achieved by further optimizing the synthesis protocol for the
preparation of SnO, QDs or NPs and employing various
passivating strategies using inorganic or organic passivating
agents.”* Moreover, the formation of the perovskite layer on
more defect-free ETL surfaces can yield films with improved
crystallinity and reduced surface defects, which would decrease
surface recombination losses and provide a higher Jsc and V,
in devices. Additionally, an improved ETL/perovskite interface

can also help to reduce the hysteresis effect, which is a
necessary condition to obtain devices with stable operation.

Finally, the mechanical stability of the devices with SnO,
QD- and SnO, NP-based ETLs are investigated by performing
bending tests. The solar cell parameters of the devices are
estimated after the application of bending cycles. Here, a
bending cycle involved repeated bending of devices 10 times to
a curvature with a radius of 1 cm. Overall, the photovoltaic
parameters of the devices with SnO, QD- and SnO, NP-based
ETLs show rather similar trends with the applied bending
cycles (see Figure S9 in the Supporting Information). In the
initial stages of bending cycles, the V. of the device with SnO,
NP-based ETLs appears to degrade slightly faster compared to
the device with SnO, QD-based ETLs (see Figure S9b in the
Supporting Information). This could be associated with the
appearance of a slightly larger number of cracks and defects in
the perovskite layer of the device with SnO, NP-based ETLs,
which would lead to increased recombination losses of charge
carriers and lower V.. Overall, the PCE values of the devices
drop by around 75% of their initial values after the first
bending cycle and become almost negligible after the second
bending cycle (see Figure S9d in the Supporting Information).
The observed degradation of the photovoltaic parameters of
the devices during the bending test can be mainly attributed to
the deteriorations (cracking) in the ITO layer, which leads to
significant increases in the series resistance values of devices
and strongly affects device current and FFE.°*~7° This can be
improved by employing alternative materials to TCOs that are
more durable and resilient”" or also can be mitigated by using
various interlayers that can enhance the mechanical stability of
the TCO layers.””"*

B CONCLUSIONS

In summary, the fabrication of slot-die-printed flexible PSCs
with SnO, QD- and SnO, NP-based ETLs is carried out and
the effect of these ETLs on the overall device performance is
investigated. On average, the devices with SnO, QD-based
ETLs are shown to perform better than the devices with SnO,
NP-based ETLs. A champion device with a PCE of 12.91% is
obtained using SnO, QD-based ETLs, whereas the best-
performing devices with SnO, NP-based ETLs have shown a
PCE of around 10.6%. The PL measurements with ETL/
perovskite samples showed a better quenching of PL emission
in the perovskite layer with SnO, QD-based ETLs than with
SnO, NP-based ETLs. The experiments with electron-only
devices revealed that the perovskite layer of devices with SnO,
QD-based ETLs have higher electron mobility values and
lower trap states than in devices with SnO, NP-based ETLs.
Additionally, V. vs light intensity and the OCVD measure-
ments performed on the obtained PSCs showed that the
devices with SnO, QD-based ETLs have lower recombination
losses compared to the devices with SnO, NP-based ETLs.
This is also supported by numerical simulation experiments,
which also revealed lower surface recombination in devices
with SnO, QD-based ETLs. These findings indicate that a
better performance of SnO, QD-based ETLs in the obtained
PSCs could be due to a more favorable condition at the ETL/
perovskite interface for the charge extraction process. An
underlying reason for this might be due to the more optimal
material electronic properties of SnO, QD-based ETLs, which
may originate from lower oxygen vacancies and high
concentrations of potassium ions in SnO, QDs as opposed
to SnO, NPs. The findings of this work demonstrate that the
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use of SnO, QDs to prepare ETLs for printed and flexible
PSCs can be a promising alternative to commercially available
SnO, NPs in terms of fabricating efficient devices at moderate
temperatures and could be useful in paving the way for
developing more industrially friendly manufacturing methods.
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