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Abstract. Herein we present a comparative study among different mesoporous electron
transporter layers (ETLs), namely nanometric m-TiOz, m-SnOz and m-SnO2z quantum dots
(QDs), deposited by spray coating method. The experimental data correlated with the
photovoltaic parameters indicate that the SnO2 mesoporous layer obtained from the
spray deposition of the in-house prepared QDs solution is the best candidate between
the three used mesoporous ETLs. The use of the in-house prepared Sn0O2 QDs solution
presents smaller agglomerates composed of 3 nm NPs resulting in the formation of a
thinner, more uniform, and compact mesoporous ETL, compared with the other two ETL
solutions. The formamidinium-methylamonium-potassium (FAMA@10K) perovskite
deposited on this m-Sn02 QDs ETL presents a lower RMS, more uniformity and, a higher
amount of Pblz. Interestingly, this higher concentration for Pblz seems to enhance the
performance of the perovskite solar cells (PSC), compared to the other two mesoporous
ETLs. Our work reveals that Sn02 QDs solution can be easily produced in the laboratory
and it is more suited for the deposition of the mesoporous ETL when choosing a
FAMA@10K configuration perovskite solar cell with power conversion efficiency (PCE)
higher than 10%.

1. Introduction

Perovskite solar cells (PSCs) have demonstrated outstanding progress over less than a
decade. The power conversion efficiency (PCE) has been improved, currently exceeding
25% [1], approaching the monocrystalline silicon solar cells and surpassing cadmium
telluride (CdTe) and copper indium gallium selenide (CIGS) solar cells. The high
efficiency of perovskite halide materials in solar cells is due to their unique properties.
These include an adjustable band gap, strong light absorption, long carrier diffusion
lengths, and good carrier motilities [2-5]. Such perovskite devices are comprised of an
n-type layer (compact and mesoporous) deposited on a glass substrate covered with a
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thin transparent conductive oxide (ITO or FTO), a halide perovskite light absorber, a p-
type hole transporter layer (HTL) and a metallic back electrode [6].

Exploration of the materials used for charge transporter layers represents a subject
of high interest, due to their role in improving the performance and stability of PSCs.
Most ETLs (electron transporter layers) are based on a combination of compact and
mesoporous oxides, that have to be oxygen vacancy free which act as trap sites [7]. The
compact layer’s role is to block recombination between electrons in the transparent
conductive oxide (TCO) layer and holes in the perovskite layer and must be uniform and
dense to prevent short-circuits and equally distributed electric field, while the
mesoporous layer should be porous and accommodate efficiently the perovskite layer in
order to facilitate efficient collection and transport of electrons from the perovskite to
the cathode.

Therefore, the ETL is considered one of the most important components of PSCs,
where several morphological parameters, such as thickness, roughness, and particle
size, or structural properties and density, play a key role in influencing the performance
of PSCs. Most common ETLs used in PSCs are titanium dioxide (TiO2), zinc oxide (Zn0),
tin dioxide (SnO2), fullerene (C¢0), aluminum oxide (Al203), tungsten oxide (WOx) and
many other materials [8-11].

Among all the materials mentioned, TiOzis the most widely used in the architecture
of mesoporous PSCs. It serves as both a compact and mesoporous ETL, owning a suitable
band gap and high transmittance that ensure high performance of the PSCs [12-14].
However, TiO2 presents certain disadvantages, like reduced electron mobility and optical
instability [15]. SnO2 represents an alternative to TiOz due to its unique properties such
as high electron mobility (240 cm?2/Vs), excellent chemical stability, low photocatalytic
activity, good anti-reflectivity, large band gap (3.6-4.2 eV) allowing a high stability under
UV illumination, as well as an excellent band energy level alignment at the
ETL/perovskite interface resulting in effective electron extraction and hole blocking
[16]. In addition, SnO2 quantum dots (QDs) films have been extensively investigated in
PSCs due to their strong light scattering ability, fast electron transport and slow
recombination, leading to the increase of PCE [17].

The transition of studying PSCs from small-scale areas to larger panels and eventual
industrial-scale implementation represents the future trajectory of this technology.
Spray coating is a deposition method used for inorganic thin layers used for different
applications, and it is scalable for industrial use [18].

This study aims to find an easier, more accessible and scalable way to deposit the
mesoporous ETL layers for halide perovskite solar cells. Thus, we make a comparative
study of one TiOz2and two SnO2 mesoporous ETLs obtained by spray deposition of their
corresponding colloidal solutions: a TiO2 suspension obtained from a commercial paste,
a Sn02 commercial suspension and an in-house Sn0O2 QDs suspension. To demonstrate
the suitability of the in-house prepared SnO2 QDs suspension for the preparation by



spray coating of the mesoporous ETL we performed several investigations and
compared them with the commercial one as well with the TiOz containing ETL layers. As
a perovskite layer we are using Ko.1FAo7MAo.2Pbl2sClo.2 (FAMA@10K) due to the
promising results obtained on this composition [19].

2. Material and methods

All the precursors and solvents were used without any further purification and were
purchased as follows: N,N-Dimethylformamide (DMF Alfa Aesar 99.8%),
dimethylsulfoxide (DMSO, Alfa Aesar 99.9%), chlorobenzene (CB, Sigma Aldrich 99.8%),
isopropanol (IPA, Sigma Aldrich 98.5%), acetone (Sigma Aldrich), anhydrous ethanol
(Sigma Aldrich 96%), 4-tert-butylpyridine (tBP, Sigma Aldrich 99.99%), acetonitrile
(ACN, Sigma Aldrich 99.8%), titanium diisopropoxide bis(acetylacetonate) (Ti
(iProp)2AcAcz, Sigma  Aldrich 75 wt% in  isopropanol), lithium
bis(trifluoromethanesulfonyl)imide (LiTFSI, Sigma Aldrich 99.99%), TiO2 commercial
paste (Ti-Nanoxide N/SP, Solaronix), Spiro-OMeTAD (Borun chemicals, 99.99%), lead
chloride (PbClz, Sigma Aldrich 99.99%), lead iodide (Pblz, Sigma Aldrich 99%),
formamidinium iodide (FAI, Dyesol 99.9%), methylammonium iodide (MAI, Dyesol
99%), potassium iodide (KI, Merck 99.99%).

2.1. Device fabrication

The photovoltaic performance of the studied layers was probed by fabricating n-i-p
devices with the following configurations: ITO/c-TiO2/m-TiO2, m-SnO2 or SnO2 QDs
/FAMA@10K/Spiro-OMeTAD/Au and FTO/c-TiO2 SnO2 QDs /FAMA@10K/Spiro-
OMeTAD/Au.

2.1.1. Substrates

Pre-cut indium tin oxide (ITO, 2.5 x 1.5 cm2) and fluorine tin oxide (FTO, 2.5 x 1.5
cm?) coated glass slides with a sheet resistance of 100)/sq were purchased from Xin Yan
Technology LTD. The substrates were washed with a detergent solution, and rinsed with
distilled water and distilled water, acetone and isopropyl alcohol for 10 minutes each.
An oxygen plasma treatment was applied for all the substrates for 15 minutes at 0.7
mbar.

Compact TiOz - The compact layer of TiO2 was fabricated by spray pyrolysis using an
in-house automated apparatus [18]. A solution of Ti(iProp)2AcAcz in isopropyl alcohol
(1:30 volumetric ratio) was deposited through 30 spray sweeps keeping the nozzle at 15
cm height and a substrate temperature of 450 °C, using Nz as carrier gas at 2kgf/cm=2
pressure and a sweep speed of 5000 um/s. After deposition, the samples were treated at
450 °C for 30 minutes on the hot plate in air.
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Mesoporous TiOz - A commercial paste of Ti-Nanoxide T/SP from Solaronix which
contains highly dispersed titania nano-particle paste for the deposition of transparent
active mesoporous layers was used for the deposition of the mesoporous TiOzlayer. The
paste and the anhydrous ethanol were mixed in 1:100 (wt. ratio) to obtain a 1:100
dilutions for the suspension used at spray pyrolysis of the TiO2 mesoporous layer. The
suspension was dispersed on the TiO2 compact layer following the steps used for the
TiO2 compact layer but at a substrate temperature of 120 °C. After deposition, the
samples were treated at 120 °C for 10 minutes on the hot plate in the air.

Mesoporous Sn0z- A commercial suspension of SnOz colloidal solution 15% in water
diluted with a mixture of ethanol/water (1:1 v/v) in order to obtain a dilution of 1:100
(wt. ratio) was deposited through 8 spray sweeps at 15 cm height and a substrate
temperature of 180 °C, using N2 as carrier gas at 2kgf/cm~2 pressure and a sweep speed
of 50000 um/s. After deposition the samples were treated at the corresponding
deposition temperature of 200 °C for 10 minutes on the hot plate for solvent evaporation.
The m-SnO:2 films were then thermally treated at 500 °C in air with a heating ramp of 5
°C/min and kept for 1 hour at this temperature.

Sn0z QDs preparation - A suspension of Sn0O2 QDs was obtained following the
method reported by Lu et al. [20]. This suspension was diluted to 3% and used to obtain
a concentration of 1:100 (wt. ratio) Sn0O2 QDs in a mixture of ethanol/water (1:1 v/v).
The suspension was dispersed through 8 spray sweeps at 15 cm height and a substrate
temperature of 200 °C, using N2 as carrier gas at 2kgf/cm-2 pressure and a sweep speed
of 50000 um/s. After deposition the samples were treated at the corresponding
deposition temperature of 200 °C for 10 minutes on the hot plate for solvent evaporation.

All the mesoporous films were then thermally treated at 500°C in air with a heating ramp
of 5°C/min and kept for 1 hour at this temperature to ensure the fixation of the layer.

2.1.2. Perovskite solutions and films

The perovskite FAMA@10K solutions and films were prepared inside of a glove box, at
room temperature (24 °C) at a concentration of 1.45 M. The FAMA@10K perovskite
precursor solution was prepared by mixing MAI, FAI, KI, Pblz, and PbClz in DMF: DMSO
(8.2:1) mixture. The resulting solution was stirred for 1 h at room temperature before
being used. A volume of 50 uL from the perovskite solution was deposited by spin
coating at 2000 rpm for 50 s, and after 15 s from the start of the spin coating process,
100 uL of CB was dropped in to assist perovskite crystallization. Perovskite films
formation was completed through annealing on a hot plate at 140 °C for 3 minutes. This
potassium-doped perovskite (FAMA@10K) was chosen because it was previously
demonstrated by our group [19] that it is more stable than the undoped absorber
FAo0.sMAo.2Pbl28Clo.2 (FAMA).



2.1.3. Hole transport layer (HTL) and gold (Au) electrode

Spiro-OMeTAD solution (used as HTL) was prepared by dissolving spiro-OMeTAD (80
mg), 4-tert-butylpyridine (28 uL) and Li-TSFI salt solution (18 uL taken from a solution
of 520 mg/uL in acetonitrile) in 1 mL of CB. The Spiro-OMeTAD solution was deposited
by spin coating at 3000 rpm for 30 s, over the perovskite layer. The samples were stored
overnightin a glovebox at room temperature to dry. Finally, Au electrodes (100 nm) were
deposited by magnetron sputtering through a shadow mask finalizing devices with an
active area of 0.09 cm?.

2.2. Characterization

X-ray Diffraction (XRD) patterns were recorded in symmetrical coplanar geometry,
using a Bruker AXS (D8 ADVANCE), with a Cu anode as source and a Ni filter to eliminate
the Cu-Kg contribution to the detected signal, with a dichromatic (Cu-Kal = 1.54060 °A
and Cu-Ka2 = 1.544 °A) incident beam. The XRD data were analyzed using MAUD version
2.99 software to determine the average crystallite size and lattice parameters by
Rietveld refinement.

High-Resolution Transmission Electron Microscopy (HRTEM) A JEOL 2100
Transmission Electron Microscope, equipped with High Resolution Polar Piece has been
used for morpho-structural investigations.

Scanning Electron Microscopy (SEM) images were recorded using a Carl Zeiss
Gemini 500 Field Emission Scanning Electron Microscope. The samples were imaged
using an acceleration voltage of 5 kV (EHT), a working distance between 3 and 8 mm
(WD) and different magnifications in high vacuum mode.

Atomic Force Microscopy (AFM) investigations were made using an atomic force
microscope NT-MDT Aura Ntegra Prima in non-contact mode.

Device measurement protocol. Current-voltage characteristics were measured
under simulated sunlight AM 1.5G from an Oriel VeraSol-2 Class AAA LED Solar
Simulator, coupled with a Keithley 2400 source meter. The solar simulator was
calibrated with an NREL certified KG5 filtered Si reference diode to an irradiation
intensity of 100 mW/cm?2. Electrical measurements were performed in ambient
environment, around 25 °C, starting just above the Voc to Jsc and backward, at 20 mV/s,
to avoid the sample pre-poling. All devices were measured in air without encapsulation.
The open-circuit voltage decay was measured using an Oscilloscope PicoScope 444
measuring at 1 ms interval.

A dynamic J-V model analysis [21] is necessary to account for the hysteresis effects
observed in current-voltage measurements of typical PSCs. By comparing experimental
current density-voltage (J-V) measurements with the results of the dynamical model, the
effects of the ETL can be identified by monitoring certain input parameters of the model
(series resistance Rs, shunt resistance Rsh, thermal voltage Vw, ion capacitor
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parametrization, Co, C1and recombination current parametrizations, a, b). Building upon
the dynamical model developed in reference [21], we employed the Nelder-Mead (NM)
algorithm [22] as implemented in the Python SciPy library to fit the results of the J-V
dynamical model to the experimental measurements. Employing the NM algorithm, the
input model parameters are iteratively adjusted to achieve a calculated J-V curve that
closely aligns with the experimental values, using a target threshold for the coefficient
of determination (R2).

3. Results and discussion

In this study, we explored the effect of using three different ETLs, namely colloidal m-
Ti02, m-Sn02 and m-Sn0O2 QDs deposited by spray coating on c-TiOz, on the performance
of PSCs based on triple cation perovskite FAMA@10K absorbing layer. Perovskite solar
cells have the following configurations: (Conductive layer)/ c-ETL/ m-ETL/ perovskite/
Spiro-OMeTAD/ Au. For the devices containing Sn02-QDs two types of conductive
substrates (TCO) were employed, indium tin oxide (ITO) and fluoride tin oxide (FTO) to
study their influence on the crystallization of the perovskite layer. Also, the influence of
the annealing temperature was studied.

In order to investigate the fabricated devices, three types of mesoporous bilayers
(c-Ti02/ m-TiOz, c-TiO2/ m-SnO2 or c-Ti02/m-Sn02 QDs) at a concentration of 1:100 (wt
ratio) were deposited on the substrates using spray coating deposition.

The mesoporous ETL layers have been characterized through powder X-ray
diffraction (Figure 1a) and by Rietveld refinement analysis (data presented in Table S1
in Supplementary Information) and the following were observed: the XRD diffractogram
of the m-TiOz layer presents the rutile like structure of TiOz (cif no. 1534781 from COD)
with crystallites size of 20 nm. The X-ray diffraction pattern of the m-SnO: layer from
commercial suspension presents diffraction lines characteristic to 15.74% SnO2 rutile
structure (cif. no. 1534781 from COD) with crystallite sizes of 21 nm, 60.64% TiO2
anatase structure (cif. no. 1526931) with crystallite sizes of 35 nm, and to 23.62% ITO
glass substrate (cif. no. 1010341). The X-ray diffraction pattern of the m-Sn02 QDs layer
shows diffraction lines characteristic to SnOz rutile structure (cif no. 1534781 from COD)
with crystallite sizes of 19 nm. The powder XRD patterns and Rietveld refinement
analysis of FAMA@10K perovskite films deposited on colloidal m-TiO2, m-SnO2 and
respectively, m-SnO2 QDs revealed that all of them present diffraction lines at 26 =
14.01°, 19.94°, 24.38°, 28.2°, 31.65°, 34.8°characteristic to the black perovskite FAPbI3
phase (in accordance with JCPDS no.00-069-1000), and diffraction lines characteristic
to Pblz (cif. no. 1011333 from COD). However, there were some differences between the
samples. Both perovskite and Pblz are present in different ratios and the crystallite size
of FAMA@10K varies depending on the m-ETL used (Table 1).



The presence of residual Pblz suggests an incomplete transformation of the
perovskite phase. Nevertheless, according to the literature, Pbl2 may be beneficial to
passivate defects and decrease charge recombination in PSCs [23].

Table 1: Perovskite/ Pblz ratio and perovskite crystallite size in relation to the m-
ETL used.

m-ETL FAMA@10K : Pblz ratio (%) FAMA@10K crystallite size (nm)
m-Ti02 78.5:21.4 186.4 +2.2
m-SnOzcomm  88.8:11.1 295.1+12.5
m-Sn02z QDs 79.1:20.8 212.0+13.6
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Figure 1: (a) XRD patterns of the ETL layers; (b) XRD patterns of the perovskite film
FAMA@10K within the PSCs.

High-Resolution Transmission Electron Microscopy (HRTEM) imaging (Figure 1, a
and b) obtained on the suspensions used for the deposition of the Sn02 mesoporous
layers revealed fine nanoparticles (NPs) with an expected quasi-spherical morphology.
Selected Area Diffraction (SAED) proved the crystalline nature of SnO2 NPs with
tetragonal crystal lattice (Insets of Figure 2, a and b). HRTEM imaging obtained on the
TiO2 paste suspension revealed fine faceted nanoparticles, quasi-hexagonal with
anatase-like crystalline structure (according to SAED, insets in Figure 2c), with a main
NP size of TiOz of roughly 18 nm. The mean NP size of SnOzin both commercial and QDs
suspensions is similar, roughly 3 nm. In both suspensions, the NPs tend to aggregate in
large formations, but this tendency seems to be more pronounced in the case of
commercially available SnO2z suspension.
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Figure 2: HRTEM images of the SnO:2 colloidal (a), QDs solution (b), and TiO2 paste
suspension (c). Inset: SAED

The topography of colloidal m-Ti02, m-Sn02, m-Sn02 QDs and respectively of the
perovskite FAMA@10K deposited on the three types of ETLs over an area of 50 x 50 pm2
is shown in Figure 3. AFM results show compact films with full surface coverage, without
pinholes for the perovskite.

The roughness values (RMS) for all of the ETL films are higher than other values
reported in the literature [24] but the m-Sn02 QDs present an RMS value lower than that
of m-Sn0O2 and for m-TiO2. Even the roughness value of the perovskite FAMA@10K
deposited on m-Sn02-QDs is lower than the one deposited on m-SnO2. The ETLs show
different morphologies, root like surface for m-SnOz, reticulated structure for m-TiOzand
sphere-like structure for SnOz QDs. On the other hand, the RMS values reveal that the
Sn02 QDs present the smoothest film which is beneficial for a better basis for perovskite
growth and also for forming better electronic contact with the ETL. [24] Due to a
reduced formation of large clusters on the surface and reduced pinholes. The smooth
surface of Sn0O2 QDs leads to the formation of compact perovskite film, reducing the
formation of large clusters on the surface and reducing pinholes. The same for the m-
TiO2, where the precursor solution fills its pores resulting in the formation of compact

and very smooth film.
Opm 10 20 0 40

RMS= 43 nm e RMS=50 fim sl

| RMS='58 fim

FAMA@ 10K gg

Figure 3: AFM images of the ETLs deposited from colloidal m-TiO2, m-Sn0O2 and m-
Sn02 QDs and of the FAMA@10K layers deposited on the different ETLs
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The cross-section SEM images presented in Figure 4 show the thickness of the ITO
substrate, ETL bilayers and of the perovskite in the two compositions. When comparing
the characteristics of the three mesoporous ETL layers, it is very clear that m-Sn0O2 QDs
layer is more uniform and is thinner (~120 nm) than m-SnO2z (~135 nm) and m-TiO2

(~462 nm) layers.

ITOE-TIOY SnO; QDWFAMALIOK

Figure 4: SEM images of FAMA@10K deposited on colloidal m-TiO2, m-Sn0O2 and m-SnO2
QDs

In order to check the functionality and the photovoltaic characteristics, the
fabricated solar devices with the following structure: ITO/c-TiO2/ m-TiO2z or m-SnO2 or
m-Sn02 QDs/ FAMA@10K/Spiro-OMeTAD/Au have been investigated (Fig. 5) and the
output parameters were extracted (Table 2).
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Figure 5: Forward (from -0.1 V to Voc) and reverse (from Voc to -0.1 V) J-V curves of the
champion cells

As shown in Figure 5, it can be easily noticed that both PSC with m-SnO2 present big
hysteresis and lower starting voltages compared to m-TiO2, but even so, the best PCE
value is obtained for m-SnO:z QDs. If we discuss the values obtained for the J-V
parameters of the champion PSCs presented in Table 2, we can observe that for the
sample with m-Sn02 QDs the values for Js¢, FF and Rs are better; and, even though the Voc
and Rsnare lower than that of the sample containing m-TiOz, it presents the highest PCE.
The solar cell including m-TiO2 present a PCE maximum of 9.57%, the one containing m-
SnO2 presents a PCE maximum of 11.96%, while the solar device using Sn02 QDs exhibits
the highest PCE of 13.05%. The highest performance of the device based on Sn02 QDs is
attributed mainly to the high-quality perovskite film with smooth surface. Most
probably, the film efficiently reduce / suppress charge recombination at interfaces and
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enhance the transport of carriers in the solar devices. The low efficiency obtained using
m-TiO2 may be assigned to the presence of non-perovskite phase having poor
optoelectronic properties as well as large band gap of about 2.48 eV.

Based on the characteristics of the mesoporous ETL layer and of the perovskite
layer deposited on it, as well as the crystal size of the perovskite particles and the
amount of Pblz compared to the other two ETLs systems, could be expected that the
system having mSn02 QDs ETL presents higher performance.

From the average of the reverse and forward J-V scans of the champion PSC, we
determined the series (Rs) and shunt (Rsh) resistances, as indicated in Table 2. However,
this is just an estimation for the extracted quantities and a more rigorous calculation is
performed using the dynamical J-V model [21], as described in the following.

Table 2: J-V parameters of champions PSCs with m-TiOz, m-SnO2, and m-Sn02 QDs, using
the averaged reverse-forward J-V characteristics.

PSC Structure Voc (V) Jse(mA/cm?) FF (%) Rs(Q cm?) Rsh (€ cm?) Eog];:

0
ITO/c-TiO2/m-TiOz22 0974 15.2 47 20 601 7.08
ITO/c-TiO2/m-Sn022 0.872 16.9 58 15 286 8.63
ITO/c-Ti0z/m-Sn02QDs 2 0.929 19.6 57 14 438 10.41

2(1:100)/FAMA@10K/spiro-OMeTAD/Au; FF: fill factor; Jsc: short current density; Voc:
open-circuit voltage; Rs: series resistance; Rsh: shunt resistance.

From the set of measured J-V characteristics depicted in Figure 5, we selected three
instances for each type of PSCs, which represent the minimum, maximum, and an
intermediate efficiency case. We employed our dynamic hysteresis model [21] to
determine the values of the relevant parameters for which the experimental ]J-V
measurements and the calculated results are matched in a proportion of at least 90% in
the R? coefficient of determination.

The curve fit representation shown in Figure 6 is achieved for all the systems, with
different ETLs (TiO2, SnO2, Sn02 QDs), proving the validity of the dynamical model. The
JV curves present relatively large hysteresis, with a shift of the open circuit voltage
between reverse and forward characteristics. We focused on a reduced set of model
parameters [21] that provide the variations between the different classes of materials
used as ETLs as well as for different samples within a class: the series resistance (Rs), the
shunt resistance (Rsh), the thermal voltage (Vin), the parametrization of the ionic
capacitance (Co, C1) and of the recombination current (Ireco, a, b). In addition, a linear
variation was considered for Rs and Rsh along the reverse-forward scans. The series
resistances are decreasing in the sequence TiOz (25 cm?) = Sn0O2z (17 Qcm?2) — Sn0:2
QDs (16 Qcm?), found at the end of the forward scan. This is consistent with the trend
observed on the average J-V characteristics in Table 2. The Rsx values are in the same
range of 200 Q cm?2to 600 Qcm?, similar to the values obtained from the averaged J-V
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characteristics. The thermal voltage, Vi, which parametrizes the diode recombination
current and, in effect, sets the open circuit voltage, has a small variation that reflects the
Voc modifications in the measured data: 46 mV (TiOz2) - 40 mV (Sn0z) —» 42 mV (SnO2
QDs). The b parameter relates the recombination current to the ionic current and
controls the hysteresis magnitude. It presents a maximum for SnO2 based PSCs, which
have the largest hysteresis, while TiO2 based PSCs have a minimum hysteresis: b=162
(TiO2) = b = 591 (Sn0z2) — b = 868 (Sn02 QDs). The other parameters do not present
significant variations that would enable a more detailed analysis of the three classes of
PSCs.
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Figure 6: |-V curves fit of the experimental measurements (blue) using the dynamic JV
model (red). Each row of plots contains the minimum, intermediate and maximum
efficiency samples, for the three ETLs: TiOz, SnOz and SnO2 QDs.

Considering the results obtained, we further investigate the effect of two different
deposition temperature of the SnO2 QDs on the performance of PSCs. The XRD
diffractograms of the perovskite deposited on SnO2 QDs prepared at 120 °C and 200 °C
(Figure 7) show that perovskite films exhibit the characteristic diffraction lines of
tetragonal FAPDbIs. Besides the perovskite phase, both films contain also Pbl,
particularly in a significant amount in the film deposited on Sn0O2 QDs prepared at 120
°C, which can lead to its degradation under illumination and humidity.
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Figure 7: XRD diffractograms of the perovskite film FAMA@10K deposited on Sn02 QDs
prepared at 120 °C and 200 °C

On the other hand, AFM images of SnO2 QDs prepared at different temperatures
(Figure 8) reveal that the Sn02 QDs are not uniformly distributed on the surface of the
film prepared at 120 °C indicating that this temperature is not sufficient to grow the QDs.
When the preparation temperature was increased at 200 °C, the surface became
homogeneous and QDs were very well dispersed on the surface. The higher temperature
needed for the tin oxide compared with the titanium oxide is due to the presence of
water in the dispersions. Water is required in the solvent mixture in order to obtain
stable dispersions. If only ethanol is used rapid sedimentation of both the commercial
and in-house produced SnO2 QDs occurs.

The RMS of the perovskite indicates that the perovskite film deposited on Sn02 QDs
annealed at 120 °C is rougher than the film deposited on SnO2 QDs annealed at 200 °C.
These results indicate that SnO2 QDs deposited at different temperature impact the
quality of the perovskite film that is deposited on it.

The cross-section SEM images of perovskite films deposited on Sn0O2 QDs annealed at
120 °C and, respectively, at 200 °C (Figure 9) show the formation of uniform perovskite
films in both cases. The effect of SnO2 QD on the photovoltaic performance was
subsequently explored. The device using Sn02 QDs at 200 °C as ETL showed short circuit
density (Jsc) of 19.6 mA/cm?, an open-circuit voltage (Voc) of 0.92 V and fill factor of 57
% corresponding to an overall conversion efficiency of 10.41% (Figure 10 A). Under the
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same conditions, the device with Sn02QDs at 120 °C as ETL demonstrated decreased Vo
and FF values resulting in PCE of 7.39 % (Figure 10 B). This may be explained by the
small amount of perovskite phase with a large amount of residual Pblz that has grown
on top of a rough and non-uniform Sn02 QDs layer, resulting in a reduced light absorption
efficiency of the solar device.
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Figure 8: AFM images of FAMA@10K deposited on SnO2 QDs prepared at 120° C and 200
°C.

ITO/c-TiO,y/ SnO; QDs- 120 "C/FAMAD 1 0K ITO/c-TiOy/ SnO, QDs- 200 “C/FAMAG 10K

ENT = 2000 Y




15

Figure 9: Cross SEM images of FAMA@10K deposited m-Sn0O2 QDs prepared at 120 °C
and 200 °C.
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Figure 10: Forward and reverse |-V curves for PSCs using SnO2 QDs annealed at 200 °C
and 120 °C.

Considering the obtained results, we investigate the effect of the transparent
conductive oxide substrate on the efficiency of PSCs. To date, ITO was found to be found
to be superior to FTO in terms of sheet resistance, but it is more expensive than FTO
substrates. In addition, FTO has been widely used in PSCs due to its high temperature
resistance. Therefore, we will make a comparative study between using FTO and ITO.
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Figure 11: XRD diffractograms of the perovskite film FAMA@10K deposited on
FTO/cTiOz2/ Sn02 QDs or ITO/c-Ti02/ Sn02 QDs.
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As we mentioned before, for the sake of comparison, we used two different
substrates for the deposition of all layers c-TiO2/m-SnO2 QDs/ FAMA@10K/ spiro-
oMeTAD/ Au, which are ITO and FTO, respectively. We studied by powder X-ray
diffraction and Rietveld refinement analysis the FAMA@10K layers deposited
considering the two different transparent electrodes (Figure 11).

We observed that both FAMA@10K layers contain the diffraction lines of the black
perovskite and also of Pblz (Figure 11). The ratio between these two crystalline phases
depends on the substrate used, when ITO was used, we obtained 86.5 % FAMA and 13.4
% Pblz, but when FTO was used we obtained 83.1 % FAMA and 16.9 % Pbl.. Also, the
crystallites size of FAMA were 175 nm when ITO was used and 190 nm when FTO was
used. On the other hand, the roughness of perovskite film deposited on ITO was higher
than the FAMA@10K deposited on FTO. As it can be observed in (Figure 12), the
perovskite film deposited on m-Sn0O2 QDs when ITO substrate was used (43.5 nm)
presents a lower RMS value compared to when FTO was used (60 nm).

Com 10 n» » «©

Figure 12: AFM images of FAMA@10K on: (a) ITO/c-TiOz/ Sn02 QDs or (b) FTO/cTiOz2/
Sn02QDs.

Moreover, the FAMA@10K film is non-uniform when ITO is used, in contrast with
FTO for which the film is uniform. The cross section demonstrates uniform layers in both
cases (Figure 13).

Figure 13: SEM cross-section of FAMA@10K on:(a) ITO/c-TiO2/ SnO2 QDs or (b) FTO/c-
TiO2/ Sn02 QDs.
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The photovoltaic parameters and conversion efficiency values obtained by using
different TCO layer demonstrate that the PSCs with FTO-coated glass substrate achieved
14.90 % conversion efficiency as maximum PCE, which is higher than that obtained for
PSCs with ITO coated glass substrate (Figure 14).
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Figure 14: J-V curves for the champion cells measured under forward and reverse scan.

The higher PCE using FTO is attributed to higher short-circuit current (Jsc) and
open-circuit voltage (Voc) than those obtained for the one deposited on ITO. The reason
for the higher Jsc in the case of FTO is maybe attributed to the higher transmittance of
FTO compared to ITO which could allow more light to be absorbed by the perovskite
layer.

4. Conclusions

Three different mesoporous ETLs were used in halide perovskite solar cells and the
photovoltaic device configuration is the following: TCO/c-TiO2/m-Ti02 or m-SnO2z or m-
Sn02 QDs /FAMA@10K /Spiro-OMeTAD/Au. The mesoporous ETL layers were
successfully deposited by an easy, more accessible and scalable method: the spray
deposition. Following the same composition for the PSC, we prepared the mesoporous
layer using a commercial SnO2z suspension. The performance of the solar cells obtained
with these three different ETL layers has been investigated. It was observed that the in-
house prepared suspension presents smaller agglomerations composed of 3 nm NPs
compared to the commercial one. The ETL layers prepared by the deposition of the two
suspensions look similar at XRD but the Rietveld refinement analysis and AFM images
indicate not only differences in the crystallite sizes and film composition but also a
higher roughness for the one obtained from commercial suspension. Moreover, the
perovskite surface seems to be smoother when deposited on the mesoporous ETL
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containing the in-house prepared SnOz QDs. When comparing the PCE and the |-V
characteristics of the PSC obtained with the three mesoporous ETLs, better PCE and
better ]J-V characteristics are achieved when SnO2z QDs suspension is used for the
mesoporous ETL. The J-V hysteresis and the trends concerning the variation of the PSC
parameters are consistently explained by the dynamic electrical model. The study
revealed that the optimal annealing temperature for SnO2 QDs is 200 °C and a higher PCE
is obtained when FTO is used. This study shows that in-house prepared SnO2 QDs
suspension is not only a good precursor for ETL deposition but a better choice than the
commercial ones considering multiple factors.
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