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This study aims at the application of uric acid (UA), as a natural antioxidant, an inexpensive and available
additive, in the fabrication of Sn-perovskite solar cells (Sn—PSCs). First, we fabricate a carbon structure
Sn-PSC without the HTM layer which is more economical and environmentally friendly. Then, we
investigate the effect of a UA additive on their performance. An important problem in Sn—PSCs is tin
oxidation, producing p-type doping and Sn vacancies in the cells. All of these lead to serious device
deterioration and low performance. In this case, adding UA helps to improve the photovoltaic parameters
and, in particular, the device performance as a result of an effective decrease in Sn®* oxidation and

Sﬁygfg;‘ft‘ion carrier recombination. Also, the device stability improves, in comparison to devices not treated with UA.
Antioxidant According to the findings of this study, the UA can replace some expensive additives to prevent tin
Uric acid oxidation and significantly improve photovoltaic parameters.

Sn—PSCs © 2020 Elsevier B.V. All rights reserved.

1. Introduction

The Pb—PSCs have extensively been considered as superior
performance PSCs. However, toxicity is a huge barrier to large-scale
application and commercialization. Development of Pb—PSCs in
which Pb is replaced with less toxic and environmentally friendly
metals such as Cu®*, Sn®*, Sb3+, Bi**or Ge?* can, thus, be a good
idea [1-8]. Among those metals, only Sn®* has attracted
outstanding attention due to its similarity of electron configuration
and coordination geometry to Pb. Sn—PSCs, with the well-known
formula of ASnX3, are the best choice to replace Pb. The Sn—PSCs
have some advantages such as better carrier mobility than that of
Pb—PSCs, better bandgap than that of Pb—PSCs, and low exciton
binding energies. Sn—PSCs can supply greater short-circuit current
densities (Jsc) and a theoretical power conversion efficiency (PCE)
about 33% (i.e. Shockley-Quisser limit). Nevertheless, the efficiency
of Sn—PSCs is smaller than that of Pb—PSCs, which is explainable for
various reasons. In Sn—PSCs, Sn?* will be simply oxidized to Sn**
by a negligible amount of oxygen when Sn—PSCs are exposed to air
or inert atmosphere. This phenomenon has been ascribed to the
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absence of inert pair effects in Sn>*, as compared to Pb%>*, creates
unwanted high conductivity (p-doping) in perovskite films and
thus produces Sn vacancies in perovskite lattices. All this, seriously
leads to destroying of cells against the environmental situation. The
small formation energy of Sn vacancies increases doped hole con-
centrations in Sn—PSCs. This, in turn, increases carrier recombina-
tion in the PSCs. The reproducibility of Sn—PSCs performance is
poor because it is hard to protect these devices against O, [9]. Also,
the quick reaction between organic ammonium salts and Snl;
provides some problems in the control of morphology [10]. So far,
various strategies have been employed to solve these problems
[11,12]. Tin fluoride (SnF,), as an additive, has been reported to
prevent Sn?* oxidization and hole density in Sn—PSCs as well as to
increase stability and reproducibility in Sn—PSCs [13]. SnF; is a
chemically stable Sn?* composition which changes tin perovskite
films into Sn>*-rich films and, thus, prevents the formation of Sn
vacancies. However, due to agglomeration, a high percentage of
SnF; can create a separate phase in a perovskite film [14].

In addition to the decrement of Sn®>* oxidation, the construction
of pinhole-free, well-crystalline, and compact perovskite films are
so critical to make enhanced-performance Sn—PSCs. In a Sn-PSC,
besides the Sn®>* vacancies, dangling bonds at grain boundaries
and surface can create trapping states which are as non-radiative
recombination regions. This leads to a decrease in device
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performance. Deep charge trapping states and defects can decrease
oxygen penetration routes into their inner domain to oxidize Sn**
[15]. Therefore, proper quality is essential for Sn-perovskite films to
inhibit the appearance of those deep charge trapping states and
defects and, thus, to increase the cell performance and stability.
There are some approaches to the improvement of perovskite film
morphology by changing their composition, application some
reducing additives [16]. Dimethyl sulfoxide (DMSO), as a precursor,
can be used to form a Snly: 3 DMSO intermediate phase to restrict
the quick crystallization of Sn—PSCs and thus provides homoge-
nous and compact Sn-based perovskite layers [17]. In another
approach, a reducing atmosphere of steamed hydrazine can be used
to suppress the oxidation and reduce defects and traps which are
recombination sites in perovskite films. Some researchers practiced
solvent engineering and used a SnFy-pyrazine complex in this re-
gard. Adding pyrazine enhances the SnF, solubility and thus the
formamidinium tin triiodide (FASnl3) film quality [18]. Organic
cations have also proved to have a substantial role in making
Sn—PSCs stable. More stable cells can be achieved when cation MA™
is substituted by FAT to produce a (MA)yx (FA); x Sniz cell [19].
Furthermore, it has been shown that the stability of FASnl; is better
than MASnI; [20]. In the MASnI3 PSCs oxidization of Sn* is easier.
This defect causes quick degradation in air and a remarkable elec-
trical decline of cells. In order to increase stability, decreased
dimensional perovskites films (i.e. 2D films) were applied instead of
common 3D films. Butylammonium iodide (BAI) was added to
MASnI; to obtain BA;MA,_1Snnls, 1 solar cells. This 2D Sn-PSC is
more stable than the 3D counterpart (i.e. MASnI3); however, the
device performance is lower [21]. Sargent introduced 2D/3D PSCs
(PEA, (FA)n—1 Sny I3py1) with a superior PCE and increased cell
stability [22]. Some studies introduced passivation methods to
decrease trap density and to augment moisture-stability [23].
Application of antioxidants can be another method to decrease Sn
oxidation and, hence, to improve the cell morphology and effi-
ciency. Feng Yan [24] added an antioxidant, hydroxybenzene sul-
fonic acid salt, to a perovskite precursor with SnCl,. The reaction of
the SOF” and the Sn?* ions resulted in the encapsulation of grains in
the perovskite layer. This led to supreme oxidation stability in
Sn—PSCs. In another work, Mingkui Wang [25] used antioxidant tea
polyphenol to Stabilization of CsPbg 5Sng 5I,Br perovskite solar cell.

In the present study, uric acid (UA) with different percentages
(5%,10%, and 15%) is used as an additive in perovskite solutions. UA
(Scheme 1), a weak acid, serves as a natural antioxidant in the
human body fluids to reduce hemoglobin oxidation, inhibit hyal-
uronic acid oxidation [26], provide stable coordination complexes
with Fe ions, and create transition metal ion complexes [27,28].
Some metal complexes were reported interaction between N and
C=0 groups in UA and some ions such as Pb, Mn, Ni, Cu, Zn, and Co.
Experiments have shown that more than one metal UA complex
can be synthesized depending on condition employed (pH, stoi-
chiometric ratio, heating, time of heating) [29,30].

We used FASnl; PSCs due to superior stability [31]. A hole
transport material (HTM)-free PSC was employed as a cell with a
carbon layer as a cathode (FTO/C—TiO; (compact layer)/TiO, mes-
oporous/Al,03 mesoporous/Carbon). Carbon materials have,
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Scheme 1. Uric acid structure.

indeed, been successfully employed as cathodes in HTM-free PSCs
to achieve low-cost and simple devices. This has been made
possible by eliminating HTM and expensive metals (Ag, Au) [32,33].
Also, carbon materials are inherently hydrophobic, stable, and
inactive to ion movements. This feature helps to overcome mois-
ture sensitivity in halide perovskites and increase their stability
[34]. For the first time in 1996, Gratzel and co-workers used
graphite and carbon black composites instead of noble metal in
DSSCs [35]. In 2013, an HTM-free PSC was fabricated with the
structure of TiO2/ZrO,/C [36]. In our study, the screen printed
method is used for the deposition of layers in carbon-based PSCs
without HTM. All of the mentioned properties have made our solar
cells liable enough for commercialization.

So far, various methods such as ultraviolet—visible spectroscopy
(UV), field-emission scanning electron microscopy (FESEM), X-ray
diffraction (XRD), X-ray photoelectron spectroscopy (XPS), Photo-
luminescence (PL), and I-V curve measurement have been used to
investigate different properties of the fabricated cells. By these
methods, it has been affirmed that the enhancement of open-
circuit voltage (Voc), performance, and stability through the
reduction of Sn®>*oxidation to Sn** can decrease the defect states
and carrier recombination.

2. Experiments
2.1. Materials

Snl, (99.99%, Alfa Aesar), formamidine iodide (99%, Dyesol), TiO»
paste (Dyesole 18NR-T) and SnF, (99%), titanium diisopropoxidebis
75% in iso-propanol, dimethyl sulfoxide (DMSO), dimethylforma-
mide (DMF), and Uric acid (>99%) from Sigma Aldrich.

2.2. Preparation of devices

A C—TiO, layer (50 nm) was deposited on a FTO glass sheet by
the spray pyrolysis of a titanium diisopropoxidebis/anhydrous
ethanol solution. The glass was later annealed at 450 °C. Then, three
layers including mesoporous TiO;, Al; O3, and carbon layers with
the thickness 1, 1, and 10 um were screen printed on the C—TiO;
layer and sintered at 500 °C, 400 °C, and 400 °C for 30 min,
respectively. All pastes were prepared according to previous works
[37]. A perovskite precursor solution (FASnl3) was prepared with
the equimolar proportions of Snl, (1 M) and FAI (1 M) in 0.5 mL
DMF: DMSO (50:50) and SnF, (0.1 M). The perovskite solution
(3 pL) was added to the cell, dried at 70 °C (for 10 min), then
annealed at 130 °C (for 10 min) to complete the device fabrication.

2.3. Material characterization

A field-emission scanning electron microscope (FESEM, Hitachi
SU8010) was applied to show the structural property of the device.
The absorption spectra of the films were provided by a UV—Vis/NIR
spectrophotometer with an integrating sphere (V-570, Jasco).
Photoluminescence (PL) was carried out by a JASCO mono-
chromator (CT-50TFP, F-number = 4.3, focal length = 500, and
grating 600 lines mm™! with a blaze at 1000 nm). The sample was
excited by a Q-switched Nd-YAG laser (IB Laser, DiNY pQ532). The
repetition rate of the laser was 500 Hz, and its pulse width was
532 nm. The crystal structure in the perovskite film was obtained
via X-ray diffraction (XRD, Bruker D8-Advance, with Cu K, radia-
tion). Through Thermo K-ALPHA Surface Analysis, the X-ray
photoelectron spectra (XPS) were investigated for the perovskite
samples. The photovoltaic investigations were done with a solar
simulator (AM 1.5G, XES-40S51, SAN-EI) which was calibrated with a
standard Si reference cell (Oriel, PN 91150V, VLSI standards). A
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metal mask with an area of 0.09 cm?® was utilized in these
measurements.

3. Measurements

In the first step, different percentages of UA were added to a
FASnl3 solution. Then, the colors of the resulting solutions were
compared after the solutions were kept in the environment with
the humidity of 65% for 50 min. The results are shown in Fig. 1a and
Fig. 1b. As the figures suggest, after 50 min, the yellow FASnl3 so-
lution (0%) turned to red completely, which means the intensive
oxidation of Sn in the ambient conditions. However, as can be seen,
the change of color in solutions that contained UA (5%, 10%, and
15%) was not so intensive. Therefore, it was expected that the
oxidation of Sn decreased when UA was added. It can also be seen

a)

that among the solutions with UA, the intensity of color change for
solutions with 10% and 15% UA is lower than that of the solution
with 5% UA. In this study, an inexpensive carbon counter electrode
was used based on Sn-PSC with the construction of FTO/C—TiO,/
TiOy/Al;03/carbon. This structure is free of organic and inorganic
HTMs. Fig. 1c and 1d presents the device structure with different
layers.

To confirm the effectiveness of UA, certain measurements were
done after the UA was added to the electrode structure. Fig. 2a
presents the absorption spectra for the FASnI3 film and the FASnl3
with different percentages of UA (5%, 10%, and 15%). There were no
special changes in the wavelengths after the UA was added. How-
ever, there was an increase in the absorbance intensities once
different percentages of UA were added. These findings imply that
UA molecules are not replaced into the tin-perovskite lattice. Also,

Perovskite solution

Carbon layer

Fig. 1. Comparing of FASnl; solution with the different percent of UA. a) Starting time and b) 50 min after exposure in ambient (65% Humidity). c) Device structure, and d) SEM
image for device structure with TiO,/Al,03/Carbon layers along with growth perovskite crystals.
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Fig. 2. a) Absorbance for cells with the different percent of UA added to FASnl; solution. b) XRD patterns of the FASnl; and FASnl; with 10% UA.

it seems UA additives can improve the quality and crystallinity of
films, which originally has poor morphology as well as defects and
deep charge traps caused by Sn oxidation. We considered 10
percent as the optimized amount of UA in this regard. It showed
higher absorbance (Fig. 2a) and better stability in the primary tests
(Fig. S1).

The variation of crystallinity was investigated by XRD. Fig. 2b
illustrates the XRD patterns for FASnI3 and FASnI3 with 10% of UA as
an additive. For the FASnl; film, the XRD pattern contains peaks at
14.0°, 24.4°, 28.22°, 31.65°, and 40.37°, indicating an orthorhombic
phase for FASnls. All these peaks prove that the FASnl; film is
composed of random orientation grains [38]. The FASnl; film with
UA has provided slightly more intense patterns, indicating better
crystallinity in consistence with the absorption spectra. In addition,
XRD patterns do not show remarkable changes in the curves after
the addition of UA, which proves UA is not replaced into the Sn-
perovskite lattice [39]. Fig. S2 compares the XRD spectrum for
two kinds of films: (1) the combination of Snl, with SnF; and (2) a
combination of Snl, mixed with SnF, and UA films. All films only
showed the characteristics related to Snl, [40]. As shown, the peak
intensity diminished in the second film. It can be attributed to the
creation of SnY>-UA complexes due to the Lewis acid-base adduct
[41].

From the SEM cross-section, it can be found that the penetration
of FASnI3 in the porous alumina is not ideal and there are obvious
holes in the filling. When the 10% UA content is added, it can be
found that the filling conditions of aluminum oxide and titanium
dioxide are very good, and the filling is complete without the ex-
istence of obvious holes. This pinhole-free and compact perovskite
layers are useful for cell performance (Fig. 3). For a better under-
standing of the effect of UA on morphology, we compared the SEM
image of the perovskite film with and without using UA (Fig. S3). It

showed that adding UA has significant effects on the morphology of
the perovskite film and led to the formation of a compact and
pinhole-free film. It is attributed to a decrease in the crystal growth
rate and happening uniform nucleation in UA + FASnl3 films.
However, when the amount of UA was increased to 15%, the
perovskite film became much rougher than the perovskite film with
10%. UA.

The function of the UA additive on the oxidation of Sn*>* was
examined via XPS measurements. As in Fig. 4a and 4b, the XPS
spectra were deconvoluted into two sections involving Sn** and
Sn®* species in the binding energies of 486.6 eV and 486 eV,
respectively. According to the fitting results, the FASnl3 film
involved much larger Sn** peaks than the FASnls + UA film. This is
because the amount of Sn** in the FASnl; film was much higher
than in the FASnl; + UA film. Also, according to some previous
studies, the amount of Sn** in FASnI3 films is high [1]. In our study,
the Sn%* peak of the FASnIs+ UA film was larger than the Sn*t peak,
but, in the FASnl; film, the Sn?* peak was smaller than the Sn**
Peak. It can, therefore, be concluded that UA can remarkably inhibit
the oxidation of Sn®* in perovskite layers. To investigate the charge
dynamics of the fabricated films, normal photoluminescence (PL)
spectroscopy was performed with samples that were assembled on
glass substrates. Fig. 4c exhibits the steady-state PL spectra for the
FASnI; and FASnI;+UA samples. All the samples had emission peaks
of about 895 nm. The PL intensity of reference film (FASnl3) was
lower than that of FASnl3+UA, indicating higher non-radiative
recombination losses for the charge carriers in FASnls as a result
of the free carriers captured in the defect sites. It was also found
that the Sn®* oxidation and the formation of Sn** could increase

the non-radiative recombination and decrease the PL intensity. In
addition, lower crystallinity could result in lower PL intensity in
FASnI3 [31,42].

Fig. 3. SEM cross-sectional view of the TiO,/Al,03/C structure of the device, a) without using UA, and b) after adding 10% UA.
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Fig. 4. XPS patterns to show distribution of Sn?>* and Sn** in samples a) FASnls, b) FASnls+ 10% UA. c) Photoluminescence of FASnl; and FASnIs+ 10% UA.

Photocurrent-voltage (I-V) curves were recorded for different
prepared devices. Fig. 5 illustrates these [-V curves, and Table 1
presents the photovoltaic parameters (Vo Jsc, FF (fill factor), and
PCE) for the samples. As the results indicated, the Sn-based
perovskite device prepared without using UA had lower perfor-
mance, a PCE of 0.8%, and the photovoltaic parameters of Vi.:
146 mV, Js.: 18.29 mA cm 2, and FF: 30.14. However, in the device
prepared with UA, there was an improved PCE of 1.2% along with
the parameters Jsc: 22.36 mA cm 2, Voc: 189.5 mV, and FF: 28.1. Our
results show remarkably improved V. and Js. in the presence of UA.
According to the XPS results, the improvement of PCE through the
addition of UA can be ascribed to the retarded Sn®* oxidation,
which significantly inhibits the defect generation and decreases
recombination. This is in accordance with PL findings. In addition,

——FASnI3 (1)
——FASnI3+UA (2)

Current density (mA. Cm'z)

o9
=3
<>

-

0.08 0.16 0.24
Voltage (V)

Fig. 5. ]—V curves for the cells involving FASnl3 (1) and FASnI3+ 10% UA (2).

Table 1

Figures of merit for different devices.
Devices Jse (MA. Cm~2) Voe (V) FF (%) M (%)
FASnI; 18.29 0.146 30.1 0.80
FASnl; + 10% UA 22.36 0.189 28.1 1.2

the improved photovoltaic parameters provide evidence for the
noticeable decrease of defects and charge trapping cites because of
the improvement in crystallites according to XRD, UV, and SEM
results. Fig. S4 shows the stabilized power output powers of de-
vices, FASnl3 and FASnl; +UA, for 600 s. As can be seen, devices
based on FASnl3 +UA indicate better steady-state efficiency.

To evaluate PSCs, stability is an important factor to consider. For
this reason, we investigated the UV absorption spectra for unen-
capsulated devices with FASnl3 and FASnl3 + UA 10% films after
exposing them to ambient conditions (30% humidity) for 0, 3, and
6 h (Fig. S5. (a)). Other than our study, long-term stability was
investigated for FASnl3 + UA in GB after one week, two weeks, and
one month (Fig. S5. (b)). All the UV spectra revealed that devices
with UA would have better stability than those without UA.
Moreover, we compared the XRD patterns of fresh and old (2 weeks
in GB) perovskite films with 10% UA (Fig. S5. (c)). The devices with
FASnI3 rapidly decomposed to Snls [21], but those with UA did not
in two weeks. It brings one to the conclusion that UA additives not
only decrease tin oxidation, but also protect perovskite structures
against oxygen and moisture. Due to the structure of uric acid, this
compound can stabilize the perovskite structure through hydrogen
interactions and prevent further oxidation. Because it can reduce
the electron density on iodide atoms and thus improve structural
stability [43].
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4. Conclusion

In this study, a natural antioxidant was used as an efficient ad-
ditive to prevent Sn** oxidation in Sn PSCs with a carbon counter
electrode. The screen-printed method was used to fabricate the
cells, and then a perovskite solution containing UA was added to
those cells. The results indicated that UA, an inexpensive and
available antioxidant, is a suitable candidate with which to achieve
better photovoltaic parameters and stability in FASnl3 PSCs. The
improvement is made through the reduction of Sn**oxidation to
Sn**, a decrease of recombination, and the enhancement of crys-
tallinity. Application of antioxidants to elevate the performance and
stability in Sn—PSCs seems to be a noticeable strategy and an
alternative procedure for the use of expensive additives. In this
respect, it is more desirable to use antioxidants that have certain
functional groups like OH™, NH>, or SO3.
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