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Invited Paper

Flexible Dye-Sensitized Solar Cells Assisted with Lead-Free Perovskite Halide

Xiaojuan Fan*

Department of Physics, Marshall University, Huntington, WV 25755, USA

ABSTRACT

Dye-sensitized solar cells (DSSCs) have shown promising alternative to Si-based counterparts
due to low cost, abundant raw materials, and non-vacuum processing. Here, we report a solution-
based process to create flexible DSSCs on aluminum foils. Mesoporous TiO: electrode was
directly deposited on Al foil through spin casting. After post-thermal annealing, the resultant
samples render optical smooth, crack-free, and large nanocrystalline thin films. The as-prepared
double-layer porous TiO- thin film was incorporated with a porphyrin dye followed by a
perovskite halide salt Cs,Snleg, as the hole transport material, replacing liquid electrolyte. A
transparent conducting plastic sheet was used as the cathodic electrode to complete the solar cell
construction. Samples were characterized using X-ray diffraction, SEM, AFM, UV-Vis
spectrometer, and current-voltage measurements. A photo-electricity conversion efficiency of
3.74% has been achieved that potentially makes the possibility of scaling up fabrication of all-

solid-state flexible solar cells.

KEYWORDS: Flexible solar cells, dye-sensitizer, hole transport materials, solar energy

conversion.
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I.  INTRODUCTION

Dye-sensitized solar cells (DSSCs) have received increasing attentions in the past
decades due to the features of low cost, fast process, light weight, non-toxicity, and abundant raw
materials compared with other expensive semiconductor-based solar cells. In most of the solar
cell productions, the fabrication usually requires high-vacuum and complex physical or chemical
procedures, which is not in favor of large-scale manufactures. In contrast, DSSCs, as a promising
alternative, can be processed in ambient environment using solution form. The pioneering work

of DSSCs was reported in 1991 by Gratzel group, in which a solar cell device was fabricated on

a mesoporous TiO; thin film covered by a charge transfer dye monolayer of Ru-based complex
[1]. The device harvested solar light and yielded photo-electricity conversion efficiency of 7.9%.
Later, the efficiency was improved up to 10% under AM 1.5 irradiation certified at the National
Renewable Energy Laboratory in 1997. The dye molecular sensitizers of Ru-complex were
designed to be easily linked onto metal oxide nanoparticles, while several other sensitizers, i.e.
metal-free organic dyes, porphyrin dyes, and natural dyes were also introduced that can deliver a
comparable efficiency at a lower cost [2-4]. Recently, a novel 3D plasmonic designation applied
to the transparent electrode yielded an increased energy conversion efficiency [5]. Zhang group
proved that photovoltage can be greatly lifted through the incorporation of Mn?* into CdSe
quantum dots attached on TiO- thin films [6]. Unlike semiconductor Si that acts as both
sensitizer and transporter in traditional solar cells, metal oxide in DSSC, such as TiO2, serves as
both the porous structure anchoring dye molecules and the electrode transferring photocurrent as
well as the absorber of ultraviolet light. Thus, metal oxide electrodes and dye molecules take the
same important roles in the construction of DSSCs. Liquid electrolyte, commonly used in

DSSCs, acts as the mediator to transfer iodide/triiodide redox couples that aims to suppress the



charge recombination. Despite the advantages of low-cost and fast process in DSSCs, organic
and liquid materials if staying inside the optoelectronic devices often cause technique problems,
such as sealing, leakage, corrosion, degradation, and limited lifetime. Therefore, various
materials have been developed to replace the solvent-based liquid electrolytes, such as polymeric
materials, quasi-solid-state ionic liquids, and perovskite hole transport materials (HTMs), so that
all-solid-state, robust, and stable DSSCs can be made on flexible substrates [7-12]. Organometal
halide perovskites used as photo sensitizer in solar cells were reported in 2009 for the first time
[13]. Since then, this class of lead-based perovskite materials have been extensively investigated
on solar cell applications by both experimental works and theoretical simulations [14-19]. For
instance, anti-solvent engineering of organolead perovskites can significantly improve the
performance of perovskite solar cells [20]. One of the rigid perovskite solar cells treated by the
anti-solvent of compound ether could exhibit the power conversion efficiency (PCE) up to
18.47%, a very competitive result in current solar cell market [21]. A PCE of 13% was also
achieved in a Br-substitution of | site organolead perovskite solar cells on glass substrates, where
the whole fabrication can be processed at temperatures below 140 <C [22]. Although organolead
perovskite has been demonstrated the most efficient sensitizer in perovskite solar cell
applications, the toxicity of lead-involved optoelectronic devices is a big problem that
immediately urges further explorations of finding non-toxic substitutions, i.e., lead-free
perovskite alternatives, such as Sn?* based perovskites including CHsNH3Snls, CHsNH3Bils,
FASnI3, and CsSnls [23-30]. Unfortunately, Sn** based perovskite halides exhibit a poor stability
and fast degradation due to the rapid oxidation of Sn?* to Sn** in air. Instead, a lead-free double
perovskite halide of Cs2Snls is found to be more stable than CsSnlz in air but with similar

transportation and light absorption regime. It was reported that the first Cs>Snls-based all-solid-



state solar cells were successfully created with a delicate PCE of near 1% [31]. After that,
Cs2Snls has received enthusiastic investigations and the PCE was improved to 4.7% by using it
as the hole transporter in rigid glass-based DSSCs . Further studies on Sn-based devices
concluded that the cell performance can be greatly enhanced by reducing recombination centers
in both layer matrix and interfaces. In addition, its excellent optoelectronic properties have
facilitated other applications beyond photovoltaics, such as photodetectors and photocatalysts
[32-36]. However, incorporating Cs2Snls as a hole transporter in flexible solar cells, especially
flexible DSSCs on Al foils, has not been extensively studied.

So far, the best efficiency of 12% was obtained from DSSCs built on rigid glass
substrates with liquid electrolytes [1, 37-40]. The first ever flexible DSSC using Z907 dye
sensitizer and eutectic melt electrolyte showed a PCE of 6.5% [41]. Flexible solar cells if
created on opaque substrates would need backside incident irradiation through cathodic
electrodes [42-46]. Transparent plastic poly(ethylene terephthalate) (PET) sheet was one of such
cathodic electrode materials for backside illumination amid opaque anodes [47]. Some
conductive substrates can only be used as cathodic electrodes in flexible DSSCs due to low
temperature sustaining and poor adhesion. To overcome these shortages, new methods have been
developed and implemented, such as facile electrodeposition, screen printing, ink-jet printing,
electrospray, and so on. For instance, DSSCs were created on plastic ITO-PEN sheets by spray-
coating of Pt as the cathodic electrode, which could yield a PCE of 8.5% [48]. Moreover, a
quasi-solid-state DSSC coupled with an optimized PET film displayed a high PCE of 10.25%
[49]. Owing to good flexibility, transparency, and fast-processing, polymeric materials have
proved themselves the optimal components used in flexible DSSCs, which can deliver

reasonable PCEs under visible light irradiation [50-53]. However, all plastic polymer solar cells



may encounter composite degradations and strength reductions at high temperatures or under
harsh weather conditions during outdoor operations. On the contrary, flexible metallic substrates
often exhibit excellent flexibility, ductility, durability, and thermal stability, such as titanium,
platinum, nickel, aluminum, copper, and stainless steel. Electrically anodized titanium foils used
as anodes have been reported that through the back-illumination, the energy conversion
efficiency has reached to 7.1% [54-56]. Although carrier transportation in bulk TiO> crystals
remains low due to the large band gap (3.2 eV), porous nanocrystalline TiO; thin film, an
adoptive structure for DSSCs, can vastly host dye molecules on the large surface areas of the
pores, where the matching energy band structures between TiO2 nanoparticles and dye molecules
allow photocurrent easily transferring from dye molecules to TiO2 nanoparticles with limited
recombination. In a recent work, energy storage devices were proposed to have an enhanced
transportation based on highly conductive and flexible TiO2-Carbon nanotube sheets, however,
no practical application was presented on solar cell fabrications in their work [57]. A flexible and
transparent multilayer electrode TiO2/Ag/ITO was successfully deposited on polyethylene
terephthalate (PET) substates by RF magnetron sputtering system for photonic devices [58].
Single-crystalline anatase TiO2 nanowire arrays grown on flexible titanium foils by hydrothermal
method at 220<C and post thermal calcination at 600 <C to 700 <C were applied as the anodic
electrodes in lithium ion batteries [59]. Therefore, direct deposition of porous TiO>
nanocrystalline on metal Al foil substrates may be applied to the fabrications of flexible DSSCs.
It is feasible to grow metal oxide thin films on flexible substrates by solution methods in ambient
condition, which may offer a scalable process suitable to mass productions. Various metal foils
and polymeric plastics substrates have been selected for the fabrication of flexible DSSCs

through different procedures, but there is no report on direct deposition of porous TiOz thin films



on flexible metal foils in ambient environment followed by post thermal treatments. Among
those metals, aluminum is the most abundant and affordable material that can sustain high
annealing temperature of 500°C, a critical temperature to make TiO, anatase structure [60, 61].
The well-established method of using polymer or co-polymer as templates to deposit porous
metal oxides on rigid glass substrates may now be transferred to flexible metal foils or plastic
sheet substrates [62].This work reports a convenient, fast, and cost-effective method to build
DSSCs on flexible Al foils through polymer-templated chemical solution processing, followed
by a layer of Cs>Snlg as the hole transport material to replace liquid electrolyte. All procedures
were performed in ambient environment without the requirement of high-vacuum or glove box.
The fabricated porous nanocrystalline TiOz thin films show uniform thickness, large area, and
optical flat surface with crystalline TiO> particle size ranging from 30 nm to 200 nm. The
flexible TiO- thin films stay in good adhesion with metallic Al foil substrates. The crystal
structure of TiOz thin films was examined by X-Ray diffractometer (Rigaku, TX). Surface
morphology images were carried out using Field Emission Scanning Electron Microscope (SEM)
(JEOL, Japan) and Atomic Force Microscope (AFM) (NanoSurf, MA). Photo absorption
spectrum was conducted using Cary 60 UV-Vis spectroscopy. Energy conversion efficiency
were characterized through J-V curve measurements using Keithley 2400 source meter under one

sun illumination (100 W/cm?).

Il. RESULTS AND DISCUSSIONS
A dense and thick nanocrystalline TiO> thin film on glass substrate was prepared using the
same precursor for structure characterization purposes. The crystal structure was examined by X-

Ray diffraction, as shown in Fig. 1, which reveals a good polycrystalline with major peaks at 26



values of 25.39< 37.95< 48.06< 54.84 < and 62.83< indicating TiO2 nanoparticles in anatase
phase. Anatase phase has been considered as the most effective structure for solar cell
applications [63]. The crystallite size (drx) of the as-prepared thin film can be determined by the
width measurement of the most intense peaks in the diffraction pattern according to Debye-

Scherrer equation as follows:
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Figure 1: XRD pattern of TiO2 nanocrystalline thin film on glass substrate.

where dgy is the crystallite size, k = 0.9 is a correction factor which denotes the particle shape
(spherical in this case), g is the full width at half maximum (FWHM, line broadening in radians)
of the most intense diffraction peaks, A is the wavelength of Cu target (0.15406 nm), and 8 is the
Bragg’s angle. The quantitative results are summarized in table 1. Crystal size ranges around 10 -
17 nm, which indicates that a high quality TiO> thin film with uniform crystallite size was

realized.



Table 1: Average crystallite sizes of as prepared nanocrystalline TiO thin film.

267 & B(rad) | dgx (nm)
25.39 12.70 0.50 16.3
37.95 18.98 0.84 10.0
48.06 24.03 0.51 17.1
54.84 27.42 0.56 15.7
62.83 31.42 0.75 12.4

Cs2Snlg is a double layer perovskite structure, slightly variant with the standard ABX3 perovskite
compounds [29]. The compound Cs2Snle is missing half of octahedral Sn atoms and therefore
becomes a molecular salt with Sn** instead of Sn?* contained in CsSnls structure. This explicates
the air-stability of the material. X-ray diffraction measurements on synthesized Cs,Snle black
powder are displayed in Fig. 2, where the cubic Fm3m space group is adopted with a lattice

constant around 11.67 A\ It has been reported that Cs,Snls is a p-type semiconductor possessing
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Figure 2. XRD pattern of Cs>Snle black powder.



a direct band gap with a value around 1.3 eV - 1.48 eV, in accordance with the broad peak

position in its absorption spectrum .

Surface morphology of nanocrystalline TiO> thin films on glass substrates was examined
by scanning electron microscope (SEM) and atomic force microscope (AFM) in both low and
high magnifications. Fig.3a shows SEM micrographs in low magnification that the film has well
distribution of TiO2 nanoparticles in porous form with particles or particle clusters
interconnected. Fig. 3b in high magnification depicts the particle size ranging from 200 nm to
500 nm with irregular pore shapes, i.e., a mesoporous structure built by spherical and
interconnected nanocrystalline particles. The larger nanoparticle grain size and multiple layer
appearances could be caused by multiple-step of spin-coating procedure and longer time of post-
thermal treatment. EDS analysis confirms that the samples are mainly made of element Ti and
oxygen, in agreement with the pure anatase TiO> crystal structure characterized by X-Ray
diffraction. The sharp peak for element Sn is believed from the transparent conductive coating of
FTO, while the prominent peaks labeled Ca and Si are the main compositions in glass substrate.
No obvious large peaks come from other elements except those mentioned above, which
demonstrates the as-grown samples being highly pure TiO2 nanocrystals.

AFM images are displayed in Fig. 4a and 4b that were carried out on a different sample
deposited on Al foil substrate from the same precursor and the same post-thermal temperature as
the glass-based samples. Two images depict low (scan range 20umx20um) and high (scan range
2umx2um) magnifications, respectively. In addition, Fig. 4c illustrates the thin film surface
roughness profile along the dash line shown in Fig. 4b, which reveals that the average
nanoparticle size ranges from 20 nm — 100 nm, much less than the average size showed in SEM

images probably due to thinner film by fewer repeating steps of spin-coating on this sample. The
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Figure 3. (a) Low magnification of SEM image, scale bar 10 um; (b) High magnification
of SEM image of porous TiO- thin films, scale bar 1 um; (c) EDS analysis of confirmed
elements in sample.
AFM images also indicate that the void area, i.e., pore size is at micrometer range in consistent
with the SEM result presented in Fig. 3a. Large pore size provides spacious accommodation that
favors more dye molecules easily anchoring on the spherical surfaces of TiO2 nanoparticles.
The porphyrin dye N790 is a deep red (or purple) colored organic compound. Porphyrin

derivatives are suitable for DSSC applications due to their unique thermal stability, excellent

electronic transportation, and great absorption in visible light region [64]. The absorption
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Figure 4. AFM image of TiO2 nanoparticle thin film on Al foil substrate. (a) The image
size 1s 20pmx*20um,; (b) The image size is 2umx*2pum with a dash line as the guide for

viewing the average nanoparticle size; (c) The profile of nanoparticles along the dash
line shown in Fig. 4b.

spectrum was collected by UV-Vis spectrometer as shown in Fig. 5, in which a broad absorption
spectrum is observed between 350 nm and 700 nm and peaked at 410 nm in accordance with its
appearance of red-wine-color solution of molecular powder dissolved in ethanol. The same
featured spectrum for N790 was also found in dye stained porous TiO2 nanocrystalline solid-
state thin films on Al foil substrates, which proves a good linkage status between the dye

molecules and TiO2 nanoparticles.
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Figure 5. UV-Vis absorption spectroscopy of porphyrin dye N790.

Photo-energy conversion efficiency of the fabricated flexible DSSCs was characterized
using Keithley 2400 source meter under a standard Sun light simulator. Due to the opaque
feature of the Al foils, such solar cells need back side irradiation through the transparent PET
sheet of cathode electrode. Fig. 6 displays a typical current-voltage measurement from one of the
as-prepared solar cells under one sun light illumination, AM1.5, with the intensity at 100
mW/cm?. The obtained result shows the short circuit current Isc of ~ 6.72 mA/cm? and open
circuit voltage Voc ~ 0.83 V. The resultant fill factor is about 67% and the overall photo-energy
conversion efficiency # is around 3.74%. The moderate efficiency may be explained in
following aspects. In comparison with the higher efficiency of 6.5% in the Ru-dye based flexible
DSSCs [41], the porphyrin N790 dye molecules used in this work is more affordable but less
efficient. The reference of [42] also used costive titanium metal foils as the anode substrates and
precious metal platinum underlayers, which are quite different with the cheaper and more

abandoned aluminum foils. Through polymer templates and organometal precursors, the direct
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Figure 6. Current-voltage curve of the device under light intensity of one sun
(AML1.5 global, 100 mW/cm?).

depositions of large size and planar structure of TiO. thin films on Al foils may generate pin
holes and impurities at both matrix layer and interfaces, which would inevitably increase device
resistance and reduce carrier transportation. Extremely high-quality metal oxide thin films may
require advanced equipment and high vacuum systems such as magnetron sputtering, e-beam
evaporation, thermal evaporation, chemical vapor deposition, and etc. In a very similar work but
different substrates, flexible DSSCs based on ZnO/TiO; core-shell structure deposited on
stainless steel mesh yielded an optimal PCE of 2.84% [65]. They claimed that after an aluminum
foil membrane was introduced on the back of the cell as a reflective layer, the efficiency was
increased to 3.12%, revealing that the present work outperformed it upon the usage of aluminum
foil substrates and easier processing. Another reason for the mild efficiency could be because the
simple spreading method in ambient environment was adopted when the hole transport material

Cs2Snle was laid on dye-stained TiO> thin films, which might create defects or non-contact areas

13



and likely affect the solar cell performance. Although high efficiencies mostly reported were
realized in CsSnls-based solar cells, the instability of this material prevents the processing from
ambient environment. Another example of Cs2Snle used as the hole transporter in glass-based
DSSCs was able to deliver and maintain the PCE at 3.44% for several months without any sign
of deformation, a proof of stability in air at room temperature [33]. This work incorporated the
hole transport material of lead-free double-perovskite halide to Al foil-based flexible DSSCs
through solution processing and achieved a better PCE than 3.44%, that may have demonstrated
the possibility of scaling up production by this method. In conclusion, we have successfully
fabricated flexible DSSCs on Al foils using mesoporous TiO2 nanocrystalline thin films as the
anodic electrodes made from polymer-templated chemical precursor. The thin film thickness can
be controlled by both multiple spin-coating steps and the time duration of post thermal treatment.
Pore size ranges from hundreds nanometer to a micron allowing more porphyrin dye molecules
freely attached on the surfaces of TiO2 nanoparticles to improve photovoltaic performance.
Solid-state double-perovskite halide Cs.Snle serves as the hole transporter in the replacement of
the liquid electrolyte to get rid of possible corrosion and leakage. With the backside irradiation,
an energy conversion efficiency » = 3.74% has been achieved. The whole construction being
operated in ambient environment is meaningful that has manifested a feasible step toward the

realization of lead-free perovskite assisted flexible DSSCs on Al foils.

I1l. MATERIALS AND METHODS
General procedures of coating nanocrystalline TiO2 on flexible Al foils start with a
polymer template. Al foils were cleaned in isopropanol, and DI water in ultrasonication. Three

weight percent polyethylene oxide (Sigma Aldrich) was dissolved in 20 ml of Toluene (Acros
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Organics) by stirring, then mixed with six weight percent titanium butoxide (Sigma Aldrich).
The mixture was vigorously stirred in a covered beaker for 2 hours. The resultant transparent and
viscose solution was spun on cleaned Al foil substrates with backside taped on a Si wafer for
surface flatting purpose. The casted thin films were heated up to 500°C in an oven for at least 4
hours. It is believed that all residual polymers and organics were removed thoroughly from the
thin films after the high temperature annealing. VVoids, i.e., pores, are left behind to render a
porous structure with interconnected titania nanoparticles.

The lead-free and air-stable molecular iodosalt compound, Cs2Snls, where Sn is in the 4*
oxidation, provides a good replacement to the class of unstable perovskite halides. Cs2Snle
compounds have a high-symmetry cubic structure with good air and moisture stability [12, 66].
Cs2Snls nanoparticle powder was synthesized through chemical solution route. The synthesis
starts to mix 3.0 g Cs2COs in 20 mL aqueous HI to form a concentrated acidic solution of Csl. In
another clean beaker, 3.1 g Snls was dissolved in 10 mL absolute EtOH to obtain a clear orange
solution. The mixture of the above two solutions was stirred vigorously until a precipitation of
fine black particles appeared. Let the mixture stay in stirring for a further 120 min to ensure a
thorough reaction completed. The final black powder was filtered off and washed with absolute
EtOH by repeating three times. The obtained compound Cs,Snls after drying is moisture-stable
at ambient environment.

As-prepared mesoporous TiO» thin films show smooth surface without any visible defects
on which flexible DSSCs can be built. The photo sensitizer, meso-tetra(4-carboxyphenyl)-
porphyrin dye (N790, 1mM solution in absolute ethanol), was attached on TiO2 nanoparticles by
merging the titania thin films into the dye solution for 24 hours until the surface turned to a deep-

red color. A gel solution of Cs,Snls nanoparticles in PEG is drop-spread on the dye stained TiO>

15



electrode surface and let it dry at 60 on a hot plate for 1 hour. A work area about 11 cm? was
defined using resin glue and immediately sealed by a transparent conductive PET plastic sheet

acting as the cathodic electrode to complete the solar cell fabrication.
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