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ABSTRACT

The metal halide perovskites have proven their potential in being the active absorption layer for
the third-generation perovskite solar cells (PSCs). Their reported power conversion efficiency
(PCE) is one of the fastest growths in the last decade, closing in towards the Shockley-Queisser
limit and the silicon solar cell’s highest recorded PCE. This was possible by exploiting properties,
like tunable band gap, excellent photon absorption, and long carrier diffusion lengths. One of the
possible ways to further improve the performance of the PSCs is by fabricating high-quality,
defect-free perovskite films and optimizing the PSC’s architecture accordingly. Ambient
fabrication (Avg. 45% relative humidity) of PSCs usually causes non-uniform morphology and
unequal crystal growth of the perovskite thin film leading to bad performance of the PSC. The
motivation for this research is to fabricate high-efficiency metal halide perovskite solar cells with
good optoelectronic and photovoltaic properties in complete ambient conditions i.e., without the
use of an inert gas environment/glove box. Fabrication in such an environment leads to the
formation of larger grains and defects. Hence, optimizing the fabrication process to minimize the
defects, results in uniform deposition of perovskite active layer with larger grain size, which will
aid in faster carrier transportation. By fine-tuning the growth conditions of every layer in the PSC
and optimizing their fabrication variables, one can achieve improved performance from a PSC.
Hence, choosing the most effective source materials and deposition conditions that work in
ambient conditions for both electron transport layer (ETL) and hole transport layer (HTL) and
optimizing the thin films for best extraction and transportation of charge carriers while also
blocking the opposite charge carrier is essential. We took measures to improve the quality of the

perovskite active layer by using mixed anti-solvent to increase the grain size and depositing a



passivation layer on perovskite thin film before the HTL to lower the surface defects. Therefore, a
synergistic effect from various individual optimizations done at each layer and interface level was
anticipated, which successfully improved the PCE of our PSCs fabricated in ambient conditions

from around 7% to above 15%.
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NOMENCLATURE

PSC Perovskite solar cell

PCE Power conversion efficiency

RH Relative humidity

ETL Electron transport layer

HTL Hole transport layer

CdTe Cadmium telluride

CIGS Copper indium gallium selenide
ITO Indium doped tin oxide

Voc Open-circuit voltage

Jsc Short-circuit current density

FF Fill factor

TCO Transparent conducting electrode
FTO Fluorine doped tin oxide

RMS Root mean square

HOMO Highest occupied molecular orbitals
LUMO Lowest unoccupied molecular orbitals
UV-VIS Ultraviolet-visible

PTFE Polytetrafluoroethylene

SEM Scanning electron microscopy
PL Photoluminescence

AFM Atomic force microscopy

XRD X-ray diffraction
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1. INTRODUCTION

With the rapid growth of renewable energy usage around the globe with a major emphasis on solar
energy, there has never been a harder push from the industry for innovative solutions to improve
solar cell technology and reduce its costs to make it more affordable. This is where perovskite-
based solar cells come in, by having a potential for high efficiency at a lower processing cost, they
proved themselves as a worthy competitor for traditional silicon-based solar cells and other proven
thin-film technologies like CdTe and CIGS [6]. From just under 4% efficiency a decade ago, they
have currently achieved around 25% efficiencies nearing their practical limits [1-3]. But most of
these PSCs are fabricated in controlled and inert atmospheres in glove boxes maintained at <1%
moisture and O2[7-11], which is not a scalable process. Many research groups have been trying to
fabricate high-efficiency PSCs in ambient conditions, but as of now, the PCE is still relatively low
[4,5,12,13], and these PSCs also are susceptible to adverse effects of humidity and Oz in the
ambient conditions. Despite these hurdles, this is one of the most promising fieldsin both materials

science and the solar energy industry.

Fig. 1. ABX3 perovskite structure with larger A cation occupied in the cubooctahedral site and

BXs octahedron structure.
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Perovskites have the general formula of ABX3, where A and B represent cations where monovalent
A (Organic- methylammonium (MA), formamidinium (FA), etc. or inorganic- Cesium (Cs), Rb
(Rubidium), etc.) is bigger than divalent B (Lead (Pb), Tin (Sn), etc.), and X is usually a halogen
like Chlorine (CI), bromine (Br) and iodine (I). Cation A coordinates with 12 X anions and cation
B coordinates with 6 X anions forming a cuboctahedral geometry and octahedral geometry,
respectively as in Fig. 1. Inideal case scenarios, perovskites should possess a cubic structure with
an octahedral network of BXs in the corners with cation A occupying the cuboctahedral voids. The
BXs octahedral network highly influences the characteristics like bandgap and phase transition
[14]. The tendency to form the perovskite structures is estimated by using the Goldschmidt
tolerance factor (t) which is given by:

t = (Ra+Rx)/1.414(Rg+Rx)

Assuming the bond lengths are the algebraic sum of the ionic radii of the participating elements.
Here Ra, Re, Rx are the ionic radii of A, B, X, respectively. The value of t for a stable perovskite
crystal structure is 0.88 to 1.1, and in most common cases it is almost 1. An Octahedral factor ()
is another key factor for evaluating the stability of the perovskite crystal structure. A stable
octahedron can be formed only if the value of p is between 0.45 to 0.89 [15]. Where Octahedral
factor (W) is given by:

M = Re/Rx

The perovskite structures have lower exciton binding energy, high dielectric constant, long-range
charge transportation (100nm to even more than 1um) [16]. These also possess very good
photoelectric properties, and due to relatively cheaper raw material, low-temperature solution
processability, and relatively easy synthesis, perovskite has been an excellent choice for an active

layer for 3D planar heterojunction solar cells applications [17]. These features result in perovskite



solar cells with a high open-circuit voltage (Voc) and a short-circuit current density (Jsc). The
perovskite thin-film absorbs photons to produce excitons (electron-hole pairs) when exposed to
sunlight as in Fig. 2. Free electron-hole pairs are generated because of the difference in exciton
binding energy of the perovskite materials, they can either recombine back into excitons or
generate a current. A standard and model perovskite material like Methylammonium lead triiodide
(MAPDI3) (with unit cell parameter of 6.27A° and direct bandgap of 1.57V) [18] has high carrier
mobility and longer lifetime, at least 100 nm of carrier diffusion distance, and low carrier
recombination probability which results in high performing perovskite solar cells. These free
charge carriers are transported to their respective transport layers and the electrons are collected
by the Indium doped tin oxide (ITO) layer and the holes are collected at the metal electrode layer.
And when a circuit is established between ITO and the metal electrode, photocurrent is generated

in the external circuit.
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Fig. 2. Functioning mechanism of perovskite solar cells.
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2. LITERATURE REVIEW

2.1 Planar n-i-p Heterojunction Architecture

Metal Electrode

Hole-transport layer (HTL)

Perovskite layer

Electron-transport layer (ETL)
Transparent conducting electrode

Glass

Fig. 3. Architecture of planar n-i-p heterojunction PSC.
The typical planar architecture of perovskite solar cells is depicted in Fig. 3. The system has a
transparent conductingoxide (TCO) as an anode, n-type electron transport layer (Tin oxide (SnO2)
in our case), an intrinsic active layer of perovskite, p-type hole transport layer (Spiro-OMeTAD in
our case), and Gold (Au) metal as cathode. Two interfaces are created between the perovskite and
the carrier transport layers. Numerous works on the planar heterojunction perovskite solar cell
architecture resulted in the precise understanding of the mechanism of photocurrent generation,
which helped in optimizing the device down to each layer and successfully fabricating PSCs with
high PCE. Snaith et al. introduced the planar heterojunction architecture in 2012, using MAPDI 3.
xClx active perovskite layer and FTO/TiO2/MAPbI2Cl/Spiro-OMeTAD/Ag structure. But because
of bad film coverage, the device could only achieve 1.8% PCE [19]. Upon optimizing the process,
in 2013, Snaith et al. proposed a dual-source co-evaporation of MAI and PbCl. and deposited

MAPDI3-xClx absorber layer on ¢c-TiO2 ETL and could achieve a PCE of 15% with open-circuit
4



voltage (Voc)=1.07v, fill factor (FF)=67%, short circuit current (Jsc)=21.5mA/cm? [20]. In
2018, Dong Yang et al. and his team proposed a planar architecture with ethylene diamine tetra-
acetic acid (EDTA) complexed SnO: as the ETL and Spiro-OMeTAD as the HTL, sandwiching
the FAPDI 3 active perovskite layer with a trace amount of CS doped. They could achieve a highly
efficient PSC with a champion PCE of 21.6% and Voc=1.11v, FF =79.2%, Jsc =24.55 mA/cm?
[21]. Even the latest certified record of 25.2% PCE made by Jeong, J., Kim, M., Seo, J. et al. in
2021, used a planar architecture by eliminating the major lattice defectsin FAPbI s perovskite films
by utilizing HCOO—anions [22]. Hence, the relative ease of fabrication and the functionality made

the planar n-i-p heterojunction architecture a go-to option.

2.2 Indium Doped Tin Oxide Substrate

The ITO-coated glass substrate is depicted in Fig. 4. With a thickness of 100 nm, a measured sheet
resistance of 20 Q/sq., and a root mean square (RMS) roughness of 1.8 nm [23]. Despite having
lower optical transparency and lower thermal stability than FTO, we still prefer ITO because of its

superior electrical properties and a smoother finish as a TCO layer.

20 mm
| >|
E 2 mm
-8
¥y
>
6 mm

Fig. 4. Schematic of ITO substrate.
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2.3 Electron Transport Layer

The primary functionof an ETL is to efficiently extract and transport the photo-generated electrons
to the anode by forming an electron-selective contact with the perovskite active layer, therefore
blocking the migration of holes to the anode. This enhances the carrier separation and inhibits the
charge recombination. ETLs should pose a very high transmittance in the UV-VIS region to
maximize the solar spectrum’s photon transmission. It should have high thermal stability, high
charge mobility, minimal defect states, and have its HOMO and LUMO levels aligned according
to the perovskite active layer used. The Dye-sensitized solar cells (DSSCs) heavily used TiO> as
their ETL, hence TiO2 became a widely adopted ETL even in the perovskite solar cell community.
However, TiO2 has its drawbacks of stability as an ETL for PSCs and the processing of TiO2 needs
high-temperature sintering for elongated time, making it incompatible with large-scale
manufacturing at low costs. The conduction band minimum of MAPDI 3 is below that of TiOz,
which results in inefficient electron extraction. The photocatalytic effect of TiO2 results in
degradation of itself and the perovskite layer, especially when exposed to ultraviolet (UV) light
for an elongated duration. Oxygen vacancy defect trap states in TiO2 catalyze the non-radiative
losses deteriorating the device performance. Such limitations forced the perovskite solar cell
research community into searching for alternative ETLs [24]. Snaith et al. and co-workers used
Al203zinstead of TiO2 and concluded that it enhanced the stability of the PSC to a great extent [25].
Kelly etal. and co-workers experimented with ZnO, which was commonly used as ETL fororganic
solar cells and had the advantage of being processed at low temperatures with environmentally
safe solvents like water. But hydroxyl groups quickly degraded the PSCs, making ZnO a non-
worthy competitor [26]. Further research was carried with ZnO [26-28], ZnSO4 [29,30], WOs3

[31,32], In203 [33], SrTiO3 [34], BaSnO3 [35,36] etc. SnO2 was the clear winner among them all



with high bulk carrier mobility (240 cm? V-1s'1) which is almost two orders higher than TiOz,
superior chemical stability, resistance to UV spectrum resulting in lower photocatalytic activity
than TiO2, more compatible energy band alignment with perovskite layer leading tominimal open-
circuit voltage losses, better transmittance in UV-VIS spectrum. It also has a large bandgap of -
3.6ev to -4ev compared to -3ev of TiO2 [37], SnO2 is air-stable, commercially available at low
costs, and is also commercially processed at low cost due to low-temperature requirements. Ke et
al. first used SnOz thin film as an ETL in regular planar-type PSCs and achieved a 16.02% PCE
[38]. Later Jiang et al. synthesized the SnO2 nanoparticles as the ETL and reported a 19.9%
certified efficiency with very low hysteresis [39]. Hence, SnO2is one of the most promising ETLS,
which contributed to a high recorded PCE of 23.32% for planar heterojunction PSCs [39]. The rate
of electron transfer from the perovskite active layer depends onthe ETL used in the PSC, as they
all have different work functions. But it has been observed that Voc>1V for all TiO2, SnO2, and
ZnO ETLs, reflecting that, unlike Jsc and FF, the VVoc of the PSC does not depend on the energy

level of the ETL [40].

2.4 Perovskite Active Layer

As mentioned above, perovskites are of ABX3 configuration. The primary function of a perovskite
active layer is to absorb the photons from the sunlight and generate electron-hole pairs for them to
be transported towards the electrodes by the carrier transport layers. Kojima et al. fabricated a
methylammonium lead triiodide (CH3NH3Pblz) based PSC and achieved a PCE of 3.8% in 2009
[1] and this initiated extensive research on perovskite active layers in solar cells.
Methylammonium lead triiodide (MAPbI3) based PSCs achieved a PCE up to 20% [41-46]. As

stated previously, MAPbI3 has a direct bandgap of around 1.57ev and hence has an absorption



spectrum of up to 800nm. Italso has very low exciton binding energy (<10meV), a high absorption
coefficient, charge-carrier mobilities, carrier diffusion lengths (>1um), and a very low non-
radiative recombination, which makes it a worthy candidate for PSC fabrication [1, 47-52]. But it
is thermally unstable, hence the industry advanced to mixed cation perovskites (MAxFA1-xPbls)
[53] mixed halide perovskites (MAPDI2/3Br13) [54], and a synergistic mixture of these two like
MAxFA1-xPbBr2s3ly3 [55]. All these changes are to fine-tune the bandgap and to use a broader

spectrum of sunlight for energy conversion and fine-tune the optoelectronic properties.

2.5 Hole Transport Layer

Irrespective of the device architecture, HTL is a key element in fabricating an efficient and stable
PSC. The primary function of HTL is to efficiently extract and transport photo-generated holes to
the metal cathode by forming a hole-selective contact with the perovskite active layer, therefore
blocking the migration of electrons to the cathode. Hence, this also enhances the carrier separation
and inhibits the charge recombination. HTL should also have high thermal stability, high charge
mobility, minimal defect states, and have its HOMO and LUMO levels aligned according to the
perovskite active layer used. The transport layers should be thermally stable and resistive to
external degrading factors. There can be organic and inorganic HTLs, for example, Spiro-
OMeTAD, PTAA, NiO, CuO, Cuz0, etc. In DSSCs, liquid redox electrolytes were used [56], but
Bach et al. used a solid-state-based amorphous HTL called 2,2',7,7'-tetrakis- (N, N-di-4-
methoxyphenylamino) -9,9'-spirobifluorene (spiro-OMeTAD) [57]. The replacement of liquid
electrolytes with solid-state HTL Spiro-OMeTAD, had proven to improve the effective PCE and
stability even without encapsulation [57]. Spiro-OMeTAD has a plethora of advantages like a

simplistic recipe, high melting point, solid state-amorphous, good conductivity, solution



processability, non-volatile, and does not react with perovskites [58]. This also has its HOMO and
LUMO levels aligned to be compatible with most perovskite active layers. All these factors made
it one of the most famous HTL for PSCs [58]. It has been giving consistent results since 1997
when it was first used as HTL [59]. Even the latest breakthrough of PSC with 25.2% PCE was

fabricated with Spiro-OMeTAD [22].

2.6 Gold (Au) vs Silver (Ag) Top Electrode

The silver (Ag) electrode layer is deposited with a thickness of 100 nm, almost negligible
resistance when compared to the complete cell, very high electrical conductivity, good reflectivity,
and suitable work function for collection of holes [60]. Christian Wehrenfennig et al. and team in
2013 have first used Ag electrode in a planar MAPbX3 PSCs, later it became a common electrode
for minimizing the cost of fabrication of PSCs [61]. We in our research deposited Ag electrodes
using Electron beam deposition in the initial architectures to test out the functioning of the device.
Gold (Au) despite having lower electrical conductivity and charge carrier mobility, is preferred
over Ag as an electrode for PSCs because of its chemical inertness. Unlike Ag, Au does not readily
form any metal oxide/sulfide films on its surface, which reduces the effective conductivity, hence
increasing the stability and lifetime of PSCs with Au top metal electrode. Hence in later part of

this research we moved from Agto Auas the preferred choice of electrode.

2.7 Ambient Fabrication of Perovskite Solar Cells
The fabrication conditions are of extreme importance when fabricating PSCs as they influence the
quality and stability of the final perovskite thin films deposited. Hence, ambient fabrication as

opposed to using an N2 glove box will make our experiments susceptible to oxidation, effects of



humidity, any other contaminants/trace elements. The affect of humidity is predominant and
occurs as per the equation below.

CH3NHsPblz« 22> CH3NHsl + Pl

The fabrication conditions can determine the crystal structure, composition, surface
finish/morphology, optoelectrical properties of the perovskite thin film. But the advantages of the
perovskite solar cells motivated for designing a facile fabrication method that is inexpensive and
effective in producing high efficiency PSCs. Steady progress has been seen in the ambient-
atmosphere fabrication, but the PCE in most cases is still lower than those fabricated in a controlled
inert environment. In our research study, an attempt was made to optimize the fabrication
conditions and the fabrication process itself at multiple layers and interfaces according to the
ambient conditions, and a synergistic improvement in PCE has been observed from 7% to above
15%. This shows that upon further experimentation with better materials and further fine-tuning,
higher efficiency PSCs can be fabricated in an ambient atmosphere with ease.

It has been explained why SnO: is a better choice for ETL in a previous section, the functioning
of ETL also depends upon its source material. SnO2 can be prepared by the sol-gel method by
dissolving SnClzin ethanol. Even though SnClz is readily soluble in ethanol, it still benefits from
longer stirring times for producing a better-performing film. Anothersource for SnO2is from SnO>
colloidal solution in DI water. The ETL formed from this source is proven to produce PSCs with
over 20% PCE [51,52]. This SnO2 film has a carrier mobility of 1.9 x 10-3 cm? V-1s1, better
compared to SnO2 from SnClz in ethanol. This ETL is further enhanced by complexing the SnO2
with a chelating agent EDTA. This EDTA reacts with Sn** ions to form a stable and water-soluble
complex. One primary advantage this has over SnOz is that there is an improved open-circuit

voltage due to better band alignment of the EDTA-SnO2 complex with the conduction band of the
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MAPDI3. And the electron mobility of this ETL is about three times that of SnO2 [21]. EDTA is a
chelating agent, makes the SnO2 layer more hydrophilic upon complexing. This reduces the contact
angle between the perovskite precursor and ETL surface and lowers the Gibbs free energy for the
nucleation of perovskite crystals [21]. This results in a perovskite film of relatively higher quality
and uniformity. But because of the scale and sensitivity of the particles, it was predominantly used
in glove box fabrication of PSCs with a concentration of 2.67 wt.% [62,63]. We, as well as some
research groups, attempted ambient fabrication at this concentration, but the reproducibility of
uniformity of thin film was very bad. But as this is an aqueous solution, it is expected to be much
resistant to the humidity in the ambient environment compared to other ETLS.

Fumin Li et al. and the team subjected the samples with SnO2 layer to UV-Ozone treatment [64]
and were heated to high temperatures around 200°C before the single-step spin coating of the
perovskite precursor. This supposedly eliminated the need for post-annealing of the perovskite
film, but this experiment did not involve an anti-solvent treatment [49,50]. The MAPDI 3 precursor
is supposed to be stirred before deposition, as Pbl2is not readily soluble in the solvent. Pronounced
improvement in film uniformity and quality is observed when the precursor is stirred at an
increment of 2 hours from 2 to 12 hours and deposited in the ambient atmosphere after filtering
using a 0.45um PTFE filter. But the humidity and O in the ambient environment act as trap states
and causes surface defects. This carrier transportation is hindered by surface defects. Anti-solvent
is a solvent in which the targeted compound is less soluble, hence it causes precipitation when
added to the solution in another solvent and helps in crystallization. Hence, using anti-solvent, one
can enhance the surface morphology and optoelectronic and photovoltaic properties [65]. Many
contrasting results have been published regarding which type of anti-solvent is the most effective,

hence a better understanding of the anti-solvent’s function and the mechanism is needed.
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Anti-solvent-assisted ambient processes single-step spin coating method is one of the easiest and
cost-effective ways of fabricating high-efficiency PSCs [65]. Xiao et al. in 2014, first
experimented with anti-solvent assisted single stepspin coating using chlorobenzene forcontrolled
crystal growth of MAPDI3 [66]. Another team used ether as an anti-solvent and achieved PCE
ranging from 18.3-19.7% [67]. Usage of mixed anti-solvents in enhancing and regulating the
crystal growth of perovskite active layers is uncommon. When choosing the constituents, it is
essential to choose the anti-solvents with different evaporation rates and different solubilities from
the perovskite active layer. Because of these differences, one anti-solvent dissolves the grain
boundaries and evaporates, increasing the grain size, and the second anti-solvent re-dissolves the
new grain boundaries and completely evaporates during the annealing process, resulting in even
fewer grain boundaries i.e., larger grain size which results in easier carrier transportation which
means higher efficiency PSCs with better optoelectronic properties [68]. Most anti-solvents are
low-viscous liquids, and deposition by spin coating is affected by the glove box due to the
restricted movement of the experimenter. Hence an ambient fabrication process alleviates this
problem of human error.

Even though the surface is improved by mix anti-solvent treatment, the remaining defect states on
the surface and in the grain boundaries act as target spots for oxygen and moisture. The non-
radiative recombination taking place at ETL-perovskite and perovskite-HTL interfaces and on the
grain boundaries of the perovskite thin film is a major deteriorating factor in achieving the
theoretical efficiency limits for PSCs especially in ambient conditions [69-72]. A micro/nano outer
coating is applied on the perovskite film as a protective passivating film to convert the active states
to passive states. Lattice terminations of the perovskite along the crystal’s surface, at interfaces, or

misaligned grain boundaries are considered as active states along with unbonded metal sites or
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halide vacancies. These active states create a potential difference and hence cause recombination
[73,74]. Passivation is essential to mitigate the defects/trap states and establish an improved charge
transfer between various functional layers of the PSC and improve the operational stability by
inhibiting water to degrade the perovskite active layer [75].

In our research study, we attempt to analyze individual improvements from optimizing various
layers and interfaces as mentioned above, and then a synergistic improvement is anticipated when
all the optimizations are done in conjunction with ambient fabrication of PSCs. We diluted the
concentration of SnO2 from nanoparticle colloidal in DI water from 15 wt.% to 10 wt.% instead
of 2.67 wt.%, which was mostly used in previous works [62,63,76,77] to synthesize EDTA-SnO>
complex and achieve a uniform and reproducible coating and 10 wt.% is found to give a
consistently uniform film. The SnO2 coated samples are heated to 70°C and maintained for 30
mins before the perovskite precursor deposition. This step aids in the process of perovskite
crystallization. During the perovskite film deposition, we used the anti-solvent treatment with a
mixed anti-solvent of 0.1% Isopropyl alcohol (IPA) in diethyl ether. Due to IPA having a higher
vaporization temperature, it sutures the already formed grain boundaries to further increase the
grain size and reduce surface irregularities like pinholes. We deposited a very thin film of
trioctylphosphine oxide (TOPO) in chlorobenzene [78] for passivation of the perovskite surface
before the deposition of HTL. Spiro-OMeTAD used as HTL was also stirred for 15 mins after
synthesis to ensure complete dissolution of all the components in chlorobenzene and the static spin
coating was done as opposed to dynamic spin coating, as the highest occupied molecular orbital
(HOMO) energy level is lower and closer to perovskite in this route [79]. Improvements in film
quality and/or device performance were observed with individual optimizations. But when we

implemented them together a PSC with above 15% PCE was achieved.
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3. EXPERIMENTATION

3.1 Single Step Perovskite Spin Coating

The schematic of the single-step spin coating process is depicted in Fig. 5. This is a solution-based
fabrication method using the centrifugal force, specifically designed for low-cost thin-film
deposition and it is one of the most used ambient fabrication methods for PSCs with high
efficiencies. We followed a five-step process, which is, precursor deposition, spin acceleration,
uniform angular velocity spin, spin deceleration, and evaporation throughout the process. Surface
tension/wettability and viscosity of the precursor are the major factors determining the quality of
deposition and the thickness of the film, along with the angular spin speed. Other factors which
also affect the film thickness are the duration of spinning, the density of precursor, and the
evaporation rates solutions used. VVolatile components are uniformly evaporated during the process
because of high angular spin speeds. We annealed the samples post-deposition of thin film, to
evaporate the remaining solvent. We fabricated very thin uniform films with ease at relatively low
costs, given the substrate size is small. As the size of the substrate increases, the fabrication
parameters are harder to control. The material efficiency, though better than vapor-phase
deposition, is still very low as only around 5% of the material remains in the final thin film. It is
also highly dependent on the skill level of the researcher, and hence it is difficult to create multi-
layered structures as we cannot guarantee a uniform and accurate deposition every time. The thin
film quality can be easily affected by micro or nanoscale contaminants ranging from dust to
humidity. The advantages overcome the disadvantages, hence for laboratory-scale
experimentation, we have adopted the spin coating process for ambient fabrication of high-

efficiency PSCs.
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Fig. 5. Schematic of single-step spin coating with anti-solvent usage followed by annealing.

3.2 Materials

Substrate and cleaning: Indium-doped tin oxide (ITO) glass substrates (sheet resistance: 14-16
Q/sq.) and Hellmanex ™ 111 were purchased from Ossila, acetone, ethanol, isopropanol (IPA).
ETL: Tin (IV) oxide (15 wt.% in H20 colloidal dispersion; SnO2, Alfa Aesar), Ethylene diamine
tetra-acetic acid (EDTA; >99.5%, Sigma-Aldrich), DI water

Perovskite: Anhydrous methylammonium iodide (MAI; >99%, Sigma-Aldrich), lead iodide (Pbl2;
99.9985%, Alfa Aesar), anhydrous N, N-dimethyl formamide (DMF; 99.8%, Sigma-Aldrich),
anhydrous dimethyl sulfoxide (DMSO; >99.9%, Sigma-Aldrich), anhydrous diethyl ether (DEE;
>99.7%, Sigma-Aldrich), isopropanol (IPA).

Passivation: Trioctylphosphine oxide (TOPO; 99%, Sigma-Aldrich), chlorobenzene (>99%, VWR
chemicals).

HTL: 2,2',7,7'-tetrakis (N, N-di-p-methoxyphenyl amine)-9,9’-spirobifluorene (Spiro-OMeTAD;
99.0%, Sigma-Aldrich)

All these above-mentioned materials were used for the fabrication of different layers of the PSC.
15



3.3 Perovskite Solar Cell Fabrication Process

The planar heterojunction PSC architecture of the champion device fabricated in our study is
ITO/EDTA-SnO2/MAPDI3/TOPO/Spiro-OMeTAD/Au. Sequential deposition of thin films on
Glass/ITO substrate using spin coater is done. The ITO substrates are first cleaned by sonicating
with detergent, IPA, and DI water for 15 mins each. We then dry them with pressurized air/N2 and
subject them to UV ozone treatment for 25 mins to eliminate any organic contaminants and
improve the wettability of the substrate surface. These are then preheated at 70°C for 30 mins to
remove any microscopic moisture. By dissolving 0.6 mg of EDTA in 1 ml of deionized water and
diluting the 15 wt.% SnO:2 colloidal dispersion with deionized water to 10 wt.%. These two
individual solutions are stirred at room temperature for 2 hours to ensure complete dissolution.
These solutions are then mixed with a 1:1 volume ratio and stirred for 5 hours at 80°C. The ETL
thin-film i.e., EDTA-SnO: is formed by spin coating the resulting solution at 5500 rpm for 30 secs.
Samples are annealed at 180°C for 30-40 mins followed by 10 mins of UV ozone treatment. The
SnO:2 coated samples are heated to 70°C. MAPbI s is made by dissolving 1:1 MAI and Pblz in a
solution of dimethylformamide (DMF) and dimethyl sulfoxide (DMSQO), stirring the precursor for
at least 8-10 hours to ensure complete dissolution, filtered with 0.45um PTFE filter to remove any
undissolved Pbl2 and deposited over ETL using a single step spin coating method at 4000 rpm for
30 secs. We used a mixed-anti solvent of 0.1% IPA in di-ethyl ether and deposited it by dynamic
spin coating during the perovskite thin film deposition step at the 10 secs mark. The samples are
annealed at 65°C for 1 min and 100°C for 10 mins and a reflective mirror-like black perovskite
film is observed (Fig. 11.). 2 mg of Tri-octyl phosphine oxide (TOPQ) is dissolved in 1 ml of
chlorobenzene (CB) and its thin film is used as a passivation layer deposited at 7000 rpm for 60

secs. The Spiro-OMeTAD is used as HTL, depositing at 4000 rpm for 30 secs (Fig. 18.). And
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finally, gold (Au) electrode (Fig. 21.) of 100nm is deposited using the thermal evaporation process.
This fabrication is done based on the energy band’s structure diagram of all the thin films in PSC,

depicted in Fig. 6.
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Fig. 6. Energy-band alignment diagram of final PSC architecture.

3.4 Characterization and Testing

Among the characterization methods of PSCs, we have done imaging using scanning electron
microscopy (SEM) of different thin film surface morphologies (Fig. 10.) and the cross-section to
verify the thickness of each thin film layer deposited (Fig. 8.) using the Tescan FERA-3 Model
GMH Focused lon Beam Microscope in the Materials characterization facility (MCF).

Photoluminescence (PL) is tested for verifying the presence of characteristic peaks of the
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perovskite material and the intensity peak change according to the ambient conditions (Fig. 16.)
using the Olympus BX50 microscope with the help of the Mercury (Hg) lamp as the light source.
Finally, the Jsc, Voc, FF, and PCE can be tested using the Newport solar simulator (1 sun
equivalent intensity i.e., 100 mW/sq.cm) and solar cell 1-V test system from Ossila to get the IV
characteristics and the final PCE of the PSC (Fig. 23.). The surface roughness of the perovskite
layer was measured by Bruker Dimension Icon AFM in the MCF (Fig. 9,15,19.). The phase purity
of the nanocrystalline MAPbI3 was analyzed by X-ray Diffraction (XRD) using Bruker-AXS D8
Advance ECO X-ray powder diffractometer using Cu Ka x-rays and a Pathfinder OD detector in

the chemistry department (Fig. 17.).
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4. RESULTS AND DISCUSSION

Au (Gold)

Spiro-OMeTAD (HTL)

MAPDI;/ TOPO in CB

EDTA-SnO, (ETL)
ITO

Fig. 7. Schematic of our PSC architecture.
The fabricated PSCs are based on the Fig. 7. architecture of multiple individual and blended layers.
The basic substrate is ITO on glass. We deposit EDTA-SnO2 as the ETL. MAPDI3 is our choice of
perovskite, and it is passivated with TOPO dissolved in chlorobenzene. Spiro-OMeTAD as HTL
is deposited on top, followed by a 100 nm deposition of Au metal as the top electrode to complete
the device architecture. Fig. 8. shows the cross-sectional SEM image of the final device
architecture. We optimized this architecture to match the band structures of perovskite and the
ETL and HTL and Au metal. This is done to make sure the ETL/Perovskite layer is transporting
electrons to ITO and blocking holes, and similarly, HTL is transporting holes to Au and blocking
electrons. This results in minimization of recombination of charge carriers, hence improving the

FF and Voc.
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Fig. 8. Cross-sectional SEM image of our final PSC architecture.

4.1 Electron Transport Layer

EDTA-SnO: is our choice of ETL for our final architecture. EDTA is a chelating agent that forms
a five-member ring structure with Sn** and is used to enhance the performance of SnO2 asan ETL
[21]. This solution was freshly prepared for most fabrications for uniform film coverage.

Atomic force microscopy (AFM) is performed with SnO2 and EDTA-SnO: deposited on cleaned
ITO substrates to check for the surface roughness as shown in Fig. 9. The results prove that EDTA -
SnO2 has a lower RMS roughness of 1.29 nm compared to the 1.31 nm of the SnO: layer. Lower

roughness signifies lower surface irregularities and traps states. This helps in better film deposition

in later stages of the architecture.
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Fig. 9. AFM topographical images of SnO2 and EDTA-SnO2 on ITO substrates.
A reproducible high-quality perovskite thin film with good surface coverage and crystallinity is
very essential for the good performance of the PSCs. We tested spin coating of MAPDI 3 onto both
SnO2 and EDTA-SnO: individually. And as per the literature review [21], we can observe that the
perovskite film formed on EDTA-SnO: is more uniform and pin-hole free compares to that of
SnO2. The quality of the film is improved along with the average grain size. The average grain size
of the perovskite film deposited on SnO2 was 700 nm, but the average grain size of the perovskite
film deposited on EDTA-SnO2 was 780 nm. This increase in grain size is synonymous to lower
grain boundaries i.e., lower surface defects which in turn mean improved charge carrier mobilities
tothe ITO electrode. This was possible because of the hydrophilic nature of the EDTA-SnOz2 thin
film, which reduced the contact angle with the perovskite precursor. A lower contact angle of about
20.67° helps lower the Gibbs free energy required for nucleation, helps in better wettability of the
ETL-perovskite interface, and a lowered surface energy results in increased grain size of the

perovskite crystal structure [21]. This can be observed in the SEM images in Fig. 10.
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Fig. 10. SEM images of perovskite film morphology on different ETLS.

4.2 MAPDI 3 Perovskite Film

The reason behind choosing MAPDI 3 is that it is one of the most stable perovskite materials out
there and hence it is extensively studied by researchers around the world. It has very good
optoelectronic properties and has proven reproducibility of uniform perovskite films with good
film coverage. This layer is the most adversely affected by the ambient conditions, is generally
fabricated in controlled environments. The effect of moisture is very obviously seen during the
ambient fabrication of the perovskite layer. In around 45% RH, and after optimizing all other
fabrication parameters, we expect to get a thin film with a glossy black reflective finish as shown
in the Fig. 11. This does not necessarily mean a high-performing device, but it is merely a visual

proof of uniform thin film deposition with good crystallinity.
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Fig. 11. MAPDIs thin film surface post-annealing.
To achieve this finish, we used the anti-solvent technique during the fabrication of the MAPDbIs
layer. The anti-solvent used is Di-ethyl ether. The solubility of MAPDI3 is lower in di-ethyl ether
than in DMF. Hence it causes the perovskite to precipitate and helps in crystallization. This anti-
solvent technique is further enhanced by using a mixed anti-solvent. This has two solutions in
which our targeted compound is less soluble than its actual solvent and one of them has a higher
evaporation rate than the other. The mixed anti-solvent used here is 0.1% IPA in di-ethyl ether.
This solution has very low viscosity and hence the usage of this can be better controlled in the
ambient fabrication. The solvent with a lower evaporation rate re-dissolves the already formed
grain boundaries and sutures them resulting in the formation of larger grains [68]. This increase in
grain size is synonymous with lower grain boundaries, which are a form of surface defects. Hence
having lower surface defects leads to better charge carrier transportation. The average grain size
when we used just the di-ethyl ether was 590 nm, and when 0.1% IPA in di-ethyl ether was used,

the average grain size increased to 700 nm, as seen in the Fig. 12.
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Fig. 12. SEM images of (Left) MAPDbI3 using normal anti-solvent with avg. grain size of 590 nm.

(Right) MAPbI3 using mixed anti-solvent with avg. grain size of 700 nm.

4.3 Passivation

2 mg of Tri-octyl phosphine oxide dissolved in 1 ml of chlorobenzene is used for the passivation
of the perovskite layer. A very thin layer of passivation is deposited to not interfere with the
optoelectronic functions of the PSC. The layer formed is so thin, the macro view of the surface is

almost indistinguishable from the perovskite layer as seen in Fig. 13.

YT a0
.

Fig. 13. Perovskite thin film (A) before passivation and (B) after passivation.
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This method is predominantly used for passivating the surface and sub-surface defectsand trap
states to improve the surface finish and film quality as seen in Fig. 14. This also provides some

level of protection from the deteriorating effects of moisture, resulting in longer retention of PL.

MAPDI; with NO passivation MAPDI; with passivation

Fig. 14. Improvement in MAPDI3 film quality before and after passivation.
AFM measurements are done before and after the passivation process to verify the improvement
in surface finish and quality. The surface roughness of the perovskite film is decreased from a 29.1
nm to 11 nm RMS roughness as shown in Fig. 15. This decrease in roughness enables for a better

deposition quality and adhesion of the HTL hence improving the performance of the total device.

RM§=‘29.1nm ’ﬁ

a®

175 nm 75 nm

Fig. 15. AFM topography of perovskite layer (A) without any passivation, (B) after passivation.
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Due to lower surface defects and trap states, a higher amount of charge carriers can be transported
to the transport layers resulting in a slight improvement in the peak intensity during the

photoluminescence (PL) measurements as seen in Fig. 16.
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Fig. 16. Comparative PL performance before and after passivation of MAPDI3.
Finally, XRD measurements were done before and after passivation to verify the existence of the
a-phase of MAPbI3. The resulting graph was consistent with the literature review [80] meaning
there are no unwanted phases or impurities present in the material. The XRD measurement of
passivated perovskite film also shows almost the same peaks (Fig. 17.), indicating that the
passivation is not causing any phase change and not hindering the optoelectronic functions of the

perovskite film.
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Fig. 17. XRD patterns of MAPDI3 before and after passivation.

4.4 Hole Transport Layer

Spiro-OMeTAD has proven itself as one of the best HTLs out there for n-i-p architecture PSCs.
But the necessary hygroscopic dopants in it like Lithium bis(trifluoromethanesulfonic)imide
(LiTFSI) pose problem for the stability of the device [81]. In its pristine form, Spiro-OMeTAD
suffers from low charge carrier mobilities. P-doping it to increase the hole conductivity is an
essential step to improve its function as an HTL. This p-doping is achieved by oxidation of the
Spiro-OMeTAD by placing the substrates in an oxygen environment for a certain time before final
metal electrode deposition. Also, the pristine Spiro-OMeTAD absorbs photons in the UV

spectrum, and upon sufficient oxidation, it displays strong absorption in the visible and near-
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infrared spectrum. Hence oxidation of Spiro-OMeTAD is very essential for it to reach appreciable
conductivity values. But despite the hurdles, it is still one of the most preferred HTL for PSCs.
Another factor of differentiation of Spiro-OMeTAD is the way it is deposited onto the substrate.
One being static spin coating in which the HTL is deposited on the stationary substrate, another is
dynamic spin coating in which the HTL is deposited onto the substrate in rotation. These both
produce different surface finishes as shown in Fig. 18. The static spin coating usually produces a

more uniform finish whereas the dynamic spin coating results in a surface finish with multiple

irregularities.

Fig. 18. (Left) Static spin coating and (right) dynamic spin coating of Spiro-OMeTAD.
AFM measurements are done for both static spin-coated and dynamic spin-coated Spiro-
OMeTAD. As expected from the macroscopic surface finish, the static spin-coated samples are
much smoother with RMS roughness of 14.4 nm, where are the dynamic spin-coated samples have
an RMS roughness of 23.2 nm as shown in Fig. 19. The smoother the finish, the better interface is
formed when the top electrode is deposited and lower is the chance for surface and sub-surface

defects, which is essential for higher carrier charge transfer.
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Fig. 19. AFM topography of (A) static; (B) dynamic spin-coated Spiro-OMeTAD.
Another major reason to prefer static spin-coating over dynamic spin-coating of Spiro-OMeTAD
is that the static spin-coated layer is better aligned with the architecture of the PSC compared to
the dynamic spin-coated layer. The HOMO level in this case is closer to both the perovskite and
the Au top electrode as shown in the Fig. 6, 20., resulting in much higher and easier charge carrier

mobility. Hence this plays a crucial role in the improvement of the performance of the PSC.

-1.8 8V
208V LUMO
—_—
Band Gap Band Gap
J0eV 301 eV

-4.81 eV HOMO

Dynamic
Spin-coating

Fig. 20. Energy band diagram of Static vs Dynamic spin coating of Spiro-OMeTAD.
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4.5 Gold (Au) vs Silver (Ag) Top Electrode

Fig. 21. Ag metal electrode (left); Au metal electrode (right) deposited samples.

We have fabricated samples with both Silver (Ag) and Gold (Au) top electrodes (Fig. 21.) Ag was
preferred as a top electrode for minimizing the total cost of fabrication of the PSC. But using Ag
comes with its own set of disadvantages. Ag having a higher affinity towards oxygen than Spiro-
OMEeTAD, it de-oxidizes the HTL, resulting in lower hole transport mobilities. Hence Au being
much resistive to chemical interaction with oxygen results in proper better performing devices.
Another disadvantage of Ag is that it turns yellow within a few weeks of device fabrication as
shown in Fig. 22. This results in a drastic decrease in the performance of the device when compared
to the Au electrode-based PSC stored for an equally long time under identical conditions. This
color change is due to the formation of silver iodide, caused by the reaction between iodine in
MAPDI3 based perovskites [82]. This reaction is accelerated when the devices are exposed to an
ambient atmosphere. The proposed mechanism is that methylammonium iodide (MAI) is
transported through the pinholes in the Spiro-OMeTAD to the Ag electrode resulting in the
formation of silver iodide [82,83]. Hence, we are made to choose the expensive Au as the top
electrode for our PSCs due to its chemical inertness and because its work function is better aligned

with the HTL’s energy band levels resulting in much faster charge carrier mobility.
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Fig. 22. (A) Freshly fabricated PSC (B) PSC after 7 days (C) PSC after 10 days (D) PSC after

14 days - Degradation of the PSCs due to silver-iodide formation.

4.6 Performance of PSCs

Incorporating all the above-mentioned optimizations at various layers and interfaces, a synergistic
improvement in the performance of the perovskite solar cell is observed achieving a champion
PCE of 15.37%. With a fill factor of 60.5%, short-circuit current density (Js¢) of 19.7 mA/cm? and

an open circuit voltage (Voc) of 1.03V. The |-V curve is shown in Fig. 23.
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Fig. 23. IV characteristics of champion device of 15.37% PCE.
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Using Au as the top electrode improved the reproducibility and life span of the PSCs. A very high
percentage of devices were staying active even after repeated testing cycles spanning over multiple
days with a relatively lower depreciation in PCE compared to Ag counterparts. The distribution of
120 devices fabricated with Au as electrode is shown in Fig. 24. with around 20 devices having
more than 14% PCE. Hence, despite its high cost, usage of Au as top electrode gave consistently

improved PCEs over Ag counterparts.
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Fig. 24. Frequency distribution of PCE of 120 PSCs with Au top electrode.
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5. CONCLUSIONAND FUTURE SCOPE

This research study is an attempt to fabricate inexpensive and working organic-inorganic metal
halide PSC with high power conversion efficiency and good IV characteristics in ambient
conditions (Average 45% RH) to achieve a synergistic effect of multiple optimizations done at
different thin-film interfaces and fabrication processes. From all the optimizations we attempted,
we could achieve a champion device of 15.37% PCE. The deposition of gold (Au) as the top
electrode enhanced the performance and stability of the devices significantly. The devices were
functioning and active for relatively longer than when Ag was deposited as the top electrode.

As stated above ambient fabrication of PSCs is detrimental to the functioning of the device as it
induces surface, sub-surface and internal defectsand results in poor morphology as well as poor
interface chemistry resulting in degradation of the PSC. This degradation of the device architecture
negatively affectsthe overall performance of the device. One of the techniques to minimize the
effect of ambient conditions on the device fabrication is pre-heating the substrates before ETL
deposition, evaporating any microscopic moisture left on the surface after the cleaning process,
and pre-heating the ETL deposited samples before perovskite deposition. Better crystallization due
to faster evaporation of solvents was observed when these preheated samples were used for
perovskite film deposition. The actual mechanism which facilitates better quality perovskite films
due to preheating is still not completely understood and should be studied soon as it is proven to
give consistent results.

Ambient fabrication of PSCs has come a long way in just a few years, now reaching PCEs above
20%. But certain limiting factors are to be addressed like new and novel materials like carbon-
inks, carbon pastes, carbon nanotubes, and graphene to replace the current generation of HTLs

which are usually hygroscopic and metal electrodes [84]. These opportunities must be rigorously
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studied for fabricating high PCE PSCs in ambient environments. Ambient fabricated mixed-cation
perovskites have better stability and performance. Recently an FA1-xMAxPbls with PEAI
passivation-based PSC achieved a PCE of 23.32% at 30-40% RH [39]. Also, mixed-cation mixed-
halide perovskites are proven to have better stability than simpler perovskites. Hence, moving
forward, these types of complex perovskites are to be focused upon for better performing PSCs.
Simpler modifications like the addition of electron blocking layer and hole blocking layers in the
architecture of the PSCs [85] might complicate the fabrication process and interface chemistry,
but when optimized could result in a better performing device with almost negligible charge
recombination. One other limiting factor of PSCs is their scalability due to the spin-coating
fabrication method. Even though it is one of the best methods to produce high-efficiency PSCs in
laboratory conditions, the performance of PSCs drops drastically with the increase in the size of
the substrate. Therefore, despite all the achievement with the ambient fabrication of PSCs, there is

much more untapped potential which could further enhance their performance.
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