H coatings MBPY
Communication

Potassium Acetate-Based Treatment for Thermally
Co-Evaporated Perovskite Solar Cells

JiaLil, Hao Wang !, Herlina Arianita Dewi !, Nripan Mathews 1'%, Subodh Mhaisalkar -?/*
and Annalisa Bruno I*

1 Energy Research Institute @ NTU (ERI@N), Nanyang Technological University, Singapore 637553, Singapore;

lijia@ntu.edu.sg (J.L.); wanghao@ntu.edu.sg (H.W.); herlina@ntu.edu.sg (H.A.D.)
School of Materials Science & Engineering, Nanyang Technological University, Singapore 639798, Singapore
Correspondence: nripan@ntu.edu.sg (N.M.); subodh@ntu.edu.sg (5.M.); annalisa@ntu.edu.sg (A.B.)

Received: 28 October 2020; Accepted: 23 November 2020; Published: 28 November 2020 (L:'P:)edc;tfgsr

Abstract: Thermal evaporation is a very successful and widely adopted coating technique for the
deposition of organic and inorganic materials on rough and textured surfaces and over large areas.
Indeed, this technique is extensively used in the semiconductor industry for the fabrication of organic
light emitting diodes (OLEDs) and is commonly used in displays. In the last few years, thermal
evaporated perovskite solar cells (PSCs) have also shown the potential to reach high power conversion
efficiency (PCE) both on small and over large area devices. In this work, we present a detailed
optimization of the potassium-based surface treatment used to improve the performances of our
MAPbI; PSCs fabricated using the thermal co-evaporation technique. Small area planar n-i-p PSCs
with an active area of 0.16 cm? achieved PCEs above 19% and the large area PSCs with an active area
of 1 cm? reached 18.1%. These un-encapsulated PSCs also proved an excellent long-term shelf stability
maintaining 90% of their initial PCEs for over six months when stored at ambient temperature.

Keywords: co-evaporated; MAPbDI;; metal halide perovskite; perovskite solar cells; potassium
treatment

1. Introduction

Metal-halide perovskite materials brought a recent revolution in the photovoltaic [1,2] and
optoelectronics fields [3]. Their excellent performances are mainly related to their intrinsic outstanding
optoelectronic properties [4-8]. In addition, the metal-halide perovskite fabrication versatility [9-11] is
a key feature that makes the perovskite-based optoelectronic technologies promising for their future
industrialization manufacturing in a large wide range of applications.

On the other hand, vacuum deposition techniques are widely used in the semiconductor
industry, as they can guarantee good uniformity over a large area, provide conformal coverage
on even rough substrate surface, and enable precise control of the layer thickness. Indeed, also the
state-of-the-art organic light emitting diodes (OLEDs) and displays are fabricated through thermal
evaporation deposition processes. Consequently, the co-evaporation process [12-14] represents the
most viable option for the integration of perovskite-based optoelectronic devices, like solar cells, OLED,
other light-emitting devices, photodetectors, and transistors, with the existing industrial lines.

Perovskite solar cells (PSCs) have achieved a record power conversion efficiency (PCE) of
25.5% [15] in slightly more than a decade [16], and their operational stability is now also rapidly
improving [17-19]. Currently, the best-performing PSCs are still yielded by the favored lab-scale
solution-processed techniques such as the spin-coating method on small scale (~0.1 cm?) devices [20-24].
These solution processes involve the use of a large number of hazardous solvents and have constraints
in large scale fabrication due to relatively poor uniformity over a large area. Few groups have also
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explored the solvent-free route [25] or solution-vacuum hybrid methods, such as hybrid chemical
vapor deposition and cation exchange method [26,27]. The good uniformity over large substrates
together with the possibility of providing excellent conformal coverage on even rough substrate surface
represent the thermal co-evaporation highly attractive features that are indeed critical characteristics
for developing high performing perovskite solar modules and tandem solar cells [28-30].

Our group has recently demonstrated PSCs by vacuum co-evaporation with a champion PCE
of 20.28% over small area and the first co-evaporated perovskite solar modules with a PCE of 18.1%
over an active area of 21 cm? employing SnO; as the electron transport layer. [12] To improve the
PSCs performance, we implemented a surface treatment strategy based on methyl ammonium iodide
(MAI) and potassium acetate (KAc) to improve the charge transport at the grain boundaries [31].
In this work, we present the detailed study and of the effect of MAI treatment and KAc treatment and
a combination of MAI + KAc treatment on the PSCs performances. The step-by-step optimization
process has led us to demonstrate a PSCs based on TiO; as electron transport layer, with PCEs of 19.0%
with an active area of 0.16 cm? and 18.1% for 1 cm? active area without employing any antireflection
coating. These un-encapsulated TiO, PSCs also showed an extremely promising long-term stability
when stored in dark and under continuous operation in humidity environments.

2. Experimental Section
2.1. Device Fabrication

The full device structure is presented in Figure la. The step-by-step-cleaning and preparation
procedure is presented here after. Fluorine doped Tin Oxide (FTO) glass substrates (with a resistivity
of 15 ohm/square) were ultra-sonicated in soap (brand: Decon 90, Hove, UK), deionized water,
and subsequently ethyl alcohol for 15 min, respectively, and then dried in nitrogen flow. They were
consequently UV-ozone treated (Novascan PSD Pro Series, Boone, IA, USA) for 20 min at room temperature.

2.1.1. Titanium Oxide (TiO;)

The solution for the TiO, was prepared by mixing 11 g tetrabutyltitnate, 45 g anhydrous ethanol,
3.5 g diethanolamine, and 1.5 g deionized water. TiO, layer was spin coated by using a 1 step program
(5000 r.p.m. for 20 s) on as preheated (at 80 °C for 10 min) substrate. The film was then heated to
500 °C for 60 min to form the planar TiO, layers. The Phenyl-Cé61-butyric acid methyl ester (PCBM)
solution was prepared by dissolving 3 mg of PCBM (Sigma-Aldrich, St. Louis, MO, USA) in 1 mL of
Chlorobenzene (CBZ) (Sigma-Aldrich, St. Louis, MO, USA). The substrates were then treated with
UV-ozone for 20 min at 100 °C. The PCBM layer was deposited by spin coating in a single step process
at 3000 r.p.m. for 30 s. Then the substrates are transferred into the evaporation chamber and the
vacuum was pumped down to 107 Torr before evaporating MAPbI;.

2.1.2. Perovskite

The perovskite layer was formed by co-evaporating Pbl, (TCI, Tokyo, Japan) and MAI (Lumtec,
Taiwan) powders. The temperature of Pbl, and MAI were kept constants at 260 °C and 100 °C,
respectively. The MAPbI; perovskite film was post-treated by three different methods (Table 1): (i) pure
MATI solution in isopropyl alcohol (IPA), with concentrations varying from 12.5 to 62.5 mM, (ii) with
20 mM KAc solution, or (iii) KAc and MAI (1:1 in molar ratio) mixed solution in IPA, with concentrations
varying from 10 to 40 mM. For the three passivation strategies, a dynamic spin-coating deposition
method has been used, with a speed 3000 r.p.m. for 30 s. The as-prepared film and post-treated film
were annealed at 100 °C for 30 min.

2.1.3. 2,2',7,7’-Tetrakis[N,N-di(4-methoxyphenyl)amino]-9,9’-spirobifluorene (Spiro-OMeTAD)

The Spiro-OMeTAD solution is prepared by dissolving 72.3 mg of Spiro-OMeTAD powder (Lumtec,
Taiwan) in 1 mL of chlorobenzene. A total of 28.5 uL of 4-tert-Butylpyridine (IBP) solution and 17.5 uL
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bis(trifluoromethane)sulfonamide lithium (Li-TFSI) salt solution (520 mg/mL in acetonitrile (ACN))
were added, and the final solution was stirred for 10 min. Spiro-OMeTAD was spin-coated with a
speed of 4000 r.p.m. on the MAPbI; thin film after the samples were cooled down to room temperature.

Table 1. Surface passivation methods for MAPbI3 active layer.

Methods Surface Passivation = Concentration (mM)
Method 1 MAI 0-62.5
Method 2 KAc 20

Method 3 MAI+KAc 0-40

2.1.4. Gold Electrode

As top electrode, a 100 nm thin film of gold was thermally evaporated on the samples using a
shadow mask to define the area.

2.2. Device Characterization

The photovoltaic current density—-voltage (J-V) curves were measured under simulated air mass 1.5
(AM 1.5) sunlight (Newport 94043A, Beijing, China) which is calibrated by a standard silicon solar
cell. ]-V was measured in air without thermal stabilization and with a relative humidity (RH) of
70%. The incident photon-to-current conversion efficiency (IPCE) was measured by using a PVE300
(Bentham, London, UK), with a dual xenon/quartz halogen light source in DC mode Newport Oriel
Sol3ATM solar simulator with a 450-watt Xenon lamp.

2.3. Morphology Film Characterization

The MAPDI; thin films were deposited on glass/FTO substrates and the morphology was
characterized using Field Emission Scanning Electron Microscope (FESEM) from JEOL (JSM-7600F,
JEOL USA Inc., Essex County, MA, USA).

3. Results

The planar n-i-p architecture of the PSC structure implemented in this work is reported in Figure 1a
and the fabrication process described in the experimental section. The n-i-p architecture is still the
device structure able to deliver the highest PCEs for PSCs.

In this work, the MAPbI; absorbing layer has been deposited by thermally co-evaporating MAI
and Pbl, as schematically represented in Figure 1b, in a double source chamber keeping the evaporation
temperatures at 100 °C and 260 °C following the optimized procedures described in our previous
work [12]. Details of the deposition procedure are also systematically reported in the experimental
section. The device architecture includes a TiO; layer as electron transport layer (ETL), deposited on top
of FTO glass. A thin PCBM layer has been used on top of the ETL to achieve a better carrier-selective
interface with the co-evaporated MAPbI; absorber layer [12]. On top of perovskite, Spiro-OMeTAD is
used as hole transport material (HTL) and a thin Au layer act as a top electrode. Using the as-deposited
MAPDI3, the PSCs achieved a PCE just slightly below 18%, as shown for the untreated devices (black
dots) in Figure 1c. To improve the photovoltaic performances, we optimize here the step by step the
methylammonium iodide/potassium acetate (MAI + KAc) treatment. The main goal of the treatment is
to reduce the nonstoichiometric composition on the surface and within the bulk (Pbl, excess) which
would lead to the presence of under-coordinated species and minimizing the surface defects [31].
Indeed, the under-coordinated sites are detrimental to the PSC. Hereafter, we first analyze the effects
of each component of the treatment separately on the photovoltaic performances of the PSCs and
subsequently, and then we applied both the components together.
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Figure 1. MAPbI; planar n-i-p device structure. (a) Schematic of perovskite solar cell device structure.
(b) Schematic of the thermal co-evaporation of MAPbI; using methyl ammonium iodide (MAI) and
lead iodide (Pbly) precursors. (c) Power conversion efficiency (PCE) distributions as a function of
the MAI concentration used for the spin coating treatment. (d) PCE distributions as a function of the
potassium acetate (KAc) treatment.

The MAPDI; film was post-treated by three different approaches: (i) pure MAI solution, (ii) pure
KAc solution, and (iii) KAc and MAI mixture in a 1:1 in molar ratio in IPA solution. The specific
concentrations and experimental preparation conditions have been reported in the Experimental
Section and summarized in Table 1. Indeed, since the XDR of the thin (~100 nm thick) MAPbI; films,
reported in a previous paper [32], shows a small Pbl, excess on the surface, our first step to improve the
photovoltaic performances of the MAPbI; PSCs was based on a pure MAI surface treatment aiming to
balance the stoichiometry. Figure 1c shows the photovoltaic parameter of an untreated MAPbI; PSCs
together with the ones of PSCs where the active layers were treated with different MAI concentrations
varying from 12.5 to 62.5 mM. The best working conditions were identified for a concentration of
50 mM. Figure S1 shows the trends for the photovoltaic parameters (Voc, Jsc, and FF) of the treated and
untreated PSCs, where it is clear that the most appreciable improvements are on both the V. and the
Jsc. We can also observe that for treatment concertation of 50 mM, the spread was reduced. The data
are also summarized in Table 2.

Table 2. Perovskite solar cells” (PSCs) photovoltaic parameters of the MAPbI3 PSCs with MAI treatment.
For each condition, the Jsc, Vo, FF, and PCE average values were measured in backward scanning
mode. PCEs for the champion PSCs are also reported.

MAI Treatment (mM) ViU (V) J& (mA/cm?)  FF (%) PCE® (%) PCEham (%)
0 1.101 + 0.001 21.1+£0.1 75+1 17.6 £ 0.3 17.9
37.5 1.093 + 0.005 209 £0.3 76.6 + 0.6 17.6 £+ 04 18.0
50 1.108 + 0.005 214 +£0.2 76.3 £ 0.5 18.1+0.2 18.3
62.5 1.103 + 0.005 21.1+£0.5 739 +3.2 17.4 + 0.6 18.0

The FESEM images of the as-deposited MAPDbI; film and the MAPbI; film treated with 50 mM of
MAI, show also different morphologies. The as-deposited MAPbI; has relatively small grain size in the
range of 90 to 140 nm and some pinholes are visible, Figure S2a. When the MAI treatment is applied,
the MAPDI; grains becomes bigger with average sizes of 130-250 nm, and the number of pinholes is
reduced as compared to the pure MAPbI3;. However, the film shows relatively poor uniformity over
large area (Figure S2b).
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On the other hand, when the thin MAPDbI; films are treated just with potassium acetate,
no significant improvements on the PCEs were observed, Figure 1d. Indeed, the improvement
on the V. is remarkable, Figure S3a. The potassium, K*, in the potassium acetate can passivate the
defect in the surface and the at the grain boundary and so resulting in an improved V., with a similar
mechanism as the one described by Abdi-Jalebi et al. [31] and discussed in our previous work [12].
Although at the same time, the Js. was instead significantly reduced. The data are also summarized
in Table 3. At the same time, the FESEM images of the as-deposited MAPDI; film and the MAPbI3
film treated with 20 mM of KAc, also show different morphologies. With the KAc treatment, the grain
sizes of the MAPbI; are enlarged to 180-250 nm, and the large area coverage improves although few
pinholes still visible in the film which could act as recombination points, Figure S2c.

Table 3. PSCs’ photovoltaic parameters of the MAPbI3 PSCs with KAc treatment. The Js, Vo, FE
and PCE average values were measured in backward scanning mode. PCEs for the champion PSCs are
also reported.

KAc Treatment (mM) Ve (V) J&¥ (mA/cm?)  FF* (%) PCE® (%)  PCEham (%)
0 1.11 £ 0.02 214 +05 75+2 17.7 £ 0.7 18.4
20 1.139 + 0.005 20.8 £0.7 747 £ 0.3 18.0+£0.3 18.3

Differently, when both the MAI and KAc treatments are jointly applied on the MAPbIj3 thin films,
the performances of PSCs significantly improved, Figure 2a. Indeed, we can observe that for all the
concentrations of the MAI + KAc treatment used, both the V. and the FF improve (Figure S4a,c).
On the other hand, we can notice that the Js. increases just for treatment concentrations up to 20 mM
(Figure S4b). Consequently, the optimal treatment conditions were reached for 20 mM when all the
photovoltaic parameters simultaneously improved. In these conditions, the best performing small area
PSCs achieved a PCE of 19.0%. The current density—voltage (J-V) curve of the champion untreated
and treated-MAPbI; PSCs is reported in Figure 2b and the photovoltaic values are given in Table 4.
Both the Jsc and the FF sensibly improved after the treatment: this trend is in agreement with our
previously reported results [12].
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Figure 2. MAI + KAc treatment on MAPbI3 n-i-p PSCs. (a) PCE statistics of the small area PSCs as a
function of the MAI/KAc treatment concentration, and (b) current density—voltage (J-V) curves of the
champion untreated and treated MAPbI3 PSCs.

When the combined MAI + KAc treatment is applied to the thin MAPbI; films, the perovskite
shows enlarged grain sizes (150-300 nm), less pinholes, and a uniform coverage Figure S5. This method
significantly improves the perovskite morphology so that it can give the best device performance.
In particular, the MAI + KAc treatment with 20 mM concentration gives the best film morphology;
instead, higher concentrations of the treatment seem to be detrimental for the thin film.
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Using the same device architecture employed in the small area device, Figure 1a, and the optimized
treatment conditions, we also realized larger PSCs with an active area of 1 cm?. Front side and backside
photographs show the full PSCs grown on a 2.5 cm X 2 cm substrate in Figure 3a. The J-V curves of
the champion PSCs with 1 cm?, corresponding to a PCE of 18.1%, are reported in Figure 3b and the
photovoltaic values are given in Table 5. Increasing the active areas from 0.16 to 1 cm?, the Js. slightly
drops. This is related to the slightly increased probability to have recombination centers and defects
over the larger area. At the same time, the V. slightly increases. Similar growth has already been
observed by different authors and it is mostly due to masking effects on PSCs of different sizes. Indeed,
the relative discrepancy between the mask area and the full device area on the PSCs agrees with what
has been previously demonstrated [12,32-34].
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Figure 3. The 1 cm? treated-MAPbI; PSC. (a) Photograph of 1 cm? PSCs taken from both the front side
and backside, (b) ]-V curves under 1 sun illumination, (c) external quantum efficiency (EQE) spectra and
its corresponding integrated current density over the whole spectra, (d) PSCs shelf stability when stored
in ambient conditions with a controlled environment with 30% RH and (e) PSCs light stability under
continuous light illumination at 1 sun (AM 1.5) without any temperature stabilization at an RH of 70%.

The slight PCE drop of 0.9% in absolute value, from 19.0% to 18.1%, is mainly due to the FF drop,
from 77.4% to 74.7%, and is related to the increased sheet resistance of the transparent conductive
oxides used to build the PSCs.
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Table 4. PSCs’ photovoltaic parameters of the MAPbI3 PSCs with a combination of MAI + KAc
treatment. The Jsc, Voo, FF, and PCE average values were measured in backward scanning mode.
PCEs for the champion PSCs are also reported.

MALI + KAc Treatment (mM) Vav (V) J%¥ (mA/cm?)  FF* (%)  PCE® (%) PCEham (%)
0 1.099 +0.005  21.6+0.3 72410  175+04 17.9
10 1.10 + 0.01 21,6 +04  741+09 17.7+03 18.0
20 1.105+0.008  21.8+04 76+10  185+05 19.0
30 1106 +0.007 214 +03 76+1.0  17.8+03 18.1
40 1108 £0.007  21.1+05 75+10  177+05 18.1

Figure 3c shows that external quantum efficiency (EQE) spectra of the 1cm? PSCs is consistently
above 80% for the whole spectra region where the PSCs absorb light. The integrated current density
measured over the whole spectra (20.96 mA/cm?) agrees with the one measured from the J-V
measurements and reported in Table 5.

The excellent long-term shelf stability of these un-encapsulated PSCs is reported in Figure 3d.
Indeed, the PSCs maintain 90% of their initial PCEs for over six months when stored at ambient
temperature (T = 25-28 °C) with a controlled RH of 30%. These results are impressive considering
that these PSCs are un-encapsulated and contain MA. Moreover, Figure 3e shows that also under
continuous light illumination at 1 sun (AM 1.5) the PSCs maintain over 80% of their initial PCE for
over 30 h. It is worth to note that these measurements have been taken without any temperature
stabilization and in the laboratory ambient with RH of 70%.

Table 5. PSCs’ photovoltaic parameters of the treated-MAPDbI3; PSCs with different active areas. The Jsc,
Voc, FF, and PCE values were measured in backward scanning mode.

Active Area (cm?)  Jsc (mA/ecm?) Voo (V) FF(%)  PCE (%)
0.16 22.06 1.115 774 19.0
1 21.36 1.133 74.7 18.1

4. Conclusions

In this work, we have shown that the optimization process of the surface treatment based on
both MAI and KAc on thermally evaporated MAPbI; thin films has driven high-performing thermally
co-evaporated PSCs. This approach allowed us to demonstrate, n-i-p MAPbl; PSCs using TiO, as ETL
with PCE of 19.0% and 18.1% for active areas of 0.16 cm? and of 1 cm?, respectively. These are the
highest reported values for thermally evaporated PSCs based on TiO, as ETL and Spiro-OMeTAD as
HTL, for both small area and large area devices. Furthermore, these un-encapsulated PSCs also show a
remarkable long-term shelf stability, maintaining 90% of their initial PCEs when stored at ambient
temperature in a controlled environment with 30% RH.

These results confirm the high potential of the thermal evaporation technique for perovskite-based
PSCs for realizing for large-area architecture with high PCEs with different architectures.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-6412/10/12/1163/s1,
Figure S1: Photovoltaic parameters of the PSC with MAI treatment: (a) Vo, (b) Jsc, and (c) FF, Figure S2: MAPbI;
thin films morphology: FESEM top view of (a) as-deposited MAPDI; film, (b) MAPbI; film after MAI treatment,
(c) MAPDI; film after KAc treatment, Figure S3: Photovoltaic parameters of the PSC without and with KAc
treatment: (a) Vo, (b) Jsc, and (c) FE, Figure S4: Photovoltaic parameters of the PSC with a combined MAI/KAc
treatment: (a) Voc (b) Jsc and (c) FF, Figure S5: MAPbIj3 thin films morphology: FESEM cross-section and top view
of (a) as-deposited MAPbI; film; (b) MAPDbI; film after MAI + KAc treatment, MAI + KAc concentration of 10 mM;
(c) MAPDI;3 film after MAI + KAc treatment, MAI + KAc concentration of 20 mM; (d) MAPbI; film after MAI +
KAc treatment, MAI + KAc concentration of 30 mM; (e) MAPDI; film after MAI + KAc treatment, MAI + KAc
concentration of 40 mM.
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