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Abstract: Organic-inorganic halide perovskite materials are considered excellent active layers in the
fabrication of highly efficient and low-cost photovoltaic devices. This contribution demonstrates that
rapid and low-temperature air-plasma treatment of mixed organic-inorganic halide perovskite film
is a promising technique, controlling its opto-electrical surface properties by changing the ratio of
organic-to-inorganic components. Plasma treatment of perovskite films was performed with high
power-density (25 kW/m? and 100 W/cm?) diffuse coplanar surface barrier discharge (DCSBD) at 70 °C
in ambient air. The results show that short plasma treatment time (1's, 2 s, and 5 s) led to a relatively
enlargement of grain size, however, longer plasma treatment time (10 s and 20 s) led to an etching
of the surface. The band-gap energy of the perovskite films was related to the duration of plasma
treatment; short periods (<5 s) led to a widening of the band gap from ~1.66 to 1.73 eV, while longer
exposure (>5 s) led to a narrowing of the band gap to approx. 1.63 eV and fast degradation of the
film due to etching. Surface analysis demonstrated that the film became homogeneous, with highly
oriented crystals, after short plasma treatment; however, prolonging the plasma treatment led to
morphological disorders and partial etching of the surface. The plasma treatment approach presented
herein addresses important challenges in current perovskite solar cells: tuning the optoelectronic
properties and manufacturing homogeneous perovskite films.

Keywords: organic-inorganic halide perovskite; air plasma; plasma treatment; optoelectronic
properties; morphology

1. Introduction

Organic-inorganic halide perovskites have recently attracted considerable attention, largely because of
their outstanding opto-electronic qualities, among them a high absorption coefficient, tunable band-gap
energy, and high charge-carrier mobility [1-4]. In recent years, the power conversion efficiency of
perovskite solar cells (PSCs) has been improved from an initial 3% to over 25% through a variety of
development technologies, including solvent engineering, chemical composition management, and the
employment of different fabrication architecture within the cells [5,6]. One of the main challenges
in the production of high-efficiency PSCs is the control of surface composition and morphology
in such a way as to obtain perovskite films with smooth surfaces [7-9]. Organic-inorganic halide
perovskite has been deposited and processed in many different ways, resulting in films of various
surface compositions and morphology. For example, the average grain size of deposited perovskite
films has been reported as varying from nanoscale to microscale [10]. The surface composition and
morphology of a perovskite layer strongly influence its energy-level alignment, exciton diffusion length,
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mobility, lifetime, and generally affecting performance of the PSCs. Much effort has, therefore, been
devoted to controlling the surface composition and morphology of perovskite films [11-14]. Recently,
post-processing methods have been developed to improve their surface properties [15]. Thermal
annealing of deposited perovskite films is one of the common processes that influence the quality of
the film [16]. Surface passivation engineering has been demonstrated as having a remarkable effect on
efficiency enhancement of the PSCs by the amelioration of defects and optimization of grain boundaries
at the surface. In addition, surface properties of the other layers such as TiO, and PEDOT:PSS could
significantly affect the performance of PCSs. For instance, Masood et al. studied the effect of TiO,
thickness on the performance of PSCs [17]. Zhang et al. showed that treatment of the PEDOT:PSS
buffer layer could enhance the efficiency of PSCs [18].

A wide range of procedures related to the post-treatment of perovskite films have been undertaken
recently in the quest to produce high-quality perovskite and enhance the performance of PSCs.
Microwave irradiation has proved a rapid and controllable post-treatment means of improving
efficiency of the PSCs through the enhancement of crystallization [19]. Ren et al. reported on
perovskite films annealed in an oxygen atmosphere for 12 h at various temperatures from room
temperature to 85 °C [20]. Yang et al. reported that a time-temperature-dependent post-treatment
(post-annealing) of a CH3NH;3PbI,Cl5_, film led to a homogenous and highly oriented crystalline
perovskite film that improved performance [21]. Plasma treatment has also shown great promise for
surface treatment of perovskite films. Xiao et al. reported that low-pressure RF argon plasma treatment
of the perovskite active layer can significantly improve the efficiency of PSCs [22]. The argon plasma
treatment enhanced charge collection at the interface between the perovskite and electrode by altering
the organic-to-inorganic ratio at the surface of perovskite layer. Plasma may also be employed for
surface treatment of a wide range of materials. For example, UV/ozone plasma improves the optical
and electrical characteristics of hybrid polymer-metal (PEN-Ag) electrodes in polymer solar cells [23].
CO, plasma treatment significantly heightens surface wettability, and thereby the electrical conductivity
of TiO, transparent electrodes, improving the performance of the final device [24]. Ambient air plasma
activation of the mesoscopic TiO; layer affects the efficiency of the PSC [25].

In the investigation presented herein, mixed organic-inorganic halide perovskite (CH3NH3PbL.Cls_,)
films were deposited on quartz glass and then treated with low-temperature ambient-air surface
plasma. The plasma was generated by diffuse coplanar surface dielectric barrier discharge (DCSBD),
details of which appear in Cernak et al. [26]. DCSBD ambient-air plasma has recently been tested for
rapid and low-temperature calcination of TiO,, Al,O3, and CeO; nanofibers [27-30], mineralization
of TiO, mesoporous flexible photoanodes [31,32], and arrangement within an enclosed system with
hydrogen gas to allow swift production of flexible reduced graphene oxide electrodes on PET foils [33].
Here, CH3NH;3PbICl3_, perovskite films were spin-coated on to quartz glass and the effects of
plasma treatment on the morphological and optoelectronic properties of these films were investigated.
The results showed that, plasma treatment effectively removed organic methylammonium cations
(CH3NH3 or MA) from the surface, however prolonging the plasma treatment lead to partially etching
the surface. The work demonstrates that optoelectronic qualities of perovskite films, as measured
by UV-VIS and ultraviolet photoelectron spectroscopy, can respond significantly to the surface
composition and morphology. The chemical composition of the mixed halide perovskite films was
evaluated by X-ray photoelectron spectroscopy (XPS) and Fourier transform infrared spectroscopy
attenuated total reflectance (ATR-FTIR). Short plasma treatment (<5 s) led to homogeneous perovskite
films of larger grain size, as detected by X-ray diffraction (XRD) and scanning electron microscopy (SEM).

2. Experimental Section

2.1. Film Deposition

Perovskite precursor ink (a mixture of methylammonium iodide (MAI) and lead chloride (PbCl)
dissolved in dimethyl formamide) was purchased from Ossila, UK. Prior to deposition, the perovskite
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solution was heated to 70 °C for 2 h. A quartz glass sheet was cut into small pieces (1 cm X 1 cm),
then ultrasonically cleaned for 6 min in acetone, followed by isopropyl alcohol and deionized water.
The samples were pre-treated with air plasma for 16 s (the optimum pre-treatment time for obtaining a
uniform film on the substrate). After plasma pre-treatment, the samples were placed in a spin coater
and perovskite ink was deposited on the substrate at a speed of 3000 rpm; the volume of the perovskite
ink on each sample was 10 puL. All samples were then placed on a hotplate set at a temperature of 80 °C
for 2 h. All the processes of the sample and ink deposition are performed in ambient-air conditions
ranging from 20 °C to 24 °C and at a relative humidity of <35%.

2.2. Plasma Processing

Ambient-air plasma was generated by dielectric barrier discharge with a coplanar configuration
of the electrodes using a diffuse coplanar surface barrier discharge (DCSBD) unit manufactured by
Roplass s.r.o. (Brno, Czech Republic). The power density of plasma was maintained at 25 kW/m? and
100 W/cm3. The deposited films were exposed to plasma for various treatment times ranging from
1 s to 20 s. Further, the deposited samples were treated at a range of distances between sample and
plasma (from 0.1 to 0.7 mm). A distance of 0.6 mm was selected for the experiment because this was
considered the optimal distance in light of the results (Figure S1, supplementary materials).

2.3. Characterization

A PerkinElmer Lambda 1050 UV-VIS spectrometer (Akron, OH, USA) was employed to measure
the optical properties of the perovskite films at wavelengths from 380 nm to 800 nm. X-ray diffraction
studies (XRD) were conducted using a Rigaku Smartlab (The Woodlands, TX, USA), with CuK«
(A = 1.54059A°) radiation. Ultraviolet photoelectron spectroscopy (UPS) was performed by Kratos
Supra (Wharfside, Manchester, UK) under normal emission using He I (21.22 eV). The spectra were
calibrated at the Fermi edge, which is the energy of the fastest emitted electron. To separate the
secondary electron (SE) onset of the samples from that of the detector, a negative bias was applied to
the samples. Chemical analysis of the samples was carried out by X-ray photoelectron spectroscopy
(XPS) using an ESCALAB 250Xi of Al Ka X-ray source (Thermo Fisher Scientific, Loughborough, UK).
The XPS spectra were acquired from two spots (650 pm) with a take-off angle of 90° in 1078 mbar
vacuum at 20 °C. Additional chemical information from the samples was obtained by using attenuated
total reflectance Fourier transform infrared (ATR-FTIR) with a Bruker Vertex 80 V spectrometer
(Brno, Czech Republic). The perovskite films were measured in attenuation total reflection (ATR) mode
using a diamond crystal at a pressure of 2.51 hPa, spectral range from 4000 to 600 cm™~! and a resolution
of 4 cm™!. A MIRA3 scanning electron microscope (Tescan, Czech Republic) was used to evaluate the
morphology of the perovskite films before and after plasma treatment. To minimize the influence of
environment on the plasma-treated perovskite films, the time between plasma treatment and surface
characterization was always less than 1 h and samples were transported under nitrogen atmosphere
with neither oxygen nor moisture.

3. Results and Discussion

XRD patterns for perovskite films before and after plasma treatment appear in Figure 1a. The peak
located at 14.1° corresponding to the (110) plane belongs to the MAPbI;_,Cl, phase and the intensity of
this peak decreased after plasma treatment but each treatment time led to different intensity. A notable
diffraction peak at 15.5° corresponding to the (001) plane of the perovskite film appeared after a short
plasma treatment time (1 s), indicating the formation of a MAPbCl; perovskite structure. Prolonging
the plasma treatment time led to increases in the intensity of this peak. Another peak of MAPbCl;
located at 16.5° corresponding to the (012) plane appeared after the plasma treatment. The peaks
located at 28.5°,29.3°, and 31.8° correspond to the (220), (002), and (310) planes of MAPbI3, respectively.
The peak of (310) shifted to a lower angle after plasma treatment, a change perhaps related to an
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expanded crystal lattice. The intensity of the peak at 28.5° increased after plasma treatment which
could be related to the enhancement of crystallinity within the perovskite film [34].
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Figure 1. (a) XRD pattern of perovskite film before and after plasma treatment. Denoted peaks with *
correspond to the intermediate phase. (b) The location of some perovskite planes in the unit cell.

A slight diffraction of the Pbl, peaks at the (100) plane appeared in the XRD pattern. Figure 1b
shows the location of some perovskite planes in the unit cell. The presence of the Pbl, peaks on the
“untreated” sample refers to the incomplete conversion to the perovskite phase, and the peak shifted to
a lower angle after plasma treatment. The Pbl, peaks detected on the plasma-treated films could be
attributed to partial decomposition of the film. According to the Dubey et al. [35], the decomposition of
perovskite film originates from moisture in the air. In addition, Pbl, peak showed different trends after
plasma treatment: short plasma treatment (<5 s) led to a decrease of the Pbl, intensity and prolonging
the plasma treatment increased the intensity of Pbl,. Furthermore, the calculated sizes of the Pbl,
crystallite using the Scherrer equation (Figure S2) showed the same trend of the Pbl, peak before and
after plasma treatment.

Figure 2 shows the UV-VIS absorption spectra of the perovskite film before and after plasma
treatment. These demonstrate that plasma treatment led to shifts in the spectra of the perovskite film,
varying with treatment times. A blue-shift of the absorption band edge occurred after short plasma
treatment (<5 s). The absorption band edge of the “untreated” perovskite film, the starting location at
approx. 743 nm, shifted to approx. 713-716 nm after short plasma treatments (1 s and 2 s). The band
edge after 5 s appeared at approx. 718 nm. Prolonging the treatment moved the band edge towards
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surprisingly higher wavelengths (red-shift), whereas 10 s of plasma treatment shifted the absorption
band edge to approx. 757 nm. After 20 s of treatment, the band edge lay at a wavelength of 760 nm.
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Figure 2. UV-VIS absorbance spectra of the mixed-halide perovskite film before and after plasma treatment.

Secondary onset (SE onset) and valance bands of the perovskite films were measured by UPS;
the results appear in Figure 3 and Figure S3, respectively.
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Figure 3. Secondary electron (SE) onset of the mixed-halide perovskite film obtained by UPS before
and after plasma treatment.

The SE onset and valance band maximum (VBM) of the “untreated” perovskite films on quartz
glass were located at 14.36 eV and 4.24 eV, respectively. The SE onset of the perovskite film shifted
towards higher binding energy after plasma treatment and the maximum shift appeared after treatment
for 2 s, with the SE onset located at a binding energy of 17.27 eV. Measurement of UPS indicated that
the VBM of the perovskite films reacted differently to shorter and longer treatment times. Short plasma
treatment shifted the valence bands to lower binding energy, with the VBM located at 2.39-2.46 eV
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after 1-5 s. In contrast, prolonged plasma treatment resulted in the VBM at higher binding energy,
with the VBM located at 6.63 and 10.41 eV after plasma treatment for 10 s and 20 s, respectively.

The conduction band edge, or minimum conduction band (mCB), of the perovskite film was
estimated by means of band gap energy and maximum valance band. The band gap energy (Eg) can be
calculated by using hc/A, where ‘h’ is Plank’s constant, ¢ is the speed of the light in vacuum, and A is the
wavelength corresponding to the band edge within the UV-VIS absorption spectra. Figure 4a shows
the variation of the energy bands (including Eg, VBM, and mCB) of the perovskite films during plasma
treatment, together with corresponding photographs taken after deposition. In general, the band gap
shifts relate to changes in carrier concentration [36], meaning that a band gap shift toward larger values
corresponds to a higher carrier concentration. The band gap widening after short plasma treatment
(<5 s) could, thus, be attributed to a higher concentration of charge carriers within the perovskite film.
Further, the higher energy band was associated with decreases in VBM and mCB to lower energy levels.
However, longer plasma treatment led to narrowing of the band gap of the mixed halide perovskite
film, associated with higher energy levels of VBM and mCB.
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Figure 4. (a) Band energy diagram, with corresponding views from above of the mixed-halide perovskite
film before and after plasma treatment. (b) Atomic concentration of elements in perovskite films
calculated from XPS survey spectra.

It is well known that ambient air plasma treatment removes organic contamination from surfaces
and induce oxygen-containing functional groups to the surface [37]. It was, therefore, anticipated that
plasma treatment would lead to a decrease in the organic part of the mixed-halide perovskite film, e.g., in
methylammonium cations (CH3;NHj3"). Evaluation of the chemical stoichiometry of the perovskite
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film before and after plasma treatment was performed by means of XPS measurement. Figure 4b
summarizes the XPS results, including atomic concentration as a function of the plasma treatment
time. The atomic concentration of the C1s peak decreased from approx. 32.4 at%, corresponding to the
“untreated” perovskite film, to 28.7 at% after short plasma treatment (1 s). Plasma treatment for 2 s
led to a concentration of the Cls peak to 21.2 at%, while prolonging the plasma treatment to 20 s led
to a concentration of C1s of 19.3 at%. Longer plasma treatment times >5 s had no further effect on
the composition of the perovskite surface probably due to homogeneous etching of the perovskite
film, which is a different process than etching of the outermost layer of the surface. The XPS results
disclosed that the lower concentration of Cls is accompanied by a dramatic decrease in the N1s
and I3d concentrations after plasma treatment. In addition, the atomic concentration of oxygen was
enhanced. High energy species of plasma could etch the surface of the perovskite film which broke the
chemical bonds of the organic and halide components. The bonding of Pb is too strong for plasma
to break it but contamination removal from the outermost layer of surface led to an increase in Pb
concentration. The concentration of Pb4f increased from 8.1 to 9.7 at% after short plasma treatment (1 s).
Prolonging the plasma treatment led to an increase in the Pb4f concentration. The rise in lead (Pb4f)
concentration was related to the removal of organic contamination from the surface. Lead concentration
remained constant after plasma treatment for 5 s, indicating that plasma penetration to the bulk of the
mixed-halide perovskite films was negligible.

XPS revealed that ambient air plasma treatment partially removed carbon contamination,
methylammonium cations, and halide anions from the surface of the mixed-halide perovskite films.
ATR-FTIR measurement was employed further to investigate the effects of plasma treatment on the
chemistry of mixed-halide perovskite; the ATR-FTIR patterns of the perovskite films appear in Figure 5.
The peaks located at 12001700 cm™" are related to C-N and C=0 stretch, and the intensity of these
peaks decreased dramatically after plasma treatment. In addition, the peak located at 2700-3000 cm ™!
corresponded to C-H stretching, and its intensity fell to around zero after plasma treatment for
1 s. The treatment also reduced the intensity of the peak located at 3000-3300 cm™!, corresponding
to N-H/O-H stretching. These results correlated well with the atomic concentrations obtained by
XPS, showing that plasma treatment led to effective removal of the organic part of the mixed-halide
perovskite films. Chemical analysis of the perovskite films indicated that ambient-air plasma treatment
cleans surfaces and forms lead-rich perovskite films.
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Figure 5. ATR-FTIR pattern of mixed-halide perovskite film before and after plasma treatment.
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Scanning electron microscopy (SEM) was employed to evaluate the effect of plasma treatment on
the surface morphology of the perovskite films (Figure 6). The surface of the “untreated” mixed-halide
perovskite film shows the inhomogeneity and compactness of the grains. The non-homogeneous
“untreated” surface may be explained by evaporation of the solvent of the perovskite precursor from the
substrate. The perovskite precursor ink was a mixture of methylammonium iodide and lead chloride
dissolved in dimethyl formamide. Once the perovskite had been spin-coated onto the substrate,
the solvent evaporated very rapidly and generated non-uniform perovskite crystals [38]. Short plasma
treatment (1 s) led to higher homogeneity of the surface as grain boundaries appeared. However,
the sample treated for 1 s exhibited a number of shrunken grain boundaries. The same phenomena
were reported by Cao et al. [19], who noted that defects in the grain boundaries of perovskite films
appeared after microwave irradiation treatment, related to the decomposition of the perovskite film.
These results accord with the XRD analysis, which revealed partial decomposition of the mixed-halide
perovskite film after short plasma treatment of 1 s. The cracks became less after plasma treatment for
2 s and 5 s. Prolonging plasma treatment time after 5 s led to pin-holing and separation of the grains
at the surface. The calculated average grain size from the SEM results are summarized in Table 1.
It appears that short plasma treatment (<5 s) led to extended grain sizes of the mixed-halide perovskite;
the average grain size corresponding to the “untreated” film is ~0.92 and increased to 1.93 nm after 5 s
plasma treatment. However, longer plasma treatments of 10 s and 20 s decreased the average grain
size to ~0.78 nm and 0.54 nm, respectively, which can be related to the etching of the surface after
longer plasma treatment. The thickness of the of mixed-halide perovskite films before and after plasma
treatment was also investigated (Figure S4). The results demonstrated that, after 1 s and 2 s of exposure
time, the thickness of the films decreased from approx. 229 nm to 225 nm and 218 nm. This may be
related to the etching of organic contamination from the surface, and even of the organic component of
the perovskite film itself. Longer plasma treatments (>5 s) etched more of the surface and thickness
decreased to approx. 200 nm after plasma treatment for 20 s, suggesting that the upper layer of the
surface was removed.

Figure 6. SEM images of mixed-halide perovskite films before and after plasma treatment.
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Table 1. Average grain size of the mixed-halide perovskite films before and after plasma treatment.

Sample Grain Size (um)
Untreated 0.92
1s plasma 1.36
2 s plasma 1.81
5s plasma 1.93
10 s plasma 0.78
20 s plasma 0.54

4. Conclusions

Ambient air low-temperature plasma treatment was successfully applied to perovskite film for
the first time. The effects of such plasma treatment on the opto-electronic properties, crystallization,
and morphology of the perovskite film were investigated. Ambient-air plasma led to remarkable
changes in the energy bands of the mixed-halide perovskite in a manner dependent on treatment time,
i.e., short plasma treatment (<5 s) led to widening the band gap and longer plasma treatment (>5 s) led
to narrowing the band gap. Plasma treatment can control the morphology of the perovskite film by
changing grain boundaries and crystalline structure, leading to a uniform surface after short plasma
treatment. However, prolonging plasma treatment leads to the separation of the grains and the film
becomes non-homogeneous. The differences between the results of short and long plasma treatment
were related to the etching of the perovskite film. Short plasma treatment had a minor etching effect on
the surface, in contrast to longer treatment that etched the surface and penetrated to the bulk of the
perovskite film and consequently led to slight etching of the surface. This contribution demonstrates
that plasma treatment using DCSBD is a promising post-treatment technique for control of the surface
properties of mixed-halide perovskite films. In addition, using ambient air as an operational gas,
together with short treatment times, render plasma treatment by DCSBD a low-cost and rapid means
of processing perovskite films.

Supplementary Materials: The following are available online at http://www.mdpi.com/2075-4701/9/9/991/s1,
Figure S1: Photo of plasma treated perovskite films with different distances, Figure S2: Crystallite size of Pbl, at
plate of (100) before and after plasma treatment, Figure S3: Variation of valance bands of mixed-halide perovskite
film during plasma treatment, Figure S4: Variation the thickness of mixed-halide perovskite during plasma
treatment time.
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