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Abstract  

A technique to increase the conductivity of Spiro-OMeTAD using an easily scalable, non-

thermal atmospheric pressure plasma jet (APPJ) is reported. An investigation of plasma 

functionalization demonstrated an enhancement in hole conductivity by over an order of 

magnitude from 9.4 × 10-7 S cm-1 for the pristine film to 1.15 × 10-5 S cm-1 for films after 5 

minutes of plasma treatment. The conductivity value after plasma functionalization was 

comparable to that reported for 10 - 25% Li-TFSI-doped Spiro-OMeTAD. The increase in 

conductivity was correlated with a reduction in phase value observed using electrostatic force 

microscopy. Kelvin probe force microscopy showed an increase in work function after plasma 
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exposure corresponding to the p-type nature of the doping. X-ray photoelectron spectroscopy 

revealed surface oxidation of plasma-functionalized films, as well as variation in nitrogen 

chemistry, with the formation of a higher binding energy quaternary nitrogen tail. Oxidation of 

Spiro-OMeTAD was also confirmed by the appearance of the 500 nm absorption peak using 

UV-vis spectroscopy. The synergistic contribution of increase in charge density in Spiro-

OMeTAD due to the energetic species in the plasma jet coupled with improvement in π-π 

stacking of the molecules is thought to underlie the conductivity enhancement. We also attribute 

the formation of quinoid structures with quaternary nitrogen +N=C to the enhancement in 

positive charge centres due to loss of methoxy groups during plasma-surface interaction. This 

work opens up the possibility of using an atmospheric pressure plasma jet as a simple and 

effective technique for doping and functionalizing Spiro-OMeTAD thin films to circumvent the 

detrimental issues associated with chemical dopants. 
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INTRODUCTION 

Over recent years hybrid organic-inorganic metal halide perovskite solar cells (PSCs) have 

achieved >25% efficiency through judicious manipulation of perovskite morphology and 

precise engineering of interfacial contacts [1]. Although this efficiency is promising, one of the 

major obstacles to commercialisation is the stability of the active materials and several different 

approaches have been implemented to improve device stability [2]–[4]. A typical planar PSC 

consists of a perovskite absorber layer sandwiched between the electron transport layer (ETL) 

and the hole transport layer (HTL) with ‘top’ and ‘bottom’ electrodes formed from metallic 

material and transparent conducting oxide. The hole transport layer serves a two-fold purpose 

in defining the efficiency/performance and the stability of PSCs by (i) extraction of positive 

charges (holes) and subsequent transport/diffusion to the top electrode and (ii) prevention of 

direct contact between perovskite absorber and metal electrode, which minimizes 

recombination and impedes moisture ingress into the underlying perovskite absorber layer in 

the n-i-p architecture [5]–[7]. 

2,2',7,7'-Tetrakis[N,N-di-(4-methoxyphenyl)amino]9,9'-pirobifluorene], commonly known 

as Spiro-OMeTAD, is one of the most widely used triarylamine-based hole transport materials 

(HTM) for PSCs, associated with some of the best device performance to date [8]. Spiro-based 

small molecules, with two molecular π-systems connected by a tetrahedral carbon, i.e. the 

Spiro-bifluorene core, are structurally stable and the sp3 hybridized carbon induces molecular 

rigidity, impedes crystallization below the glass transition temperature (𝑇𝑔), and enhances 

stability of the amorphous state, a property which is desirable in HTMs [9]. Moreover, Spiro 

compounds have high solubility as a result of the perpendicular arrangement of the fluorene 

units which suppresses the intermolecular π-π impedances, resulting in solubility enhancement 

[10]–[12]. These favourable attributes make Spiro-OMeTAD attractive for application as HTM. 

However, Spiro-OMeTAD in its pristine form, has a relatively low hole mobility  (~10-5 cm2 
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V-1 s-1) [10], [12], [13] and a correspondingly low intrinsic conductivity (~10-7 S cm-1) [13], 

[14]. Tuning the type and density of charge carriers via electronic doping is a suitable technique 

for enhancing the controllability and reproducibility of device performance [13], [15]–[19]. 

Doping not only affects the density of charge carriers but also tunes the electronic properties, 

and dopants such as Na-TFSI  [20], Ag-TFSI  [21], Co (III) complexes [14], [22], WO3 [23], 

and Cu(II) salts [24], [25]  have been explored in the case of Spiro-OMeTAD [15], [25]–[27]. 

However, some of the p-type dopants exhibit poor solubility in organic solvents, in addition to 

being highly volatile, and may involve intensive and complicated synthetic procedures, which 

limit their application in solution-processed PSCs. Moreover, the vibrant colours displayed by 

some of the dopants may diminish the light absorption of the perovskite in the visible region of 

the spectrum [28]–[31]. Lithium bis(trifluoromethanesulfonyl)imide (Li-TFSI) is the most 

widely used p-type dopant and has been demonstrated to improve the conductivity of Spiro-

OMeTAD by shifting the Fermi level towards the highest occupied molecular orbital (HOMO) 

[15], [32]. The device efficiency is increased upon addition of Li-TFSI. This has been attributed 

to a reduction in the recombination losses at interfaces due to alteration of the TiO2 band edge 

position for higher potentials [9], [33]. However, the hygroscopic nature of Li-TFSI may result 

in formation of pin-holes in the Spiro-OMeTAD layer, thus promoting degradation of the 

underlying perovskite absorber [15], [34]–[36]. The addition of 4-tert butylpyridine (tBP) 

improves the miscibility of Spiro-OMeTAD and Li-TFSI by impeding phase segregation in 

solution, thus resulting in uniform distribution of Li-TFSI during thin film deposition. A 

drawback of tBP is its high volatility. Evaporation of the tBP leaves behind an accumulation of 

hygroscopic Li-TFSI [36], [37]. To address these key challenges, a simple technique for 

functionalization of Spiro-OMeTAD films has been investigated in this work based on a non-

thermal atmospheric pressure plasma jet (APPJ) to increase the hole conductivity. 



 

5 
 

Sterilization [38], [39], modification of polymers for improving surface wettability and 

cleaning [40]–[42], environmental, industrial [43] and medical applications [44] are few of the 

areas where non-thermal atmospheric pressure plasmas have been widely used. Plasma 

technology offers the advantage of ‘dry doping’ of semiconducting nanomaterials with 

heteroatoms to tune the band gap energy and conductivity for many promising applications. 

Atmospheric pressure plasma jets comprise charged particles, neutral metastable species, 

radicals and radiation in the UV and visible regions [45]. Non-thermal plasmas, also commonly 

known as ‘cold plasmas’ [46], [47], are characterized by a thermal non-equilibrium between 

the temperature of the electrons and the ions in the plasma jet such that the temperature of the 

electrons is a few electron volts but the temperature of the positively charged ions and neutral 

species is significantly lower (around room temperature). The near-ambient gas temperatures 

of non-thermal APPJs are suitable for treating temperature-sensitive materials. APPJs are also 

found to be compatible with conventional processes, and are easily adapted to complex 

geometries.  

Oxygen plasmas have been explored extensively for surface functionalization of graphene 

and its oxide for use as electrodes in applications including light emitting diodes (LEDs), field 

effect transistors (FETs), and molecular sensors [48]–[50]. The application of plasma is mostly 

confined to surface cleaning and removal of impurities from fluorine doped tin oxide (FTO) 

and indium tin oxide (ITO) in dye-sensitized solar cells (DSSCs) and PSCs, improving device 

performance. However, recently the applications of plasma in PSCs have been widened to 

encompass improvement in device stability [51], surface modification [52], spray deposition of 

the perovskite active layer [53] and tuning the work function and surface energy of HTMs [54].  

Other examples of the applications of non-thermal plasmas include: 
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(i) Rolston et al. demonstrated a scalable, cold plasma spray technique for increasing 

stability of PSCs using a submicron organo-silicate barrier film [51]. Oxidizing species 

and heat from the plasma were reported to be responsible for the enhancement in device 

performance by improving interfacial contact and conductivity of the HTL.  

(ii) A low-pressure Ar plasma treatment was used by Xiao et al. to modify the surface 

composition of the perovskite absorber by tuning the ratio of organic, inorganic 

components and defects [52]. This protocol resulted in an efficiency of 20.4% as a result 

of the enhancement of charge collection at the perovskite-electrode interface by impeding 

charge recombination.  

(iii) A scalable, atmospheric pressure plasma, post-deposition technique to rapidly form an 

efficient and mechanically robust CH3NH3PbI3 perovskite layer without the need of a hot 

plate for curing the active material was reported by Hilt et al. [53]. An air plasma arc 

discharge was used for 250 ms exposure to obtain defect-free films showing ultrafast 

crystallization and a power conversion efficiency (PCE) of 15.7%. Rapid nucleation and 

growth of perovskite crystals was monitored by in situ wide angle X-ray scattering and 

was attributed to the presence of reactive oxygen and nitrogen species in the plasma.  

(iv) Oxygen plasma was used for tuning the surface energy and work function of hydrophobic 

polymeric HTMs such as P3HT [poly(3-n- hexylthiophene)], P3OT [Poly(3-

octylthiophene-2,5-diyl)], polyTPD [poly(N,N'-bis- 4-butylphenyl-N,N'-

bisphenyl)benzidine] and PTAA [poly(bis{4-phenyl}{2,4,6-trimethylphenyl}amine)] for 

applications as p-type contacts in inverted perovskite solar cell configuration, with a 

reported PCE over 19% [54].  

(v) Low-pressure oxygen plasma treatment on a NiOx HTL layer in p-i-n architecture resulted 

in improved wettability and a consequent enhancement in efficiency to 12.3% [55].   
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(vi) Argon plasma functionalization was explored to not only increase the surface energy and 

roughness for an improved hydrophilicity and larger grain size of the perovskite film, but 

also to tune the conductivity by varying the ratio of PEDOT and PSS by plasma treatment 

[56]. 

(vii) Oxygen plasma at low-pressure has been demonstrated to rapidly oxidise Li-TFSI-doped 

Spiro-OMeTAD in PSCs with an enhancement in conductivity and mobility of the HTL 

[57]–[59]. Oxidation of Li-TFSI in Spiro-OMeTAD was assigned to the diffusion of 

oxidants generated in the plasma in the form of reactive oxygen and nitrogen species.  

However, the studies focus on oxygen plasma generated at low pressure for functionalization 

of spiro-OMeTAD, which require a vacuum chamber, with its associated high maintenance, 

and high power for sustaining the discharge and are also not conducive with in-line large-scale 

processing technology. In the present study, a systematic and time-dependent, non-thermal 

atmospheric plasma treatment using a He-O2 RF-excited jet has been used to functionalize 

Spiro-OMeTAD films resulting in defect-free films with enhanced conductivity. The non-

thermal APPJ used in this study being a non-abrasive technique, is suitable for temperature-

sensitive materials. Moreover, Spiro-OMeTAD has a glass transition temperature of 125° and 

a melting temperature of 248° and when doped with Li-TFSI and tBP can sustain temperatures 

up to about 90°C, above which degradation starts due to evaporation of the dopants [60]. The 

electronic and optical properties and surface morphology of Spiro-OMeTAD post time-

dependent non-thermal atmospheric plasma treatment are studied in detail.  

EXPERIMENTAL SECTION 

Deposition of Spiro-OMeTAD films 
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Thin films of Spiro-OMeTAD were deposited following the usual procedure reported 

elsewhere in the literature [61], [62]. In brief, 72 mg of Spiro-OMeTAD was dissolved in 1 mL 

of chlorobenzene. 100 μL of the solution was spin coated at 2000 rpm onto Si wafer substrates 

(coupons measuring 1.5 cm × 1.5 cm) for 30 seconds. Prior to the deposition of thin films, the 

Si coupons were cleaned thoroughly by sequential ultra-sonication in acetone, deionized water 

and ethanol for 10 minutes each.  

 

Figure 1(a) Experimental set-up of the RF atmospheric pressure plasma jet, (b) schematic of 

the He-O2 plasma jet, and (c) the LC circuit with plasma ON condition.  

Atmospheric pressure plasma jet for surface functionalization 

The APPJ used for the functionalization of the Spiro-OMeTAD films is as shown in Figure 

1(a); it is based on a precursor to the RF Reference Microplasma Jet [63], [64]. The plasma 

discharge is ignited between two plane-parallel stainless-steel electrode strips, 1 mm wide, 

50 mm long, set 1 mm apart. The plasma is driven by applying radio frequency (13.56 MHz) 

power through a series resonant LC circuit. The LC circuit consists of a tunable capacitor 

(𝐶𝑒𝑥𝑡 = 2 – 22 pF) and an inductor (L = 16.5 μH) such that when the applied RF frequency 

matches that of the LC circuit, the voltage drop across the electrodes is amplified (resonance) 

by a factor of about 100, thus enabling the formation of a plasma discharge.  

Stage 

1 2 

4 

3 



 

9 
 

With He as the carrier gas, the nominal input power required to sustain a plasma is typically 

<10 W. The flow rates of He and O2 used were 3000 and 30 sccm, respectively. Si coupons, 

preloaded with deposits of Spiro-OMeTAD, were placed at a distance of 5 mm from the plasma 

jet nozzle – far enough away to prevent the discharge transferring to the Si substrate, but close 

enough to encounter reactive species and radiation from the divergent plume which interacts 

with the surface over an area of ~0.5 cm × 0.5 cm that emanates from the electrode region. Our 

configuration is no more than few electrical watts in passing into the plasma. A fraction of that 

reaches the surface as the thermal energy of the gas plume (low heat capacity as gaseous and 

flow inherently cooling) plus internal energy on excited species that quench on surfaces— 

comparable with thermal flux. Substrate surface therefore unlikely to be more than few tens 

this of degree above ambient- substrate bulk unlikely to be more than a few degrees above 

ambient depending on the mass and substructure. We have placed a thermocouple in contact 

with the substrate and temperature of the substrate was 37°C. The specimens were rastered 

under the plume for 3, 4 and 5 minutes, with the ambition of obtaining uniformly functionalized 

thin films. During the process temperature of the substrate was measured to be 37 degrees 

Celsius. A minimum time of 3 minutes was used to allow for the homogeneous rastering of the 

available area of the pre-deposited films.  

Characterisation  

The characteristics of the plasma jet were studied via optical emission spectroscopy using 

an S2000+ Ocean Optics spectrometer.  

The presence of oxidized Spiro-OMeTAD was confirmed by using UV-Vis spectroscopy 

with a JASCO UV-Vis equipment.  
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X-ray photoelectron spectroscopy (XPS) was used to study the electronic properties with a 

load-locked KRATOS XSAM-800 instrument equipped with a dual anode X-ray source using 

an Mg Kα (1253.6 eV) excitation source. The high magnification analyser mode was chosen to 

collect electrons from the smallest possible area on the specimen for C1s, O1s and N1s core 

levels. CasaXPS software (version 2.3.16) was used to analyse the XPS data.  

A ZEISS Supra 55 Variable Pressure Field Emission Scanning Electron Microscopy (SEM) 

equipment was used to study the morphology of the Spiro-OMeTAD films, before and after 

plasma treatment.  

The thickness of the thin films was measured using the technique of Spectroscopic 

Ellipsometry with a Jobin-Yvon/Horiba equipment operating DeltaPsi2 v.2.0.8 software using 

linearly polarized light at 45° incidence at three different positions on the thin films. The 

experimental wavelength range was chosen to be 250-800 nm (1.5-5.5 eV) and all 

measurements were made under ambient temperature, pressure and humidity conditions. The 

results were modelled using the Tauc-Lorentz oscillator model.  

A Leica optical microscope was used to acquire white light images of the sample surfaces.  

An Asylum Research MFP3D AFM equipped with a Halcyonics vibration isolation stage was 

used to study the sample surfaces, mapping the surface conductivity and surface potential using 

Pt-Ir coated Si probes (PPP-EFM-10, Nanosensors) with a nominal force constant of 2.8 N m-

1. The tip was biased at +5 V with a drive amplitude of 300 mV. The image parameters were 

set at scan size of 10 μm × 10 μm, scan rate 0.5 Hz, 512 points and lines. Electrostatic force 

microscopy (EFM) and Kelvin probe force microscopy (KPFM) measurements were performed 

in the ‘tapping’ mode and the ‘Nap’ mode at a delta height of 30 nm to obtain the height and 

potential profiles. The Gwyddion program was used to obtain the height profile and normalized 

nap phase images from the EFM and KPFM data. EFM is a dual-pass technique, where the 
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topography is mapped first similar to the tapping mode AFM, followed by a repeated trace at a 

fixed delta height above the surface for measurement of the phase profile. Nap mode is 

performed with a conducting tip which is biased with a DC voltage. The phase and amplitude 

of vibration of the cantilever tip are affected when a voltage bias is applied between the tip and 

the sample surface. This type of imaging can be used to measure the relative change in the local 

electrostatic force between the tip and the sample surface. If the bias on the tip is kept constant 

along with the distance between the tip and the sample, then the measured variation in 

electrostatic force corresponds to the changes in surface potential distribution. 

Sheet resistance was measured using a four-point probe technique and Keithley series, 

Model 2400 Source Meter.  As the samples showed very high sheet resistance (order of GΩ sq-

1), the current range was carefully chosen at pA due to the sensitivity of the measurements. In 

this case, the current range was set at 50-100 pA and compliance at 210 V. Attention was given 

to minimise the noise level that arises from the charging effect during data recording. The final 

value was averaged for a range of current values in pA to obtain higher accuracy. 

RESULTS AND DISCUSSION  

Optical emission spectroscopy (OES) of the helium and oxygen plasma jet  

Optical emission spectroscopy provides a non-invasive probe to reveal the presence of 

specific atoms, ions and molecules within a plasma jet, thus providing insights into the chemical 

processes occurring in the plasma. The optical emission spectra of the effluent from the He-O2 

discharge into ambient air is shown in Figure 2. The gas phase composition, i.e. the excited 

atoms, ions and molecules determine the features in the spectra. Features from atomic and 

molecular oxygen, as well as helium and nitrogen species within the wavelength range of 

200.0 nm to 880.0 nm is observed. Oxygen, being an electronegative element, its addition to 
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the plasma leads to the formation of O-, O2- ions and other species. Atomic and molecular lines 

of the reactive species are clearly observed in the spectra such as OH- transitions at 308.0 nm, 

N2(C-B) second positive system with electronic transitions C3∏u→B3∏g in the range 300-

450 nm, He I transition 3s3S1→2p3P0 at 706.8 nm, O I transitions 3p5P→4d5D0 at 615.8 nm, 

3p5P→3s5S0 at 777.4 nm and 3p3P→3s5S0 at 844.8 nm and the A-band of molecular oxygen 

corresponding to the transition b1Σg+→X3Σg- at 760.0 nm [65]–[67]. The spectral emission of 

molecular oxygen is generally very weak and hence, is not readily discernible in the emission 

spectra; in this work only the A-band at 760.0 nm has been recorded. Additional emission lines 

corresponding to N2+ first negative system with electronic transitions B2Σu+→X2Σg+ (Δν=0) are 

observed at 391.3 nm and 427.0 nm [68]–[70]. Strong N2 emission lines in the spectrum arising 

from electron impact as the plasma plume propagates in ambient air were observed which has 

been reported previously for atmospheric pressure discharges in helium [43]. Interestingly, the 

emission line at 308.0 nm due to an OH- transition is very prominent in the He plasma jet but 

is suppressed in the He-O2 jet, possibly due to the collisional quenching with oxygen molecules 

resulting in excited oxygen species in the plasma. The presence of O 777.4 nm emission 

suggests a preference for dissociative excitation whereas O 844.8 nm emission signifies the 

dominance of atomic oxygen excitation [66]. An increase in the intensity of both the O 

777.4 nm and O 845 nm emission lines in the helium-oxygen plasma jet would suggest an 

interplay of both dissociative and direct excitation mechanisms. In the spectrum for a pure 

helium discharge, a series of strong peaks in the region of 215.0 nm to 271.0 nm originating 

from NO (γ) A2Σ+→X2Π is representative of the presence of oxygen in the afterglow [43], [71]. 

The reactive oxygen and nitrogen species in the plasma jet may include singlet oxygen, 

hydroxyl radicals, metastables and photons which play significant roles in the surface 

functionalization of Spiro-OMeTAD, as will be demonstrated in the present study.  
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Figure 2 Optical emission spectra of the afterglow region of the APPJ: (a) He discharge, and 

(b) He (3000 sccm) + O2 (30 sccm) discharge into ambient air. 

ELECTRONIC PROPERTIES  

X-ray photoelectron spectroscopy (XPS) is an element-specific, site-selective technique 

which was used to probe the electronic properties and local chemical environment of the surface 

arising from plasma functionalization of the Spiro-OMeTAD films. C1s, N1s and O1s high 

resolution XPS spectra were energy calibrated with respect to the C1s of freshly cleaved highly 

oriented pyrolytic graphite (HOPG) at 284.5 eV and Au 4f peak at 84.0 eV as reference. The 

pristine Spiro-OMeTAD molecule is composed of 81 C, 4 N and 8 O atoms. No X-ray induced 

damage was observed on the samples.  
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Figure 3 Variation of (a) C1s and (b) N1s XPS spectra of Spiro-OMeTAD as a function of 

plasma treatment time showing the appearance of bound-oxygen features. 

C1s: The C1s core level spectra as a function of plasma treatment time is shown in Figure 3(a). 

The C1s spectra were fitted with an asymmetric Gaussian-Lorentzian line shape. Results of the 

fitting and deconvolution process indicates that untreated Spiro-OMeTAD is composed of C-

H, C=C/C-C, C-N, C-O-C and π-π* components. The main peak at 283.9 ± 0.1 eV corresponds 

to C-H functionality, followed by the contribution at 284.8 ± 0.1 eV which is from a combined 

effect of C=C and C-C groups. The sp3 bonded carbon occurs at 0.5 eV above the binding 

energy of sp2 bonded configuration. The components at 285.8 ± 0.1 eV and 286.9 ± 0.2 eV have 

contributions from carbon singly bonded to nitrogen and Ca-O-C (Ca signifies the aromatic 

carbon), respectively [16], [23], whereas the feature at ~291.0 eV stems from π-π* plasmon 

contribution. The values agree quite well (within ± 0.5 eV) with previous literature.  

The comparison of C1s line shape of untreated and plasma-treated Spiro-OMeTAD in Figure 

3(a) shows a significant inhomogeneous broadening towards higher binding energy after 3 

minutes of plasma treatment. This broadening can be attributed to the surface oxidation of 
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Spiro-OMeTAD films via the attachment of functional groups such as C-OH and C=O [72], 

[73]. The C1s spectra of the plasma-functionalized films were deconvoluted into C-H, C=C/C-

C, C-N, Ca-O-C, C=O and π-π* components. The additional C=O component at 288.5 eV is 

due to the presence of different oxidized species in the plasma jet which bonded to carbon atoms 

of the Spiro-OMeTAD film. The bombardment of the energetic ionic species present in the 

plasma jet may lead to the formation of defects which in turn form favourable sites for the 

attachment of oxygen moieties and hence, contribute to surface functionalization. The fitting 

parameters extracted from the XPS spectra are summarized in Table 1. 

From Figure 3(a), a 0.2 eV decrease in the FWHM of the C bonded to C component from 

1.8 (pristine) to 1.6 eV (4 minutes) is observed. Though the resolution of the XPS equipment is 

0.9 eV, careful fitting of the line shape of C1s with a combination of Gaussian-Lorentzian line 

shapes was undertaken to interpret the FWHM variation in the spectra. The increase in 

concentration of aromatic C bonded to O (Ca-O-C) component from 4.9% (pristine) to 7.0% 

upon 3 minutes of plasma functionalization is followed by a further enhancement to 8.5% and 

7.9% after 4 minutes and 5 minutes of plasma exposure, respectively. A monotonic increase in 

the C=O component is also observed from 0 to 7.0%. This signifies an enhancement in the 

carbon bonded to oxygen species to the aromatic structure of Spiro-OMeTAD molecule. 

Figure 4 shows the trend of increasing (a) Ca-O-C and (b) C=O species from pristine to 

functionalized Spiro-OMeTAD samples. A steady increase in the area of the π-π* plasmon peak 

is also discernible upon plasma functionalization from 3.6% (pristine) to 6.4% after 4 minutes 

of plasma treatment before settling at 6.0% after 5 minutes of exposure. 

The aromaticity of Spiro-OMeTAD molecules can be described in terms of the FWHM of 

the C-C/C=C component and the area of the plasmon feature, where a larger π-π* peak would 

signify a polyaromatic system [74], [75]. Hence, in this study, the reduction in FWHM of the 
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C-C component and the increase in area of π-π* component can be attributed to an improvement 

in aromaticity of Spiro-OMeTAD upon functionalization using the atmospheric pressure He-

O2 plasma jet. Increase in aromaticity might contribute to the increase in conductivity discussed 

in later sections. 

 

 

Figure 4 Variation of atomic percentage of (a) Ca-O-C and (b) C=O component with time of 

plasma functionalization.  

N1s: High resolution N1s spectra of untreated and time-dependent plasma-treated Spiro-

OMeTAD have been compared in Figure 3(b). There is ambiguity in the literature with regard 

to assignment of the exact position of the amine C-N in pristine Spiro-OMeTAD, with Scholin 

et al. having reported the N1s peak due to amine C-N from Spiro-OMeTAD at 400.3 eV from 

XPS studies on a similar triphenylamine hole conductor molecule [76], [77]. However, in this 

study the spectrum for the untreated Spiro-OMeTAD film was fitted with one component 

centred at ~399.5 ± 0.15 eV corresponding to the amine N species of Spiro-OMeTAD [16], 

[78]–[81] which is ~0.8 eV shifted from other reports. The spectra for the plasma-treated films, 

irrespective of the time of plasma functionalization, show a substantial broadening towards the 

higher binding energy and are fitted with an additional component centred at ~401.0 ± 0.2 eV. 

The higher binding energy component may have a contribution from the oxidized N species 

[82]–[84] .  
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A slight variation in the FWHM of the amine N component which has been fitted with a 

FWHM of 1.8 ± 0.15 eV is observed with increased time of plasma exposure. Figure 5 shows 

the variation of FWHM of oxidized N component in the fitted N1s spectra with respect to time 

of plasma exposure (0, 3, 4 and 5 minutes). An increase in FWHM of the oxidized N component 

to 2.5 eV upon plasma-exposure has been observed with pristine Spiro-OMeTAD showing no 

oxidized N component (Figure 3b). The amine N is thought to be the active site for the 

attachment of Li-TFSI dopant molecules in doped Spiro-OMeTAD [85]. It has been proposed 

here that plasma modifies the amine N site and the formation of the oxidized nitrogen species 

may result in improved conductivity of the films post-treatment as discussed in later sections. 

Loss in methyl groups as a result of plasma-spiro-OMeTAD interaction may result in formation 

of quinoid structures with quaternary nitrogen +N=C which can also contribute to the 

enhancement in positive charges in the molecule.  

Figure 5 Variation of FWHM of oxidized N component in fitted N1s spectra with respect to 

time of plasma treatment (0, 3, 4 and 5 minutes). 

Though a variation in the nitrogen environment has been observed from the N1s spectra, no 

such change is observed in the C-N component of the C1s spectra since it is overlapped with 

the contribution from the C-O component and cannot be deconvoluted due to the 0.9 eV 

resolution of the XPS equipment. 
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O1s: The O1s core level spectrum of the as-deposited film was fitted with one component 

centred at ~533.3 ± 0.1 eV corresponding to the Ca-O as reported previously in the literature 

[16], [18]. After plasma treatment, pristine Spiro-OMeTAD films show a 0.5 eV increase in 

FWHM (Figure 6). This 0.5 eV increase signifies an increased degree of oxidation of the Spiro-

OMeTAD films with time of plasma exposure. This broadening can be attributed to the 

formation of O doubly bonded to C at ~531.1 ± 0.1 eV [73], [86], [87] which can be 

corroborated by the C=O signature from the C1s spectra of plasma-functionalized Spiro-

OMeTAD, shown in Figure 3 (a). The formation of dangling bonds upon plasma-surface 

interaction have the tendency to saturate with the formation of C=O species since C=O is stable 

and energetically favourable. The C=O component may have a contribution either from 

carbonyl or carboxylic groups. The formation of carboxylic group upon plasma exposure can 

be used to explain the increase in conductivity of functionalized Spiro-OMeTAD by improving 

the flexibility of the aromatic backbone or promoting charge carriers along the molecule [88]. 

The variation of FWHM of the Ca-O component in fitted O1s spectra with respect to plasma 

treatment time is shown in Figure 7. A monotonic increase in the FWHM is observed with 

increase in time of plasma exposure.  

Surface oxidation is consistent with the positive variation in work function measured with 

KPFM which proves the incorporation of oxygen functional groups on the surface. Though 

chemical oxidation is the most common doping strategy for HTLs, other techniques have also 

been explored such as acidic dopants for conductive polymers, where the enhancement in 

conductivity is attributed to the induction of positive charges that increase the carrier density in 

the systems [89]. The aforementioned quinoid structures may also be responsible for the 

increase in positive charge carriers. It is also proposed that oxygen plasma induces an increase 

in positive charges in Spiro-OMeTAD that enhances the carrier density and hence, the 

improvement in conductivity.  



 

19 
 

 

Figure 6 Variation of O1s XPS spectra of Spiro-OMeTAD with respect to plasma treatment 

time (0, 3, 4 and 5 minutes). 

 

 

 

Figure 7 Variation of FWHM of the C bonded to O (C=O/C-O-C) in fitted O1s spectra with 

respect to plasma treatment time (0, 3, 4 and 5 minutes). 

Table 1 Fitting parameters extracted from XPS spectra of pristine and He + O2 plasma 

functionalized Spiro-OMeTAD. 

Sample Region Component % conc. ± 0.2 FWHM ± 0.1 eV 

 

 

 

 

Untreated Spiro-

OMeTAD 

C1s C-H 35.0 1.5 

C=C/C-C 34.0 1.8 

C-N/C-O 22.2 1.7 

Ca-O-C 5.0 1.7 

C=O 0 0 

π-π* 3.6 2.8 
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Morphology of Spiro-OMeTAD films  

The morphology of the Spiro-OMeTAD films before and after time-dependent plasma 

treatment was studied using optical microscopy, scanning electron microscopy (SEM) and 

atomic force microscopy (AFM). No evidence of pinholes was observed in the optical, SEM 

and AFM images. 

O1s Ca-O-C 100.0 2.0 

N1s amine N 100.0 1.7 

 Oxidized N 0 0 

 

 

 

3 mins plasma 

Spiro-OMeTAD 

C1s C-H 31.6 1.6 

C=C/C-C 29.7 1.9 

C-N/C-O 21.0 1.9 

Ca-O-C 7.0 1.9 

C=O 6.9 2.1 

π-π* 3.6 2.9 

O1s Ca-O-C 100.0 2.6 

N1s amine N 72.6 1.9 

 Oxidized N 27.3 2.5 

 

4 mins plasma 

Spiro-OMeTAD 

C1s C-H 31.3 1.6 

C=C/C-C 29.7 1.7 

C-N/C-O 16.6 1.5 

Ca-O-C 8.5 1.5 

C=O 7.4 2.1 

π-π* 6.4 3.5 

O1s Ca-O-C 100.0 2.5 

N1s amine N 73.6 1.9 

 Oxidized N 26.4 2.5 

 

 

 

5 mins plasma 

Spiro-OMeTAD 

 

 

C1s 

C-H 31.2 1.6 

C=C/C-C 28.4 1.7 

C-N/C-O 19.6 1.6 

Ca-O-C 8.0 1.6 

C=O 6.8 2.1 

π-π* 6.0 3.3 

O1s Ca-O-C 100.0 2.5 

N1s amine N 72.0 1.8 

 Oxidized N 28.0 2.5 
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There was no noticeable difference in film morphology before and after plasma treatment 

when studied using the SEM (Figure S1, supporting information). The films were appreciably 

uniform, except for the presence of silicon dust on the surfaces (observed as small dots in the 

figure). As was visible with the naked eye, the change in colour from the as-deposited film to 

the plasma-functionalized film, was corroborated with optical microscopy (Figure S2, 

supporting information). The change in colour of the films post-treatment from greenish to 

bluish became discernible as the time of plasma exposure was increased to 4 and 5 minutes. 

 

 

Figure 8 AFM images of (a) untreated and (b, c, d) plasma-treated Spiro-OMeTAD with 3, 4 

and 5 minutes of exposure time. 

Figure 8 shows the AFM height profiles of the pristine and plasma-treated Spiro-OMeTAD 

films. Subtle variation in film roughness was noticeable with films post-treatment showing 

enhanced 𝑅𝑟𝑚𝑠 (rms roughness values) from 0.8 nm to 1.2 nm, though some accumulation of 

aggregates on the surface is seen to increase with increased time of plasma exposure. This 

indicates that the low power plasma jet used in the current work does not induce noticeable 

surface damage to the Spiro-OMeTAD films. The thickness of the untreated Spiro-OMeTAD 

(b) (a) 

(d) (c) 
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film obtained from ellipsometry measurements was 139.2 nm and after 5 minutes of plasma 

treatment, the value was 140.5 nm. The thickness values are an average of measurements from 

three different positions on the films. The subtle difference between the thickness of plasma-

treated and untreated films signifies that the APPJ is not an abrasive technique and does not 

result in corrosion of the surface of Spiro-OMeTAD. 

Optical properties - UV-vis spectroscopy 

The UV-vis absorption spectra of the pristine and plasma treated Spiro-OMeTAD are shown 

in Figure 9. Spiro-OMeTAD has a sharp absorption peak in the UV region at around 395.0 eV 

[90]. But when oxidized, there is an absorption peak at 400.00 nm, along with an additional 

broad band at around 500.00 nm which is the signature of the Spiro-OMeTAD+ radical [91]. 

However, the 400.00 nm peak is often indistinguishable and overlapped with the strong peak at 

395.00 nm corresponding to non-oxidized Spiro-OMeTAD. From the figure, differences in the 

UV-vis spectra of plasma-treated and untreated films are clearly discernible. The absorption 

peak at ~480.0 nm due to the presence of the oxidized Spiro-OMeTAD radical in the plasma 

functionalized films is absent in the undoped film. This proves that the Spiro-OMeTAD 

molecule has become oxidized after plasma exposure. The absorption peak at ~395.0 nm which 

is due to pristine Spiro-OMeTAD slowly decreases in intensity with increase in time of plasma 

exposure for 3 minutes and 4 minutes of exposure time but an increase is observed after 5 

minutes of plasma functionalization which might have a contribution from the 400 nm peak of 

oxidized Spiro-OMeTAD due to the prolonged time of plasma exposure. The absorption peak 

at ~480.0 nm due to the oxidized Spiro-OMeTAD radical in the plasma functionalized films 

increases initially for 3 minutes of treatment time before decreasing upon prolonged exposure. 

But the decrease in intensity is accompanied by a broadening of the peak which might have a 



 

23 
 

contribution from the different degree of oxidation of the plasma-treated films with treatment 

time.  

 

Figure 9 UV-vis spectra of pristine and plasma-functionalized Spiro-OMeTAD. 

 

Electrical properties  

EFM and 4-point probe sheet resistance 

Electrostatic force microscopy is a useful technique for investigating the electrical properties 

of nanomaterials and has been extensively used to study the distribution of electrical potential 

and charge at the nanoscale for graphene and graphene oxide [92]–[95]. Qualitative mapping 

of the surface potential is primarily undertaken with EFM. Though not widely exploited in the 

field of organic-inorganic hybrid halide PSCs, Juarez-Perez et al. used EFM to investigate the 

role of chemical dopants, Li-TFSI and tBP, on the morphological and transport properties of 

Spiro-OMeTAD [61]. They mapped the distribution of dopants on the Spiro-OMeTAD film 

and the role of tBP as a homogenizer preventing phase separation of Spiro-OMeTAD and Li-

TFSI in solution was established. 
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In the present work, EFM has been used to evaluate the electrical properties of Spiro-

OMeTAD thin films at the nanometre scale before and after plasma treatment. EFM 

measurements were carried out around the same area of the sample before and after 3, 4 and 5 

minutes of plasma exposure. In EFM, the capacitive force between a biased tip and the 

grounded sample surface induces phase shifts of the tip oscillations given by the following 

equation [96], [97] 

∆𝜑 =  
𝑄

2𝑘
 

𝑑2𝐶

𝑑𝑧2  (𝑉𝑡 − 𝜑)2                                       ….…1 

In equation 1, ∆𝜑 is the phase shift, Q and k are the quality factor and spring constant of the 

cantilever, C is the capacitance of the system, 𝑉𝑡 is the voltage of the tip, z is the distance 

between the Pt-Ir tip and sample, and ϕ is the surface potential. A greater contrast in the pseudo 

colour image would indicate increased fluctuations in the phase value and signifies a region of 

lower surface conductivity, whereas a darker colour would mean lower phase shift and hence, 

a higher surface conductivity.   

The pseudo colour phase images before plasma treatment for all the samples show a uniform 

and high phase value as in Figure 10 (a, c, e), whereas after 3 minutes of plasma exposure, the 

phase values reduce and the formation of small blob-like structures were observed in the height 

profiles (Figure 8b). Interestingly, these blobs or accumulations which are fairly uniformly 

distributed over the surface of the plasma-functionalized films are the locations with lower 

phase or higher conductivity values. The reduction in phase value would signify an 

improvement in the surface conductivity of the samples after plasma functionalization. After 

longer plasma exposure of 4 and 5 minutes, no blob-like structures were visible in the height 

images, though the overall pseudo colour images showed a trend towards lower phase values. 

The average value of the phase shift over the measured area was observed to have reduced by 

0.20°, 0.46° and 0.20° after plasma treatment for 3, 4 and 5 minutes, respectively, as 
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summarized in Table 2. Thus, it can be concluded that the APPJ has resulted in improvement 

of the surface conductivity of the samples. The surface roughness of the films after plasma 

exposure has undergone a slight increase as is evident from the roughness values. 

 

 

Figure 10 EFM phase images of pristine (a, c, e) and samples treated with plasma for 3, 4 and 

5 mins, respectively (b, d, f). A greater contrast in the pseudo colour image shows increased 

fluctuations in the phase value and signifies a less conducting region, whereas a darker colour 

means lower phase shift and hence more surface conducting nature of sample. 

 

 

Table 2 Variation of the average phase before and after plasma treatment of Spiro-OMeTAD. 

 

Samples Avg. phase (Pre-treatment) 

(°) 

Avg. phase (Post-treatment) 

(°) 

Change in 

phase (°) 

3 mins 3.6 3.4 -0.20 
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4 mins 3.0 2.54 -0.46 

5 mins 2.89 2.69 -0.2 

 

 

 

 

 

Table 3 Variation of the sheet resistance values and conductivity of pristine and plasma-treated 

Spiro-OMeTAD. 

 Sample ID Period of 

plasma 

treatment 

(mins) 

Sheet 

resistance 

(G Ω sq-1) 

Thickness 

(nm) 

Conductivity 

(S cm-1) 

1 Untreated Spiro-

OMeTAD 

0 80.5 139.2 9.40 x 10-7 

2  

Plasma-treated 

Spiro-OMeTAD 

3 11.3 139.7 6.36 × 10-6 

3 4 8.0 158.8 7.80 × 10-6 

4 5 6.2 140.5 1.15 × 10-5 
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Figure 11 Variation of (a) sheet resistance and (b) conductivity of Spiro-OMeTAD with time 

of plasma functionalization. 

Oxygen plasma treatment results in functionalization of the surface of thin films by 

incorporation of polar functional groups such as C-O, C-OH [98], [99] which may lead to 

enhancement of the conductivity of the films. This was also supported by the conductivity 

values of the samples calculated from the measured sheet resistance before and after the plasma 

functionalization as shown in Table 3. Pristine Spiro-OMeTAD films showed a conductivity 

value of 9.4 × 10-7 S cm-1 which agrees well with previous reports [13]. The conductivity 

increased by an order of magnitude to 6.36 × 10-6 S cm-1 after 3 minutes of plasma treatment 

which is comparable to reported values of doped Spiro-OMeTAD with p-type dopant Li-TFSI 

[13], [15], [89]. The conductivity further increased to 7.8 × 10-6 and 1.15 × 10-5 S cm-1 after 4 

and 5 minutes of plasma functionalization, respectively. The trend of exponential decrease in 

the sheet resistance and the corresponding increase in the conductivity of the Spiro-OMeTAD 

films post-plasma exposure is shown in Figure 11.  

Kelvin Probe Force Microscopy  

Kelvin Probe Force Microscopy (KPFM) is one of the most commonly used nanoscale 

electrical characterisation techniques for the quantitative determination of the work function of 

surfaces with respect to the conducting tip used for the measurement. This versatile technique 

has been extensively used to probe the variation in cross-sectional surface potential, charge 

separation, charge transport, map the local contact potential difference, and electronic structure 

at the interfaces of PSCs [100]–[103].  
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In this work KPFM was used to measure the work function variation of Spiro-OMeTAD 

films due to time-dependent plasma exposure. Initially the work function of the Pt/Ir coated tip 

was estimated by mapping the surface potential of freshly cleaved HOPG sample. The AM-

KPFM maps revealed that the work function of the Pt/Ir tip is 5.21 eV. The contact potential 

difference is defined as:  

∆𝑉𝐶𝑃𝐷 =  −
𝜙𝑡𝑖𝑝−𝜙𝑠𝑎𝑚𝑝𝑙𝑒

𝑒
                       …….2                                                         

where 𝜙𝑡𝑖𝑝  is the work function of the KPFM tip, 𝜙𝑠𝑎𝑚𝑝𝑙𝑒  is the work function of the sample, 

e is the elementary charge, and ∆𝑉𝐶𝑃𝐷 is the measured contact potential difference.  

Using this relation, the work function measurements were performed before and after plasma 

treatment. From the surface potential (SP) values it was concluded that the work function of the 

Spiro-OMeTAD thin films increased after oxygen plasma treatment. This indicates that the 

oxygen plasma induced p-type functionalization of the Spiro-OMeTAD films. However, in 

practice, the surface potential is affected by several factors and thus, the measured surface 

potential difference from KPFM, though accurate, has multiple contributions which renders this 

technique pseudo-quantitative. The work function is measured with respect to the cantilever tip 

and is therefore not an absolute value. 

Figure S3 (a), shows the surface potential map of the pristine Spiro-OMeTAD film and 

Figure S3 (b) shows the distribution of surface potential. The histogram plot of the surface 

potential has been fitted with a Gaussian distribution profile and the mean value of this 

distribution can be considered as the average potential difference between the KPFM tip and 

the Spiro-OMeTAD film. The same technique was used for the calculation of the surface 

potential values for all the plasma-treated Spiro-OMeTAD samples. KPFM measurements were 

performed on the same sample before and after plasma treatment and the variation in surface 
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potential due to plasma exposure was recorded as shown in Table 4. A wide variation in the 

surface potential values was observed. Only 3 minutes of plasma treatment resulted in a surface 

potential of 511.0 mV which is ~17.0 mV more than that of the untreated film (494.0 mV). The 

variation in surface potential increased to 49.0 mV after 4 minutes of plasma functionalization 

before finally reducing to 14.0 mV for 5 minutes samples. Thus, it was concluded that the work 

function of the Spiro-OMeTAD samples has increased after plasma treatment, which signifies 

p-type doping of Spiro-OMeTAD with oxygen plasma, albeit there is certain variation in the 

values with different time of treatment. 

Table 4 Variation of the surface potential of pristine and plasma-treated Spiro-OMeTAD as 

measured with Kelvin Probe Force Microscopy. 

 

Mechanism of increase in conductivity due to plasma treatment 

The low conductivity and hole mobility of Spiro-OMeTAD stems from the sp3 hybridized 

N atom with pyramidal structures which leads to large intermolecular distances. Thus, charges 

have to move longer paths and hence the conductivity is lowered [104]. According to Shi et al. 

the lower hole mobility can also be explained in terms of the two types of steric hindrances 

which exist in unit cells of Spiro-OMeTAD and affect the π-π stacking of the molecules [105]. 

Close π-π stacking upon crystallization is prevented by the steric hindrance between two 

molecules in a single crystal unit cell whereas the formation of continuous π-π stacking is 

Time of plasma 

exposure 

SP pre-treatment 

(V) 

SP post-treatment 

(V) 

Change in SP 

(mV) 

3 mins 0.494 0.511 + 17.0 

4 mins 0.469 0.518 + 49.0 

5 mins 0.456 0.470 + 14.0 
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prohibited by the hindrance between the outer fragments of each cell. The second mechanism 

can be attributed to the twisted nature of the central Spiro carbon. This discontinuity inhibits 

delocalization of charge carriers and charge transport occurs primarily by hopping from one 

Spiro-OMeTAD molecule to another [105].  

Abate et al. have proposed the mechanism of Spiro-OMeTAD oxidation with chemical 

dopants such as Li-TFSI in presence of oxygen as [15]:  

Spiro-OMeTAD + O2 → Spiro-OMeTAD. +O2. -  

Eventually Spiro-OMeTAD+. interacts with the TFSI- anion during conventional chemical p-

type doping procedure with any metal TFSI such as Li-TFSI, Na-TFSI or H-TFSI. 

In this work, enhancement in conductivity of Spiro-OMeTAD after plasma treatment has 

been proposed to occur primarily as a result of an increase in the number of charge carriers and 

the diffusion of oxidants from the plasma jet into the Spiro-OMeTAD films. The Spiro-

OMeTAD+. radical formed after oxidation of the molecule in presence of oxygen, has δ+ charge 

on triarylamine nitrogen which acts as a suitable site for attack by the numerous charged species 

such as radicals, ions, electrons present in the oxygen plasma. These charged species attack the 

δ+ nitrogen of the triarylamine nitrogen site, providing additional charge carriers to the Spiro-

OMeTAD molecule and hence, the conductivity is enhanced post plasma treatment (Figure 

12a). Moreover, interaction of the plasma jet with Spiro-OMeTAD may result in a loss of 

methyl groups, thus leading to the formation of quinoid structures with quaternary nitrogen 

+N=C, which is predicted to contribute to the enhancement in positive charge centres in the 

molecule as shown in Figure 12(b). 

This study reports functionalization of Spiro-OMeTAD with APPJ for the first time and the 

mechanism of the plasma-surface interaction is still not clearly understood. The reason for the 
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increase in conductivity of Spiro-OMeTAD post-processing may also be attributed to an 

increase in π-π stacking, possibly due to the formation of hydrogen bonding between OH-/O2- 

species in plasma with the active centres of Spiro-OMeTAD molecule. It is believed that the 

oxygen species in the discharge enhances the delocalization of charge carriers and hence, 

contributes to an increase in conductivity post plasma exposure. Since atmospheric pressure 

plasma functionalization of Spiro-OMeTAD has not been undertaken before, the mechanism 

for the interaction of the highly energetic species present in the plasma jet with the molecule 

remains to be elucidated. Possibly the oxygen plasma promotes π-π or CH-π interactions in 

Spiro-OMeTAD because of the presence of a multitude of different radicals/species, leading to 

an increased conductivity, since it is well known that aromatic rings can form CH-π interactions 

with alcohols, amines, amides and other molecules. Further research is being undertaken to 

understand the underlying mechanism of the plasma interaction with the hole transport 

molecule. 

 

Figure 12 Proposed mechanism for the increase in conductivity due to plasma treatment (a) 

excess charge carrier centres from plasma jet and (b) formation of quinoid structures with 

quaternary N as positive charge centres after loss of methoxy groups from Spiro-OMeTAD 

during plasma-surface interaction. 

CONCLUSION 

(a) (b) 
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A non-thermal atmospheric pressure plasma jet was used to functionalize and oxidise Spiro-

OMeTAD films. The hole conductivity is increased by more than one order of magnitude after 

5 minutes of plasma treatment, reaching 10-5 S cm-1. This conductivity value is comparable to 

that of 10-25% Li-TFSI doped Spiro-OMeTAD. Surface morphology suggests that the APPJ is 

a non-abrasive technique with variation in roughness between untreated and treated films being 

about 0.4 nm. UV-Vis spectroscopy demonstrates the formation of Spiro-OMeTAD+ radical. 

The reduction in average phase value from EFM shows improvement in surface conductivity 

of plasma-functionalized samples. Oxidation of the Spiro-OMeTAD molecule and the variation 

in electronic properties is evident from the carbon, nitrogen and oxygen chemistry of the 

molecule probed with XPS. An increase in work function is observed in plasma-functionalized 

Spiro-OMeTAD films proving the p-type nature of the doping technique. These observations 

demonstrate the suitability of the atmospheric pressure plasma jet as a simple, scalable and 

effective means of doping and surface functionalization of Spiro-OMeTAD thin films. The 

enhancement in conductivity after treatment by positive ions and electrons in oxygen plasma, 

coupled with oxidation is expected to have positive implications on the hole transporting nature 

of the thin films without causing detrimental problems to the stability and resilience of the 

perovskite solar cells, in contrast to chemical dopants. However, further work is needed to 

elucidate the mechanism behind functionalization with atmospheric pressure plasma and to 

confirm electronic properties and the suitability of using plasma-treated Spiro-OMeTAD films 

as a hole transport layer in perovskite solar cells.  
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Supplementary information 

Figure S13 SEM images of untreated and plasma-treated spiro-OMeTAD (3, 4 and 5 mins - b, 

c and d, respectively). 

There was no noticeable variation in the surface morphology before and after plasma treatment as 

observed using scanning electron microscopy (Figure S1). The films were very uniform, except for the 

presence of silicon dust on the surface (observed as small dots in the figures) and lacked the presence 

of pin hole defects usually reported in chemically doped spiro-OMeTAD thin films. These results 

demonstrate the non-abrasive nature of the atmospheric pressure plasma technique used in this 

manuscript.  
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Figure S14 Optical images of untreated and plasma-treated spiro-OMeTAD (3, 4, 5 minutes of 

treatment time - b, c and d, respectively). 

The change in colour from the as-deposited film to the plasma-functionalized film was observed 

with optical microscopy (Figure S2). The variation in colour of the films post-treatment from greenish 

to bluish becomes appreciable as the time of plasma exposure increases to 4 and 5 minutes but there 

was no presence of pin holes on the surface. 

 

 

(a) (b) 

(c) (d) 
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Figure S3 Representative image for the method of calculation of surface potential from KPFM 

data of pristine spiro-OMeTAD. 

 

 


