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Abstract 

Transparent carbon electrodes composed of single-walled carbon nanotubes or graphene 

were used as the bottom electrode in flexible inverted perovskite solar cells. Their photovoltaic 

performance and mechanical resilience were compared and analyzed using various techniques. 

Whereas a conventional inverted perovskite solar cells using indium tin oxide showed a power 

conversion efficiency of 17.8%, the carbon nanotube- and graphene-based cells showed 

efficiencies of 12.8% and 14.2%, respectively. A thin layer of MoO3 was used for its stable doping 

effect. The difference in photovoltaic performance between the carbon nanotube- and graphene-

based cells was due to the inferior morphology and lower transmittance of the carbon nanotube 

films compared with the graphene films. Raman spectroscopy and four-probe measurements after 

strain application revealed that the graphene-based cells were more susceptible to strain than the 

carbon nanotube-based cells for a given magnitude of strain. Cyclic flexural testing also showed 

higher resilience of the carbon nanotube-based cells compared with graphene-based cells, though 

the difference was marginal. Overall, graphene is a better option than carbon nanotubes as the 

bottom transparent electrode in perovskite solar cells. However, the transfer step for graphene has 

lower reproducibility, and thus the development of better graphene transfer methods would help 

maximize the current capacity of graphene-based cells. 
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Organohalide lead perovskite solar cells (PSCs) have progressed remarkably over the past 

seven years, with improvements being achieved in terms of both power conversion efficiency 

(PCE) and flexibility.1–6 Several groups around the world have reported PCEs exceeding 20% in 

PSCs.7,8 To realize the full potential of PSCs, it is necessary to replace the indium tin oxide (ITO) 

electrode commonly used in PSCs. ITO has numerous limitations including the scarcity of indium, 

inflexibility,9 and degradation from exposure to poly(ethylenedioxythiophene):poly(styrene 

sulfonate) (PEDOT:PSS).10 Carbon nanotubes (CNTs) and graphene are potentially viable 

alternatives for PSC electrode materials considering the abundance of their elemental constituent 

carbon, their mechanical resilience, and their high performance in PSCs.11,12  

Since Iijima first reported CNTs,13 concentric CNTs have shown promise for use as 

electrodes in electronics.14–16 CNTs have high electrical conductivity and optical transparency, 
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resulting from their network of essentially infinitely conjugated double bonds.17,18 Recently, 

Kauppinen and colleagues have reported aerosol-synthesized single-walled carbon nanotube 

(SWNT) films that have high electrical conductivity and transparency, and can be applied to any 

substrate by direct, dry transfer.19–24 

Graphene, the other proposed PSC electrode material in this work, was only a hypothetical 

material until it was discovered by a research group in Manchester, England, in 2004.24 Single-

atom thick graphene is more conductive and transparent than CNTs. Graphene films are usually 

prepared by wet transfer and also have outstanding performance when used in place of 

conventional electrodes in photovoltaic applications.9,26–31  

In this work, we fabricated flexible, indium-free inverted PSCs by replacing ITO with 

SWNTs11 or graphene12. Then, we compared their feasibility as flexible transparent electrodes 

considering both photovoltaic and mechanical properties. To our knowledge, no such direct, 

detailed comparison between CNT and graphene films as PSC electrode materials has been 

reported.  

For this study, we used stable MoOx for doping.32 This is because the most established and 

chemically stable dopant should be used for the sake of valid comparison between the carbon 

electrodes. Unlike ionic dopants, such as HNO3, a transition metal dopant MoO3 is reported to be 

one of the most stable and widely used for both SWNT and graphene electrodes.33-35 The 

morphology and transparency of graphene are better than those of SWNTs, and thus graphene 

produces higher PCE when used as the transparent electrode in inverted PSCs. However, SWNT-

based PSCs have slightly better mechanical properties than those of graphene-based PSCs. This 

may be attributable to the randomly oriented entanglement of SWNTs and their defect-free nature, 

in contrast with strained graphene film, which have grain boundaries and defects. 
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An inverted architecture of PSCs was used for this study.36 This is because such structures 

do not require high-temperature processing, enabling use in flexible electronics, which have plastic 

substrates that would melt under high temperatures. CNTs and monolayer graphene as the bottom 

electrode have previously been used to replace ITO in such inverted structures.11,30,37  

We began by fabricating reference PSCs using ITO glass substrates via the adduct method38 

and achieved a PCE of 17.7% (Figure 1a and b, Table 1). It has been argued that MoO3 is not 

compatible with either SWNT12 or CH3NH3PbI3 (MAPbI3)29, but Sung et al.30 discovered that 

depositing an ultrathin layer of MoO3 (approximately 2 nm) can impart both doping and hole-

transporting functionality to the PSCs without disturbing the alignment of the energy levels. To 

test this with SWNTs, we employed 2- and 6-nm-thick MoO3 layers and fabricated SWNT-based 

PSCs without thermal treatment. The 2-nm-thick MoO3-deposited SWNT PSCs had a higher PCE 

of 12.8% compared with the PCE of 11.0% for the 6-nm-thick MoO3-deposited SWNT PSCs 

(Figure 1c and d, Figure S1a, Table 1). From the photovoltaic parameters, we can see that using a 

thicker MoO3 layer decreased both the fill factor (FF) and the short-circuit current density (JSC). 

We conjecture that these parameters decreased due to energy misalignment when the thicker layer 

was used. The higher series resistance (RS) in the 6-nm-thick MoO3-deposited PSCs is consistent 

with this, while the increase in shunt resistance (RSH) is suspected to result from the increased hole-

transporting ability of the thicker MoO3 layer. The photoelectron yield spectra showed that the 

Fermi level increased with MoO3 deposition thickness (Figure S2). The 6-nm-thick MoO3 layer 

increases the Fermi level above that of PEDOT:PSS (5.1 eV), which is energetically unfavorable. 

MoO3 with thickness below 6 nm is optimal for band-matching in PSCs. 

We also fabricated graphene-based PSCs using wet-transferred graphene followed by 

deposition of a 2-nm-thick MoO3 layer (Figure 1e, Figure S1b). A PCE of 14.2% was obtained, 
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which is higher than that of SWNT-based PSCs (Figure 1f, Table 1). This high efficiency arose 

mainly from a higher JSC and higher open-circuit voltage (VOC). The higher JSC is attributed to the 

intrinsically high transmittance of single-layered graphene in contrast with that of the intertwined 

SWNTs (Figure S3). In fact, the graphene film showed a higher transmittance than that of even 

ITO. The difference in VOC can be ascribed to the difference in surface morphology between the 

two carbon electrodes, which arises from the geometry of the materials.  

Shunt pathways between the photoactive layer and the electrode decrease VOC.40 To 

investigate this in detail, we fabricated SWNT-based PSCs that are strong but not very durable by 

using HNO3 dopant instead of MoO3 (Figure 1g, Figure S1c). The HNO3-doped SWNT-based 

PSCs showed PCE of 15.3%, which is significantly higher than that of the MoO3-doped PSCs 

(Figure 1h, Table 1). The exceptionally strong doping of HNO3 led to a high FF as indicated by 

four-probe sheet resistance measurement (Table S1), despite the high Fermi level (Figure S2f). JSC 

in these was still lower than that of the graphene-based PSCs because of the intrinsically low 

transparency of the SWNT film (Figure S3) and possibly because of energy mismatch. However, 

these PSCs did exhibit higher VOC than the 6-nm-thick MoO3-deposited SWNT-based PSCs. This 

supports our hypothesis that thick MoO3-deposited SWNTs have problems with shunt pathways 

resulting from poor morphology.  
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Table 1. Photovoltaic parameters of PSCs fabricated in this work under AM 1.5G simulated sunlight of 1 sun (100 
mW cm-2). Average values can be found in Table S2.  
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Figure 1. PSC structures and corresponding current density–voltage (J–V) curves of (a)(b) ITO reference PSCs, (c)(d) 
SWNT-based PSCs with MoO3, (e)(f) graphene-based PSCs, and (g)(h) SWNT-based PSCs with HNO3 doping. 

 

Cross-sectional scanning electron microscopy (SEM) images of the devices (Figure S1) 

showed that the SWNT films have a rougher surface than the graphene or ITO films. The top SEM 

images in Figure S4, although not clear, also indicate that the SWNT films are much rougher than 

the graphene films. Atomic force microscopy (AFM) images corroborate these observations, 

showing that the SWNT films had a much higher average roughness value (Ra = 15.1 nm) as 

compared with the graphene films (Ra = 3.5 nm) (Figure 2). It is interesting to note that Ra of the 

SWNT films increased with increasing MoO3 layer thickness, whereas that of the graphene films 

decreased after MoO3 deposition. This is because thermal deposition or sputtering methods result 

in an even rougher surface when the target substrate for deposition is initially rough.41 Although a 

PEDOT:PSS overcoating was applied to smooth its surface, the SWNT/MoO3 (6 nm)/PEDOT:PSS 

film still exhibited an Ra of 16.4 nm following the application of the PEDOT:PSS coating. HNO3-

SWNT/PEDOT:PSS, on the other hand, had Ra of 7.6, which was not rough enough to undermine 

VOC. Graphene films, owing to their intrinsically flat surface, showed a maximum Ra of 5.6 nm. 

Therefore, we conclude that graphene outperforms SWNTs when used as the bottom electrode 

together with MoO3 in PSCs, owing to the better morphology and higher transmittance of graphene 

compared with SWNT films. Regardless of other variations, none of the carbon electrode-based 

devices showed hysteresis (Figure S5). For SWNT films to perform as well as graphene as the 

bottom electrode in PSCs, it is necessary to minimize roughness and to avoid a film deposition on 

top of it. 
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Figure 2. AFM images of (a) pristine SWNT film, (b) HNO3-doped SWNT film, (c) HNO3-doped SWNT film with 
a PEDOT:PSS overcoat, (d) 2-nm-thick MoO3-deposited SWNT film, (e) 6-nm-thick MoO3-deposited SWNT film, 
(f) 6-nm-thick MoO3-deposited SWNT film with a PEDOT:PSS overcoat, (g) pristine graphene, (h) 2-nm-thick MoO3-
deposited graphene, and (i) a 2-nm-thick MoO3-deposited graphene with a PEDOT:PSS overcoat. 
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Statistical analysis (Table S2) showed that all of the carbon electrode-based PSCs had highly 

reproducible performance. It is worth noting that SWNT-based devices have slightly higher 

performance variability, which we attribute to the rough surface of the SWNT films. However, 

these data were collected for only PSCs fabricated on high-quality carbon electrodes and PCSs for 

which electrode transfer failed were excluded. The transfer success rate was 4 out of 5 for SWNT 

films but only 3 out of 10 for graphene films. This is because the SWNT films that we used were 

dry-transferrable and did not have the problems of crumpling, thanks to their entangled geometry. 

Single-layered graphene, on the other hand, was easily broken or crumpled during wet transfer. 

Thus, the SWNT-based devices exhibited higher reproducibility than the graphene-based devices 

when the transfer process is also taken into account. 

We studied the effect of mechanically straining the carbon electrodes by taking four-probe 

measurements and Raman spectra before and after the carbon electrodes were stretched and bent. 

We used polydimethylsiloxane (PDMS) as the substrate for this study because it has high elasticity, 

and more importantly, because its Raman peaks do not overlap with those of the carbon 

electrodes.42  

Both SWNT films and graphene films have extremely high elasticity.43 However, 

stretching or bending can alter their electronic structure. This is of particular importance, because 

a change in electronic structure could undermine the electrical properties of the PSC.44–46 We 

suspected that graphene, which has grain boundaries, would have higher strain than SWNTs under 

bending and stretching because grain boundaries experience stronger strain when strain is 

homogenously distributed along the graphene grains.47–49 We used a four-probe measurement to 

study the change in sheet resistance (Rsheet) of the carbon electrodes in a 100-cycle flexural test. 
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The results show that RSheet of the graphene film increased, whereas that of SWNT films stayed 

the same (Table S2). We attribute this to defect formation at the grain boundaries of graphene, 

which are absent from SWNT films.  

We also conducted Raman mapping of the SWNT and graphene films to visualize the 

boundary defects that form when the film is stretched. The D band originates from a single in-

plane transverse optical (iTO) phonon combined with phonon scattering from a defect, and it offers 

information about the strain at grain boundaries.42,50–52 The G band (E2g mode at the Γ-point) 

originates from a first-order single-phonon Raman process, and it is affected by strain both within 

grains and at grain boundaries. Therefore, by observing D/G ratio across the surface of the films 

before and after stretching, we can identify damage to the grain boundaries. The damaged grain 

boundaries exhibit vibrations that are otherwise forbidden in a perfectly hexagonal carbon lattice, 

thus dramatically increasing the D/G ratio.53 However, according to our measurement (Figure S6), 

there was no notable difference in the Raman mapping images of SWNT and graphene before and 

after stretching. This can be attributed to the boundary defects of graphene being too small in size 

to be discernible in the D/G ratio and to practical limitations in the measurement of such defect 

manifestation under strain.  

We looked at the shifts of the G and 2D band peaks of the carbon electrodes under 

stretching and bending. The shift of these peaks with strain is an intrinsic property of hexagonal 

carbon rings and is defined by the Grüneisen parameters, which describe how changing the volume 

of a crystal lattice affects the vibrational Raman frequency of the phonons within the lattice.54 The 

second-order two-phonon process responsible for the 2D band is caused by the scattering of two 

iTO phonons near the K point. This mode is independent of defects, but dependent on strain.55 

From Figure 3a-d, we can see that there are stronger shifts of the G and 2D bands in graphene 
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films than in SWNT films when the films are stretched and bent. This indicates that graphene is 

more susceptible to strain than SWNTs when the same magnitude of tensile or flexural force is 

applied. This is reasonable because the SWNT films, which are an entangled network of nanotubes, 

require more stretching for the hexagonal carbon rings in SWNTs to accumulate as much strain as 

those of graphene, which are immediately warped from in their original shape when stretched. 

Such difference potentially leads to the mechanical resilience of SWNTs electrodes compared with 

graphene electrodes. 

Flexible PSCs were fabricated using SWNTs and graphene on polyethylene naphthalate 

(PEN) substrates (Figure 3e). Application of HNO3 caused the carbon electrodes to turn yellow, 

which we suspect was due to the reaction between HNO3 and the metal contact (Figure S7). 

Therefore, HNO3 doping was not carried out during flexible PSC fabrication. From the 

photovoltaic results in Table 1, we can see that carbon electrode-based flexible devices with a 2-

nm-MoO3 layer showed similar PCEs to those of glass-based devices. SWNT-based flexible PSCs 

had a PCE of 11.0%, while graphene-based flexible PSCs had a PCE of 13.3%. Again, the 

photovoltaic performance of the unstrained graphene PSCs was better than of the unstrained 

SWNTs PSCs. However, this was reversed after the cyclic flexural test, with the SWNT PSCs 

exhibiting higher PCEs than the graphene PSCs. While all carbon electrode-based flexible PSCs 

exhibited higher mechanical robustness, the SWNT-based flexible PSCs were slightly more 

resilient than the graphene-based flexible PSCs (Figure 3f). This is consistent with our mechanical 

investigations of the carbon electrodes, which indicated that SWNTs had fewer defects and a lower 

susceptibility to strain-induced decreases in performance as compared with graphene. Nevertheless, 

this difference was smaller than we anticipated, which we speculate was due to the high elasticity 

of both carbon electrodes. Although stretching and bending may induce defects around the grain 
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boundary while strain is being applied, the electrical properties recover when the strain is 

removed.52,56,57 It has been reported that the perovskite active layer can also be damaged after 5000 

cycles of severe bending test as the grain boundaries of polycrystalline perovskite may induce 

pinholes.58 However, the degree of the damage is negligible compared with the degradation 

induced by the transparent electrode. 

 

Figure 3. Raman spectra: (a) G band of graphene (black) when strained to 0.2% elongation (blue) and when bent in 
half (red), (b) D band of graphene (black) when strained to 0.2% elongation (blue) and when bent in half (red), (c) G 
band of the SWNT film (black) when strained to 0.2% elongation (blue) and when bent in half (red), and (d) D band 
of the SWNT film (black) when strained to 0.2% (blue) elongation and when bent in half (red). The peaks with a star 
in (a) indicate the peaks from the PDMS substrate. (e) Schematic illustration of the flexible PSCs using graphene and 
SWNT on a PEN substrate. (f) Cyclic flexural test results for flexible PSCs using ITO/PEN (black), graphene/PEN 
(green), and SWNT/PEN (red).  

 

In conclusion, we compared the feasibility of two widely used transparent carbon electrode 

materials, namely, SWNT and graphene, as the bottom electrode in inverted PSCs. The 

photovoltaic performance of the graphene-based PSCs was higher than that of the SWNT-based 

PSCs owing to their better morphology as shown by AFM and their higher transparency as 

evidenced by UV-Vis spectroscopy. All the carbon electrode-based PSCs showed high 

reproducibility with no hysteresis, although the success rate of electrode transfer was much lower 
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for graphene than for SWNT films. The SWNT-based flexible PSCs showed marginally higher 

mechanical stability than the graphene-based flexible PSCs, due to the entangled configuration of 

the nanotube network and their inherent defect-free nature. We conclude that graphene is a better 

choice than SWNT for use as the bottom transparent electrode in PSCs. Flatter, more transparent 

SWNT films could hypothetically lead to even greater PSC performance, possibly outperforming 

graphene. However, for the graphene electrode, a more consistent and facile graphene transfer 

method is needed to improve the reproducibility and, thus, CNT electrodes is better for 

commercialization as an electrode for PSCs.  

 

EXPERIMENTAL METHODS 

Synthesis of SWNT Films. SWNTs were synthesized by an aerosol (floating catalyst) CVD method 

based on ferrocene vapor decomposition in a CO atmosphere. The catalyst precursor was vaporized 

by passing ambient temperature CO through a cartridge filled with ferrocene powder. The flow 

containing ferrocene vapor was then introduced into the high-temperature zone of a ceramic tube 

reactor through a water-cooled probe and mixed with additional CO. To obtain stable growth of 

SWNTs, a controlled amount of CO2 was mixed with the CO carbon source. SWNTs were directly 

collected downstream of the reactor by filtering the flow through a nitrocellulose or silver 

membrane filter (Millipore Corp., USA; HAWP, 0.45 μm pore diameter). 

Synthesis of Graphene Films. Continuous films of graphene were synthesized by means of alcohol-

catalytic chemical vapor deposition (ACCVD) on copper using ethanol as the carbon source. 

Commercial copper foil (Nilaco Corp., CU-113303) was successively sonicated in HCl, DI-water, 

and IPA for 10 minutes each. The cleaned foil was then left to oxidize on a hot plate at 250°C for 

1 hour. After oxidation, the foil was crimped in the shape of a pocket enclosure and loaded into the 

quartz tube of a home-made CVD reaction chamber that was evacuated to 15 Pa. The reaction 

chamber was heated to the target temperature of 1065°C under a constant flow rate of 300 sccm 

of 3% H2 diluted in Argon throughout the reaction. A butterfly valve was used to maintain the total 

pressure within the quartz tube at 300 Pa for the duration of the growth procedure. After reaching 

the target temperature of 1065°C, the copper foil was left to anneal for one additional hour under 

constant flow of Ar/H2. After the annealing process was completed, a constant flow of 0.1 sccm of 
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ethanol vapor was introduced to initiate growth. Growth times (as measured from start of the 

introduction of the ethanol vapor) varied between 4 and 10 hours, with longer growth times leading 

to larger graphene single crystals. It took 8-10 hours of growth to yield fused regions of graphene 

single crystals, leading to a continuous, conductive film of graphene. Upon completion of the 

growth step, the furnace was turned off and the quartz tube bearing the graphene-impregnated 

copper films was cooled using a fan for 30 minutes under the flow of 300 sccm Ar gas to prevent 

the collapse of the copper pockets. Immediately after synthesis and cooling, the pocket was opened 

and subjected to a contrasting oxidation on a hotplate at 250°C for 1 minute to discern the regions 

of the copper films with graphene (which did not oxidize) from those without graphene, which 

developed a colorful film of copper oxide. The regions bearing continuous graphene film were 

then transferring using the wet-etching poly(methyl methacrylate) (PMMA) transfer process 

explained extensively in previous works. 

Solar Cell Fabrication. The ITO devices were fabricated on a commercially obtained ITO-coated 

glass substrates (AMG, 9.5 Ω cm-2, 25 × 25 mm2). The ITO-coated glass substrates were used after 

sequential cleaning in acetone, isopropanol, and deionized water using an ultrasonic bath (15 min 

each), followed by drying with nitrogen gas and storing in an oven at 120 °C. Right before use, 

the ITO-coated glass substrates were subjected to UV-O3 treatment for 30 min. 

The ultrathin MoO3 layer was deposited on graphene-, SWNT-, ITO-coated glass substrates – 

except HNO3-treated SWNT substrates – at a deposition rate of 0.1 Å s-1 using a vacuum thermal 

evaporator, followed by an anaerobic annealing at 200 °C for 30 min. The deposition rate and the 

thickness were monitored by a quartz crystal sensor during the deposition. To prepare highly 

uniform PEDOT:PSS (Clevios P VP Al 4083), the substrates were pre-wetted with deionized water, 

and the PEDOT:PSS solution of 50 µL was dropped onto the rotating substrates right after starting 

the spin-coating at 5000 rpm for 30 s. The MAPbI3 perovskite layers were fabricated via Lewis 

base adduct method described by Ahn et al. A 1:1:1 molar ratio mixture of PbI2 (Alfa Aesar), MAI 

(in-house synthesized), and dimethyl sulfoxide (DMSO) (Sigma-Aldrich) was dissolved in 

dimethylformamide (DMF) at 50 wt% without heating. The fully dissolved solution was spin 

coated onto the PEDOT:PSS layer at 3500 rpm for 20 s, with a dropping of 0.3 mL diethyl ether 8 

s after starting the spin-coating process. The transparent green film, so-called 

CH3NH3I•PbI2•DMSO adduct film, changed to a dark brownish color by heating at 65 °C for 1 
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min and 100 °C for 4 min. After that, the C60 (20 nm), bathocuproine (BCP) (10 nm), LiF (0.5 nm), 

and Al (150 nm) were thermally deposited on the substrates inside the vacuum thermal evaporator 

under 10-6 Torr. All the spin-coating processes were carried out in ambient condition. 

Characterizations. SEM images were obtained using field-emission scanning electron microscopy 

(AURIGA, Zeiss) and the cross-sectional images were obtained using the same equipment from 

the samples milled by focused ion beam. Solar simulated AM 1.5G sunlight was generated with 

Oriel Sol3A solar simulator calibrated to give 100 mW cm2 using a standard Si photovoltaic cell 

(RC-1000-TC-KG5-N, VLSI Standards). J–V curves were recorded with a Keithley 2400 source 

meter. The forward and reverse scan rate was set to 200 ms per 20 mV. The active area of the 

devices is 1.77 mm2. External quantum efficiency (EQE) spectra were measured with a Newport 

IQE200 system equipped with a 300 mW Xenon light source and a lock-in amplifier. Sheet 

resistance was measured using a four-point probe (CMT-SERIES, Advanced Instrument 

Technology). Transmittance was measured by UV–vis spectroscopy (Cary 5000, Agilent). Atomic 

force microscopy (AFM; Multi-mode, Bruker) topography images were recorded in tapping mode. 

Silicon AFM probes, with a nominal frequency of 70 kHz was used. Fermi levels were measured 

by RikenRiken Keiki PYS-A AC-2 in air. Both homemade systems based on Seki Technotron STR-

250 (excitation wavelength 532 nm) and inVia Raman microscope (Renishaw) were used for the 

Raman measurement.  
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