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INVESTIGATION OF THE SURFACE MORPHOLOGY
OF POLYANALINE THIN FILMS

Abstract. The surface and optical properties of polyaniline thin films on a conducting FTO/glasssubstrate are
determined. The thin films were prepared by anodic oxidative polymerization of aniline in the galvanostatic regime
from hydrochloric acid solutions containing aniline and poly-2-acrylamido-2-methyl-1-propanesulfonic acid. The
thickness of the thin films was 20 and 60 nm. Thin films were characterized by the methods of XRD, SEM, ACM.
An insignificant change in the structure of the glass substrate during the application of the polyanalinehas been
established. Thin films consist of particles with different diameters are distinguished, the maximum of which is 250
nm. The some of the particles has a diameter of 50-70 nm. Thin films with 60 nm thickness have a dense and
uniform surface. Its roughness and position of individual grains, as well as the surface profile, are determined by
atomic force microscopy. Optical properties of coatings are determined by UV spectroscopy. On the basis of the
studies performed, it was concluded that the absorbing capacity of glass coated with polyaniline increases more in
the red wavelength region. Surface roughness increases with increasing thin films thickness. However, as follows
from the SEM micrographs, the density and uniformity of the thin films increase when the thickness of the
electrodeposited layer is 60 nm. The width of the band gap of the polyaniline/FTO/glass system is 3.85 eV.
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Introduction

Polyaniline (PANI) is one of the representatives of the class of electrically conductive polymers. The
study of polyaniline, as well as other polymer compounds, such as polythiophene, polyacetylene,
polyparaphenylenevinilene, polypyrrole, showed that they possess semiconductor properties [1-3]. PANI
has good ¢lectronic conductivity, thermal and ecological stability, low cost [4]. The structural formula of
polyaniline is shown in Fig. 1. PANI can be synthesized both by chemical and electrochemical methods
[4,5]. Due to its physical and chemical properties, PANI is an attractive conductive polymer and is used in
a wide range of applications, such as batteries [5], diodes and photovoltaic cells [6].
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Figure 1 - The structural formula of polyaniline

Polyaniline was one of the earliest polymers used as a hole buffer layer in a photovoltaic device of
organic/silicon [7,8].

Buffer layers are considered essential elements of organic photovoltaic devices with a bulk
heterojunction. These additional layers, called buffer layers or interphase layers or interlayers, in solar
cells can perform the function of collecting and extracting charges. For this purpose, the structure of the
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organic solar cell can include both an anode buffer layer for collecting holes and a cathode buffer layer for
collecting electrons. In this context, PANI is a very good hole collector and has good conductivity, which
makes it an interesting material for research in the field of photovoltaics [9].

In this paper, we propose a method for the electrochemical polymerization of aniline in order to
obtain film coatings of PANI that can serve as a buffer layer for transporting holes in solar cells

Experimental part

Polyaniline (PANI) films were obtained by anodic oxidative polymerization of aniline in the
galvanostatic regime (0.05 mA/cm?2). Precipitation was carried out on purified glass electrodes coated
with a transparent conductive SnO2:F (FTO/glass) layer with a surface resistance of 7 ohms/cm” and a
working surface area of 3 cm”. The counter electrode was platinum foil, and the reference electrode was a
saturated silver chloride electrode (SCE). In the case of electropolymerization, the concentration of aniline
was 0.05 M, HCI 0.5 M and poly-2-acrylamido-2-methyl-1-propanesulfonic acid (PAMPSK) 0.001 M.

Electrochemical polymerization of aniline was carried out in a special three-electrode cell using a
potentiostat/galvanostat HA-301G (Hokuto Denko Ltd.). Electrodeposition of PANI on FTO/glass
substrates was conducted until a charge of 15 mC/cm” was reached, where the layer thickness was about
60 nm and until a charge of 7mC/cm” was reached, where the layer thickness was about 20 nm. At the end
of the electropolymerization, the obtained samples were washed with distilled water and dried in air.

XRD spectra were obtained using an X-ray diffractometer SmartLab (Rigaku) at a constant voltage of
9 kW using a rotating Cu anode for investigating the structure obtained PANI thin films.

Surface and cross-sectional micrographs were obtained using a Helios NanoLab 650 (FEI) scanning
electron microscope withSchottkytype field emission electron source,focusedgallium ion source (FIB). To
obtain a cross-sectional image, a platinum (Pt) layer is first applied to the selected area and then a section
is performed next to the platinum. The length, width and height of the platinum layer can be up to 20x2x1
um, respectively. And the depth of section can reach 4 um.

The morphology of the surface of PANI thin films was examined using an atomic force microscope
JSPM 5200 (JEOL Ltd.). Scanning to AFM was carried out at atmospheric pressure and room temperature
in a semi-contact method using an NSC 35 AIBS cantilever with a radius of curvature of 10 nm.

The optical properties of the obtained samples were studied with the SF-256 UVI spectrometer, with
the possibility of recording the transmission coefficient in the wavelength range from 190 nm to 1100 nm.

Results and discussion

The PANI polymer has an amorphous structure. To determine the possible change in the structure of
the coating on the FTO/glass substrate, the X-ray diffraction patterns of the conducting substrate -with and
-without PANI were compared (Fig. 2). Figure 1 shows the X-ray diffraction pattern of a sample with a
PANI thin film, which shows that new noticeable reflexes appear in the angular region 26 = 24 + 26°,
which are in good agreement with the data obtained in [10, 11].
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Figure2—-The XRD pattern of FTO/glass substrate with (2) and without (1) PANI
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Figure 3 shows SEM images of the surface of the obtained films and shows that the film is formed by
particles of various shapes and sizes. In the thin layer of the PANI (Fig. 3a) are well expressed the verges
of the formed particles and their homogeneity in shape. Some reach a diameter of 200-250 nm, but the
main array of particle’s diameter is 50-70 nm. Increasing the thickness of the layer to 60 nm leads to
uniform coating of the glass (Fig. 3b) without the formation of separate conglomerates, dendrites or
globules.

Cross-sectional microphotographs show that the thickness of the PANI films varies from 16 nm to 38
nm (Fig. 3a) and from 42 nm to 77 nm (Fig. 3b).

t icsof ‘ leris 0 nm

a) the thickness of the layer is 20 nm

Figure3—SEM images of PANI thin films surface and cross-section

Figure 4a,b show surface micrographs obtained by atomic-force microscopy in various scan size. As
shown in Figure 4a, PANI film with a thickness of 20 nm is formed from small and large particles of
various shapes. The surface morphology of the film has a granular structure. There is heterogeneity in
some areas, like pores between individual particles.
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a) the thickness of the layer is 20 nm 6) the thickness of the layer is 60 nm
Figured— AFM images of PANI thin films at various scan size: 25x25 pm, 1,5x1,5 um, 0,5%0,5 um

This fact indicates that the roughness of the FTO/glass substrate affects to the microrelief of the
polymer film, if the thickness of the latest is 20 nm.

The analysis of AFM images of PANI films with a thickness of 60 nm showed that the polymer layer
has a granular structure with uniform surface coverage. The film is formed from more homogencous
particles, which’s average length is 50-150 nm.

AFM images show, that there are the differences between films of different thickness (Fig.4a,b). The
surface of the PANI film 60 nm thick has a more uniform and fine-grained structure than a film with a
thickness of 20 nm.

Roughness parameters of electrodeposited PANI films with 60 nm thickness are shown in Figure 5 as
an image surface and information about the parameters of the particles on a selected area.

— Q —/—



H3zeecmua Hayuonanvroti akademuu Hayx Pecnybnuxu Kasaxcman

67 2nm
Profile information
Ra= 106 nm Rzjis = 24 6nm
53.7nm Rz= 453 nm Length = 2604 nm
Rqg= 121 nm
Histogram / Bearing Ratio
40.3nm 1.60k 100[%]
120k
080k
26 9nm 0.40k H ‘I I;
0.00k o]
o 672 nm
13 4nm
1
21 @ [nm] 400
0.0nm 72 B[] 340
PANIF SNO2 GLASS N4 121-22|  [nm] £.01
AFM AC Ref: -3.820 [V] Length [nm] 473
Size: 499.8 [nm?] Bias: 0.000 [v] AMNGLE [deg] -9.16
587 nm
517 nm
437 nm
357 nm
277 nm
18.7 nm
I T T T T T T
40.0nm 80.0nm 120.0nm A60.0nm 200.0nm 240.0nm

Figure 5 —~AFM image and graph of PANI’s particles size distribution for the selected surface area (500x500 nm)

Figure 6 shows the histograms of the particle distribution on the selected area 500x500 nm and the
isolated square 250x250 nm.
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Figure 6 ~AFM image of PANI thin film and histograms of the particle distribution
on the selected area (500x500 nm) and the isolated square (250x250 nm)
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The roughness parameters of the surface of PANI film at the selected area (500x500 nm) are shown in
Table 1.

Table 1 — Parameters of the surface structure of PANI thin films on FTO/glass substrate

R, ,nmaverage Ryis MMAVEIage R, , nmsquare root ; R, im :
@2 roughness of 10 g the difference between the maximum and
roughness . of square roughness o . )
points minimum height of the analyzed image
10,6 24,6 12,1 453 Fig.5
8,06 61,6 10,2 67,2 Fig.6

The obtained results attest to the high quality of PANI films obtained by electrodeposition on a
conducting glass.

An important optical parameter for the characteristics of a semiconductor compound is the size of the
band gap. This value for electrodeposited PANI films was determined on the basis of the transmission
spectra obtained with the spectrometer CF-256-UVI.

Figure 7 shows the transmission spectra for the FTO/glass substrate and the PANI coated substrates.
As shown in Fig. 7, the edge of the absorption band corresponds to a wavelength of 460 nm. In the visible
region of 400-700 nm, the transmittance is maximal, and when shifted to the red and infrared regions,
PANI coated glass absorbs more radiation and the transmittance decreases to almost 50%.
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Figure 7 — Transmission specters of FTO/glass (1) and PANI/FTO/glass (2)
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Figure 8 — Graph of the transmission coefficient versus wave energy

The dependence of the transmittance on the energy of the wave is shown in Fig. 8. According to this
dependence, the width of the band gap for glass with and without coating is determined by the value on
the abscissa axis cut off by the tangent and is 3.85 ¢V. Thedifferenceforboth samples is insignificant.
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Conclusion

Based on the investigations it was concluded that the absorption capacity of PANI coated glass
increases more in the red region of wavelengths. Surface roughness increases with increasing coating
thickness. However, as shown in SEM micrographs, the density and uniformity of the coating increase
when the thickness of the electrodeposited layer is 60 nm.
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K.A. Ypa3os, M.b. [eprauesa, B.®. I'pemenox
TTOJIMAHAJINH KABBIKIITAJIAPBIHBIH BETKI MOP®OJIOI UACHIH 3EPTTEY

AHHOTanust. JKyMpIcTa SIIEKTPOXUMUSUIBIK, KOJIMEH KalbIHABEBL 20 xoHe 60 HM OonateiH [TAHW xyka KaOBIKTapbl
otkisrim FTOMBIHET TeceHImMTepiHAe ambHFaHbl KepceTurmi. Anbmran [ [AHKaOBIKMIamapsHbE, —KYPBUIBIMBEI  MEHOETKL
Mopdororuscer POA, COM, ACM amicTepiHiH keMeriMeH 3epTTenyl. [[IbHbI TeceHITep/ i MOMMaHIIMHMEH KallTaraH Ke3Je,
ONap/bIH KYPBUIBIMBL KIIMIKEHE ©3TepeTiHl aHBbIKTALAR. JKyKa KaGhIKImanapaplH OGeNmeKTepl apTyplli eImmeM/Il eKeHl KoHe
oNapbH el YIkeHi 250 HM GolaThIHbI aHRIKTATIEL. Kambmprel 60 HM KaGhIKMatap pH 6eTi TEFBI3 GipTeKTi GONBIT KeTeTl.
OHBIH Keip-OyIpIpHI JkaHe KelGip GeIeKTep/IiH OPHBI, COHBIMEH KaTap GeTki Mpodrn aToMIbI KYIIT MUKPOCKOIIV d/(iciMeH
aHpIKTATABL  ONTUKaTHK KacweTTepi Y D-CHeKTpOCKOIHST 9MiCiMeH aHBIKTAABL. OpbHAATFaH 3epTTeyIep/iH HeriiHje
TIOTMAHWIIMHMEH KalTalraH TIBHBHBIH CIHIPY KaGLTeTi TOMKBIH Y3BIHIBIFBIHBIH KBI3bUT aliMarbIHJa KOFApIalTHIHBI TYpalibl
KOPBITHIHBI skacanapl. Jatismmamran [TAHW/FTO/MbHB xKyiieciHiH pyKcaT eTUIMETreH ay MarbIHBIH enrmieMi 3,85 »B GonaThmb
AHBIKTATIJBL.

Tyiiin ce3nep: [lomrammum, 3MeKTPOTYHBIPY, )KYKa KaObIK, 6eTki MOP(OIOTHSL, OTKI3IIITIK CIIEKTPI.

K.A. Ypa3os, M.b. [eprauesa, B.®. I'pemenox
HNCCIEAOBAHUE MOP®OJIOIMH ITOBEPXHOCTH IIVIEHOK ITOJIMAHAJIMHA

AnHoTanms. B paboTe IOKa3aH SIEKTPOXUMHMYECKUI Ccroco0 IONyuYeHUsI TOHKUX InleHoknonuaHwmHa(lIAHU) ¢
tommHo# 20 u 60 uM Ha FTO/ctexno momroxkax. CTpyKTypa M MOPQOIOTHS MOBEPXHOCTH ITOTyUYeHHBIX IrteHok [TAHU
HCCIEJIOBANIK ¢ TToMONBI0 MeTojoB POA, COM, ACM. VYcTaHOBIEHO HE3HAUUTEIBHOEC H3MEHEHHE CTPYKTYPBl CTEKJTHHON
IIOJIOKKU IIPY HAaHECEHWHM IoMaHaIuHa. Ha TOHKMX IIOKDHITHSX BBLIETIECHBI YacTUIBI C Pa3IUYHBIMKU JMAMETPaMH,
MaKCUMaJbHBIM U3 KOTOPBIX cocTaBigeT 250 HM. Ilokpermus TommuHod 60 HM IIpeJCTaBISIOT cOOOH INIOTHYIO OJHOPOHYIO
MIOBEPXHOCTh. Ee IepoxXoBaToCTh U IIONOKEHHE OT/ENBHBIX 3€PEeH, a Takke IMPOQIIh IOBEPXHOCTH OIPEIENEHB METO0M
aTOMHOH CHIOBOH MHUKpOCKOIMH. ONTHYecKHe CBOMCTBA IOKPHITHH olpejieieHbl MerojoM YD-criekTpockormu. Ha ocHoBaHMu
BBIIIOJIHEHHBIX HCCIEJOBAaHUM CJeNaH BBIBOJ, YTO IOITIONMIAIONIAs CIIOCOOHOCTH CTEKNIa, IOKPBHITOrO IIOJIMaHHIMHOM
yBeIMUMBaeTCs GONbITe B KpacHoU obmactu mmH BoiH. [[TuprHa 3anpereHnoi 30Hb1 cucteMsl [TAHWU/FTO/ctexto coctapmiser
3.853B.

Kirouenbie cioa:1lonmanmmiyg, SIeKTPoOcakIeHHUE, TOHKAs IUIEHKA, MOPQOIIOTHS TOBEPXHOCTH, CIIEKTP IIPOITY CKAHUS.




