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Influence of surface structure and morphology of PEDOT:
PSS on its optical and electrophysical characteristics

This paper presents the results of a study of the effect of modification of the structure of the PEDOT: PSS
polymer with hole conductivity on the optical and electrophysical properties of an organic solar cell. It was
found that the modification of a polymer film with ethyl and isopropyl alcohols leads to a change in the mor-
phology and roughness of the film surface. It has been determined that annealing of films in alcohol vapor
promotes the formation of more uniform films. It is shown that upon modification of the PEDOT: PSS film in
alcohol vapor the absorption spectrum shifts the absorption maximum of PEDOT to the short-wavelength re-
gion of the spectrum, the absorption of the aromatic PSS fragment decrease. X-ray phase analysis showed
that after surface modification with alcohol vapor, the PEDOT and PSS chains change their structure. It is
shown that the structural features of the surface morphology of PEDOT: PSS affect the electrophysical pa-
rameters of the films, such as the effective extraction rate and the effective time of flight of charge carriers.
It was found that the modification of the surface of the PEDOT: PSS film leads to an improvement in the
electrical transport properties of the films.

Keywords: PEDOT: PSS, Izopropanol, Ethanol, surface morphology, thermal annealing, aromatic fragment
PSS, optical spectroscopy, impedance spectroscopy.

Introduction

PEDOT is a relatively new member of the conductive polymer family. It has a fairly high electrochemi-
cal and thermal stability of electrical properties [1]. PEDOT is composed of ethylenedioxythiophene mono-
mers (EDOT). However, EDOT is insoluble in many common solvents and is unstable in the neutral state as
it rapidly oxidizes in the atmosphere. To improve its properties a polyelectrolyte solution (PSS) is added to
EDOT, resulting in an aqueous suspension of PEDOT: PSS. Each phenyl ring of PSS monomer has one acid-
ic SOsH (sulfonate) group. Films with different properties can be obtained depending on the content of com-
ponents, doping concentration, and particle size. The work function of the electron is approximately 5.2 eV.
Due to the PSS content, the pH is between 1.5 and 2.5 at room temperature [2].

Morphology has a strong effect on the efficiency of generation and transport of charge carriers in
PEDOT: PSS. The reason for this effect was the inhomogeneity of the films, which sharply reduces the effi-
ciency of charge transport [3]. Thus, the main reason for the low indicators of transport characteristics is the
tendency to aggregation and low solubility of active compounds, since crystallization of the components in
PEDOT: PSS leads to the formation of polycrystalline domains, which are characterized by undesirable grain
size and suboptimal crystalline ordering [4, 5]. However, the problems associated with the influence of the
structural feature of PEDOT: PSS on fundamental parameters, such as the efficiency of electron transport of
charge carriers, are still completely unsolved.

In this article, studies were carried out on the effect of structural changes in the PEDOT: PSS polymer on
the morphological, optical, and electrophysical parameters of the films. To change the structure, the hole-
conducting polymer PEDOT: PSS was annealed in vapors with a certain concentration of alcohols. The results
were analyzed by comparing the surface morphology, optical and impedance spectra of PEDOT: PSS films.

Experimental

To change the surface morphology PEDOT: PSS was subjected to heat treatment at a certain ratio of
ethyl and isopropyl alcohol vapors. The structural formulas of the compounds are shown in Figure 1. The
preparation of the substrates was carried out according to the procedure [6, 7]. We used PEDOT: PSS (1 %,
Ossila Al4083), Izopropanol, Ethanol (pure 99.9 % Sigma Aldrich). Before starting the experiments, the
PEDOT: PSS solution was filtered through a 0.45 micro filter. Films PEDOT: PSS were obtained on a silica
glass surface by centrifugation (on a SPIN150i centrifuge manufactured by Semiconductor Production Sys-
tem) at a rotation speed of 5000 rpm.
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Figure 1. Chemical structure of Ethanol, Izopropanol, PEDOT and PSS

The topography of the film surface was studied using a JSPM-5400 atomic force microscope (AFM)
(JEOL, Japan). A special modular program for analyzing scanning probe microscopy data (Win SPMII Data-
Processing Software) was used to process the images obtained with AFM. Surface morphology and rough-
ness of PEDOT: PSS thin films were analyzed from AFM images. The images of the surface of the PEDOT:
PSS films were obtained in the semicontact scanning mode. The absorption spectra of the samples under
study were recorded on an AvaSpec-ULS2048CL-EVO spectrometer (Avantes). The impedance spectra
were measured using a P45X potentiostat-galvanostat in the impedance mode. The X-ray diffraction patterns
of the films were obtained on a Rigaku SmartLab X-ray diffraction. To measure the impedance spectra on a
CY-1700x-spc-2 sputtering apparatus (Zhengzhou CY Scientific Instruments Co., Ltd) an aluminum elec-
trode 200 nm thick was applied to the surface of the films in a vacuum at a pressure of 10° Torr. Fitting of
impedance spectra was carried out using the EIS-analyzer software package.

Results and Discussion

Images of the surface morphology of the PEDOT: PSS films are shown in Figure 2. Figure 2 shows that
the PEDOT: PSS film has a granular structure. At the same time, large formations are observed against the
background of a fine granular structure, the surface roughness is 0.63 nm.

PEDOT: PSS 80 % PEDOT: PSS/ 70 % PEDOT: PSS/ 50 % PEDOT: PSS/
20 % ethanol 30 % ethanol 50 % ethanol

80 % PEDOT: PSS/ 70 % PEDOT: PSS/ 50 % PEDOT: PSS/
20 % isopropanol 30 % isopropanol 50 % isopropanol

Figure 2. Pictures of the surface morphology of films
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After treatment with alcohol vapor for 10 minutes the proportion of large particles decreases signifi-
cantly, the film surface becomes smooth, the surface roughness becomes 0.56 nm for ethyl alcohol, and
0.49 nm for isopropyl alcohol. A further increase in the concentration of alcohols in vapors leads to a
smoothing of the film surface. Table 1 shows the roughness values of PEDOT: PSS films at different ratios
of alcohols.

Table 1
Surface roughness of PEDOT: PSS films
Sample R,, nm

PEDOT: PSS 0,63

80 % PEDOT: PSS/20 % ethanol 0,56
70 % PEDOT: PSS/30 % ethanol 0,53
50 % PEDOT: PSS/50 % ethanol 0,48
80 % PEDQOT: PSS/20 % isopropanol 0,49
70 % PEDOT: PSS/30 % isopropanol 0,47
50 % PEDOT: PSS/50 % isopropanol 0,45

X-ray diffraction patterns (XRD) of PEDOT: PSS thin films modified in ethyl and isopropyl alcohol
vapors are shown in Figure 3. Two separate peaks observed at 20 at 3.5° and 25.6° in the original PEDOT:
PSS film correspond to spatial lattices parameters d 25.2 A and 3.5 A, calculated according to Bragg's law
2dsin® = A.
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Figure 3. X-ray diffraction patterns (XRD) of PEDOT: PSS thin films:
1 — PEDOT: PSS, 2 — 50 % PEDOT: PSS/50 % ethanol, 3 — 50 % PEDOT: PSS/50 % isopropanol

The diffraction maximum observed at 3.5 °, with a spatial lattice of 25.2 A, can be attributed to the
distance between the lamellae (d 100 A) of the PEDOT and PSS chains. After treatment in vapors of ethyl
and isopropyl alcohols a slight change in the distance between the lamellae from 25.2 to 23.2 A is observed
(Fig. 3). A decrease in the distance between two points in the X-ray diffractogram indicates that the PEDOT
and PSS chains pass from the benzoid structure to the quinoid structure; therefore, after modification in ethyl
and isopropyl alcohol vapors, the structure becomes more planar.

Figure 4 shows the absorption spectra of the standart PEDOT: PSS films and films held for 10 minutes
in alcohol vapor. The semiconducting polymer film PEDOT: PSS has a maximum at a wavelength of 4; =
224 nm with a spectral half-width of 28 nm (Fig. 4). In the absorption spectra of all PEDOT: PSS films, a
shoulder with a maximum at 260 nm is observed, which is associated with the absorption of the aromatic
fragment of PSS [8]. The position of the absorption maxima of the films obtained by holding PEDOT: PSS
in alcohol vapor does not change, the half-width of the spectra increases. Table 2 shows the characteristics of
the absorption spectra of the PEDOT: PSS films.
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Figure 4. Absorption spectra of PEDOT: PSS films

The absorbance value at the absorption maximum does not undergo significant changes. The treatment
with alcohol vapor leads to a decrease in the values at the short-wave and long-wave maxima. It is known
that, due to its hydrophobic properties, the PEDOT polymer does not dissolve in ethyl and isopropyl alco-
hols; in turn, PSS has a high degree of hydrophilic properties [9]. The treatment with alcohol vapor of the
PEDOT: PSS film leads to a decrease in the absorption spectrum of the aromatic PSS fragment [10].

Table 2
Characteristics of the absorption spectra of PEDOT: PSS films upon annealing in the atmosphere

Sample Adsorption peak D, D, FWHM, nm
A7, M /3, nm
PEDOT: PSS 224 260 0,28 0,03 28
Ethanol
80 % PEDOT: PSS/20 % ethanol 224 260 0,27 0,03 29
70 % PEDOT: PSS/30 % ethanol 224 260 0,26 0,03 29,4
50 % PEDOT: PSS/50 % ethanol 224 260 0,25 0,02 32
Isopropanol

80 % PEDOT: PSS/20 % isopropanol 224 260 0,26 0,03 29
70 % PEDOT: PSS/30 % isopropanol 224 260 0,24 0,03 31
50 % PEDOT: PSS/50 % isopropanol 224 260 0,22 0,02 32

The observed changes in the absorption spectra of the films are associated with the structural features of
PEDOT: PSS. Initially, without preliminary exposure to alcohol vapors, the film has a granular structure,
with intense absorption of the aromatic PSS fragment in the spectrum. After keeping the film in alcohol va-
por, the graininess of the film decreases, and the optical absorption density of PSS also decreases. Subse-
quent treatment with alcohol vapor leads to a further drop in the absorption of the aromatic fragment in the
film. Thus, treatment with alcohol vapor leads to a change in the optical absorption spectra associated with
the structural features of the film, due to a decrease in the amount of the aromatic PSS fragment.

The analysis of the impedance measurement results was carried out according to the diffusion-
recombination model and for the fitting an equivalent circuit was used, shown in Figure 5 (a) [11]. Figure 5
(b) shows a diagram of the movement of charge carriers in a PEDOT: PSS film.
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Figure 5. Scheme of the transport of charge carriers in the film.

Figure 5 (a) shows the following parameters of the equivalent circuit for obtaining the hodograph of
semiconductor films: R1 and R2 are the resistances corresponding to the resistances R, and R..; CPEl, a
constant phase element, is an equivalent circuit component that simulates the behavior of a double layer, but
is an imperfect capacitor.

Figure 6 shows the impedance spectra of the standart PEDOT: PSS films and films treated in isopropyl
alcohol vapor in a 50/50 ratio. Table 3 shows the values of the electrophysical parameters of the films, where
ke 1s the effective rate of carrier extraction with PEDOT: PSS, 7.4 is the effective time of flight of charge
carriers through the PEDOT: PSS, R, is the resistance of the PEDOT: PSS film, R,,, is the resistance of
charge carrier transfer to boundary PEDOT: PSS/electrode associated with the extraction of charge carriers
with PEDOT: PSS. As can be seen from the data in Table 3, annealing in isopropyl alcohol vapor affects the
resistance of the PEDOT: PSS film (R,) and the resistance of charge carrier transfer at the PEDOT:
PSS/electrode interface (R.,). The resistance of the PEDOT: PSS film is rather high; after annealing at a
temperature of 120 °C, a decrease in the resistance of the film by more than two times is observed. Aging in

isopropyl alcohol vapor leads to a twofold decrease in the resistance of the PEDOT: PSS film without ther-
mal annealing. Subsequent annealing slightly decreases the film resistance.
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1 — PEDOT: PSS; 2 — PEDOT: PSS after thermal annealing; 3 — 50 % PEDOT: PSS/50 % isopropanol;
4 — 50 % PEDOT: PSS/50 % isopropanol after thermal annealing.

Figure 6. Light impedance spectra of PEDOT: PSS films at voltage
parameters -500 mV and frequency from 100 kHz to 0.5 Hz

Changes are observed in the value of the resistance of charge carrier transfer at the interface PEDOT:
PSS/electrode (R.,;). The R, resistance is most important for the unannealed PEDOT: PSS film. Upon ther-

mal treatment of the film, R,,, is more than halved. At the same time, when the film is treated with alcohol
vapors, R;, and R,,, are halved.
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Table 3
The value of the electrophysical parameters of the films
Sample R,,Ohm | R,,Ohm kyps” To MS
Standart PEDOT: PSS 145,9 24532 443 22,57
Annealed film of standart PEDOT: PSS 65,5 11097 56,8 17,61
50 % PEDOT: PSS/50 % isopropanol 66,2 11161 92,5 10,81
Annealed film of 50 % PEDOT: PSS/50 % isopropanol 63,7 9010,6 93,5 10,70

It should be noted that the value of R,,, determines the efficiency of carrier injection from PEDOT: PSS
films, and the smaller the value of R,,, the greater the efficiency of accumulation of charge carriers in the
cell. The quantities k,; and 7, characterize the efficiency of carrier extraction from the PEDOT: PSS film
and the effective time of flight of charge carriers along the PEDOT: PSS. Annealing the film insignificantly
affects k. and 7.4; at the same time, treatment with isopropyl alcohol vapor increases the efficiency of carrier
extraction from PEDOT: PSS films by a factor of two and decreases the effective time of flight of charge
carriers. The holes injected into the PEDOT: PSS diffuse to the electrode where they recombine with the
electrons. The fast transport of the injected holes to the outer electrode is very important, since this reduces
the likelihood of their reverse recombination. In our case, the fast transport of holes is ensured by changing
the structure of PEDOT: PSS after treatment with isopropyl alcohol vapor; as a result, the efficiency of
charge transport at the PEDOT: PSS/electrode interface increases.

Conclusions

An analysis of the experiments showed that a change in the structural features of PEDOT: PSS affects
the generation and transport of charge carriers. It was found that thermal annealing of PEDOT: PSS films in
isopropyl alcohol vapor leads to a change in the morphology and structure of the film, to an increase in the
degree of domain homogeneity, and a decrease in roughness. X-ray phase analysis showed that after surface
modification in ethyl and isopropyl alcohol vapors, the PEDOT and PSS chains pass from the benzoid struc-
ture to the quinoid structure. Upon modification of the PEDOT: PSS surface, a decrease in the absorption of
the aromatic PSS fragment is observed in the absorption spectrum. It is shown that changes in the structure
and morphology of the PEDOT: PSS surface affect the electrophysical parameters of the films. It was found
that the modification of the surface of the PEDOT: PSS film leads to the optimization of the electrical
transport characteristics of the film. Fast transport of holes is ensured by changing the structure of PEDOT:
PSS after treatment with isopropyl alcohol vapor, as a result of which the efficiency of charge transport at the
PEDOT: PSS/electrode interface increases.

This research is funded by the Science Committee of the Ministry of Education and Science of the Re-
public of Kazakhstan (Grant No. AP08856176).
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A K. Aiimyxanos, K.C. Poxkosa, A.K. 3elinnnenos, T.E. CeiicembexoBa

PEDOT: PSS KypbLIbIMbI MeH 0€TTiK MOP(}0J10TrHsiICHIHBIH OHBIH
ONTUKAJIBIK JKOHE JIEKTPOPU3UKAIBIK CHIIATTAMAJIapbIHA Jcepi

Makanana kewmTiktik etkisrimriri 6ap PEDOT: PSS mnonumepiHiH KypbUIBIMBIH OPraHUKAJbIK KYH
YALIBIKTAPbIHBIH ONTHUKAJBIK JKOHE 3JIEKTPOGHU3UKAIBIK KACHETTepiHe MOU(BHUKALUAIAY/bIH 9CEPiH 3epTTey
HoTIKesepi kenripinred. [lonumepii KaOBIKIIAHBI ATUIT )KOHE HU3OMPOIUI CIUPTTEpiMEH MOogudUKALHsIAY
KaObIKIIa OeTiHiH MOP(OJIOTUICHl MEH KeHip-OyIbIPJIbIFBIHBIH ©3repyiHe SKeNleTiHi aHblKranasl. Couprrep
OynmapbIHIarsl INICHKANAPABI KYHIipy OipTeKTi IIeHKaIap bl Ty3UTyiHe IKnai ereTini nonenaesai. PEDOT:
PSS xaObIKmacelH crouprrep OynapblHa Moaudukanusulay Kesinge, skyTsurty crekrtpinge PEDOT
MaKCHMaJJbl KYTBUIybl CHEKTPJiH KbICKa TOJKBIHIABIK aiiMaFblHa aybICybl, COHaaii-ak PSS xom wicti
(parMeHTiHIH >KYTBUIYBIHBIH ToMeHAeyl Oailkamansl. Penrtrenmix ¢aszansik Tangay PEDOT xeme PSS
Ti30ekTepiHiy cnupT OyIapblHbIH OCTiH ©3repTKeHHEH KeHiH OJapIblH KYPbUIBIMBIH ©3TepPTETiHIH KOPCETTI.
PEDOT: PSS 6errik MOp}OIOTUSICBIHBIH KYPBUIBIMIBIK €PEKIIeNiKTepi, KaObIKIIanapIslH THIMII LIbIFapy
KBUIIAMJIBIFBI JKOHE 3aps] TachIMaNAAyIIbUIAPJbIH THIMII YIIY YaKbITBI CHSAKTBI 3JIEKTPO(MH3UKAIBIK
napamerpiepine ocep eremi. PEDOT: PSS kaObikuraceiHblH OeTiH MoauduKanusuiay KaObIKIIagap b
AIIEKTPIIIK-TPAHCIOPTTHIK KACHETTEPIH )KaKCcapTyFa dKeJeTiHI aHbIKTaIbL.

Kinm cezoep: PEDOT: PSS, Izopropanol, Ethanol, 6ertik Mop¢oorus, TepMusIIBIK Kyiaipy, xom uicti PSS
(parMeHTi, ONTUKAJIBIK CIIEKTPOCKOIINS, IMIIEIAHC CIIEKTPOCKOIIHSICEL.

A K. Aiimyxanos, K.C. Poxkosa, A.K. 3elinnnenos, T.E. CeiicembexoBa

Bausinue cTrpykrypsl 1 Mmopdgosiornu nosepxnoctu PEDOT:
PSS Ha ero ontuveckue 3jieKTpopu3nvecKkne XapaKTepuCTUKH

IIpencraBieHsl pe3ynbTaThl UCCISNOBAHMS BIMSHHS Moxudukanuu crpykrypsl nomuMmepa PEDOT: PSS ¢
JBIPOYHOM TIPOBOAMMOCTBIO Ha ONTHYECKHE M DJIEKTPO(H3MUecKHe CBOMCTBA OpPraHUYECKOM COJIHEYHON
AYeHKH. YCTAHOBICHO, YTO MOAM(MUKALMA MOJUMEPHOHN IUICHKH 3THIOBBIM M H3OIMPONMIOBBIM CHHPTaMU
HPUBOIUT K N3MEHEHUIO MOP(]OJIOTrHN U 1IEPOXOBATOCTH MOBEPXHOCTH IUICHKH. JI0Ka3aHO, YTO OTXKHUI ILIe-
HOK B Tapax CIIUPTOB CIIOCOOCTBYET (hOPMUPOBAHUIO O0jIee OAHOPOJHBIX MIeHOK. ITokazaHo, 4To mpu MoaM-
¢uxanuu wienkn PEDOT: PSS B mapax coupToB, B CIEKTpe TMOTNIOLICHHS HAOII0AAaeTCsl CABUT MAaKCHMyMa
nornouieHuss PEDOT B KOpOTKOBOJHOBYIO 00JIaCTh CIIEKTpPA, a TAK)KE YMEHBLICHHE MOTJIOLICHUS apoMaTu-
yeckoro ¢parmenta PSS. PentreHoda3oBblif aHaam3 1mokasai, 9To Hocie MOJU(UKAINK TOBEPXHOCTH Hapa-
mu cruproB nenu PEDOT u PSS menstior cBoio crpykrypy. IlokasaHo, 9TO CTpyKTypHBIE OCOOCHHOCTH
Mopdoiornu nosepxHoctd PEDOT: PSS oka3bIBaioT BinsiHHE Ha 3IEKTpOoQH3NUecKUe mapaMeTphl INICHOK,
Takue Kak d(QPeKTHBHAs CKOPOCTh U3BJIeUEHHS 1 AP ekTHBHOE BpeMs ITpoJieTa HOCUTENeH 3apsiaa. Y cTaHOB-
JIeHo, 4To Mojudukanus nosepxHocTH wieHkn PEDOT: PSS mpuBomut x ymaydmieHuro 31eKTpOTPaHCIOPT-
HBIX CBOMCTB ILIEHOK.

Kniouesvie crosa: PEDOT: PSS, Izopropanol, Ethanol, Mmopdonorusi moBepXHOCTH, TEPMHYECKHN OTKHT,
apomarnueckuil pparmeHnt PSS, ontuueckas CEKTPOCKOINS, UMIIEAAHCHAS CIIEKTPOCKOIHS.
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