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Effect of ZnO in various alcohols on photoelectric characteristics of OSC

The paper presents the results of a study of the effect of alcohols on the electron transport of the ETL layer of
a ZnO polymer solar cell with an inverted structure. To obtain films, zinc acetate was dissolved under the
same experimental conditions in isopropanol, butanol and ethanol. According to the SEM data, it was found
that the use of various alcohol solvents in the synthesis of the film shows a change in the morphology of the
surface. The observed changes in the interface of the surface of the films are associated with the formation of
ZnO aggregates depending on the polarity used of the alcohols. It is shown that the optical width of the ZnO
band gap also depends on alcohol solvents. It is shown that the aggregation of ZnO has an effect on the elec-
tron transport and efficiency of the polymer solar cell. The voltage characteristics of the solar cells FTO/
ZnO/P3HT: IC60MA/PEDOT: PSS/Ag were measured. It is shown that the smallest aggregation of ZnO is
observed in Isopropanol, in which the organic cell showed the highest efficiency of converting solar energy
into electrical energy. The polymer solar cell has been the efficiency 2.5 %. From the obtained ETL imped-
ance measurement data, the ZnO based layer obtained in Ethanol has the lowest electron transport parameters.
This is due to the high degree of aggregation of ZnO, as a result of which the resistance to increases of the in-
terface ZnO/FTO. The solar cells based ZnO in Ethanol demonstrated an efficiency value of 0.9 % compared
to ZnO in Butanol with an efficiency of 1.6 %.

Keywords: ZnO, Isopropanol, Ethanol, Butanol, surface morphology, thermal annealing, optical spectrosco-
py, impedance spectroscopy.

Introduction

Obtaining electrical energy from the sun is one of the ways that in the near future can provide a rapidly
growing demand for clean energy. Among the currently existing various phototransverters, organic solar
cells are of great interest. Currently, the efficiency of organic solar cells (OSC) already exceeds 15 % [1-3].
The photoactive OSC layer is a'volumetric heterojunction in which electron and acceptor materials are mixed
in the active layer, forming an interfacial region where excitons are separated. To minimize charge recombi-
nation at both interfaces and increase the efficiency of charge extraction, a volumetric heterojunction is
placed between the electron transfer transport layer (ETL) and the hole transfer layer (HTL). The inverted
structure is widely used in.OSC due to the simple manufacturing technology, good stability and efficient
phase separation [4].

The ETL layer based on metal oxides has attracted great attention due to its high transparency in the
visible spectral region, as well as the possibility of changing energy levels and electrical properties by doping
or chemical modification [5]. Among the known metal oxides used in OSC, ZnO [6], TiO2 [7], etc. can be
distinguished. In inverted OSCs, the morphology and structure of ZnO have a strong influence on the effi-
ciency of organic solar cells [8].

ZnO is a multifunctional semiconductor with a straight wide band gap (3.37 eV for ZnO wurtzite). ZnO
has a fairly high exciton binding energy (60 MeV), which makes the semiconductor thermally and chemical-
ly stable [9]. However, the high reactivity in water leads to a rapid growth of ZnO crystallites, which makes
it difficult to control the synthesis of nanometer-scale particles. Alcohol solvents are used to prevent the
growth of ZnO nanoparticles [10]. It is known that the morphology of the surface of ZnO films depends on
the length of the alkyl chain of alcohols [11].

In this work, the influence of alcohol solvents of different polarities on the morphology, optical and
electrophysical characteristics of ZnO films was studied. The results of the study of the effect of ZnO films
obtained in alcohols of different polarities on the efficiency of OSC are presented.
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Experimental

To obtain compact layers of ZnO, the following materials were used: Zns(OH)sCl,, Isopropanol, Etha-
nol, Butanol (pure 99.9 % Sigma Aldrich). At first the FTO covered glass substrates were rigorously
cleaned [12]. The preparation of solutions was carried out in accordance with the method. For this
Zns(OH)sCl, (weighted m =49.3 mg) was dissolved separately in volume (V= 0.5 ml) in Isopropanol, Etha-
nol, Butanol. After Monoethanolamine (Sigma Aldrich) was added to the obtained solutions after 20 minutes
in an amount (V = 38 ul). Further, the solutions were mixed at a temperature of T = 60 °C for 2 hours, and
then kept for 24 hours at room temperature.

At the next stage, the solutions were applied to the FTO surface by spin-coating at a speed of 4000 rpm.
After the film was annealed in an air atmosphere at a temperature of 200 °C for 15 minutes, then annealed at
a temperature of 450 °C for one hour. A photoactive layer of P3HT: IC60MA (pure 97 % Sigma Aldrich) at
a concentration of 1:0.8 was applied to the surface of the resulting ZnO film by spin-coating. After that, the
samples were annealed in an air atmosphere at a temperature of 140 °C for 10 minutes, then PEDOT: PSS
was applied to the surface of the photoactive layer by spin-coating in volume (V=25 pl) after annealing in an
air atmosphere at a temperature of 115 °C for 10 minutes, then to the surface of the film by thermal deposi-
tion silver electrode was sprayed on the CY-1700x-spc-2 installation (Zhengzhou CY Scientific Instruments
Co., Ltd).

Microstructural characterization of the obtained samples was carried out using a scanning electron mi-
croscope MIRA 3 LMU(TESCAN). The absorption spectra of the studied samples were recorded using an
AvaSpec-ULS2048CL-EVO spectrometer manufactured by Avantes, which registers absorption spectra in
the range of 200-1100 nm and has an optical resolution of 0.04 nm. Measurements of the impedance spectra
were carried out using in the impedance mode a potentiostat-galvanostat P45X. The VAC of photosensitive
cells was determined by the Sol 3A Class AAA Solar Simulators (Newport) with the PV IV-1A IV Test Sta-
tion.

Results and Discussion

Figure 1 shows SEM images of ZnO films obtained in isopropanol (a), butanol (b) and ethanol (c). It
can be seen from the figures that the surface interfaces of the films differ. This is due to the influence of al-
cohol solvents such as isopropanol, butanol, and ethanol. So, in isopropanol, the grain sizes on the surface of
the film are about 10 nm. Further, it can be seen that the ZnO grains obtained in butanol are less than 20 nm
(Fig. 1b). At the same time, the coarse-grained structure of ZnO is obtained in ethanol with a size greater
than 20 nm (Fig. 1c).
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Figure 1. SEM images of a) Isopropanol; b) Butanol; c) Ethanol

The influence of alcohol solvents of different polarities is associated with the aggregation of ZnO nano-
particles due to non-covalent interactions, such as hydrogen bonding, which provides a weaker electrostatic
interaction in the film.

Figure 2 shows the absorption spectra of ZnO films obtained with different alcohols.The absorption
spectrum is typical of the absorption spectrum of wide-band semiconductors.The edge of the fundamental
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absorption band falls at 380 nm, which corresponds to the optical transition of the ZnO band gap. The figure
shows the dependences of the ZnO band gap width depending on alcohol solvents. The graph shows that the
aggregation of ZnO in the film leads to a decrease in the optical band gap from 3.2 eV to 2.8 eV. A decrease
in the optical band gap leads to a decrease in the degree of crystallinity of ZnO.
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Figure 2. Absorption spectra and Tauc plots (the inset) of films

To determine the effect of alcohol solvents on the transport and recombination of charges in the ZnO of

a polymer solar cell, an organic cell FTO/ZnO/P3HT: IC60MA/PEDOT: PSS/Ag was assembled. The volt-

age characteristics of ZnO in different alcohols are shown in Figure 3. Photovoltaic parameters of organic
solar cells are presented in Table 1.
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Figure 3. a) the architecture of the inverted PSC; b) current — voltage characteristics of FTO/ZnO/P3HT:
IC60MA/PEDOT: PSS/Ag devices

Data analysis showed that the values of short-circuit current densities vary depending on alcohol sol-
vents, so for Isoproponol (Js) 8.6, Butanol (Js) 7.1 and Ethanol (Jsc) 4.7 mA/cm?, respectively. The no-load
voltage (Uoc) also depends on alcohol solvents (Table 1). The change in the values of the current density is
associated with the process of aggregation of ZnO depending on alcohol solvents. The lowest aggregation of

ZnO is observed in Isopropanol, in which the organic cell showed the highest efficiency of converting solar
energy into electrical energy.
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Table 1
Photovoltaic characteristics of organic solar cells
Sample Uoe (V) Jse(MA/cm?) Umax(V) Jmax(MA/cm?) FF PCE %
Isopropanol 0.58 8.6 0.40 6.33 0.50 2.5
Butanol 0.48 7.1 0.32 5.04 0.47 1.6
Ethanol 0.38 4.7 0.24 3.2 0.43 0.9

Studies of the mechanisms of transport and recombination of charge carriers of the electron transport
layer of the ZnO film in different alcohols were carried out by the method of impedance spectroscopy. The
impedance spectra of the ETL layer in Nyquist coordinates based on solid films are shown in Figure 4. Ta-
ble 2 shows the electron transport parameters of the ETL layer calculated using the EIS-analyzer software
package, where (Rw) is the equivalent resistance of the film; (Rr) is the resistance characterizing the recom-
bination of localized electrons with holes; (ker) is the effective recombination rate of charge carriers; (zer) is
the effective lifetime of charge carriers; (Der) is the diffusion coefficient.
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Figure 4. Impedance spectra of ZnO

From the obtained impedance measurement data, it follows that the ETL layer based on ZnO obtained
in Ethanol has the lowest electron transport parameters. This is due to the high degree of aggregation of ZnO,
as a result of which the resistance to increases interface of the ZnO/FTO.

In polymer solar cell with ZnO in Isoproponol, due to the low degree of aggregation, rapid electron
transfer to the cathode (FTO) and a decrease in recombination of injected electrons at the boundary with the
photoactive layer are observed, as a result, the photovoltaic characteristics of the polymer solar cell increase
compared to other alcohols.

Table 2
The value of electrophysical parameters of films
Ry, Rz, Teff, Ker, Def,
Sample (ohm) (ohm) Ro /R (ms) ) | (emecd)
Isopropanol 51 406 7.9 10.2 807 1.7-107
Butanol 59 1662 28.1 5.1 1937 1.5-108
Ethanol 82 4020 49.0 4.2 2329 3.3-10°
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Conclusions

The paper presents the results of a study of the effect of different alcohols in the synthesis of ZnO films
on the electron transport of a polymer solar cell. The analysis of experiments showed that depending on al-
cohols, there is a change in the morphology of ZnO, which in turn affects the efficiency of electron transport.
It is established that the optical band gap of ZnO in isopropanol is 3.2 eV and in ethanol decreases to 2.8 eV.
It is shown that changes in the morphology of the ZnO surface affect the parameters of the VAC polymer
solar cell. So for Isopropanol (Jsc -8.6 mA/cm?), Butanol (Jsc -7.1 mA/cm?) and Ethanol (Jsc -4.7 mA/cm?)
respectively. ZnO based photocells in Isopropanol have shown the highest efficiency of converting light en-
ergy into electrical energy.

References

1 Lipomi, D.J. (2018). Focus on Its Strengths. Organic Photovoltaics. Joule. 2(2). 195-198. doi:10.1016/j.joule.2017.12.011

2 Park, S.H., Roy, A., Beaupré, S., Cho, S., Coates, N., Moon, J.S., & Heeger, A.J. (2009). Bulk heterojunction solar cells with
internal quantum efficiency approaching 100%. Nature Photonics, 3(5), 297-302. doi:10.1038/nphoton.2009.69

3 Huang, Y.F., Inigo, AR, Chang, C.C,, Li, K.C., Liang, C.F., Chang, C.W., & Fann, W.S. (2008). Nanostructure-Dependent
Vertical Charge Transport in MEH-PPV Films. Advanced Functional Materials, 18(22). doi:10.1002/adfm.200890094

4 Huang, Y.-F., Inigo, A.R., Chang, C.C., Li, K.C., Liang, C.F., Chang, C.W., & Fann, W.S. (2007). Nanostructure-Dependent
Vertical Charge Transport in MEH-PPV Films. Advanced Functional Materials, 17(15), 2902-2910. doi:10.1002/adfm.200600825

5 Chen, L., Lei, Y., Zhang, Q., & Xiong, Z. (2015). Negative magnetoconductance effects.in amorphous copper phthalocyanine
thin film: trap-assisted bipolaron formation. Journal of Materials Chemistry C, 3(46), 12056-12060. doi:10.1039/c5tc01908g

6 Janssen, P., Cox, M., Wouters, S.H.W., Kemerink, M., Wienk, M.M., & Koopmans, B. (2013). Tuning organic magnetore-
sistance in  polymer-fullerene  blends by controlling spin * reaction  pathways. Nature = Communications,
4(1). doi:10.1038/ncomms3286

7 Zhang, S., Qin, Y., Zhu, J., & Hou, J. (2018). Over 14% Efficiency in Polymer Solar Cells Enabled by a Chlorinated Polymer
Donor. Advanced Materials, 30(20), 1800868. doi:10.1002/adma.201800868

8 Zheng, Z., Hu, Q., Zhang, S., Zhang, D., Wang, J., Xie, S., & Zhou, H. (2018). A Highly Efficient Non-Fullerene Organic
Solar Cell with a Fill Factor over 0.80 Enabled by a Fine-Tuned Hole-Transporting Layer. Advanced Materials,
1801801. doi:10.1002/adma.201801801

9 Oprea, O. Andronescu, E., Ficai, D., Ficai, A., Oktar, F.N., & Yetmez, M. (2014). ZnO applications and challenges. Curr.
Or.g Chem., 18, 192-203. doi:10.2174/13852728113176660143

10 Motelica, L. Ficai, D., Oprea, O.C., & Ficai, A.(2020). Andronescu E. Smart food packaging designed by nanotechnological
and drug delivery approaches. Coatings, 10, 806. DOI:10.3390/coatings10090806

11 Spoiala A. (2021). Zinc oxide nanoparticles for water purification. Materials, 14, 4747. doi:10.3390/mal4164747

12 Zhang, H., Yao, J., Hou, J., Zhu, J. Zhang, W., Li, R. Yu, B. Gao, S. Zhang, & Hou J., Over, H. (2018). 14 % Efficiency in
Organic Solar Cells Enabled by Chlorinated Nonfullerene Small-Molecule Acceptors. Advanced Materials, 30(28), 1800613.
https://doi.org/10.1002/adma.201800613

13 Aimukhanov, A.K., Rozhkova, X.S., Zeinidenov, A.K., & Seisembekova, T.E. (2021). Influence of surface structure and
morphology of PEDOT: PSS on its optical and electrophysical characteristics. Bulletin of the University of Karaganda. — Physics,
3(103). 93-100. doi:10.31489/2021Ph3/93-100

T.E. CeiicembekoBa, A.K. Aiimyxanos, b.P. Unbscos,
J1. Banues, A.K. 3eitnugeros, A.M. XKakanosa

9p Typ.ai cnuprrepaeri ZnO-nin OSC ¢oTodneKTpIIiK cunarraMmajapbiHa dcepi

JKympicTa WHBEpTTENTeH KYPBHUIBIMEL 6ap ZnO momuMepii kKyH aneMeHTiHiH ETL xaGaTbIHBIH 31€KTPOH Tachl-
MalJayblHa CHHPTTEPIiH OcepiH 3epTTey HOTWKenepi OepinreH. [IneHKamapapl aixy YIIiH MBIPBIII alleTaThl
M30TMPOMaHoIa, OYyTaHOIAA JKOHE dTaHoaa Oipaeit Toxipubenik sxaraaiiinapaa epitiani. COM moamimerTepi 60-
BIHIIA TUIEHKA CHHTE31HAe SpTYPJIi COUPTTI epiTKiTepai KonaaHy OeTTik MOp(OJIOTHSHBIH ©3repyiHe SKeNeTiHi
anplkTanabl. [Inenka OeriHiH UHTepQEHCiHIH e3repyi KOIAaHbUIaThIH CIIUPTTEPAiH MOIAPIbIFbIHA xKoHe ZnO ar-
perarTapblHbIH Maiga GosnybiMeH OaitnaHblCThl. ZnO THIABIM CajbIHFAH aliMaKThIH ONTHKAJBIK €Hi CIUPT epit-
KIIITepiHeH ToyeNai eKeH iri kepceTinren. ZnO arperanuschl IeKTPOH/IB! TachIMalllayFa )KoHe MMOJIUMEpPII KYH
3NIEMEHTIHIH THIMIiIriHe acep eteTini ganenneHreH. ZnO:P3HT:IC60MA/PEDOT:PSS/Ag KyH yAIIBIKTapbIHEIH
BOJIbTAMIEPIIiK cHIaTTamMaiapsl enmenyi. Kepcerinren en a3 ZnO arperamuscs! Isopropanol-na Gaiikananst, oH-
Jla OPTaHUKAJIBIK YSIIBIK KYH SHEPIHSACHIH SJIEKTP SHEPTHACHIHA aifHATBIPY/IBIH €H KOFapbl THIMIUIITIH KepceT-
Ti. [Toaumepni KyH ySIIBIKTapbIHBIH THIMALTITT 2.5% Kypaabl. AJTBIHFaH NMIEIaHCOMETPHS MATiMETTepi KopceT-
kenzeit Ethanol-na ZnO wmerizinneri anpinran ETL kabaT eH TeMeHTri 3JIeKTp TackiMajgay rnapameTpliepiHe ue.
Bbyn ZnO arperaisiCbIHbIH KOFapbl IeHreiine OainanpicThl, HoTHXKeciHAe ZnO / FTO untepdelicinin keaeprici
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aprazsl. Ethanol-marer ZnO werizinperi kyH siementrepi 1,6% 6onarsin [TOK Butanol-marer ZnO-meH casibic-
teipranzia [TOK mani 0,9%-Fa TeH 00IaTHIHBIH KOPCETTI.

Kinm ce30ep: ZnO, u3omponaHol, 3TaHol1, OyTaHOI, 6eTTiKk MOP(OIOTHs, TEPMUSIIBIK KYHIIPY, ONTHKAIIBIK CIIEK-
TPOCKOIINS, IMIIEAAHC CIIEKTPOCKOIHSCHL.

T.E. CeticembekoBa, A K. Aiimyxanos, b.P. Unbscos,
J1. Banues, A.K. 3eiinnnenos, A.M. XKakanosa

Bausinne ZnO B pa3sjiMYHbIX CHUPTAX HA (POTOIIEKTPUIECKHE
xapakrepucTuku OSC

B craTbe mpencTaBieHbl pe3yabTaThl HCCICAOBAHUS BIUSHHSA CIUPTOB Ha 3JIEKTPOHHBIA TpaHcnopT ETL cros
ZnO moJIMMEPHOrO COJHEYHOTO BJIEMEHTa C WHBEPTUPOBAHHOW CTPYKTYpoW. JlId MOydeHHs IUICHOK alerar
IIMHKA PacTBOPSUIM NIPH OJMHAKOBBIX YCJIOBHAX 3KCIIEPHMEHTA B M30IpomnaHoie, OyraHoie u staHone. Ilo naH-
HbIM COM, OBUIO YCTaHOBIICHO, YTO HCIOJIb30BAHUE PA3IUYHBIX CIIUPTOBBIX PACTBOPUTENCH IIPU CHHTE3€ IUICH-
KU BEJET K U3MEHEHHIO Mopdosoruu nosepxuoctu. Habmonaemple n3MeHeHus: HHTepelica MOBEPXHOCTH ILIe-
HOK CBsi3aHBI C 0Opa3oBaHueM arperatoB ZNO B 3aBHCHMOCTH OT MOJIIPHOCTH HCIOJIb3YEMBIX CIHPTOB. [Tokasa-
HO, YTO ONTHYECKAs IIMPUHA 3aMpelleHHOH 30HbI ZNO TakKe 3aBUCUT OT CITUPTOBBIX PACTBOPUTENICH, M arpera-
st ZnO oka3bIBacT BIMSIHUE HA AJICKTPOHHBI TPaHCHIOPT U 3)(HEKTHBHOCTH MTOJMMEPHOTO COTHEYHOTO HIICMEH-
Ta. MI3MepeHbl BOJBTAMIIEPHBIC XapaKTEPUCTUKH coNHeuHbIX stueek ZnO:P3HT:IC60MA/PEDOT:PSS/Ag. O6-
Hapy»X€eHO, YTO HaUMEHbIas arperanus ZnO Habmomaercs B 1soproponol, B koTopoit opraHudeckas siueiika mo-
Kazana HanOosbIIyro 3((GEeKTHBHOCTH MPeoOpa3oBaHus CONHEUHON 3Hepruu B anekrpudeckyro. KII mommmep-
HOTO COJIHEYHOTO 3JIEMEHTa cocTaBul 2,5 %. M3 momydeHHbIX TaHHBIX nMmneaancomerpuu ETL cnoii Ha ocHOBe
Zn0O, nony4erHom B Ethanol, umeer camble HU3KHE 3IEKTPOTPAHCTIOPTHBIE TAPAMETPBI. ITO CBA3AHO C BBICOKOIT
crenenbio arperaieil ZnO, B pe3ysbrare 4ero Bozpacraer conporuBieHue uarepdeiica ZNO/FTO. ComnHeuHble
anemeHTHl Ha ocHoBe ZNO B Ethanol npoxemonctpupoBanu 3Hauenne KI1JI, pasaoe 0,9 %, mo cpaBHeHHIO C
ZnO B Butanol (KI1[ 1,6 %).

Kniouesvie cnosa: ZnO, U30MpOaHoI, dTaHOMI, OyTaHOI, MOP(OIOTHs TOBEPXHOCTH, TEPMHUUYCCKUI OTIKUT, OII-
THYECKasl CIIEKTPOCKOMHS, CHEKTPOCKOIHS UMIISaHCa.
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