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Photovoltaic and electrophysical properties
of plasmon-enhanced organic solar cells

A technique for depositing plasmon silver nanoparticles into various functional layers of an organic solar cell
has been developed. Analysis of the structure of nanoparticles was carried out according to electron micro-
scopic images on an electron microscope MIRA 3 LMU, Tescan. Electron microscopic analysis showed the
presence of spherical silver nanoparticles. The size of silver nanoparticles was ~ 100-200 nm. The frequency
of plasmon resonance lies in the region of 451-457 nm. The microstructural and optical properties of
nanocomposite materials obtained are studied. The film thickness of the deposited photoactive layer P3HT:
PCBM is 229 nm, the thickness of the deposited silver film is 87 nm, respectively. It is shown that the absorp-
tion band of silver nanoparticles on the ITO surface has a maximum at the wavelength of 457 nm. For silver
nanoparticles on the P3HT / PCBM surface, the maximum wavelength is shifted to the shortwave region at
451 nm. The photovoltaic and electrotransport properties of film polymer compositions based on P3NT:
RSVM and silver nanoparticles are studied.Measurement of the volt-ampere characteristic of the cells was
carried out by illuminating the cell from the side of the conducting layer of the ITO. It is shown that the depo-
sition of silver nanoparticles on the ITO surface increases the PSC efficiency by 1.7 times. When the film of
silver nanoparticles is positioned between PEDOT / PSS and the photoactive layer of P3HT / PCBM, the effi-
ciency is reduced by approximately 1.8 times. In the presence of silver nanoparticles, a further reduction in
the cell efficiency is observed on the surface of the P3HT / PCBM photoactive layer. Doping of silver nano-
particles into the photoactive layer of P3HT / PCBM also leads to a decrease in the cell efficiency. The elec-
tron transport properties of a solar cell with a bulk heterojunction were studied using the method of electro-
chemical impedance spectroscopy (EIS). It is shown that a significant increase in the cell efficiency is ob-
served when silver nanoparticles are deposited on the ITO surface. Precipitation of silver nanoparticles on the
surface of the PEDOT:PSS layer and doping them into the P3HT: PCBM volume reduces the conversion of
solar energy into electrical energy.

Keywords: Silver, plasmon resonance, organic solar cells, poly(3-hexylthiophene), films.

1. Introduction

In recent years the increasing interest in nanocomposite materials on the basis of organic semiconductor
polymers and metal nanoparticles (NPs) is noted. Interest in these materials is connected with their unique
optical properties, caused by the phenomenon of the superficial plasmon resonance (SPR) which is shown in
emergence of an intensive strip of absorption in visible area of a range [1, 2]. A research of such
nanocomposites are important both the problem in understanding of mechanisms, and ample opportunities of
use of processes of the superficial plasmon resonance (SPR) in development of new materials for effective
optoelectronic and the photovoltaic of devices [3, 4].

For increase in overall performance of organic solar cells new semiconductor polymers are synthesized
now or excitement of plasmons on a surface of metal NPs is used. So in work [5, 6] plasmon silver NPs in
various layers of organic solar cells on the basis of a volume heterojunction of the P3HT:PCBM system were
used. It is shown that, the best value of efficiency of organic solar cells is received when using NPs of silver
in direct contact with an active layer. Thus, in connection with increase in efficiency of organic solar cells
with a volume heterojunction, becomes more and more important to investigate hybrid photo cells on a basis
the plasmon of metal NPs.

In the real work results of a research of influence of nanoparticles of silver, the doping are presented to
various functional layers, to current-voltage characteristics (VAC) and electrophysical properties of organic
solar cells with a volume bulk heterojunction organic solar cells.

2. Experimental

For assembly of solar cells as a substrate glasses (2x2 cm) on a half the covered ITO with the surface
resistance of 10—15 Ohms/cm® which serves as the top electrode were used. In the course of cleaning of a
substrate upright were located in UF a bathtub and sequentially 10 min. were washed out in an acetone, in
isopropyl alcohol and in the deionized water, later were dried up by a nitrogen stream. At the end for remov-
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al of oddments of organic chemistry from a surface and increase in wettability, they were exposed UF-ozon
to processing within 1 hour. PEDOT:PSS was applied on the cleared substrates with method of a centrifuga-
tion (spin-coating). For receiving a qualitative film of PEDOT:PSS, 50 an aqueous solution of PEDOT:PSS
(Ossila) it was dripped on the substrate surface placed on the centrifuge, further a substrate it was untwisted
with acceleration 500 rpm/sec” to the speed of 2000 rpm and maintained within 2 min. Later, from a sub-
strate by means of a watt stick was removed a small part of a film from ITO (the cell anode).

At the end the substrate with the put film was located in glove isolation ward with nitrogen and was an-
nealed at a temperature of 150 °C within 5 min. for improvement of structure of a film and electro transport
properties. The photo fissile layer of P3BHT:PC60BM was also put with a centrifugation. For receiving effi-
cient cells the photo fissile layer was put according to the following technique: 20 mg of the mix
P3HT:PC60BM in the ratio of 1:1 (Sigma-Aldrich) were dissolved in 1 ml of benzene chloride (Sigma-
Aldrich), solution was maintained at a temperature of 45 °C at intensive hashing on a magnetic stirrer with
heating not less than 24 clocks. After that solution was filtered by 0,45 micrometer filter. The prepared solu-
tion in number of 25 mcL was applied on the substrate rotating with a speed of 2000 rpm and maintained at
this speed more than 20 sec. for the complete evaporation of solvent. Then, it is similar with drawing
PEDOT:PSS, from ITO was removed a small part of a film. The aluminum electrode 120 nanometers thick
was put with a thermal dusting. The film of silver 60 nm thick was put with a thermal dusting in vacuo on
the installation which is built in glove isolation ward. For receiving films of silver shots of AgNO; weighing
3 mg were prepared. The dusting was made in vacuo ~ 10~ Pas with a speed of 0,5 nm/sec.

At the last stage of a substrate were tempered in a nitrogen atmosphere at a temperature 150 °C within
15 min. for improvement of a crystalline of P3HT and quality of a film in general. After preparation all ex-
emplars were stored in a glove box for an exception of uncontrollable degradation of exemplars. The design
of an organic solar cell with silver nanoparticles, the doping in various functional layers, is presented in the
Figure 1.
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Figure 1. A design of an organic solar cell with silver
nanoparticles doping in various functional layers

Current voltage characteristics of cells measured at radiation by light with a range the close to AM1.5
(100 MW/cm®) with use of the solar simulator Photo Emission Tech Inc Solar Cell IV Measurement. Intensi-
ty of a luminous flux was controlled by means of the calibrated silicon diode with the known spectral charac-
teristic. For record of volt-ampere curves used Keithley 2400 source meter. Accuracy of filing of tension of a
no-load operation made + 50 mkV, short-circuit current + 10 pA. Accuracy of gravity test of current of a
short-circuit was defined by biases of the area of the device which did not exceed 3 %.

3. Results and discussion

Determination of thickness of the put layer was carried out by means of the scanning super microscope
of MIRA 3 LMU, Tescan. The chip of glass was investigated with use of the detectors SE (the detector of
secondary electrons) and BSE (the detector of the reflected electrons) at the accelerating voltage of 20 kV.
From the Figure 2 it is visible that thickness of a film of the put photo fissile layer of P3HT:PCBM makes
229 nm, thickness of the besieged film of silver makes 87 nm respectively.
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SEM HV: 20.0 KV WD: 8.74 mm
View field: 8.10 pm Det: BSE
SEM MAG: 34.2 kx  Date(midly): 08/19/16

Figure 2. SEM of the image of films of silver on a surface the photo
fissile layer of P3HT:PCBM

In the Figure 3 SEM of the image of the silver NPs besieged on a surface of ITO and the photo fissile
layer of P3HT:PCBM are presented.

From the drawing it is visible that, at a deposition of silver NPs on a surface of ITO (a) mainly spherical
particles are formed. At a deposition of silver NPs on a surface of the photo fissile layer of P3HT:PCBM par-
ticles of both spherical shape, and oblong shape are observed. Change of the NPs form of silver, probably, is
bound to the fact that at final assembly of PSC their annealing in a nitrogen atmosphere at a temperature is
made 150 °C. On the basis of the obtained electronic and microscopic data it is established that average par-
ticle size of silver makes ~ 80—110 nanometers.

Figure 3. SEM the image of nanoparticles of silver on a surface ITO (a)
and the photo fissile layer of PSHT:PCBM (b)

In the Figure 4 optical spectrums of absorption the plasmon of silver NPs are shown. Apparently from
the drawing (a curve 1) the absorption band of silver NPs on a surface of ITO has a maximum on a wave-

length of A™ =457 nm and half-width AK?S =217 nm. For silver NPs (a curve 2) on P3HT/PCBM surface
2

at most of a wavelength it is displaced to the short-wave area of A =451 nm. Observed shifts of a maxi-

mum of a plasmon resonance to the short-wave area, it is bound to change of the form of silver NPs
(Fig. 3b).
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Figure 5. VAC of organic solar cells
with the introduced of silver

Figure 4. Absorption spectra plasmon of silver NPs in various
functional layers of PSC

In the Figure 5 are shown VAC of organic solar cells with NPs of Ag besieged in various functional
layers of a cell. Measurement VAC of cells was taken at illumination of a cell from a conducting stratum of
ITO. From the presented curves VAKH it is visible that at a deposition (a curve 2) the efficiency of PSC in-
creases by a surface of ITO of silver NPs by 1,7 times. At an arrangement of a film of silver NPs between
PEDOT/PSS and the photo fissile layer of P3HT/PCBM (a curve 4) decrease in efficiency, approximately,
by 1,8 times is observed. In the presence of NPs of silver on a surface of the photo fissile layer of
P3HT/PCBM (a curve 5) further decrease in efficiency of a cell is observed. Doping silver NPs in the photo
fissile layer of P3HT/PCBM (a curve 3), also leads to decrease in efficiency of a cell. The main characteris-
tics of polymeric solar cells with NPs of silver in various functional layers are presented in Table 1.

Table 1

Characteristics of organic solar cells in the presence of silver NPs

Example Uw 1, K3 ljmaxy Imaxy FF n, %
mV | mA mV mA

Without NPs 0,66 | 1,10 | 0,49 | 0,90 | 0,63 | 1,46
ITO — NPs 0,70 | 1,78 | 0,50 1,30 | 0,56 | 2,10
NPs doped in 0,60 | 0,94 | 0,35 0,90 | 0,55 | 1,10
P3HT/PCBM
PEDOT/PSS - | 0,62 | 0,90 | 0,30 | 0,70 | 0,55 | 0,84
NPs
P3HT/PCBM 0,67 | 0,92 | 0,20 | 0,45 | 0,52 | 0,36
— NPs

Electron-transport properties of a solar cell with a volume heterojuction were investigated by means of
a method of an electrochemical impedance spectroscopy (EIS). Measurements were taken by EIS under the
reference feigned sunlight of AM 1.5, 100 of mV/cm> (PET PHOTO Emission TECH., INC.) on an
impedansometry Z-500PRO (Elins), amplitude and range of frequency of the enclosed sine signal — 10 mV
and 100 kHz — 100 MHz, respectively. In the Figure 6 impedance hodographs in Nyquist's coordinates for
organic solar cells with a volume heterojunction are shown.
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Figure 6. Ranges of an impedance of organic solar cells

From the submitted data it is visible that the range of an impedance consists from several circles. By the
technique described in [7, 8] from the central arch of ranges of an impedance the efficient diffusion coeffi-
cient of electrons of D, an efficient recombination rate of k., an efficient lifetime of an electron 7., re-
sistance to electronic transport in a film of dioxide of a titanium R, resistance of charge transfer of R;, the
bound to an electron recombination were calculated. For solar cells with doping nanoparticles of silver in
layers of PEDOT/PSS- NPs and P3HT/PCBM - NPs ranges of an impedance were not registered. It demon-
strates that cells have low overall performance. The received results are presented in Table 2.

Table 2
Electrotransport parameters of organic solar cells
. ko Top Ry R
Annealing temperature Dy <f <ff k w
& e / ) ( (Ox) (Ox)
Without NPs 9.9%10” 4714 0,0002 850 69
ITO — NPs 4.7*%10” 6250 0,00016 600 26

From Table 2 data it is visible that resistance to electronic transport in solar cells in lack of silver NPs
(Rw) is higher, than in solar cells with silver NPs. Thus, the significant increase in efficiency is observed at a
solar cell in which contains silver nanoparticles in ITO- NPs layers, a doping of nanoparticles of silver in the
functional the layer of PEDOT/PSS and P3HT/PCBM leads transformation of solar energy to electric to de-
crease. The reasons of changes VAC in films of PEDOT/PSS-NPs and P3HT/PCBM - NPs are not estab-
lished and demand carrying out further researches.
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I1a3MOH-KYIIEHTIITeH OPraHUuKAJIBIK KYH YSIIBIKTAPbIHBIH
(oToBOIbTANMKANBIK KIHE VIEKTPPU3UKAIBIK KacHeTTePi

OpraHuKaiblK KYH YSIIBIFBIHBIH SPTYPil (QyHKIMOHANAB KaOaThIHAA IUIa3MOHABI KYMIC HAHOOGJIIETiHiH
TYHABIPY 9pici xacaibiHabl. HaHoOemnmektiH KypbuibiMbiHa Tangay MIRA 3 LMU, Tescan 2meKTpoHIBI
MHKPOCKOIIBIHAA TYCIPUITeH 3JIEKTPOHBI-MUKPOCKOMMSIIBIK TYCipiniMaepiniH Oepinrenaepi OoitbiHia
JKY3ere achIpbUIAbL. DIIEKTPOHIBI-MUKPOCKOIMSUIIBIK Tajgaya KyMic HaHOO®JIIEriHiH 0ap eKeHIH KOpCeTTi.
Kywmic nanoGemumerinin emmemi ~100-200 M kypazasl. [Tnasmonzaplk pezonanc xwuimiri 451-457 um
OOMBICHIHAA KATHIP. AJIBIHFAH HAHOKOMIIO3HMTTI MaTepUaIapAblH ONTHKAIBIK KOHE MHKPOKYPBUIBIMIBIK
kacuerrepi 3eprrenni. P3HT:PCBM ¢otobencenni xabaTbl kKarbUFaH KaOBIPIIAK KAJIBIHABIFEI 229 HM
KYpaiapl, KYMICTIH TYHABIPBUIFAaH KaOBIPIIAFBIHBIH KaJBIHIBIFEI coiikeciHme 87 HM-re TeH. ITO Oeringeri
KyMiC HaHOOOJIIETiHIH >KYTBUTy JKOJIAFbl HM TOJIKBIH Y3BIHIBIFBIHIA MaKCHUMyMfa He €KeHI KepCeTiIl.
P3HT/PCBM OGeringeri kymic HaHOOOIIEri YIIH TOJKBIH Y3BIHIBIFBIHBIH MaKCHMyMBI 451 HM KbICKa
TOJIKBIHABI 00JbICKa KbUDKUABL. Kymic HaHoOemmeriniy joHe P3HT:PCBM Herizinae KaObIpIIAKThI
HOJNUMEpJi  KeIICHIePiHiH 3JIeKTPTPAHCIOPTTHIK JKoHe (oToBombTauKanblk Kacuerrepi 3eprrengi. ITO
OTKi3eTiH KaOaThIHbIH KaFblHAH YAIIKTHI KapbIKTAHIBIPFaH Ke3/1€ YAIIBIKTHIH BOJBTAMIIEPIiK CHIIATTaMachl
xyprizinni. ITO Gerine kymic naHoOenmerin kouapipran kezge [I9K PSC 1,7 per yikeiireni kepcerini.
PEDOT/PSS xone P3HT/PCBM c¢orobencenni kabaTbl apachlHAa KyMic HAaHOOGJIIETiH OpHANACTBIPFaH
ke3ne [IOK Temennereni Oaiikamansl, mamamen 1,8 per. Berinme xymic manoGesmmeri 6ap P3HT/PCBM
(orobencenai kabarsl ymbIKTEH [IOK ToMenneyine okenerinin Oaiikanasl. Kymic HaHoGe:mmIeri eHrisinrex
P3HT/PCBM ¢otobencenni kabats! yamsIkThH [IOK Toemenneyine okenni. Kememai rerepoerynepMer KyH
YALIBIFBIHBIH 3JICKTPOH-TPAHCHOPTTBHIK KACHETI 3JIEKTPOXUMHUSIBIK MMIeHaaHcTsl crnekrpockonus (EIS)
oniciHiH KeMeriMeH 3eprrengi. ¥sumblkThiH [IOK alTapnbikrait ecyi xymic HaHoOemmerin ITO Oerine
TYHABIPY Ke3inae Oaiikanartsinbl kepceringi. PEDOT:PSS 6Gerki xabarsina xone P3HT:PCBM kesemine
SHTI31IreH KyMIC HAHOOOJIICTriHiH TYHOAChl KYH DHEPTWSICHIH JJIEKTPIIKKE TYPJICHAIPYIiH TOMEHACYyiHe
QKen .

Kinm ce30ep: xymic, INTa3MOHIBIK PE30HAHC, OPraHUKANBIK KYH YSIIBIKTaphl, poly(3-hexylthiophene),
KaOBIKIIA.

A.K. 3eitnunenos, H.X. M0Opaes

®oTOBOJIbTAHYECKHE U BHCKTpO(l)I/If}I/I‘IeCKI/Ie CBOMCTBA
MJIA3MOH-YCHJICHHBIX OPraHu4€¢CKUX COJTHECYHBIX AYECK

Pa3paboTrana MeToAMKa OCaXIEHHs TUIA3MOHHBIX HAHOYACTUIL cepedpa B pasnuHble (YHKIMOHATIBHBIE CIOH
OpraHMYeCcKOH CONHEYHON sYeHKH. AHAM3 CTPYKTYpPhl HAHOUACTHI OCYILIECTBIISUICS MO JaHHBIM 3JIEKTPOH-
HO—MHKPOCKOIIMYECKUX CHUMKOB Ha 3JIeKTpoHHOM Mukpockone MIRA 3 LMU, Tescan. DnexTpoHHO-
MHUKPOCKONHMYECKHH aHanu3 rokaszan Hammume cepuuecknx HU cepebpa. Pazmep HU cepebpa coctaBun
~100-200 uM. YacToTa m1a3MOHHOTO pe30HaHca JeXHT B obmactu 451-457 um. VceinenoBaHbl MUKPOCTPYK-
TYpHBIC U ONTHYECKUE CBOMCTBA IOJIyYEHHBIX HAHOKOMIO3UTHBIX MaTepHasoB. TOJIIMHA IIEHKH HaHECEH-
Horo ¢otoaktuBHOrO cinosg P3HT:PCBM cocrasiser 229 HM, TONIIMHA OCAXIECHHOW IUICHKH cepebpa —
87 um. Ilokazano, uro nmosoca nornouieHuss HY cepebpa Ha nosepxHoctu ITO nMeer MakcuMyM Ha JUTMHE
BoJiHbl 457 um. st HU cepebpa na nosepxsHoctd P3HT/PCBM makcuMmyM [UTHHBI BOJIHBI CMEIAETCS B KO-
POTKOBOIHOBYIO oOsacTh Ha 451 HM. HccnenoBansl (OTOBOJIBTANYECKUE U SIIEKTPOTPAHCIIOPTHBIE CBOICTBA
IUICHOYHBIX MMOJIMMEPHBIX KoMmo3uimii Ha ocHoBe P3HT:PCBM u Hanouactui cepebpa. M3mepenne BAX
siYeeK MIPOBOJMIIOCH IIPH OCBELICHUM sTYeiKU co cTopoHsbl posogsmiero cios ITO. ITokasano, uro npu ocax-
nennn Ha oBepxHocTh ITO HY cepebpa KIIJI PSC yBenmuuBaercs B 1,7 pa3a. [Ipu pacnonoxxeHun IICHKN
HY cepebpa mexny PEDOT/PSS u ¢oroaktuabiM crioem P3HT/PCBM nabmomaetcst noHmwkenne KIT/
npumepHo B 1,8 pasa. B nmpucyrctBuu HY cepebpa Ha nmoBepxHocTr otoaktuBHoro ciosi PSHT/PCBM na-
6mromaercst panpHeiimee nonwkenune KIIJI stueiiku. JJomupoBanune HY cepebpa B (OTOAKTHBHBINA CIOi
P3HT/PCBM raxoke npuBoauT K nonmkennio KII/1 sueliki. DIeKTpOH-TpaHCHOPTHBIC CBOMCTBA COTHEUHOI
AYEHKH ¢ OOBEMHBIM I'€TEpPOINEPEXOJ0M HCCIEI0BANCh C MOMOIIBI0 METOAA IEKTPOXMMHUYECKOW HMITe-
nancaoi cnekrpockoruu (EIS). ITokxaszano, uro 3HaunTensHoe yBenmuenue KIIJI saeiikn HabmomaeTcs npu
OCaKAECHNU HaHOUYacTHI cepedpa Ha moBepxHOCTh ITO. OcaxneHne HaHOYACTHII cepebpa Ha ITOBEPXHOCTH
cioss PEDOT:PSS u mommposanne ux B 06seM P3HT:PCBM npuBogsT K yMEHBIICHHIO NPeoOpa30OBaHUs
COJIHEYHOM PHEPrUU B IEKTPUUECKYIO.

Kniouesvie cnosa: cepebpo, IIa3MOHHBIM DPE30OHAHC, OPraHUYECKHE COJHEYHbIC SYCHKH, MOJH-
(3-rexcunTuoden), IICHKH.
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