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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 ITOsurface. 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 P3HT: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/em®) 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
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Figure 2. SEM of the image of films of silver on a surface the photo
fissile layer of P3BHT: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 annealingin 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. 30).
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Figure 4. Absorption spectra plasmon of silver NPs in various Figure 5. VAC of organic solar cells
functional layers of PSC with the introduced of silver

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 | 092 | 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
. ke Top Ry R
Annealing temperature Dy < <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.

References

1 Maier S.At Plasmonies: Fundamentals and Applications. — Berlin: Springer, 2007.

2 Margueritat J. Surface Plasmons and Vibrations of Self-Assembled Silver Nanocolumns / J. Margueritat, J. Gonzalo,
C.N. Afonso, A. Mlayah, D.B. Murray, L. Saviot // Nano Lett. — 2006. — Vol. 6. — P. 2037-2042.

37 Gao H: Direct Evidence for Surface Plasmon-Mediated Enhanced Light Transmission through Metallic Nanohole Arrays /
H. Gao, J. Henzie, T.W. Odom // Nano Lett. — 2006. — Vol. 6. — P. 2104-2108.

4 Mihalcea C. Improving the efficiency and reducing efficiency roll-off in auantum dot lieht emitting devices bv utilizing
plasmonic Au nanoparticles / C. Mihalcea, D. Buchel, N. Atoba, J. Tominaga. — J. Mater. Chem. 2013. — Vol. 1. — P. 470-476.

5 Kalfagiannis N. Plasmonic silver nanoparticles for improved organic solar cells / N. Kalfagiannis, P.G. Karagiannidis,
C. Pitsalidis, N.T. Panagiotopoulos, C. Gravalidis, S. Kassavetis, P. Patsalas, S. Logothetidis. — Solar Energy Materials & Solar
Cells. — 2012. — Vol. 104. — P. 165-174.

6 Zeinidenov A.K. Structural properties and photoinduced electron processes in polymer films of poly(3-hexylthiophene-2,5-
diyl) on the surface of silver island films. The 6th International conference «Nanomaterials: Applications and Properties» (14-19
September) / A.K. Zeinidenov, N.Kh. Ibrayev, D.A. Afanasyev. — 2016. —P. 1-2.

7 Fabregat-Santiago F. Influence of electrolyte in transport and recombination in dye-sensitized solar cells studied by imped-
ance spectroscopy / F. Fabregat-Santiago, J. Bisquert, G. Garcia-Belmonte. — Solar Energy Materials & Solar Cells, 2005. —
Vol. 87. —P. 117-131.

8 Adachi M. Determination of Parameters of Electron Transport in Dve-Sensitized Solar Cells Using Electrochemical Imped-
ance Spectroscopy / M. Adachi, M. Sakamoto, J. Jiu. — J. Phys. Chem. B, 2006. — Vol. 110. — P. 13872—13880.

22 BecTHuk KaparaHgmHckoro yHusepcurteTa



Photovoltaic and electrophysical properties...

A K. 3eitnunenos, H.X. M6paes

I1a3MOH-KYIIEHTIITeH OPraHUKAJIBIK KYH YSIIBIKTAPbIHBIH
(oToBOIbTAMKANBIK 2KIHE IJIEKTPPU3UKAIBIK KaCHeTTepi

OpraHuKaiblK KYH YSIIBFBIHBIH SPTYPil (QyHKIMOHANAB KabaThIHAA IUIa3MOHABI KYMiC HAaHOOGJIIETiHiH
TYHABIPY 9pici xacaibiHabl. HaHoOemnmektiH KypbuibiMbiHa Tangay MIRA 3 LMU, Tescan ameKTpoHIBI
MHKPOCKOIIBIHAA TYCIPUITeH 3JIEKTPOH/IBI-MUKPOCKOMMSIIBIK TYCipimiMaepiHiH Oepinrenaepi OoitbiHina
JKY3ere achIPbUIIbL. DIIEKTPOHIBI-MUKPOCKOIMSUTBIK Tajgayia KyMic HaHOO®JIIeriHiH 0ap eKeHiH KOpCeTTi.
Kymic nanoGemmerinin emmemi ~100-200 M kypazasl. [lnasmoniplK pezoHanc xwuimiri 451-457 um
OONBICBIHAA KATHIP. AJIBIHFAaH HAHOKOMIIO3HMTTI MaTepUaIapAblH ONTHUKANBIK KOHE MHKPOKYPBUIBIMIBIK
kacuertepi 3eprrengi. P3HT:PCBM ¢orobencenni KabaThl jKaFbUIFaH KaOBIPIIAK KaJNbIHIBFBI 229 HM
KYpaiipl, KYMICTIH TYHABIPBUIFAaH KaOBIPIIAFBIHBIH KaJBIHIBIFEI coiikeciHme 87 HM-re TeH. ITO Oerinneri
KYMiC HaHOOOJIIEriHIH >KYTBUTy JKOJIaFbl HM TOJIKBIH Y3BIHIBIFBIHIA MaKCHUMyMFa He €KeHI KepCeTili.
P3HT/PCBM Gerinaeri kymic HaHOOeNIIeri YINH TOJKBIH Y3BIHABIFBIHBIH MakKCHMyMBI 451 HM KpbICKa
TOJIKBIHABI 00JbICKa KbUDKUIBL. Kymic HaHoOemmeriniy jxoHe P3HT:PCBM Herizinae KaObIpUIAKTHI
HOJNUMEpJTi  KeIICHAePiHiH 3JeKTPTPAHCHOPTTHIK JoHEe (oToBombTaMKaNbIK Kacuerrepi 3eprrenmdi: [TO
OTKi3eTiH KaOaThIHbIH KaFblHAH YAIIKTHI KapbIKTAH/BIPFaH Ke3/1¢ YAIIBIKTHIH BOJBTAMIIEPIiK CHIIaTTaMachl
xyprizinai. ITO Gerine kymic HaHoOemmerin kouapipran kezge [I9K PSC 1,7 per yikeireni kepeerini.
PEDOT/PSS xone P3HT/PCBM ¢ortobencenni kabaTbl apachblHa KyMic HAaHOOOJUIETiH OpHATACTBIPFaH
ke3ne [TIOK Temennereni Oaiikamansl, mamamen 1,8 per. Berinme xymic naHoGesmmreri6ap P3HT/PCBM
(dhorobencenni kabatel yAmbIKTEIH [TOK ToMeHneyiHe okeneTiHiH Oaiikanmsl. KyMic HaHOO®IIIeTi eHri3ireH
P3HT/PCBM ¢otobencenni kabats! yamsIkThH [IOK Tomenneyine okenni. Kememmi rerepoetynepMer KYH
YALIBIFBIHBIH JIEKTPOH-TPAHCHOPTTBHIK KACHETI 3JIEKTPOXUMHSIBIK HMIeHAaHeTsl crnekrpockonus (EIS)
oniciniH kemeriMeH 3eprrengi. YsmblkThiH [TOK aitrapneikraiifecyi kymic HamoGemmerin ITO Oerine
TYHABIPY Ke3inae Oaiikanartbinbl kepceringi. PEDOT:PSS 6Gerki' kabateina xxone P3HT:PCBM kenemine
SHTi31IreH KyMiC HaHOOONIIEriHiH TyHOAchl KYH JHEPTUsCHIH AJEKTPIIKKE TYPJCHAIPYIiH TOMEHACYiHe
QKem .

Kinm ceo30ep: xymic, IIa3MOHIBIK PE30HAHC, OPraHUKANBIK KyH YSIIBIKTaphl, poly(3-hexylthiophene),
KaOBIKIIA.

A K. eitnuzenos, H.X. 10Opaes

DoTOBOJIbTAMYECKHE U IJIEKTPOPHU3HYECKHUE CBOMCTBA
IJIA3MOH-YCWJICHHbIX OPTaHMYeCKHX COJTHEYHbIX siYeeK

Pa3paboTrana MeToAMKa OCaICHHs TIA3MOHHBIX HAHOYACTHUIL cepedpa B pa3inyHble (YHKIMOHATIBHBIE CIOH
OpraHMYecKOH CONHEYHON SYEHKH. AHAIIM3 CTPYKTYpPhl HAHOUACTHI OCYIIECTBIISUICS MO JaHHBIM 3JIEKTPOH-
HO—MHKpPOCKOIIMYECKUX CHUMKOB Ha 3JIeKTpoHHOM Mukpockorne MIRA 3 LMU, Tescan. DnexTpoHHO-
MHUKPOCKOITMYECKHH aHaiu3 nokaszan Hammune cepuuecknx HU cepebpa. Pasmep HU cepebpa coctaBmn
~100-200 uM. YacToTa mia3MOHHOTO pe30HaHca JexXHT B obmactu 451-457 um. VcenenoBaHbsl MUKPOCTPYK-
TYpHBIE U ONTUYECKUE CBOMCTBA IOJyYEHHBIX HAHOKOMIO3UTHBIX MaTepHasoB. TOJIIMHA IIEHKH HaHECEH-
Horo ¢otoaktrBHOrO ciog P3HT:PCBM coctasiser 229 HM, TONIIMHA OCAXIEHHOW IUICHKH cepebpa —
87 um. lokazano, uro nosnoca nornouieHuss HY cepedpa Ha nosepxHoctu ITO nMeer MakcuMyM Ha JUIMHE
BosHB! 457 M. s HY cepebpa Ha noBepxnoctd P3IHT/PCBM makcuMyM JUIMHBI BOJTHBI CMEIIAETCS B KO-
POTKOBOMHOBYIO 00siacTh Ha 451 HM. MccnenoBansl (OTOBOIBTANYECKUE U AIIEKTPOTPAHCIIOPTHBIE CBOICTBA
IICHOYHBIX MOJIMMEPHBIX koMmno3uimii Ha ocHoBe P3HT:PCBM u Hanouactui cepedpa. M3mepenne BAX
S4ECK MPOBOJUIOCH IIPU OCBELICHUY STUEHKH cO CTOpOoHbI npoBosmero cios ITO. ITokazaHo, uTo nipu ocax-
nenun Ha oBepxHocTh ITO HY cepedpa KI1J] PSC yBenmauBaercs B 1,7 pa3a. [Ipu pacnonoxeHUH IUICHKA
HY cepebpa mexny PEDOT/PSS u doroaktuabiM crioem P3HT/PCBM na6momaetcs nonmwkenne KI1/]
npumepHo B 1,8 pasa. B nmpucyrctBuu HY cepebpa Ha nmoBepxHocTr dotoaktuBHoro ciosi PSHT/PCBM Ha-
6mromaercst panpHeiimee nonwkenune KIIJI stueiiku. JomupoBanne HY cepebpa B (OTOAKTHBHBIN CIOi
P3HT/PCBM raxoke npuBoauT K normkennio KII/1 sueliki. DIeKTpOH-TPaHCIOPTHBIC CBOMCTBA COTHEUHOI
AYEHKH ¢ OOBEMHBIM T'€TEpOINEPEXOJ0M HCCIEI0BAICh C MOMOIIBI0 METOAA IEKTPOXMMHUYECKOW HMITe-
nancHol cnekrpockormu (EIS). ITokxaszano, uro 3HaunTensHoe yBenmuenue KIIJI saeiikn Habmomaercs npu
OCaKACHNU HaHOUYacTHI cepedpa Ha moBepxHOCTh ITO. OcaxneHne HaHOYACTHIl cepedpa Ha ITOBEPXHOCTH
ciost PEDOT:PSS u mommposanne ux B 066eM P3HT:PCBM npuBoAsT K yMEHBIIEHHIO NPeoOpa30OBaHUs
COJIHEYHOU PHEPTUH B 3JIEKTPUUECKYIO.

Kniouesvie cnosa: cepebpo, TUIa3MOHHBI pPE30HAHC, OPTraHUYECKHE COJHEYHbIE SYCHKH, MOJH-
(3-rexcunTroden), IICHKH.
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