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PHOTOCURRENTS AT A TITANIUM-DIOXIDE ELECTROLYTE SOLUTION INTERFACE UNDER
MODULATED ILLUMINATION

By: SEMENIKHIN, OA; ROTENBERG, ZA; TEPLITSKAYA, GL
SOVIET ELECTROCHEMISTRY Volume: 27 Issue: 2 Pages: 190-196 Published: FEB 1991

| Get it ® Western | Close Abstract

Modulated illumination was employed to find the amplitude and phase of the alternating photocurrent
component as functions of electrode potential and modulation frequency. For the transient photoprocesses
occurring at the interface, a model was considered which comprises recombination via two surface states and
an electrochemical reaction involving photoexcited holes coming directly from the valence band. The
expression obtained in terms of this model for the phase and frequency characteristics readily describes the
experimental data over the frequency range between 30 and 830 Hz. Hence it is possible to find the kinetic
parameters of the surface processes as functions of electrode potential.
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Intensity modulated photocurrents on an anodically oxidized
lead electrode in sulfuric acid solution

Z.A. Rotenberg and O.A. Semenikhin
A.N. Frumkin Institute of Electrochemistry, Academy of Sciences of the USSR, Moscow (USSR)
(Received 8 April 1991; in revised form 28 May 1991)
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Mechanism of Recombination Losses in Bulk Heterojunction P3HT:
PCBM Solar Cells Studied Using Intensity Modulated Photocurrent

Spectroscopy
Joshua C. Byersfr Scott Ballantyne,* Konstantin Rodionov,” Alex Mann,” and O. A. Semenikhin®*’

"Department of Chemistry, The University of Western Ontario, London, Ontario N6A 5B7, Canada
*Wired Sun Inc,, 112 College Street, Toronto, Ontario, MSG 1L6, Canada

ABSTRACT: Intensity modulated photocurrent (IMPS) 0.3
and photovoltage (IMVS) spectroscopies were used to

study the mechanism of photoprocesses in P3HT:PCBM

bulk heterojunction organic solar cells at various light
intensities. The use of the frequency domain techniques I
allowed us to separate the bulk and interfacial processes
and gain a valuable insight into the mechanism of losses in
these devices. The results provide direct evidence that
interfacial nongeminate recombination is one of the
dominant loss and aging mechanisms in bulk heterojunc-
tion organic solar cells. The trapping of photoexcited holes
in the P3HT phase was found to contribute to the
increased recombination rate. The results suggest that
promising ways of improving the efficiency of bulk heterojunction solar cells may be reducing the charge trapping both at and near
the P3HT:PCBM interface, as well as improving the efliciency of charge extraction at contacts.

Re(J) / mA cm®

Im(J) / mA em?

KEYWORDS: intensity modulated photocurrent spectroscopy (IMPS), P3HT:PCBM organic solar cells, organic photovoltaics,
organic solar cells, bulk heterojunction, surface and interfacial recombination

dx.doi.org/10.1021/am 100998t | ACS Appl. Mater. Interfaces 2011, 3, 392-401
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Effect of Aging and PCBM Content on Bulk Heterojunction Organic
Solar Cells Studied by Intensity Modulated Photocurrent
Spectroscopy

Joshua C. Byers,v;' Thomas Heiser,i Maksim Skorobogatiy,§ and Oleg A. Semenikhin®

_{_Department of Chemistry, The University of Western Ontario, 1151 Richmond St., London, Ontario N6A 5B7, Canada
Hnstitut d’Electronique du Solide et des Systémes, Université de Strasbourg-CNRS, 23 rue du Loess, 67037 Strasbourg, France
YGénie Physique, Ecole Polytechnique de Montréal, C.P. 6079, succ. Centre-ville, Montréal, Québec H3C 3A7, Canada

© Supporting Information

ABSTRACT: A series of encapsulated and nonencapsulated Aluminus  PCBM  P3HI
bulk heterojunction photovoltaic devices containing poly(3-
hexylthiophene) (P3HT) and [6,6]-phenyl Cg4, butyric acid
methyl ester (PCBM) with different PAHT:PCBM ratios were )
investigated using traditional steady-state as well as non- recticl |
steady-state intensity modulated photocurrent spectroscopy oM
(IMPS) techniques. The steady state J—V measurements
showed that PCBM content did not have a significant effect on
the efliciency for freshly prepared devices, whereas aged
nonencapsulated devices exhibited a strong dependence on
PCBM content. IMPS measurements showed a significant
contribution of interfacial nongeminate recombination in
nonencapsulated devices, which increased with decreasing PCBM content in the photoactive layer and cell aging. It was
related to the formation of interfacial states at the P3HT/PCBM interface due to atmospheric contamination, which act as
recombination centers. Device encapsulation was found to be effective in preventing the occurrence of interfacial recombination.
Our results suggest that IMPS can be used as a diagnostic tool to predict the performance of bulk heterojunction organic solar
cells. If a solar cell shows the presence of interfacial states as indicated by semicircle arcs in quadrant I of the IMPS complex plane
plots, it is most likely that its performance will deteriorate with time due to enhanced interfacial recombination, even without
further exposure to atmospheric contaminations. We conclude that interfacial nongeminate recombination is an important
degradation mechanism in organic solar cells, especially in the case of exposure to atmospheric contaminants.
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DoTOINEKTPOXMMUNYECKNE NPOLIECCHI Ha
rpaHuLe pasgena nonynpoBOAHMK-PACTBOP
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QP PEKT NOBEPXHOCTHOMN PEKOMOUHALIMK Ha
CTauMoHapHble KpuBblEe POTOTOKA
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MHTEHCUBHOCTU OCBELLEHUSA
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[MTpnumep rogorpada GoTOTOKA

UHacTtoTa B Makcumyme
MHMMOWN YacTn pOoTOTOKA

Iml, /pA w*=k=1/7
CrauunoHapHbIn / MakcuManbHbIN (hOTOTOK

poToTOK (TOK reHepauum)
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bulk transport /
recombination

N

UHacTtoTta mogynsauum
MHTEHCUBHOCTW CBEeTa
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doTonpouecchl C y4acTUeMm
NOBEPXHOCTHbIX COCTOAHUN

g Collected at electrode g(1-Y)

CB - -
-\ | Captured at surface state Y9
-
VB k=1/T
Recombination
— h"' ::“'I"'

Rotenberg, Z. A.; Semenikhin, O. A. Journal of Electroanalytical Chemistry 1991, 316, 165-174 27



doTonpouecchl C y4acTUeMm
NOBEPXHOCTHbIX COCTOAHUN
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HennHenHble cuctemsbl

T(w) = I, + I sin(wt) I,=var, I = const
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ConHe4Hble baTapen

[— - |« TpaauUMOHHbIE MaTepuarbi:
= 0 Si

o0 CdTe (Cadmium Telluride)
o CIGS (Copper Indium
Gallium Sellenide)

* HoBble MaTepuansl
0 CHmXeHMe 3aTpaTt
o MaclwtabupoBaHue
O HoBble obnacTu
NCNOSIb30BaHUSA

Ontario’s Sarnia Solar Farm

http://www firstsolar.com/ProjectsOld/Completed-Projects/Sarnia-Solar-Project/Overview
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OpraHun4eckne cosiHe4YHble
baTapeu

. (4-roller)
 Double sided cleaner

Edge guide/splicer

« ToHKMe crnom (HyXHO Mano maTepuana, ¥ 3aTpar)
* HaHocAaTca n3 pacteopa no TUMy Kpacku
* MeHbLuUe 3aTpaT, NOBbILIEH/E NMPOU3BOANTENBHOCTY



ApPXUTEKTYpPa OpraHUYecKmnx conHe4YHbIx baTapen

LUMO
- P3HT PCBM

LUMO

A
bonor LUMO

ﬂ hv Acceptor “Cathode ,( Pra——
P3HT:PCBM

Anode PLROT: <
HOMO Glass
HOMO
Indium HOMO
tin oxide PEDOT:P5S P3HT PCEM Al

Steim, R.; Kogler, F. R.; Brabec, C. J. Journal of Materials Chemistry 2010, 20, 2499-2512



ApPXUTEKTYpPa OpraHUYecKmnx conHe4YHbIx baTapen

CEH13 B Ho5C12 i

- PCBM = phenyl-C,-butyric acid methyl ester
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ApPXUTEKTYpPa OpraHUYecKmnx conHe4YHbIx baTapen

Bi-layer Bulk heterojunction

Donor (p-type) |Acceptor (n-type
1.5 AM 1.5 AM /,—————
'\"'“"'LF\.-U\,_’ - . “-vu-\_.\__‘_h |- — fP-/
"v\.-\_,.\_v__i '\-"\--x,.\_n“_:h
gy e
H DG

e OKCUTOH UMEET KOPOTKOE

TpebyeTtca makcumanbHO

BPEMS XKU3HU U pas3BuUTbL rpaHnLy pasgena
ONAPPY3NOHHYIO ONUHY MeXay OOHOPHbLIM U
e OKCUTOH Sq)CbeKTVlBHO dKUuenTopHbIM MaTepuUnaramim

auccounnpyeT TONbKO Ha 3Ha4YNTENBbHO YBENMMYMBAETCH
pacctoaHum 10 — 20 nm ot 9P PEKTUBHOCTbL
rpaHnUbl pasgena
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ApPXUTEKTYpPa OpraHUYecKmnx conHe4YHbIx baTapen

Cross-sectional TEM image

e CBeTnbIM NokKa3aHbl obnacTtu, oboraweHHble P3HT
* TemHble obnacTtn oboraweHsl PCBM

1. R. Steim, F.R. Kogler, C.J. Brabec, J. Mater. Chem. 20 (2010) 2499
2. J.S. Moon, J.K. Lee, S. Cho, J. Byun, A.J. Heeger, Nano Lett. 9 (2009) 230 38



doTopasaeneHne 3apaa0B Ha
rpaHuue pasaesia AOHOP-aKUenTop

ton

Excl
¥
Dongr /
)
1
|\:B

Exciton Cathode

Anode @
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TpaHCnopT pa3aeneHHbIX
HOocuTeneu 3apaaa B cBOMX ga3ax
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A TaKXe - peKombunHauua Ha
roaHuue pasgenal

Alummum PCBM P3HT

Interfacial
States
on PCBM

Interfacial States
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Cutyauma 6e3 akuenTopa 3/1eKTPOHOB
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MoaoynaunoHHasa CnekTpocKonms dOTOTOKOB
OOHOPHO-AKLEMTOPHbLIX CONTHEYHbIX AYEEK:
NoKa3aHo, YTO HM3Kas 9PPEKTUBHOCTb TaKUX
CUCTEM BO MHOIOM CBsi3aHa C
pekomMbuHaLMen Ha rpaHuLe pasgena JOHOPHOWU U
akLlenTopHou das

J. C. Byers, S. Ballantyne, K. Rodionov, A. Mann, and O. A. Semenikhin. Mechanism of Recombination
Losses in Bulk Heterojunction P3HT:PCBM Solar Cells Studied Using Intensity Modulated Photocurrent
Spectroscopy. ACS Advanced Materials and Interfaces, 2011, vol. 3, pp.392-401
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CTaumMoHapHbIM GOTOTOK ANA ABYX
A4YeeK C pa3sHOU 3GPEKTUBHOCTbLIO
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[oporpadbl MOAYAUPOBAHHbIX
GOTOTOKOB A/1A TEX e CUCTEM
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Plot 1 —Cell A
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MeHee adbdekTnBHas a4enka B xapakrepusyetca 6onee
BbICOKOW CKOPOCTb0 pEKOMBOMHaLNK Ha rpaHuue pasgena gas
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Jsontoumna cnektpos MCP co BpemeHem
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pekoMOnHauUnK Ha rpaHuue pasgena das. OTOT SKCNEPUMEHT MNoKasbIBaEeT, YTO

CKOPOCTb pekoMObUuHaLnM BO3pacTaeT C BbipabOTKOM pecypca A4ENKn n

o 48
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BanaHune MHTeHCUBHOCTW

NOACBETKU: cUCTema HeJIMHEUHA!
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The dc intensity increases 155

*CKOpPOCTb peKOMOMHAaLMKM BO3pacTaeT C UHTEHCUBHOCTbLIO CBETA
*OTO 03HAYaeT, YTO BbICOKAsi CKOPOCTb pekoMbuHaLum CBA3aHO B TOM
4ynucne ¢ HU3KOW NOABMXHOCTbIO OCHOBHbLIX HOCUTESEN, KOTOPbIE
nocne gotoreHepaumm n guccoumnaymm NnepBUYHbLIX 3KCUTOHOB HE
ycrneBalT OTONTU OT rpaHuLbl pa3aena n pekomouHmpytoT!
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3aBUCMMOCTU KOHCTAHTbl CKOPOCTU
PEKOMOMHALMN OT MHTEHCMBHOCTU CBETAa,
onpeAeneHHble N3 CNeKTpoB POTOTOKA
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Takoe nosepeHue ykasbiaeT Ha Npobrembl ¢ TpaHCMOPTOM
OCHOBHbIX HOCUTeNeu - AbIPOK - B (pa3e (POTOAKTUBHOIO
nonumepa. Ta xe camaa npobnema Habnropganacb B cucteme
6e3 akuenTopa, 1 OnNaTb OHA BO3HUKAET HeCMOTps Ha 6onee
3(PPeKTUBHOE pa3ferieHne 3apsAaoB 3a CYeT akLenTopa

Donor
— h+

m &S C =
D OO0 3T+ 0 M

W

Photoactive Layer




Bropas npobnema - Hanuume 3n1eKTPOHHBIX COCTOSHUM Ha
rpaHULe pasfena AOHOPHOU U aKLenTOpHOWU a3, KOTopbIe
NpefoCcTaBnaroT "MecCTO BCTpeun" oToreHepupOBAHHBIX
3/1eKTpOoHA U AbIpkU. Ecnu 661 X He 6b1M10, AaXe MeaSeHHbI
TPAHCNOPT 661N 6bI HeCyLLeCTBeHHeH.

Donor

A — h* C
N d
o t
d h
e 0

d

=

W

Photoactive Layer
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TaK YTO 3TO 33 3/1eKTPOHHbIE
COCTOAHWMA, rae OHU PAaCcNOo/I0XKeHbl
M KaKoBa UX npupoaa?

Effect of Aging and PCBM Content on Bulk Heterojunction Organic
Solar Cells Studied by Intensity Modulated Photocurrent
Spectroscopy

oshua C. B ers,T Thomas Heiser,:{: Maksim Skorobogati ,§ and Oleg A. Semenikhin® "
y gatry 8

ACS Advanced Materials and Interfaces, 2016, in press .



[oporpadbl POTOTOKA ANA MHKANCY/IMPOBAHHbIX
N HEKancy/IMPOBaHHbIX AYEEK

(A) o2

1 — encapsulated, as received
2 — non-encapsulated, as received
3 — non-encapsulated, aged

Im(j) / mA cm”

NHKancynaums nosiHoCTbio yonpaeT pekombuHauuto Ha rpaHuue das!
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Echn B cucteme ectb peKombuHaumaA, oHa OnNATb
NPenMmyLLecTBeHHO CBA3aHa C NI10XMM OTBOAOM
doToreHepmnpPoBaHHbIX OCHOBHbIX HOcUTeneu!

-2

1 -> 3: increasing dc light intensity

Iﬁl(i) / mA cm
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B To e Bpemsi, CKOPOCTb peKoMOUHaLUN He
3aBUCUT OT KOoIMyecTBa aKkuenTtopa!

P3HT:PCBM Ratio
10000 = 1:05 .
¢ 1:06
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T 7500 v 1:08
w2
T
*
3
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0 ' T T T T | v T ¥ T T T 1
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Photon Flux / 10"°cm™ s~
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Ho OT Hero 3aBUCUT KOJIMYECTBO HOCUTENen,
3aXBa4YeHHbIX Ha COCTOAHMA Ha rpaHuLe ¢as - U,
cnenoBaTe/IbHO, NJIOTHOCTb TaKUX COCTOAHUM!

0.6 -

Re(j)/ g

P3HT:PCBM ratios: (1) 1:0.5, (2) 1:0.6, (3) 1:0.7, (4) 1:0.8.
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A TaK)Ke TOK reHepauunmn Hocutenen (1) m
CTaLLlMOHaPHbIK GOTOTOK BO BHELIHEN Lenu (2)

0.3
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o
1
B

Re()) / mA cm”

=
—

05 06 07 08
PCBM Ratio
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DNIeKTPOHHbIe COCTOAHUA Ha rpaHuLe
pa3gesia JOHOPHOU U aKUuenTopHOU a3

Alummum PCBM P3HT

Interfacial
States
on PCBM

Interfacial States
on P3HT




Ecnmn Takme coctoaHma He 0bpasyoTcs,
mexXda3Haa peKombuHaumsa OTCYTCTBYET, O
4em roBopuT OTCYTCTBUE peslaKkcaLmm
$®OTOTOKa B | KBagpaHTe

100
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0 100 150 P
Re(Jphoto)
n-TiO, with and without ethanol D-A cell with and without encapsulation

Semenikhin et al, Langmuir 1999 Byers et al, ACS AMI 2016
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BbiBOAbI

Takum 0bpasom, OKA3AHO, UTO 3NEKTPOHHbIE COCTOAHUS,
OTBETCTBEHHbIE 3a PeKOMOUHALMIO, HAXOAATCA Ha rpaHULe
pasaena gpas AoHopHoro nonumepa P3HT u akuentopa
anekTpoHos PCBM

OHU BO3HUKAOT 3a CYET peakLimv KOMMNOHEHTOB SYeUKU C
KOMMOHeHTaMU atmocoepbl (BOAA, KUCIIOPOA); Y
WUHKANCYJIMPOBAHHLIX S4eeK CKOPOCTb pekoMbuHaLum Ha rpaHuLe
pasaena gas npeHebpexmumo mana

bonee Toro, ecnu Takne cocTosaHUSA BOHUKNU, OT HUX
HeBO3MOXHO U36ABUTCS U CKOPOCTb pekomMbuHauum byaeT pactu
No Mepe 3KCNAyaTauum a4enku

Bce 3710 nossonset nosuumoHmuporatb MC® kak moLHoe cpeacTBO
3KCMpecCc-aHanm3a CoNHeYHbIX 3riemeHToB: ecnu MC® nokasbieaeT
Hanuume COCTOAHUM Ha rpaHuLe a3 (NonyoKpyXHOCTb B T
KBAAPAHTE), TAKOW 3N1eMeHT 3PPeKTUBHLIM He byaerT.
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