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Transient optical studies of charge recombination dynamics in a polymer /
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Christoph Winder, Maria Antonietta Loi, and Niyazi Serdar Sariciftci
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Christoph Brabec
SIEMENS AG CT MM1-Innovative Electronics Paul-Gossenstr. 100 35/409, D 91052 Erlangen, Germany

(Received 23 April 2002; accepted 19 August 2002

The recombination kinetics of photogenerated charge carriers in a composite [&-pathoxy-5-
(3’,7'-dimethyloctyloxy-1-4-phenylene vinylerle(MDMO-PPV) and the functionalised fullerene
1-(3-methoxycarbonytpropyl-1-phenyl-(6,6) g, are investigated at room temperature by transient
absorption spectroscopy. The decay dynamics of positively charged MDMO—-PPV polarons were
found to be either monophasic or biphasic, depending upon the laser excitation density employed.
The slower, power law, decay pha€0 ns—10 mkis attributed to recombination dynamics of
localized polarons, while the fast decay componen20 ng is attributed to recombination of
relatively mobile polarons observed when the density of localized states is exceeded by the density
of photogenerated polarons-0'” cm™2%). The implications of these observations are discussed in
relation to polymer/g, photovoltaic cells. ©2002 American Institute of Physics.

[DOI: 10.1063/1.1512943

The optical and electronic properties of organic molecu-have largely employed frequency domain techniques at low
lar and polymer films are attracting extensive interest fortemperatures, with a chopped excitation beam at frequencies
applications in organic light emitting diodes and solar cklls. up to ~10 kHz [often referred to as “photoinduced absorp-
Photovoltaic device functidr has been achieved by blend- tion” (PIA) studieg. Such studies have, for a broad range of
ing organic materials of suitable electron affinities and ion-polymer/G films, reported the observation of photoinduced
ization potentials. Blends of conjugated polymers andpolaron absorption on millisecond time scales. In contrast to
fullerenes (Gy>* have, in particular, achieved quantum frequency domain measurements, time domain transient ab-
yields of photoinduced charge generation close to 160%.sorption studies(TAS) employing pulsed laser excitation
The function of such films is based upon an electron transfelhave typically reported recombination dynamics in polymer/
from the photogenerated excited state of the conjugate@, films on the picosecond and nanosecond time scaf8s.
polymer to fullerene acceptors. This charge separation results Our previous studies of dye sensitized, nanocrystalline
in a metastable charge separated state with the electron @olar cells have demonstrated that the excitation density em-
the fullerene molecule and a positive chatgelaror) delo-  ployed strongly influences the observed recombination
calized on the polymer backbone. dynamicst! The influence of excitation density has however

While the dynamics of the charge separation reaction imot been consistently addressed in previous TAS and PIA
such organic blends have received significant attention tstudies of polymer/g, blends. In this letter, we therefore
daté*>~"the reverse charge recombination reaction has beetonduct a time resolved study over two orders of magnitude
less widely studied. Nevertheless kinetic competition bedin excitation intensity, and demonstrate that recombination
tween this recombination reaction and charge collection bylynamics in polymer/g, blends are strongly dependent upon
device electrodes is likely to be a key factor which may limitthe excitation intensity employed.
device performanc®?® The blending of the two organic com- In this work we studied blends of pdB-methoxy-5-
ponents on a length scale smaller than the exciton diffusioii3’, 7’ - dimethyloctyloxy - 1 - 4 - phenylene vinyleng
length(typically 10 nm) is essential for efficient charge sepa- (MDMO-PPV)  and  1{3-methoxycarbonyipropyl-1-
ration; however, this intimate blending may also have thephenyl-(6,6)G, (PCBM) at room temperature. Blend com-
detrimental effect of facilitating the unwanted charge recom-positions of 1:2 and 1:4w/w) were studied; these two com-
bination reaction. positions were found to give indistinguishable recombination

In this letter we employ transient absorption spectros-dynamics. 100-nm-thick films were deposited by spin coat-
copy to study the recombination dynamics of a poly-ing from chlorobenzene solution onto glass slides. Such films
phenylene-vinylene (PPV)/gblend on nanosecond to mil- have been previously shown to yield photovoltaic devices
lisecond time scales at room temperature. Previous studiegith energy conversion efficiencies of up to 2.89.Film
optical density at 500 nm was 0.3-0.5. Frequency domain
“Author to whom correspondence should be addressed: electronic maif? /A €xperiments were conducted at 100 K as reported
j.durrant@ic.ac.uk previously'® Nanosecond to millisecond TAS employed 500

0003-6951/2002/81(16)/3001/3/$19.00 3001 © 2002 American Institute of Physics
Downloaded 15 Jan 2007 to 129.125.25.39. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp



3002 Appl. Phys. Lett., Vol. 81, No. 16, 14 October 2002 Montanari et al.

. -3
( ) ol 1x10 % 2
plem™ per pulse
..... 35 uJ.em” per pulse
sx10*r  /\ . 21 pl.em® per pulse
_____ 13 pJ.cm” per pulse
....... 10 pj,cm'2 per pulse
........ 4 pJ.cm? per pulse
———2 uJ.cm” per pulse
1.5 uJ.cm? per pulse

A 6x10™

ApOD
W
O

~——"] = 4x10%}

2x10™

1.0 1.2 14 1.6 1.8 2.0 0 b ~ g mmemacn .
2x10
Energy (eV)

time (s)
(b) FIG. 2. Transient absorption kinetics observed for the MDMO-PPV/PCBM

! ' ' ' ' blend on the nanosecond time scale using different excitation densities. The

excitation densities ranged between 1.5 andudcm 2 per pulse. The

decay is assigned to charge recombination between electrons in the fullerene

and the positive polarons in the conjugated polymer. The sample was excited
at 500 nm at a repetition rate of 4 Hz and probed using a laser diode at 830

4 X2 —

4x107 A nm, T=296 K.

"

PIA spectra in Fig. (b) clearly shows that the transient spec-
0 trum closely matches that observed in the frequency domain
. . . . PIA studies of the blend, and is therefore also assigned to
1.0 1.2 14 1.6 1.8 20 positive MDMO-PPV polarons generated by photoinduced
Energy [eV] electron transfer from MDMO—-PPV to PCBM.
FIG. 1. (a) Transient absorption spectra of a MDMO-PPV/PCBM blend We now consider the decay dynamics of the MDMO-
obtained 125us after excitation at 500 nni80 J cm ? per puls¢, T PPV polaron transient absorption signal. Figure 2 shows the
=296 K; (b) frequency domain photoinduced absorption spectré i) kinetics for the MDMO—PPV/PCBM blend on the nanosec-

pristine MDMO-PPV and-A-) of a MDMO-PPV/PCBM blendx2) em- . . L . .
ploying excitation at 488 nm with 40 mW and 132 Hz modulatign, ©ONd time scale using excitation densities ranging from 1.5 to

~100K. Note thatAOD and —AT/T are related byAOD=1/2.303 70 pJcm 2 per pulse (4—188 10" photonscm? per
(—AT/T). pulse. It is apparent that the decay dynamics are strongly
dependent upon laser intensity. At high laser intensities, they
are dominated by a fast, instrument response limited0

nm (2.48 eV} excitation pulsegfrequency 4 Hz, duration : . . .
< 1 n9 The change in the sample transmission was moni{;cs))ndgggétph;:eér;;heen? ;nn%'t:le%i(?é;r}:f :?r?tlipt)ggzebls aetxl((:el (t;t
tored using either a 830 nf1.49 e\j laser diode for times- y dep P y

. 20-fold over the range of excitation densities employed. In
cales up to 300 ns or a tungsten lamp with monochromators g . :

. . ) contrast, as shown in Fig. 3 the longer timescale data is rela-
before and after the samplprobe intensity~1 mwWcm ©)

tively insensitive to laser power, e.g., the signal in the 50—

for longer time scales. Data on each time scale resulted frorrfoo ns time window reducing in amplitude by onfy50%
averaging 100-1000 laser shots. No degradation of th ver the same range. At the lowest excitation power em-

samples, stored and measured under argon, was observ: ved, (1.5 uJ cmi 2 per pulsg, the instrument response lim-

dunng Eny (t)f theb(ta-xp(tanme:]t; rfport?d herle. Partlcut![ar Calfeqd (<20 ng decay is negligible, and the slower timescale
was taken to subtract contributions from laser scatter an ynamics dominate the decay.

sample emission from the data. In Fig. 4 we show an extension of our data to millisec-

) We consider first the.as.signment of the transient OIOtica!:md time scales on log/log axes. The long lived residual sig-
signal. Pulsed laser excitation of the MDMO-PPV/PCBM

resulted in a broad, long-lived photoinduced absorption in- 12

crease in the red/near-infrared. The transient spectrum of this ;

TAS signal measured at 296 K at a time delay of 125 is g 1.0+ L lmam
displayed in Fig. a). As a comparison, Figs.() and %c) £ oslh 100-400 s A
show the frequency domain photoinduced absorption spectra E . " 50-100 ns & I

of a pristine MDMO-PPV film and the MDMO-PPV/ Q 0.6 < ¢ <20ms
PCBM blend collected using 132 Hz modulation at 100 K. In < 04l ‘ s

the case of the pristine MDMO—PPV filiiFig. 1(b), -W-], 2 .

this PIA spectrum exhibits a single maximum at 1.38 eV 5 02r o
previously assigned to absorption of the MDMO—-PPYV triplet = 0.0 S e [
state”®*3 In contrast, the PIA spectrum for the MDMO- 0.01 0.1 1 10 100
PPV/PCBM blendFig. 1(b), -A-] exhibits a broader absorp- Excitation density (uJ.cm™ per pulse)

tion increase with two maxima at 1.27 and 2.0 eV previouslyFlG. 3. Relative amplitude of the transient absorption signal for the

: : _ " MDMO-PPV/PCBM blend as a function of laser excitation powei®--)
aSSIgned to absorptlon of MDMO-PPV positive poIarSﬁ‘é. amplitude of instrument responge 20 n9 limited decay;(--A--) transient

Comparison of the transient absorption spectrum of th%ignal at 50-100 ng--M--) transient signal at 100—40@s. Other experi-

MDMO-PPV/PCBM film shown in Fig. (& with the two  mental conditions as for Fig. 2.
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102 ¢ tively mobile polarons present when the density of photoge-
] —— 75 pJ.om™ per pulse nerated polarons exceeds the density of localized states be-
----- ~35 Mcm’iperpulse low the PPVs mobility edge. We note that the laser power
:.:_:':‘:iopj“i:n‘ﬂ'pzf;ﬂ]“s‘:e dependence we observe is not consistent with the assignment

of the <20 ns phase to geminate recombinafion.
We conclude by noting that the recombination dynamics
in photovoltaic device fabricated from polymegiZells un-
der solar illumination can be expected to be dominated by
the slower decay phase we report here. The rate of carrier
generation under steady state solar illumination ~is
107 L ; - K X 10 polaronss'cm 2 (estimated from the optimum
10° 107 10° 10° 10° 10° 10° short circuit current of 5 mAcif).* Given the nsus re-
time (s) combination dynamics reported here for localized polarons,
FIG. 4. Transient absorption decay kim_ati_cs obser\_/ed for the MDMO_—PPV/the po|ar0n density generated by steady state solar illumina-
PCBM blend on the nanosecond to millisecond time scales. Tran5|ent. at{—ion is not expected to exceed the estimated density of local-
sorption data for time delays300 ns collected at 940 nm. Other experi- | - . ; .
mental conditions as for Fig. 2. ized states £ 10'" cm ), and the recombination dynamics
will most probably be dominated by the slow, power law
nal observed in the nanosecond data persists up to millise lecay we assign to recpmblnatlpn dynamics of I.Ocahzed
onds. As observed in Fig. 2, at longer time delays the DMO__PPV polarons W'_th Qo anions. More quant_|tat|ve
transient signal becomes increasingly less sensitive to th r_laIyS|_s of thgse recon_wbmanon d_yna_1m|cs and their compe-
excitation intensity employed. Indeed, for time delays greatel"t'_On with carrier collection dynamics in complete photovol-

than ~300 ns, the transient signal is independent of excita:[aIC cells will be presented elsewhefe.

tion density for excitation densities employed down-@.5 The authors are grateful to Richard Monkhouse for tech-

wpd cm “ per pulseffor excitation densities<1 pJcm “per  pical assistance with transient laser experiments, Gerald

pulse, the amplitude of this long lived signal starts to becomeerza for providing the PIA data, Covion Ltd. and Kees

smaller, as shown in Fig. G-M--)]. Itis furthermore appar- Hummelen for supplying MDMO—PPV and PCBM, respec-

ent that the slow time scale transient decay dynamics exhilyyely, and the EPSRC for financial support I.M. acknowl-

its a power law type behavior edges the financial support of a Marie Curie Fellowship from
AO.D.xt™, (1) theEU. N..S.'S. gratefully ackpowledges the financial support

of the Christian Doppler Society.
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From the gradient of the decays, we obtais 0.4+ 0.02.
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