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Charge-transfer range for photoexcitations in conjugated polymer/fullerene bilayers and blends
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Time-resolved photoinduced absorption was measured on bilayers of[Zotgthoxy,562"-ethyl-
hexoxy-1,4-phenylenevinyledeMEH-PPV) and fullerene (), and on MEH-PPV/g, composite films of
various concentrations. We find that even in the picosecond regime, charge transfer from the conjugated
polymer to G, slows down the decay dynamics relative to the decay in the pure samples. The fact that charge
transfer occurs in the picosecond time scale in bilayer stru¢thiekness=200 A) implies that diffusion of
localized excitations to the interface is not the dominant mechanism; the charge-transfer range is a significant
fraction of the film thickness. From an analysis of the excited-state decay curves, we estimate the charge-
transfer range to be 80 A and interpret that range as resulting from quantum delocalization of the photoexci-
tations.[S0163-182@7)04332-4

I. INTRODUCTION formed photochemically in PPV when vinylene linkages are
severed to form carbonyl species, which act as electron ac-

The nature of the primary photoexcitations in conjugatedceptors and efficient luminescence quenching sites. A diffu-
polymers such as palyp-phenylene vinylene(PPV) and its ~ sion time of order 1 ns was estimated and a corresponding
soluble derivatives remains an important and controversiafliffusion range of 50 A was inferred. In a second class of
issue. A fundamental question concerns the magnitude of th@xperiments, exciton dissociation properties were inferred
binding energy of the polaron excitation, i.e., what is theffom steady-state experiments of bilayer structures com-
binding energy between positively and negatively chargedised of PPV/G, (Ref. 5§ and PPV oligomer/C&Dissocia-
polarons in semiconducting polymers? One can formulatdion occurs at the interface beca_use.the electron and hole are
the same question in terms of the spatial extent of the priSeparated by charge transfer. Diffusion ranges of 70 and 200
mary excitations: Is the wave function confined to a fewA respectively, were inferred. _
repeated units of the conjugated polymer chain or is it ex- 1he G molecules in the polymer/fullerene mixtures are
tended over many monomers of the polymer backbone o Some ways analogous to the defect sites in the photo-
even extended over multiple chains? Unfortunately, there i§xidized polymer system described abdVeAfter photoex-
not yet a widely accepted answer. Data have been interpretédation, the electron in the™ band transfers from the poly-
in terms of models that describe delocalized carriers witHMer (as the dondrto the G (as the acceptdpf With the
small exciton binding energig®.1-0.2 eV or legsand spa- addition of a few percent £, luminescence is quenched by
tial delocalization over 30 A or more.Alternatively, approximately three orders of magnitude, relative to the pure
strongly correlated models have been proposed with excitoRonjugated polymer. The quenching results from charge
binding energies from 0.4 eV to greater than 1%\imply-  transfer, which separates the electron and the hole on a time
ing primary excitations with wave functions localized on the scale three orders of magnitude faster than the radiative de-
order of a single repeated unit. To resolve this issue, it i€ay time. The implied forward electron transfer rate indicates
important to develop alternative methods of experimentallyjthat charge transfer occurs in the picosecond time scale:
determining the spatial extent of excitations in conjugated
polymers. These data will aid in developing theoretical mod- 1 1
els that can accurately describe the electronic properties of T_CT 6
conjugated polymers in the solid state.

A number of previous experiments have studied thewhere lfctis the charge-transfer rate 7}y is the radiative
guenching of luminescence in conjugated polymer usindifetime, andQ<1 is the quenching ratio. Measurements of
nanosecond time-resolved or adiwon-time-resolved lumi- photoinduced absorption and photoinduced dichroism
nescence measurements and applied these results to infestaowed that in the polymer/fullerene system charge transfer
diffusion range for excitons to defects that act as quenchingccurs within a few hundred femtosecorids agreement
sites. In one class of experimehiwistine polymer samples with Eq. (1).
were photo-oxidized in a controlled way to create a variable The ultrafast charge-transfer process has been challenged
density of defects on the polymer chains. These defects arecently™® A forward charge-transfer time of more than 10

i) =10°x10°>10 s 1, (1)
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ps was inferred from transient absorption studies on a T - T T . T T ¥
heavily doped PPV-derivativefgblend. In the present work 1.0
a larger range of concentrations, as well as charge transfer at

a donor/acceptor interface, has been studied in an attemptto 08
resolve this controversy. Even in relatively thick bilayer
structures, we observe the effects of charge transfer in the ose
picosecond regime. We develop a quantitative model that §
describes the ultrafast nature of the charge transfer process in'< 0.4
MEH-PPV/G;, composites and bilayers. The change in dy-
namics during the first few picoseconds results from charge o2
transfer occurring in parallel with exciton-exciton bimolecu-

lar recombination. The dynamics of photoinduced charge 00 [
transfer can be used to infer a spatial extent of the excitons
on time scales too short for diffusion to play a significant
role. We show that the dynamical data imply a delocalization
of the excitonic wave function in MEH-PPV over approxi-  FiG. 1. Decay dynamics for MEH-PPV{gblends: 0 wt. %,
mately 80 A. Diffusion across this distance in less than 1 psojid line; 5 wt. %, dashed line; and 25 wt. %, dotted line, for a thin
is eliminated as a possibility. Delocalization over such dis-(200-A) MEH-PPV monolayer, squares, and200-A) MEH-PPV/
tances implies that the exciton binding energy must be rela@00-A) Cy, bilayer, circles.

tively small.

Delay (ps)

Ill. RESULTS

Il. EXPERIMENT . .
The 400-nm pump pulse caused a reduction in the trans-

A. Sample preparation mitted intensity of the 800-nm probe pulgphotoinduced

The MEH-PPV/G, blends were spin cast at 1500 rpm to absorption. The relative change in transmissian T/T is
obtain 2000-A-thick filmgthe optical densityOD) equals 2  directly proportional to the change in absorptidr, where
at peak absorptidn Blends having three concentrations of Aa=0N, with o the excited-state absorption cross section
the acceptor molecule were prepared: 5 wit(24nol %), 10 and N the excited-state population density. The photoin-
wt. % (4 mol %), and 25 wt. %(10 mol %. Visual examina- duced absorption decreases with time as a consequence of
tion showed that the films were of excellent optical quality. the decay of the excited-state population.

For bilayers, MEH-PPV films were first spin cast from  Transient photoinduced absorption data obtained at 800
dilute solutions onto sapphire substrates, followed by evapdam from MEH-PPV/(, bilayers and blends are presented in
ration of a 400-A layer of g, A 200-A layer(measured with  Fig. 1. The incident excitation density for all data in Fig. 1
Dektak profilometer was cast at 4000 rprithe measured Wwas No=2.5x10"° cm™3. The population decay in the
OD for the polymer layer was 0.2 at maximum absorption blends(solid lineg slows down as the acceptor concentration
increases from the pure sample to the 5 wt. % blend and then
to the 25 wt. % blend. The results for the bilayer structures
correspond to the thinnest MEH-PPV film that we could pre-

The second harmonic of a regeneratively amplifiedpared. Two other films produced data that were identical,
Ti:sapphire laser(Clark-MXR CPA 1000 provided a within the experimental resolution, to the data presented
400-nm (3.1-eV) pump pulse(150-fs pulse width At this  here. A reasonably good overlap of the normalized decay
wavelength(on the high-energy side of the absorption maxi-curves of the pure MEH-PPV sampldshin and thick
mum), the polymer absorbs strongly, while the absorptionsamplesis observed in Fig. 1. Small differences result from
from Cqo is much smaller. Therefore, theg@molecules are the different substrates and the different thickness of the two
not excited directly by the pump in significant quantity. The samplegsee Ref. 2
pump energy was approximatelyd per pulse illuminating Three experimental facts emerge from Fig. (). The
an area of 1 rhat the sample plane. The intensity of the presence of & in the vicinity of the polymerat the inter-
pump beam was varied using neutral density filters. The phdface in bilayers or intermixed blendslows down the decay
toexcited sample was then probed in the near-IR with thelynamics relative to the decay in the pure samples. As a
800-nm(1.55-e\j fundamental beam. consequence of the charge transfer, the excited state of the

The probe was time delayed with respect to the pump byolymer/G, system is longer lived than the excited state of
passing the probe beam through a computer controlled delape pristine parent polymefii) The quenching of the fast
stage before reaching the sample. The pump beam was mesmponent decay is evident on picosecond time scales, indi-
chanically chopped and phase sensitileck-in) detection cating ultrafast charge transfer in bilayer structugdsck-
was utilized to detect the modulation in the transmitted probaess~200 A). (iii) The decay dynamics of the polymer/
intensity. During the measurements on the bilayer structurefullerene bilayer system{iMEH-PPV) thickness~200 A)
the pump and the probe beams were incident on faéa@er  (circles is essentially identical to the decay dynamics of the
and reached the polymer through thgy/@olymer interface. 5 wt. % homogeneous blend. With these experimental obser-
The samples were kept in vacuum to avoid photo-oxidationvations in mind, we turn to a discussion of the nature of the
All measurements were performed with samples at roonexcited state and the decay mechanism that leads to the mea-
temperature. sured photoinduced absorptidRA) data.

B. Instrumentation for transient absorption
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IV. DISCUSSION — T
10 |

Diffusion of localized excitations to the interface cannot I
explain the observation of charge transfer in bilayers within 08 |
the picosecond regime. The diffusion length over a distance

d can be expressed as 06 |- -
2_ E 04} .

d-=Dt, (2 |
whereD is the diffusion coefficient and is the time. As- 02 r ]
sumingd~100 A for the bilayers ané~10 *? s, D would ook ]

be of order 1 crffs. Using Einstein’s relatiopi=eD/kgT, i
where u is the mobility, e is the electron chargeg is the 02 F
Boltzmann constant, andl is the temperature, we conclude e
that u~40 cnf/V s would be required. Such large diffusion 4 2 0 2 ‘:3 6 8 0w
e . . elay (ps)
constantgand mobilitie$ are not possible either for charged
polarons or for neutral excitons in disordered polymers: g 2. Decay dynamics for MEH-PPV at various incident ex-
From picosecond transient photoconductivity measurementgijtation  densities: No=5x10" cm3, squares; No=2.5
the charge carrigipolaror) mobility in semiconducting poly-  x 10" cm™3, circles; andN,=5x10" cm™3, triangles. The lines
mers has been estimated t0'b8.5 cnf/V s. Under steady- represent solutions to a bimolecular decay rate equdties the
state conditions, the carrier mobility is much smallBr=2  text).
x10™% cn?s ! was estimated for PPV in the nanosecond
quenching experimerftsnentioned above. Neutral exciton Bimolecular dynamics of the form shown in E@®) (i.e.,
diffusion constants are only of order 10-10"* cn? st  with the t~%2 facton arise in three dimensions when the
even in organic single crystald.Therefore, in order to ex- interaction between excitations arises from spatial delocal-
plain the rapid charge transfer over such long distances, thigation rather from particle diffusiotf Particle diffusion in
wave functions of the primary excitations must be spatiallythree dimensions gives a nonlinear component in the rate
extended over distances approaching 100 A. In the remaindeiquation proportional td\2, (independent of time'® Since
of this section, we present a detailed analysis of the decaghe long-range nature of the charge transfer also implies
that enables a quantitative estimate of the charge-transfefiree-dimensional3D) interactions of the excitons and since
range. the time scales for the bimolecular decay are again too rapid
There has been a considerable volume of recenfor diffusion to be important, we use the form as shown in
work***~>concerning the nature of the excited-state speciegq. (3), which only accounts for annihilation by wave func-
in conjugated polymers and in particular which species contion overlap in the 3D limit.
tribute to the near-IR PA band around 800 nm. For simplicity The early time decay dynamics for pristine MEH-PPV
we will assign the PA of pristine MEH-PPV at 800 nm to a (the thick sampleare presented in Fig. 2. The parameters
single excited-state species. We denote the population of thigsed to fit the data are the natural lifetime500 ps and the
excited state abl.,. For the following discussion, the size of bimolecular factor3=1.2x 10 2° cm® ps 2. As expected,
the exciton binding energy is not important. Moreover, it isthe fast component of the population decay is reduced when
not relevant whether the primary excitation is emissive ofthe initial excitation density decreases. The quality of the fits
nonemissive. implies that Eq.(3) (with the t~*2 facton can provide a
A number of recent papers have discussed bimoleculagimple quantitative means to understand the intensity-
annihilation processes in PPV derivativés®/It was dem-  dependent recombination dynamics in these materials, de-
onstrated that the intensity-dependent dynamics of thepite the fact that in Eq(3) many features of decay in real
excited-state absorption in PPV oligomers can be modeledamples are neglecte@including nonexponential decay

by a rate equation of the forth mechanisms at low excitation densities and also the variation
of excitation density along the sample to absorption of the

dNgy Nex B pump _beam This latter effect in the bilayers resglts in an
T W e 3 excitation density at the rear of the sample approximately 0.6

times the value at the entrance face; in the bulk samples the

) i variation along the sample is larger still. However, a more
where the first term represents the natural lifetime decay ang.i-ied model is not necessary to show the basic physical
the second term describes the bimolecular arising from the, . \.o< that contribute to the decay in our samples

interaction between excitations. At low excitation densities, In the presence of g the excited-state absorptiaka

the first term is dominant and the decay is exponential, Abises from a superposition of the remaining primary excita-

high excitation densities the second term is dominant at earl -
times when the excited species annihif§t&he fast initial ﬁons.Nexa nd the newly formed charge-transferred excitations

decay rapidly leads to densities sufficiently low that the natu-
r_al decay_dynamlcs are recovered at_later times. The excita- Aa(t,\)=Ned) Tey \) + Neg(t) oer(N). (4)

tion densities and the mean separation between excitations

encountered in our experimefgee Ref. 2 fall within the  The spectral dependence of each excited species is deter-
regime where Eq(l) applies reasonably well. mined by its cross sectiom; .

CT-
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The physical model that describes the data follows the I
functional form of Eq.(4), with the following features(i) 1.0~
The charge-transferred populatidfy-r is formed at times
within the experimental resolutionapproximately 200
f5).91 (ii) The magnitude ofNcy is approximately constant
in the picosecond regime.

Equation (4) implies that the two components of the 0.6
excited-state population are not strongly interacting. Featur:
(i) implies that by the time the pump beam leaves the '5

norm

sample, a populatioN.7 of charged-transferred states has 041

formed, leaving behind a populatid¥.,=Ny— Nt of pri-

mary states on the polymer chains. This reduced “initial” 0.2 . . ]
population ofNg, then decays via its intrinsic decay chan- ni

nels. Featuréii) is valid because the forward and the reverse N

charge-transfer rates are highly asymmetric; while the for- 0.0 o of .
ward charge transfer occurs on subpicosecond times, the life
time for the charge-transferred state can be up ftc
milliseconds®® Thus, during the first 10 ps, the contribution Delay (ps)
of Nct to Aa will be approximately constant.

We have shown that for pristine thin films of MEH-PPV

!
0 2 4 6 8 10 12

FIG. 3. Decay dynamics for thi(200-A) MEH-PPV monolayer,
- ) L squares, and €00-A) MEH-PPV(400-A) Cq, bilayer, circles. The
the nonlinear decay of the primary excitatioNg, can be lines represent fits to a model involving bimolecular decay of pri-

deduced from the intensi.ty-dependent decayAef at 800 mary excitations in the MEH-PPV and a constant contribution from
nm. In the bilayer, a fraction di, transfers an electron to |ong_jived charge-transferred stateee the text

the Gy layer, thereby formindNct states within 1 ps. As a

result, the bimolecular decay of the populatibi, slows . _
down because the effective initial population is reduced relat® Polymer layer participates in the charge transfer. There-
tive to that when there is nogglayer. In addition, the states fore, we infer an effective charge-transfer range of approxi-
Ncr contribute a near-constant component to the decay dynately 80 A from the fit in Fig. 3. This more accurate value
namics_ The genera' effect iS a Concerted S|owing dowﬁs consistent W|th the qua“ta“ve ConCIUS|On, |nferred from
(“flattening™) of the PA decay. In the following, we use the the observation that charge transfer occurs in the picosecond
parameters derived from the fits of the dynamics in the thifime scale in bilayer structurdhickness~200 A), that the
layers of MEH-PPV, together with the relative magnitude ofcharge-transfer range is a significant fraction of the film
Aa at 800 nm in the bilayer to deduce both the charge+thickness.
transfer probability and the relative excited-state cross sec- We showed in Fig. 1 that the PA dynamics for the bilayer
tion of the charge-transferred probability stater/oe. TO  and for the 5 wt. % blend are almost the same, implying a
do this, we first normalize the measur&dl/T curve in the similar fraction of charge-transferred species in these two
bilayer to the value of the pristine thin film at a zero delaycases: about 40%. The obvious trend for the MEH-PPV/
and we rewrite Eq(4) in the form fullerene blends is that as the concentration gf iBcreases,

a larger fraction of the primary excitation population under-

goes charge transfer in the first picosecond. However, even
(5) at high concentrations, the efficiency of charge transfer on

picosecond time scales does not reach 100%. The high-
The decay functiorg(t,£) in the first term of Eq.(5) is  concentration limit was studied by Kraatelal® in transient
simply the nonlinear decay obtained by integrating B2). PA measurements of 50 mol % functionalized fullerene/
with the same parametersand 8 used to fit the dynamics of polymer blends. The data presented in Fig. 6 of Ref. 9 indi-
the primary excitation®N, in the pristine samples. The de- cate that even at these high concentrations some decay is
pendence of this decay function gns included explicitly to  observed on the picosecond time scale; the intrinsic decay of
indicate the sensitivity of the bimolecular decay to the per-on the order of 15% of the excitations remaining on the
centage of states undergoing charge transfer, as describpdlymer accounts for this observed decay and implies that
above. The second term accounts for the time-dependephase separation of the polymer/fullerene composite at high
contribution toA T/T from N¢t; the correct magnitude for concentrations of fullerene is the limiting factor for complete
this second term is crucial to achieve the proper value otharge transfer within the first picosecond. On longer time
AT, om at zero delay0.82 in our measurement relative to the scales, of course, diffusion still plays a significant role in the
pristine thin film). The strength of the two components charge-transfer process, especially for composites at lower
(found self-consistentlyyields the relative fraction of the fullerene concentrations. For example, we conclude that in
two species that contribute to the excited-state absorption &he 5 wt. % bulk blend approximately 40% of the primary
800 nm. excitations undergo charge transfer in the first picosecond.

As shown in Fig. 3, this simple self-consistent modelHowever, the luminescence in these samples is quenched by

yields excellent fits to the data. The fraction of charge-more than three orders of magnitude, indicating that on time
transferred states extracted from the fi§$s0.38+0.03, with  scales intermediate between the intrinsic forward transfer
a value ofoc1/0,=0.53=0.04. A corresponding fraction of time and the radiative lifetimél0 ps—1 nsthe diffusion of

AThom=(1-8)g(1,6) +§

ocrt
Oex
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excitations to find acceptor sites is the dominant decay chan- McBranchet al. showed® that for thin films, spin cast at

nel for the remaining excitations on the polymer. high rpm, the polymer chains are arranged primarily parallel
to the substrate. In the bilayer structures, the MEH-PPV
V. SUMMARY AND CONCLUSIONS layer was thin(200 A) and was spin cast at 4000 rpm, im-

) ) ] . plying that the delocalization length estimated in this work is
Time-resolved photoinduced absorption experiments Ofyrimarily transverse to the polymer chains. A quasi-three-

MEH-PPV/C, bilayers and on composites of various con- gimensional wave function, extended over 80 A for the pri-
centrations showed that the presence gf slows down the  mary excitations of the luminescent polymers, is in agree-
picosecond decay dynamics relative to the decay in the Purgent with the 100-A localization length found from studies
samples. As a consequence of the charge transfer, the excitgfl the metal-insulator transition in conducting polymers
state of the polymer/g system is longer lived than the eX- (polyaniline and polypyrrolg?*-??
cited state of the pristine parent polymer. The fact that a The inferred spatial extent of the wave function of 80 A is
large fraction of excited states undergo charge transfer il[b_rger than the value of 30 & monomersoften quoted for
bilayer structures implies that the charge-transfer range is ppy (Refs. 23 and 24and would imply spatial delocaliza-
significant fraction of the film thickness. This conclusion tion over approximately 13 monomers. The persistence
holds true regardless of the model used to interpret the dat@angth for MEH-PPV has been estimatedo be 60 A (in

In order to obtain more quantitative results, a model Wassolution; this would be a lower bound for delocalized,
developed that assumes that the PA dynamics results frofjeakly interacting polarons. The large spatial spread of the
two noninteracting species, the primary excitations and th@yrimary excitations inferred from the present measurements
charge-transferred states. Charge transfer occurs in less thﬁcﬁp"es a weak binding energy between the charged polarons

1 ps. The primary excitations follow bimolecular decay dy- (“electrons and holes}, i.e., 0.05-0.1 eV, or a few times
namics, while the charge-transferred states are longed liveg.T.

Based on this model we conclude that in the bilayers,
38(£3)% of the initial photoexcitations on the polymer un-
dergo ultrafast charge transfer. A similar fraction of the ini-
tial photoexcitations are charge transferred in the 5 wt. % We thank Jun Gao, Christian Heller, and Dr. lan Camp-
blends. The ratio of excited-state absorption cross sections tkell for assistance with the sample preparation. We benefited
the charge-transferred state to the polymer excited state &pom discussion with Dr. Ben Schwartz, Kirk Miller, and Dr.
800 nm iso 7/ 0e,=0.53+0.04. Diffusion of localized exci- Uli Lemmer. Work at UCSB was supported by the Air Force
tations to the interface cannot explain the observation offfice of Scientific ResearctDr. Charles Legunder Grant
charge transfer in bilayers within the picosecond regime; thdNo. F49620-96-1-0107 and by a grant from the Los Alamos
required diffusion constants for charged polarons or for neuNational Laboratory—University of California Program,
tral excitons would be too large by at least two orders ofGrant No. STP/UC:96-136. Work at Los Alamos was also
magnitude. In order to explain the rapid charge transfer ovefunded through the Laboratory Directed Research and Devel-
such long distances, the wave functions of the primary exciopment Program, under the auspices of the U.S. Department
tations must be spatially extended over approximately 80 Aof Energy.
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