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Mobility and decay kinetics of charge carriers in photoexcited PCBMPPV blends
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The transient photoconductivity of blends of a highly soluble C60 derivafR@BM) and a dialkoxy-
phenylene-vinylene polymeiMDMO-PPV) has been studied using the electrodeless flash-photolysis time-
resolved microwave conductivity techniqEP-TRMQ. Films approximately 100 nm thick on a quartz
substrate were prepared by spin-coating PCBM/PPV solutions with PCBM weight fraciirg,) from 0.2
to 0.95. For all blends, the wavelength dependence of the photoconductivity in the range 420—700 nm closely
resembled the photon attenuation spectrum, indicating that photoexcitation of both components contributes to
mobile charge carrier formation. The product of the quantum yield for charge sepagedioth the sum of the
charge carrier mobilitiex x was determined from the maximutend-of-pulsg value of the transient photo-
conductivity. On excitation at 500 nng> . remained almost constant in going froVcgy= 0.2 to 0.6 with
an average value of 0610 2 c?/V's. Above Wpcgy=0.6, ¢ u increased dramatically, reaching a maxi-
mum value of 8% 10 2 cn?/V s for Wpcgy=0.85. This effect is attributed to the occurrence of phase sepa-
ration aboveWpcgy= 0.6 and to the resulting formation of highly mobile electrons within PCBM-rich aggre-
gates. The much lower value g u observed belowVpcgy= 0.6 is assigned mainly to mobile holes within
the polymer component of the blend. Possible explanations for the decre@geuiwith increasing light
intensity, found for all blend compositions, are discussed.
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. INTRODUCTION fullerene derivative[6,6]-phenyl G;-butyric acid methyl es-
ter (PCBM).11~14

During the last decade a tremendous number of studies In addition to light absorption and charge carrier genera-
has been carried out to find low-cost alternatives to crystaltion, the transport of charge to the electrodes is an essential
line silicon for application in flexible photovoltaic devices. process for an efficient photovoltaic cell. While it is not com-
Organic materials such as conjugated polymers and fullerengletely understood for bulk heterojunctions whether the
derivatives seem to be promising candidates due to their lowharge carriers move solely by their diffusional motion or
processing costs and their mechanical and chromatithat an internal electrical field causes the charges to drift to
flexibility. =2 One of the major drawbacks associated withthe electrodes, in either case a high diffusion coefficient or
the use of conjugated polymers originates from the fact thafnobility for both positive and negative charge carriers will
only near the interface between the electron donor and ele®€ beneficial for charge coIIectm?r}. Numerous  studies
tron acceptor material an absorbed photon efficiently leads t§2ve been devoted to understanding the fundamentals of
the formation of mobile charge carriets.Since in most of chargg transport of both |nd|y|dual compounds. For dl_qlkoxy
these polymers the distance the excitation energy can travéPbSt'tUted polgpheny Iene-vmylen)ezEYZero—fleId mobility
is limited to only several nanometéts® the efficiencies of value fcégaholes_ n th_m fllms of =10 CmZ/VS. has been
solar cells based on smooth bilayers of an electron donor a rgporte -~ Studies with high probing frequencies, however,

acceptor, analogous to @/n junction, have remained "ave yielded ' much higher mobility values, ie. 1
P g amn | ’ X104 cm?/V s.*"*8 For fullerene derivatives electron mo-

poor. . L - . bilities given in the literature are close to 0.1%Ns for
A breakthrough in the realization of efficient all-organic bulk materialsd®2 and 2x10 3 c?/Vs for PCBM thin
solar cells was the development of the so-called “bulkf”ms_zl '

heterojunction,” in which a blend of donor and acceptor  pegpite the fact that the transport properties of the charge
molecules forms a three-dimensional network. In this way ansarriers are thought to limit the efficiency of photovoltaic
absorbed photon is always close to an interface. This apsg||s produced from these materidfsmobility studies on
proach therefore overcomes the problem of the limited abpylk heterojunctions are rafé.In this work we study the
sorption of light near the interface of a conventional bilayertransport properties in thin films of blends of MDMO-PPV
device. Ultrafast light-induced charge transfer in a blend of aand PCBM, which were photoexcited with a nanosecond vis-
conjugated polymer and a fullerene derivative has beeifble laser pulse producing free charge carriers. {(framosec-
shown to yield long-lived charge carriefsPower efficien-  ond) change in conductivity was measured using the time-
cies over 2.5% under AM1.5 irradiation have been reportedesolved microwave conductivity techniqGERMC), which

for plastic solar cells prepared using a blend of the conjurelieves us of having to apply electrodes. Since this method
gated polymer pol2-methoxy5-(3',7'-dimethyl-  cannot discriminate between the contribution of positive and
octyloxy)-p-phenylene vinylene (MDMO-PPV) and the negative charge carriers, only the sum of the mobiliigs
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TABLE I. Physical properties of the PCBM/PPV blend films measured thicknesses of all of the layers studied together

studied; see the text for a definition of the parameters listed. with the correspondingVecgy Values are listed in Table I.
A Perkin Elmer “Lambda 900" UV/Vis/NIR spectropho-
Sample A, PEp tometer fitted with an integrating sphef&absphere”) was
Wpegn L (nm) OD(500 o (10° m™*) (nm) (107°cm?/Vs)  ysed to measure the fraction of incident light reflected and
0 56 0466 192 52 014 transmitted by the sampIER and F, respectivgly. These'
02 53 0.372 16.1 62 042 yalue_s were used to d_eterm_lne the optical density OD, which
defined by the relationships
04 68  0.300 10.2 99 0.32 1S y P
0.6 80  0.310 8.92 112 0.93 Fr=(1—Fg)10 P 1)
0.7 86 0.258 6.91 145 8.7
0.75 57 0.161 6.50 154 15 —(1—Fg)10 ®°L, )
0.8 80 0.185 5.32 188 45
085 150  0.297 456 220 83 In Eq. (2), & is the extinction coefficient of the absorbing
0.9 265 0.413 359 279 66 entity andc is its molar concen'Fratmn: An al_ternatlve param-
0.95 150 0.190 292 343 65 eter, frequ_ently u_sed when dl.scussmg. 'ghln Iayers of solid
1 56 0.067 277 361 0.02 materials, is the linear absorption coefficientdefined by
8/alues measured at 500 nm for the lowest intensity used. Fr=(1- FR)eiaL' ©)

As can be seery is related to the optical density amdoy
can be calculated from the change in conductivity.

So far only a limited number of studies has been devoted ODIn10
to evaluating the effect on the photovoltaic properties of =L =&cInlo0. 4)
changing the ratio of the individual compounds in the
heterojunctior’:>>=>>From these works the highest efficien- The optical densities and values at 500 nm, the wavelength
cies were obtained for a fullerene weight fractioWgcgy)  Most thoroughly investigated, including the corresponding
of approximately 0.8. Brabeet al. studied the effect on the penetration depths/Aj,,=1/e), are given for the different
short circuit current of introducing a conventional polymer layers studied in Table I.
(polystyreng into the blend, in an attempt to determine the A parameter which is often more relevant than either the
percolation threshol&® However, the effect of the blend ra- absorption coefficient or the optical density when making
tio on the charge transport properties of charge carriersomparisons with photoconductivity transients is the fraction

within the blend remains unclear. of incident photons actually attenuated within the layey,
Since by using the TRMC method no electrodes have to
be applied, we can systematically change the fullerene Fa=1—(FrtFy). 5

weight fraction within the blend, without the problems assO-The wavelength dependenceR is called here the “attenu-

ciated With’. e.g., shunt conta_lcts._By calculatiig of the ation spectrum” to differentiate it from the “absorption spec-
charge carriers of samples with differaMscgy We can de- trum,” OD().

termine the relation between the mobility akd-gy and

determine the optimum PCBM/MDMO-PPV ratio from the
mobility point of view. Also the wavelength-dependent pho-
toconductivity, the so-called “action spectrum,” is measured.
By comparing the action spectrum with the optical absorp
tion of the blend the wavelength dependence of the quantu
yield for charge separation can be determined, which may.
reveal possible differences between photoinduced hole an:‘;f;
electron transfer processes.

The samples were mounted in Zrband microwave cav-
ity at a position corresponding to a maximum in the electric
field strength of the standing wave pattern at resondfuze
details see Ref. 27 The sample could be illuminated via a
‘grating in the copper end plate of the cavity which was cov-
red and vacuum sealed with a quartz window. The iris-
upling hole of the cavity was sealed with a polyimide foil.
e cavity was attached to a vacuum line and the air was
replaced by a mixture of 10% gRn CO, at atmospheric
pressure to scavenge any free electrons which might be

Il EXPERIMENTAL ejected from the film by photoelectron emissf8n.
For photoexcitation in the visible, the third harmonic of a

The fullerene derivative] 6,6]-phenyl-G-butyric acid — Q-switched Nd:YAG (yttrium aluminum garnetlaser (“In-
methyl ester (PCBM) and  poly2-methoxy-5- finity 15-30,” Coherent was used to pump an optical para-
(3’,7'-dimethyl-octyloxy) p-phenylene vinylene(MDMO- metric oscillatorlOPQ) yielding 3 ns full width at half maxi-
PPV) were obtained from Professor J.C. Hummelen, Groninmum (FWHM) pulses continuously tunable from 420 to 700
gen University, and Covion, respectively, and were used asm. The beam was expanded using Céfhses to give a
received. Solutions in 1,2-dichlorobenzene with PCBMclose to uniform intensity over a rectangular area of approxi-
weight fractions,Wpcgy, varying from 0.2 to 0.95 were mately 1x 2 cn?, close to the cross-sectional dimensions of
spin-coated in air at 2000 rpm onto 1 mm thick, 12the cavity and the sample. The integrated incident laser in-
X 25 mnt quartz substrates. The thicknds®f the resulting  tensity, |, photons/crf per pulse, was monitored by deflect-
films was measured using a Dektak 3ST step profiler. Théng a small percentage of the light to the pyroelectric sensor
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of a Labmaster power metéCoherent The intensity could B e — L1
be attenuated using a series of metal-coated neutral-densit "~ |o
filters (Melles Grio). In this wayl, could be varied by more
than four orders of magnitude from X610 to 1
X 10% photons/cr at 500 nm. 06
Any photoinduced change in the conductance of the
sampleAG resulting from the formation of mobile charge
carriers was monitored as a change in the power reflected bg 0.4 -
the cavity, AP/P, using nanosecond time-response micro-
wave circuitry and detection equipment described
previously?® Several single-shot conductivity transients
could be averaged to improve the signal-to-noise ratio. The
overall time response of 18 ns was determined mainly by the
loaded quality factor of the cavit, .
The change in microwave power is related to the change °°~____ .~~~ T9000000e0ese

in conductance of the irradiated film by 250 300 350 400 450 500 550 600 650 700 750 800
wavelength (nm)

T T T T f
300 400 500 600 700 800 [~
wavelength (nm)

[AP/P]=—-KAG. (6)
) . . . FIG. 1. Optical-absorption spectra of spin-coated films of
In Eqg. (6), K is the sensitivity fac;tor which can be derived PCBM/PPV blends withVpegy=0.2, L=53 nm (full circles) and
from the resonance characteristics of the cavity and the dWPCBM:O-75vL:57 nm (open circles Upper right inset: Absorp-
electric properties of the mediqm; in the present witk tion coefficients for the separate components. The full lines in the
=19x10* S™*. For a layer of thickness much smaller than main figure are reconstructed @D spectra based on the values of
the wavelength of the microwaves, as in the present case;for the individual components and the measured valuéQfsy
AG is related to the conductivity at a depthwithin the  and L.
layer, Ao (z), by
. ping, AG will be time dependent and the temporal form is
AG:,BJ Ao(2) 6z 7) referred to as a “pho;oconductivity transienf\'G(t). If thg
0 decay occurs on a time scale much longer than the instru-

: . . ment response time, the “end-of-pulse” value AG(t),
In Eq.(7), Bis the ratio between the broad and narrow mnerAGEOP, will be equal toAG, and substitution in Eq(10)

dimensions of the waveguide and is equal to 2.08 for the . *=-
X-band waveguide used. Substituting in @) for Ao (2) will yield the true value ofpo2 w . If, however, the decay of

~ . charge carriers occurs on a time scale comparable to the
carter pair concentration At depth andSs the sum of the. 1ESPONSE M. the value dE.u derived Using) Geop in £

pair ra pt M (10) will be a lower limit to o=, ie.,
charge carrier mobilities, results in

L AGEOP/I 0
AG=pBe>, ,uf N(z) 8z (8) > K="F sa (13)
0 aBe
If charge carriers are formed with an initial quantum yield
¢o and no decay occurs during the pulse, then the integral in <bo>, W (12)
Eq. (8) is equal tol yF 5¢g and the conductance chand&
will be

In studies of practical photovoltaic devices, the efficiency

B is usually related to thacidentphoton flux and given as the
AGo=loFaBedo p. ©) IPCE value, the “incident photon to current conversion effi-
ciency.” For a more ready comparison with the present FP-
TRMC measurements we have introduced the IPCSE param-
eter; the “charge separation efficiency per incident photon”
with the symbol. This is related to the quantum yield per
absorbedphoton simply byn= ¢F4.

According to Eq.(9), the wavelength dependence®G, /1,
(the “photoconductivity action spectrum”should closely
follow the attenuation spectrurfa(N\), if ¢q is wavelength
independent. Rearrangement of E§) leads to an expres-
sion for the product of the quantum yield and mobility of
charge carriers in terms of the experimentally measured pa-

rametersAG, |lg, andF,, [1l. RESULTS AND DISCUSSION

AGy /1, A. Optical absorption

¢02 m= FaBe (10 The optical-absorption spectra of spin-coated blend layers
with Wpegy=0.20 and 0.75 are shown in Fig. 1. Also shown

Since mobile charge carriers are formed during the pulsén the inset are the wavelength dependencies of the absorp-

and eventually decay via charge recombination and/or traption coefficientsa of the separate components, PCBM and
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FIG. 2. The dependence of the absorption coefficientdeter-
mined from the measured optical densities and thicknesses o - 08
PCBM/PPV films orWpcgy 150 —— 1 B
MDMO-PPV. If the components of a blend are noninterac- ¢
tive in the ground state, the overall optical density should be% 100 —
given by z
w (1-W,) 2
o o -
op=| 417 | F2T PR finto. (13 50 ,
P1 P2
In Eq. (13), W, is the weight fraction of component b,
andp, are the densities of the pure components 1 and 2, ant °8 | | | : B
pg is the density of the blend. Making the assumption that 0 50 100 150
the densities of the individual components and the blends art time (ns)

closely similar for the present compounds leads to ) _
FIG. 3. Transient changes in the conductance on flash-

— _ photolysis at 500 nm of films of PCBM/PPV blends and PCBM and
OD={appvt Wecam( apcau™ appy}L/IN10. (14 PPV alone. The upper and lower figures illustrate the effect of the
The full-line absorption spectra for the blends drawn in Fig.addition of 20% of the second component to pure MDMO-PPV and
1 were calculated using Eq14) with the individual wave- pure PCBM, respectively.
length dependencies @fppy and apcgy Shown in the inset,
together with the known weight fraction of PCBM in the |f mobile charged species are formed this must therefore re-
solutions used for spin-coating, and the measured layesult from subsequent electron transfer between the compo-
thicknesses of 53 and 57 nm, respectively. The calculatedents.
spectra are seen to be in very good agreement with those The fraction of photons absorbed by the PCBM compo-
actually measured. This good agreement, and particularly theent of a blend will be given by
absence of additional absorption bands in the blends, con-
firms that direct, Franck-Condon charge-transfer transitions

between the components do not occur. The lack of ground AEpcay= pcemVpcem . (153
state interaction between the components is further substan- apceMVpcemt @pp 1 —Wpcpw)
tiated by the good linear dependence of the overall values of
@ on Wpegy measured at 500 nm shown in Fig. 2. Substitution for appy=19.2x1Ftm ! and apcpy=2.77
On the basis of the above, we conclude that the initialx 10° m~* at 500 nm results in
products of light absorption in the blends are the excited
singlet states of the individual components of the mixture, 1 1
AEpcgy=11+ 6.9( 1)] . (15b
hv WPCBM
PCBM——— PCBM* (reaction A,
Therefore, even for 80% PCBM in the mixture, approxi-
hv mately two-thirds of the photons absorbed will initially result
PPV——— PPV (reaction B. in photoexcitation of the PPV component at this wavelength.
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FIG. 5. The dependence ANpcgy Of the values of¢p>u de-
rived on 500 nm irradiation for the lowest intensity us@tbsed
circles. Also shown as open circles are the values obtained for the
short-circuit current as a function ®¥pcgy measured in photovol-
taic device structure@ata taken from Refs. 24 and )25

tra and the attenuation spectfg,(\), given as full lines in

the figure. The good agreement for the extremes of 20% and
95% indicates that photons initially absorbed by either PPV
or PCBM can contribute to charge separation, i.e., routes C
and D are both operative.

AG /|, (arb.units)

T T T ) I T C. The blend composition dependence
300 400 500 600 700 800

wavelength (nm) Using relationship(11), we have determined the product

f the quantum vyield for charge carrier productiprand the
FIG. 4. The wavelength dependence of the maximum value o q y g P 0

L . ) ) obility sumXu from AGgop/l values for transients ob-
the phgtofzondupt'v't.y tran.s'e.msGEOP normalized by the inte- tained on irradiation at 500 nm. Values ¢E u obtained for
grated incident light intensity in the pulse for the valuesiicey e separate components and the nine different blends inves-
indicated. The full lines represent the optical attenuation spectra ot1h P P

the films tigated are listed in Table | and are plotted as a function of
' Wpepwm in Fig. 5. The values given are for the lowest light
B. Photoconductivity transients and action spectra intensity used, which allowe@ « to be determined with an

accuracy oft10%. The influence of higher light intensities

Examples of photoconductivity transients for films of g the value of¢Su will be presented and discussed in a
PPV and PCBM alone, and for blends containing 20% of thesypsequent section.

second component are shown in Fig&)&and 3b). In both As can be seen from the data in Table I, after an initial
cases the pure component displays only a relatively smalhcrease ingS u in going from Wecgy=0 to 0.2, the value

photoconductivity but this increases substantially in the prespf s, increases by only a factor of approximately 2 up to
ence of the second component. This is particularly dramatiq pcBM content of 60%. Above 60%, however, a dramatic
for the addition of 20% PPV to PCBM which on its own increase ingSu occurs, by an order of magnitude at 70%
displays negligible photoconductive behavior. These qualitapcgm, and by a further order of magnitude at 85% PCBM.
tive observations confirm, therefore, that electron transfer beapove 85% a slight decrease @ x occurs. However, even

tween the components occurs, reactions C and D, and thedy 9505 PCBM, ¢S is still two orders of magnitude larger
the charge on one or both of the radical ion species formedna, the average value found of approximately 0.6
PPV" and/or PCBM, is mobile within the blend matrix, %1073 cm?/V's in the range between 20% and 60%.

In discussing the possible reasons for the dramatic in-
crease ing>u aboveWpcgy=0.6 it is worth emphasizing
that, because of the ultrahigh frequency of the probing mi-

PCBM* + PPV—— PCBM +PPV" (reaction D. crowaves in an FP-TRMC measurement, the microscopic
mobility within organized domains is measured. A large

The wavelength dependence dGeqp/l, for transients TRMC photoconductivity does not therefore necessarily in-
such as those in Figs(& and 3b), are shown for blends dicate a large bulk mobility since the latter will often be
with Wpegy=0.2 and 0.95 in Fig. 4. Reasonably good agree-controlled more by the presence of domain boundaries and
ment is found between these photoconductivity action spegercolation pathways within the material rather than by the

PPV +PCBM——— PPV'+PCBM™ (reaction G,
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The hole mobility in freshly precipitated, solid MDMO-
PPV has been measured using the pulse-radiolysis TRMC
technigue  (PR-TRMQ and found to be
1.8x 103 cn?/V s.X8 Combining this with the average value
of ¢Su of 0.6x10 2 cn?/V's, determined in the 20% to
60% PCBM concentration range, results in an estimated
guantum vyield of mobile charge carriers of approximately
30%. Fluorescence quenching measurements have indicated
that the initial quantum yield of photoinduced charge sepa-
ration is actually close to unifi#~>’ It would appear, there-
fore, that a large fraction of the initially formed charge car-
riers in the present experiments must have undergone
recombination or trapping on a time scale shorter than the
response time of 18 ns. We will return to this point in a
subsequent section in which the decay kinetics of the photo-
conductivity transients are discussed.

The dramatic increase i#> u aboveWpcgy=0.6 can be
explained by the formation of PCBM-rich aggregates,
[PCBM],, within the blend, as observed in the TEM and
AFM studies. In addition to the intermolecular charge trans-

FIG. 6. Schematic representations of the blend morphology fofer processes occurring in the homogeneous regions, reac-
Whpcgy Of approximatelya <0.2,(b) 0.2-0.6,(c) 0.6-0.8, andd)  tions C and D, electrons can now be formed within the ag-
>0.8. The curved lines represent PPV polymers, the small circlegregates by the interfacial electron transfer processes E and
represent individual PCBM molecules, and the larger circles repref,
sent phase-separated PCBM aggregates. The opening up of perco-

lation pathways of PCBM molecules starts\elpcgy~0.2. Above PPV*[PCBM], —— PPV [PCBM],, (reaction B,
Wpcem—~ 0.6, aggregation of PCBM molecules starts, followed by

phase separation, resulting in the formation of large PCBM-rich * - .
domains embedded in the PPV/PCBM matrix, setting off at PPV PCBMI; ’PPW[PCBM]n (reaction B.

Wocgy>0.8.

From PR-TRMC measurements on a bulk powder sample
of C60 a mobility of 0.10 crf/Vs has been determinélijn
intrinsic mobility in organized domains of the components.close agreement with the reported value of 0.08/8hs ob-
Relating the present results to those found for PV devicgained by Hall measurement$This value is almost 2 orders
structures clearly requires, therefore, knowledge of the moref magnitude larger than the value @f(+) found for
phology of the blend layer. MDMO-PPV. If a similar high mobility were applicable for

Transmission electron microscopffEM) and atomic electrons within the aggregated particles of PCBM, then this
force microscopy(AFM) studies of MDMO-PPV/PCBM would explain the dramatic increase iy observed. On
blends have shown that phase separation, with the formaticihe basis of a mobility of close to 0.1 AV s, the maximum
of PCBM-rich aggregates, occurs above a given weight fracvalue of 0.083 cf/V s found for ¢S in the Wpcgy=0.85
tion of PCBM242>39=33he critical concentration and size of sample indicates a quantum yield close to unity for the for-
the aggregates has been found to depend markedly on timeation of mobile electrons within PCBM-rich aggregates.
method of film preparation, in particular on the solvent used. In connection with the above, some points regarding the
For layers spin-coated from chlorobenzene solutions, homaapplication of ultrahigh frequency conductivity detection
geneous films were found to be formed up totechniques to the present phase-separated blends are worthy
Woegy~ 0.624253233Fgr W, p,=0.8, however, there was of note. Because of the low dielectric constant and insulating
clear evidence of phase separation with the formation ofiature of the organic materials involved, the maximum am-
large PCBM-rich aggregates. We discuss the results furtheplitude of the electric field strength E will be close to uni-
therefore, on the basis of Fig. 6, which is a much simplifiedform within the sample, including throughout the volume of
pictorial representation of the changes occurring in the filmthe nanoparticles. For the low field strength ugegproxi-
morphology based on the TEM and AFM studies. mately 1¢ V/m) the potential drop across a length equal to

For low PCBM concentrations the film will consist of a the hopping distance of charge carrigipproximately 1 nm
homogeneous mixture of PPV chains and individual PCBMis very much less than k& The field therefore results in
molecules, as shown in Fig(&. Electron transfer between only a small perturbation of the random, thermal diffusive
the components subsequent to photoexcitation will thereforenotion of a charge carrier. A decrease in the effective charge
result in the formation of holes on the polymer chains andmobility, however, is expected to occur for a particle size L
electrons localized as PCBM radical anions. Since the negamall enough that during the course of their diffusional mo-
tive charge is localized, the value Bfu would be expected tion, charge carriers encounter the surface of the particle on a
to be determined mainly by the hole mobility and should betime scale close to, or shorter than, the reciprocal radian
close to the value found for holes in bulk MDMO-PPV. frequency of the oscillating electric field ¢/ This corre-
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sponds to the conditioh<+/(6D/w) with D th?z diffusion 160 T— L L ! -
coefficient. For a mobilty of 0.1cmvs (D 2
=0.0025 cri/s) and a cyclic frequency of 9 GHz (@/ 140 500 nm l (photgns/cm) —
=18 ps), as in the present case, the critical value of L is = 9'5"1015
found to be approximately 5 nm. This is substantially smaller 120 —— 4.5¢10 B
than the estimated particle size of 15-40 nm determined by~ . | - 3-0"1015 B
TEM for an 80% PCBM spin-coated film using chloroben- G —— 1.0x10
zene as solvent. A slight reduction in the effectiveicro- %D s0- —— 3.1x10™ =
wave) mobility compared with that in the bulk material, as T - 5.6x10"
mentioned in the previous paragraph, might, however, be ex 2 60 ™
pected.
40 - =
D. Comparison with the short-circuit current in device 20 ~ i
structures 0 -t DR |
. : T T T T
It is of interest to compare the dependenceddiu on 0 50 100 " 150
Wpcpm With that found for the short-circuit curreihge, ob- 300 - L : L L n
tained for photovoltaic device structures based on similar
spin-coated PCBM/MDMO-PPV layefé?® Such measure-
ments are shown in Fig. 5. Though the values are not 250 §
normalized to the overlap of the optical absorption and the
lamp output, Igc increases gradually abov#/pcgy~0.2, < 200 B
reaches a maximum foWpcgy~0.75, and decreases con- mc"
tinuously above this concentration. This behavior is in © 1504 -
marked contrast to the behavior found f¢b . described =
above. The difference cannot be ascribed to the different sol 2 100 4 =
vents used for spin-coatingchlorobenzene versus 1,2-
dichlorobenzene in the present wprgince these solvents 50 |
give almost identical FP-TRMC resulameasurements to be
published elsewhefe
The observation that the short-circuit current increases 0-om =
considerably in the sam&pcgy regime whereps u remains 0 50 100 150
almost constant can be explained by the opening up of per time (ns)

colation pathways of PCBM molecules within the blend, i, . .
which allow electron transport to occur over macroscopic FIG. 7. Photoconductivity transients obtained on 500 nm flash-
distances via intermolecular electron transfer as shown iR CYSIS of a film withWecgy=0.2 (upper pangland 0.6(lower
Figure Gb). The lack of a significant, concomitant increase pane) for different incident light intensities in the pulse.

in ¢ indicates that the electron mobility within such path'.aggregation. Detailed theoretical and morphological studies

waysl mlf;tlg%cor?;}(\j/eribly rl10\|/ver tha;]r} thﬁ valule of approXighoyld provide further evidence for this hypothesis. Because
mately - ¢ s for holes within the polymer ma- ¢ yhe extremely high molecular weight of MDMO-PPV and
trix. This is not necessarily in conflict with the observation of its fibrous nature, percolation pathways for hole transport
a_photocurrent in .c.iewce struchgres since a con'S|derab|%0u|d be expected to be present even for very low fractional
lower electron mobility than ¥ 10~ 3cn?/V s would still be concentrations of the polymer.

SUff'ﬁ'em to explain the Icurhrentf] obﬁerveq. _ - 4o In view of the above, we conclude that the two sets of
_ The apparent anomaly that the short-circuit current in deya¢, \which at first sight appear to be in conflict, can in fact
vice structures does not display an abrupt increase in thfe reconciled. Furthermore, the combination of the two pro-

same concentration range as that found¢iu can be Un- y;i4e5 3 more detailed insight into the photophysics of charge
derstood if the formation of PCBM aggregates results in aseparation in these complex materials.

decrease, rather than an increase, in percolation pathways as
illustrated in Fig. 6c). The TEM images do in fact show that
the PCBM aggregates are well defined and are surrounded by
a matrix of polymer-rich materidf+?>33This would be ex- Since the magnitude of a TRMC transient is determined
pected to present a barrier towards electron transfer betwedyy the major, i.e., most mobile, charge carrier, we conclude,
the individual PCBM particles and hence have a negativen the basis of the above, that for valuesAcgy up to 0.6
influence on bulk charge transport. Percolation pathwaysve are monitoring mainly the formation and decay of mobile
should, however still be present within the homogeneoushholes on the PPV polymer chains, PPVFor Wpcgy= 0.7
mixed regions of the blend, which would be expected toand above, however, the transients observed will be gov-
contain a weight fraction of PCBM molecules of close toerned mainly by the formation and decay of the highly mo-
60%, i.e., the composition just prior to the occurrence ofbile electrons within PCBM aggregatd$;CBM],, .

E. After-pulse decay kinetics
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L ' L : the highest intensity, for the lowest intensity the first half-life
500 nm I, (Photons/cm?) is much longer with a value of approximately 150 ns. Similar
1.9x10"% results were found for all samples witpcgy=0.75 and
1.7x10" higher. Clearly, second-order charge recombination plays an
= important role in the decay of the photoconductivity for the
high PCBM content blends.

Since the large conductivity transients observed for the
B high PCBM content blends are attributed to highly mobile
electrons within PCBM-rich aggregates, we explain the in-
tensity dependence of the decay kinetics as follows. Photo-
excitations produced within a PCBM-rich aggregate or a
vicinal PPV chain segment undergo electron transfer at the
B surface of the particle. The electrons formed diffuse within
the aggregate and eventually undergo interfacial charge re-
combination with a PPV hole at the surface. In order to
explain the second-order nature of the decay, more than one
5o i 100 150 electron per PCBM particle must be produced during the

ime (ns) L .
pulse and recombination must occur with a hole other than

FIG. 8. Photoconductivity transients obtained on 500 nm flashthe geminate partner formed in the initial electron transfer
photolysis of a film withWpcgy=0.8 for different incident light ~process. A primary requirement is, therefore, that more than
intensities in the pulse. The transients, which have been normalizedne photon must be absorbed within a particle or a neighbor-
to the same maximum value &fG, illustrate second order recom- ing PPV chain.
bination of the charge carriers to be important. An approximate estimate of the average number of pho-
tons absorbed per PCBM particle,,, for particles of di-

In Fig. 7 conductivity transients are shown fiVpcgy  Mensiond nm is given by the relationship,
=0.2 (uppey and 0.6(lower) with incident light intensities a3 3
varying from approximately %10 to approximately 1 Npp~=10"“apceml od (16)
x10'° photons/cri/pulse at 500 nm. The absolute magni- for 4 considerably smaller than the penetration depth land
tude and temporal form of the transients are seen to bge number of incident photons per £er pulse, as defined

closely similar for the two PCBM weight fractions. We con- previously. The condition for multiple electron formation
clude that the yield of holes and their mechanism of decayyithin particles is therefore given by

remain almost unchanged over this concentration range. In

max

AG/AG

this regard it is worth pointing out that even fWpcgm lo>10% apcppd®. (17
=0.6 more than 80% of the photons are initially absorbed by
the polymer. Substituting forapcgy=2.77<10° m~! in Eq. (17) and

The after-pulse decay occurs with a first half-life of ap-taking ford a value of approximately 10 nm, as indicated by
proximately 20 ns, which is close to the instrumental timethe TEM and AFM results$? suggests that effects due to
response. This indicates that a substantial fraction of theecond-order charge recombination should begin to be ob-
charge carriers will in fact have decayed within this time.served for intensities close tox410' photons/crivpulse.
The values of$Zu derived from AGgop/ly values will  This is in agreement with the after-pulse decays shown in
therefore be substantially lower than the initial value ofFig. 8 for which the first half-life decreases from 150 ns for
¢o> . This is in agreement with the conclusion made pre-the lowest intensity (1.9 102 photons/cri/pulse to 75 and
viously that only approximately 30% of the initially formed 30 ns for intensites of 110" and 2.9
charge carriers are present on the time scale of the measurg-10'* photons/cri/pulse, respectively. We consider that this
ments. That a large fraction of the initially formed ion pairs supports the mechanism proposed.
undergo(geminate charge recombination on(aubnanosec- Durrant et al®®3° have carried out a transient optical-
ond time scale is in agreement with a picosecond timeabsorption study of &/pcgyu=0.8 blend layer, prepared in a
resolved infrared study of MEH-PPV{g composites in similar way to that used in the present study and irradiated
which the first half-life of the initial ion pairs was found to under closely similar conditions of pulse width and time
be approximately 0.5 n¥. resolution (approximately 20 ns The optical-absorption

In contrast with the almost intensity-independent after-transients observed in that work, for the same excitation
pulse decay kinetics found in the 20% to 60% PCBM con-wavelength(500 nm and similar intensities to those in Fig.
centration range, the decay of transients at higher PCBM, resembled more closely the TRMC transients found in the
concentrations is found to be markedly dependent on interpresent work for the 20% to 60% PCBM range rather than
sity. This is illustrated for th&Vpcgy= 0.8 sample in Fig. 8 the 80% PCBM TRMC transients shown in Fig. 8, i.e., the
where the transients have been normalized to the same mafirst half-life was almost intensity-independent and close to
mum value in order to emphasize the changes occurring ithe instrumental time response of approximately 20 ns.
the after-pulse decay kinetics. While the initial decay is con- We consider that the difference between the optical ab-
trolled mainly by the instrument response time of 18 ns forsorption and TRMC results lies in the fact that in the former
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T L e T decayed within this time. This explains, at least in part, the
gradual decrease i u for intensities in excess of approxi-
mately 1x 10" photons/criypulse. Convolution fits to the
transients indicate, however, that this effect is insufficient to
completely explain the magnitude of the decrease observed.
We suggest that an additional second-order process occurs
within the pulse, which competes with charge carrier forma-
tion. This could be due to the occurrence of exciton-exciton
annihilation or to the increasing overlap of the Onsager
spheres of the electron hole pairs formed on charge transfer.
We can, however, not completely exclude the possibility that
strongly absorbing excited states or ionic products of pho-
tolysis preferentially absorb light in competition with the pri-

3 mary excitation processes A and B.

1 For Wpcgy~0.7 and lower, a constant value @& u is

not approached even for the lowest intensities used. The cor-
responding value ot must therefore be lower thas#h, as
ngeduced in previous sections based on the mobility of holes

efficiency for charge separatighand the sum of the charge carrier in MEH-PPV and the fact that the after-pulse decay occurs

mobilities 3 derived from theA Geop values for 500 nm flash- ON @ time scale comparable with the instrument response
photolysis of films with Wpegy values of 0.2(triangles, 0.7  time. The fact that the decay kinetics for the lower PCBM

(circles, and 0.9(squarek concentrations, shown in Fig. 7, are almost independent of
intensity suggests that the decreasegpbu with intensity

the PPV hole was being monitored while the latter monitor2bServed is due to rapid second order processes occurring
the electron in the PCBM aggregates. In this regard it iwithin the pulse_orto filtering by photoproducts as suggested
worth noting that, even for 80% by weight of PCBM, more P0Ve for the higher values ¥pcay,

than 60% of the light is absorbed by the PPV component

according to Eq.15b). In addition, the MDMO-PPV-rich IV. CONCLUSIONS

regions would still be expected to contain approximately

60% by weight of PCBM as single molecules. The main The formation and decay of mobile charge carriers on
contribution to the optical-absorption transients will there-nanosecond pulsed photoexcitation of spin-coated layers of
fore arise from PPV/PCBM™ pairs which would be ex- blends of highly soluble derivatives of CE®CBM) and
pected to have similar decay kinetics to those observed usirigply(phenylene vinylene(MDMO-PPV) have been studied

the TRMC technique in the 20% to 60% PCBM concentra-using the flash-photolysis time-resolved microwave conduc-
tion range, as is in fact found. tivity technique(FP-TRMQ. Measurements have been made

for nine blend compositions with PCBM weight fractions,
Wpepm, Varying from 0.2 to 0.95, as well as for the separate
components.

As mentioned previously, the values ¢ u presented in The optical-absorption spectra of the blends can be recon-
Fig. 5 were derived from the maximum transient change irstructed from those of the separate components with no in-
conductanced Gepp, for the lowest light intensity used for a dication of additional absorption bands attributable to direct
particular value ofWpcgy. In all cases the value opXu  transitions to charge transfer states. Charge separation via
was found to decrease at higher intensities. This is illustratedlectron transfer yielding MDMO-PPVand PCBM  subse-
for Wpegy=0.2, 0.7, and 0.9 in Fig. 9. quent to photoexcitation is evidenced by a large increase in

For Wpegy=0.9, ¢2u is seen to approach a constant the photoconductivity in the blend layers compared with that
value at the lowest intensities. When this is taken togethefound for layers of the pure components alone. The wave-
with the fact that the decay after the pulse is considerablyength dependence of the incident intensity-normalized pho-
longer than the instrument response time for the lowest intoconductivity,AGgpp/l g, closely resembles the spectral de-
tensities, we conclude that the value ¢funder these cir- pendence of the fraction of photons absorbed over the range
cumstances represents the initial quantum vyield for chargd20—700 nm. We conclude that electron transfer can occur
carrier formationg,. This is in agreement with the conclu- between the components irrespective of whether PPV or
sion in a previous section th@tmust be close to unity based PCBM is initially photoexcited.
on the expected mobility of electrons in PCBM aggregates of The product of the quantum yield and the sum of the
close to 0.1 cffVs. mobilities of the charge carriers formegXu, determined

As can be seen from the transients in Fig. 8, the afterfrom the end-of-pulse conductivity at 500 nm, changes little
pulse decay rate increases with increasing intensity for a higm going fromWpcgy=0.2 to 0.6. The average value ¢B u
Wpcgy sample. For the highest intensities the first half-life of over this rangéapproximately 0.& 10~ 2 cn?/V's) is lower
the decay becomes comparable with the response time indihan the value of 1.8 10 2 cn?/V s determined for the mo-
cating that a fraction of the mobile carriers will in fact have bility of holes in bulk MDMO-PPV using the pulse-
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radiolysis microwave conductivity technigu®R-TRMO. structures based on closely similar blend layérdhese
[Ref. 18. We conclude that a substantial fraction of the ini- show that &: increases substantially over the range of
tially formed charge carriers have decayed within the instruMWpcgy Within which ¢ u is found to remain almost con-
ment response time of 18 ns. AboVW-cg\~0.6, p=u in-  Stant, and actually begins to decrease in the range where
creases dramatically up to a maximum value of¢2u displays a dramatic increase. This apparent contradic-
approximately 810 3 cn?/Vs for Wpegy=0.85, i.e., tion is explained by t_h(_e gradual formation of_percolatipn
more than two orders of magnitude larger than found in thePathways between individual PCBM molecules in the region
0.2 to 0.6 composition range. We attribute this increase to th¥/nere homogeneous blend layers are formed, i.e., less than
occurrence of phase separation and the formation of highi@PProximately 60% PCBM. This allows the bulk transport of
mobile electrons in PCBM aggregates. The valugsbif is lectrons via llnternjolecular el_ectrgn transfer. The effective
found to decrease above an incident intensity of approxi?IeCtron mobility via perc_ole_ttlon is, however, still much
mately 1x 103 photons/crh per pulse for all blend compo- Iqwer than that of holes within the PPV component. In t_he
sitions. This is attributed to the occurrence of exciton-excitorhIgher PCEM co'ntent layers t.he occurrence of gggregatlon,
annihilation and/or overlap of the Onsager spheres of th%’ form large, isolated particles con5|s_t|r@na|nly) of
electron hole pairs formed on charge transfer. CBM, reduce; _t_he number of percolation pathways and
In the 20% to 60% PCBM composition range the after-h?nce the po§3|b|I|ty of bulk transport of electrons. The com-
pulse decay of the conductivity, which is attributed mainly to bined results_ |IIustr.ate,_ therefore, the d|ﬁer¢ nce between the
mobile holes within the PPV component, occurs on a timermatho.dS (?f mves‘qgaﬂon, with photovoltaic measurements
scale close to the time resolution of the measurements, j roviding information on bulk c_hgrge_ transport between the
over a few tens of nanoseconds. Within this range of com—e!E?CtrOdeS and FP-TRMC_pr_owd!ng mforr_natlon on the mo-
position, the decay rate is relatively insensitive to the inci-21Ity Of charge carriers within microscopic domains of the
dent intensity. FOM/pcg=>0.75 the conductivity, which in blend Iaye_rs. Thg two methods together therefore provide a
this case is attributed mainly to mobile electrons withinMOre detal'led insight into the mf!uence of morpholpgy on the
PCBM aggregates, displays much longer lifetimes of close t ho_toph)_/sms of charge separation an_d transport in these po-
200 ns for the lowest light intensities used. In contrast with entially important types of photovaltaic materials.
the observations fowWpcgy=0.6, the after-pulse decay rate
in the high PCBM content region is found to increase mark-
edly with increasing intensity. This is attributed to the occur- The authors wish to thank J.K.J. Van Duren and Professor
rence of second-order recombination of electrons with holeR.A.J. JansseiiTU Eindhoven for making available their
at the PCBM-particle/PPV interface. short-circuit data prior to publication. The research was sup-
The present FP-TRMC results have been compared witported financially by the Netherlands Organization for Sci-
short-circuit current measurements on photovoltaic devicentific ResearckiNWO).
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