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We report on the ultrafast photoinduced charge separation processes in varying compositions of poly(3-
hexylthiophene) (P3HT) blended with the electron acceptor [6,6]-phes@yric acid methyl ester (PCBM).
Through the use of time-resolved terahertz spectroscopy, the time- and frequency-dependent complex
photoconductivity is measured for samples with PCBM weight fractitWisv) of 0, 0.2, 0.5, and 0.8. By
analysis of the frequency-dependent complex conductivity, both the charge carrier yield and the average
charge carrier mobility have been determined analytically and indicate a st (m) carrier mean free

path and a suppressed long-range transport that is characteristic of carrier localization. Studies on pure films
of P3HT demonstrate that charge carrier generation is an intrinsic feature of the polymer that occurs on the
time scale of the excitation light, and this is attributed to the dissociation of bound polaron pairs that reside
on adjacent polymer chains due to interchain charge transfer. Both interchain and interfacial charge transfer
contribute to the measured photoconductivity from the blended samples; interfacial charge transfer increases
as a function of increasing PCBM. The addition of PCBM to the polymer films surprisingly does not
dramatically increase the production of charge carriers within the first 2 ps. However, charge carriers in the
0.2 and 0.5 blended films survive to much longer times than those in the P3HT and 0.8 films.

1. Introduction

Organic solar cells based on the bulk heterojunction of

conjugated polymer/fullerene compounds have been intensely

studied recently as a promising low-cost replacement for
conventional silicon photovoltaics. Using conjugated polymer/

fullerene composites has numerous advantages, such as lo
toxicity, adjustable electronic or mechanical properties through

functionalization, and ease of fabrication. Highly efficient solar
cells based on a donor-type polymer regioregular poly(3-
hexylthiophene) (P3HT) and acceptor [6,6]-phenyl-Butyric
acid methyl ester (PCBM) bulk heterojunction have been
reported.—> achieving a power-conversion efficiency as high
as 4.4% Higher efficiencies have been reported but not
certified®7 Many factors influence device performance, includ-
ing the regioregularity of P3H¥,composition of the blended
film,23.9 solvent!® film thickness!! annealing temperatufe,
and annealing tim&- Among these factors, the precise composi-
tion of the blended films plays a critical role in determining
the performance of the cell. For example, a P3HT/PCBM weight
ratio of 1:1 tends to perform better than other rafiés.

However, the reason for this is not clear. A systematic study of

the interfacial interaction between P3HT and PCBM including

microscopic charge generation, separation, migration, and

collection as functions of varying composition will advance

understanding of their roles in determining device performance.
Several experimental techniques have been used to investigattg

how varying the composition affects device performance.
Atomic force microscopy reveals the role of morphology in the
blend: The growth of PCBM clusters build up percolation paths,
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which improves the collection of photocurrent. However, above
a certain PCBM concentration, the PCBM crystals may exert
too much mechanical stress on the metal electrode and thereby
damage the interfacial connectidiiuang et al? utilized the
time-of-flight technique to investigate the influence of composi-
tion on the transport properties in P3HT/PCBM cells and found

hat for both electrons and holes transport shows a transition

from dispersive to nondispersive and back to dispersive again
with increasing PCBM content in the blend. Time-resolved
microwave conductivity (TRMC), another powerful technique
to study the mobility of charge carriers in conjugated polymers,
has been utilized to study the composition effect in poly[2-
methoxy-5-(3 7-dimethyloctylosy)p-phenylene vinylene] (MD-
MO-PPV) and PCBM blended film$.The TRMC results show
that the photoconductivity reaches a maximum value for a
weight fraction of Wecgm = 0.85 probably due to phase
separation and formation of highly mobile electrons within
PCBM-rich aggregates. These studies provide insight into carrier
relaxation and recombination processes at nanosecond to
millisecond time scales. However, the effect of blend composi-
tion on the interfacial charge carrier generation, which generally
occurs on the sub-picosecond to picosecond time 3tétaes
still not well understood.

In recent years, time-resolved terahertz spectroscopy (TRTS),
a noncontact probe of the photoconductivity with sub-
icosecond to nanosecond temporal resolution, has been suc-
essfully applied to measurements of the photoconductivity in
conjugated polymer system%:2! TRTS is a unique experi-
mental probe that allows for the determination of the photon-
to-carrier generation efficiency because it is sensitive to the
charge carriers (or charged species called polarons in conducting
polymer) and can probe on time scales short enough to resolve
ultrafast carrier generation dynamics. Meanwhile, tightly bound
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excitons—electron-hole pairs on a single polymer chain gener- detector crystal and spatially overlapped with the terahertz pulse.
ated from intrachain photoexcitatiettontribute to the TRTS Reflection of the 810 nm gate pulse in the ZnTe crystal is used
response at a much reduced level compared to charge carriersto couple the 810 nm light into the detector crystal collinearly
Furthermore, as discussed below, excitons exhibit a distinct with the terahertz pulse. The terahertz pulse is detected via free-
frequency dependence compared to that of charge cattiers. space electro-optic samplif§2* unbiased, balanced photo-
Therefore, it is also possible to distinguish charge carriers from diodes are used to collect the gating detector light. The pump
excitons in the TRTS response. There has been much discussiofight, at 500 nm, is generated from an optical parametric
about how charge carriers are generated and with what yieldamplifier (OPA, Topas) and typically has a beam diameter of 3
within photoconductive polymers. A pioneering study by Hendry mm at the sample, slightly larger than that of the terahertz pulse.
et al?! utilized TRTS measurements to confirm that photoex-  Two variants of TRTS experiments can be employed, both
citation produces only a very small fraction of charge carriers of which are subsets of the full experimental capabflfts? In
on the sub-picosecond time scale in pure poly[2-methoxy-5- one variant, the change in terahertz field transmissivE/E)
(2'ethyl-hexyloxy)-1,4-phenylene vinylene] (MEH-PPV) films. is measured at a point, or particular delay, on the terahertz
The photon-to-carrier conversion efficiency for MEH-PPV films waveform as a function of varying purmprobe delay €g). In
was measured to bel0 3. the second variant, the full terahertz waveform is measured,
In this paper, the photoinduced charge carrier generation scanning all the terahertz delay$ &t a fixed pump delay. In
dynamics of P3HT/PCBM blended films with PCBM weight the first experiment, dynamical information is obtained. The
fractions of 0, 0.2, 0.5, and 0.8 are studied by TRTS. The overall magnitude oAE/E, measured at the point in timgn6y)
samples were excited by 500 nm light, and the differential where the differential signal is maximum, is proportional to the
transmitted far-infrared electric field is measured as a function product of the carrier densiti, and mobility,«. In the second
of temporal delayrq, between the visible pump and the terahertz experiment, the frequency-dependent terahertz response is
probe pulses. By comparison of the differential transmitted field obtained at a particular pump delay, allowing for modeling of
to the transmitted field strength without a pump, the time- the carrier transport mechanisms to sepahandy. One of
resolved frequency-dependent photoconductivity is extracted andthe attractive features of TRTS is the possibility of extracting
used to reveal the origin of the signal in the blended films with N andu separately in one experiment.

sub-picosecond resolution. Let us consider the measuresE/E: In the plane wave
approximation, the electric field at timteand positiorz in one
2. Experimental Section dimension is given b¥(zt) = Eg exp(ikz — iwt) whereEy is
) . the field envelopeg is its carrier frequency, and(w) is the
PCBM/P3HT Blend Film preparation. The fullerene de-  wavevector, which is related to the optical constants:fay)
rivative PCBM (NanoC) and regioregular P3HT (Merck, average = n(w)/c + ia(w)/2, wheren(w) is the refractive index and
molecular weightM,, = 21.2 kg/mol, number averadé, = a(w) is the absorption coefficient. These parameters are also

10.6 kg/mol, 93.7% regioregular) were used as received. A series
of PCBM/P3HT chloroform solutions with total active material
concentrations of 15 mg/mL with PCBM weight fractions of
Weeem = 0, 0.2, 0.5, 0.8, and 1.0 were prepared and stirred at
70 °C overnight. The blended solutions were spin-coated in air
on precleaned glass substrates to measure the absorptio
coefficient. The film thicknesses were measured by a Dektak
profilometer to be 158, 113, 105, 84, and 94 nmWéicgm =

0, 0.2, 0.5, 0.8, and 1.0 films, respectively. A second set of
thicker films was prepared for the terahertz experiments where
an optical density (OD) greater than 2.0 is desired to ensure

related to the generalized permittivityy(w), by +n(w) =
ck(w)/w. The permittivity can be separated into contributions
from both bound and unbound charggss € + i6/weo, where

¢ is the frequency-dependent complex dielectric constant as-
sociated with bound charges,is the permittivity of free space,
Und & is the complex frequency-dependent conductivity (the
explicit frequency dependence has been omitted) associated with
unbound charges. Assuming that photoexcitation only produces
changes ino, AE/E can be related to the average photocon-
ductivity (averaged over the probe frequency spectrum) by

that each film absorbs 99% of the pump light. To produce these AE(tgt ) o(t)z eu(t)N(z,)z
thicker films, solutions were drop-cast onto cleagut quartz e = — =— (1)
substrates and subsequently dried in air; the drying time was Etmax) 2¢,Cn 2¢,cn

approximately 2 min. The film samples are referred to as P3HT, ) ) ) .
0.2, 0.5, 0.8, and PCBM films respectively. The P3HT, 0.2, Wherezis the thickness of the photoexcited material. Therefore,
and 0.5 blends form relatively homogeneous films; films cast @ decrease in the absolute valueA#E may result from either

from 0.8 and PCBM show inhomogeneity. The average thick- & decrease in the carrier density(zq), or a decrease in the

nesses are 5.3, 13, 5.0, 1.8, and 7 for P3HT, 0.2, 0.5, 0.8,  Mohility, u(zq). Only by extracting the full frequency-dependent

and PCBM films, respectively. complex conductivity at each Fielay is it possible to dIStInngh.
Terahertz Spectroscopy Setup and ExperimentThe setup betvv_gen a decrease in carrier density and/or a decrease in

for TRTS measurements is similar to that reported previotésly. Mobility.

The fundamental laser source for terahertz generation and 1herefore, we need to extract the frequency-dependent

detection as well as for generation of the pump light, is a 1 COMPIex conductivity frorln the measuresE()/E(Y). One is

kHz, 60-fs, 810-nm, amplified Ti:sapphire laser (Quantronix, €Mpted to write from eq’?

Integra-E). To generate the terahertz probe beam, approximately

400 uJ/pulse of 810 nm collimated light with a spot size of 8 _ ~

mm in diameter impinges on a 1-mm-thiekl0CZnTe crystal. E(w) 2e,CN

The terahertz light is focused onto the sample with an off-axis

parabolic mirror, and the transmitted terahertz light is recolli- where the electric field and conductivity are complex. However,

mated and then focused onto another 1-mm-thikckIZnTe this is only true for very smalAE/E values. To extract the most

crystal for detection. A small part of the fundamental 810 nm accurate frequency-dependent complex conductivity, we use the

light, approximately 10 nJ/pulse, is focused onto the ZnTe measuredE’r‘,h(w,rd)/E(w), whereE*;Jh = AE + E is the photo-

AE(w;ty) . o(w;ty)z

)
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3.0x10° nents. As a reference, the normalized absorption spectra of pure
— a P3HT . P3HT and PCBM diluted in chloroform solutions are also shown
e 254 eeeees 0.2 film R, - . .
5 e 0.5 film e DI in Figure 1b. In comparison to the P3HT solution spectrum
= 204 ----08fim %’ B (peaked at-2.76 eV), the absorption peak of the P3HT film is
3 red-shifted to~2.40 eV, with two shoulders at approximately
§ 2.25 and 2.07 eV. These three peaks correspond to-tire
; transition of P3HT, and their positions are consistent with
2 reported observatiorisThe red-shifted absorption of P3HT can
b be ascribed to more delocalized conjugateelectrons due to
o 25 30 a5 40 increased ordering of the P3HT chains in the pure P3HT film.
Energy [eV] There are no new peaks in the absorption spectra of the blended
121 b _ _ films and therefore no evidence for a ground state electronic
' — P3HT solution - - -- PCBM solution interaction between the P3HT and the PCBM constituents. The

0.2 film has a small PCBM absorption peak-~a8.70 eV but
virtually retains the P3HT film absorption features (in both shape
and intensity), implying that the ordering of the polymer chains
is not interrupted. For the 0.5 film, the P3HT absorption peak
is blue-shifted from 2.4 te~2.53 eV but retains the shoulders
on the red edge. These observations indicate that while the P3HT
molecules retain some short-range ordering in the 0.5 film this
'20' t '2'5' n '3_0' n '3'5' n '40' concentration of PCBM is beginning to disrupt the long-range
Energy (eV) ordering. Finally, the 0.8 film shows no sign of an ordered P3HT
Figure 1. (a) Absorption coefficients of PCBM/P3HT blended films structure. Subtract_lon of the pure PCB_M spectrum from the 0.8
with Weesn = 0, 0.2, 0.5, 0.8, and 1.0 respectively (see legend). For SPectrum results in a P3HT absorption spectrum that peaks
TRTS measurements, 500 nm light is used to excite the films (indicated around~2.67 eV, only slightly red-shifted from the absorption
by the arrow). (b) Normalized absorption spectra of pure P3HT and of the P3HT solution. This indicates the destruction of both
PCBM diluted chloroform solutions. long- and short-range ordering in the P3HT chains by the
presence of PCBM aggregates. Several other groups have
excited transmitted field amplitude recorded at a pump delay reported that the absorption spectra of P3HT/PCBM blended
7g; this ratio is the complex transmission coefficient, which has thin films blue-shifted significantly when the amount of PCBM
been defined in the supplemental information of a previous is 67 wt % or more:® consistent with our observations.
publication?® We then model the sample as a dielectric stack Terahertz Dynamics. The average photoconductivity(zq)
with four layers-air|photoexcited materigion-photoexcited of the P3HT, 0.2, 0.5 aind 0.8 films as a function of delay time
materialquazrtzzs substrateand use the procedure develope_d_by 74 between ,the ,500 ’nm pump and terahertz probe pulses is
\?\fea;de:é ?g I;nct)(\)/vi)k(\:iﬁgctl?r?er:se?:;i ?grgﬁlgz dC?hnedgf;t\igtgr_shown in Figure 2. The average photoconductivity is obtained
4 from AE(tmax ,7d)/E(tmax ) By €q 1. The excitation density was

photoexcied material. The hickness of he photosrcied layer, ~401JCIT: corresponcing to-1.2 x 10 photonsrt. For
P : P Yl the pure PCBM film, an instantaneous signal was observed, but

i’ isl(fe;?rsnag]ﬁ?nfr\(?vrg Z‘s,esﬁﬁf;:ﬁg??hgoerfg%irfc(ns:;rgzlgﬁlﬁ is it decays to zero within 20 ps (data not shown). In Figure 2, all
’ : P traces have an instantaneous rise~df.4 ps (limited by the

a uniformly excited slab of thickness while in reality it is an . !
. . S - instrument response) and nonexponential decays. The traces
exponentially decreasing distribution with a&&lue ofd. For . ) . ; ; )
were fit by biexponential or triexponential decay functions

this PSHT/PCBM system = 70, 70, 125, and 300 nm for the convoluted with instrument response. The fits are shown as lines
P3HT, 0.2, 0.5, and 0.8 films respectively, which are much .~ _. e P ) - .
in Figure 2, and the fitting parameters are listed in Table 1.

smaller than the wavelength of light €& 300um at 1 THz); The signal amplitude at pump delay= 0.5 ps decreases from
therefore it is appropriate to use the slab approximation as notedthe P3HT to 0.8 films as the PCBM content increases. However,

in the supplemental information discussed eaf€Fhe non- C L .
photoexcited far-IR optical properties are determined in a th_e majority of the photoconductivity for the PSHT film decays
within a picosecond, and only a small long-lived component

separate static terahertz measurement. We find that the non- . : :
photoexcited films do not absorb terahertz radiation, and remains. In contrast, the ble_nded films do not display a large
therefore, only the refractive index), of each film was picosecond decay. The 0.8 film decays faster than the 0.2 and

measured. The average refractive index of each film is ap- 0.5 films, the latter two showing similar biexponential (fast and

; : low) decay dynamics. As shown in Figure 2b, the photocon-
tely the volume-weighted f pure P3 slow) yn : .
irozxga Zr?ld PerBo,\;lJ g; iBVJe;gless aé%ﬁ%gﬁng%i exﬁghgted ductivity remaining at 150 ps delay varies for the films as
o(w) using this procedure to that of eq 2 yielded similar results gogof‘{‘l'S; the 0.2 film is largest, followed by the 0.5, P3HT, and
that diverged for largeAE/E values, showing the shortfalls of -© 1ims. o ) N
applying the approximation in eq 2. The measured frequency- Frequency-Dependent Conductivity. TRTS is sensitive to
dependent complex conductivity, obtained independent of any the real and imaginary components of the frequency-dependent

model, is sensitive to the carrier transport mechanism. photoconductivity and, as such, can be a powerful tool to
monitor free and bound charge dynamit®! Figure 3a displays

the differential transmitted electric fielhE(t,z4 = 5.0 ps), for
the 0.5 film & a 5 pspump delay time. Thé\E trace shows
UV—Vis Spectra of P3HT, PCBM, and Their Blended behavior characteristic of a conductive film: Itis shifted forward
Films. Figure 1a shows the absorption spectra of PCBM/P3HT in time but is otherwise a mirror image of the reference
blended films with differing weight ratios of the two compo- pulse??27Figure 3b displays the real, Ref)], and imaginary,

Normalized Absorption

3. Results
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Figure 3. (a) Typical AE(t,7) (red) overlaid with a reference pulse
(black), collected from the 0.5 film at 5 ps pump delay. The differential

Time delay (ps) ! C | 1 t
. . . field has been multipled by 100. The response is essentially the mirror
Figure 2. TRTS dynamic scans for P3HT, 0.2, 0.5, and 0.8 films at jnage of the reference puise but has been advanced slightly, indicative
(a) early and (b) later delay times. Open symbols are raw data, and 5 5 free carrier response. (b) Ré&p)] (black) and Imf(w)] (red)

lines are biexponential or triexponential fits (see text). The inset in getermined from the\E(t,z) andE(t) traces of part a using the procedure
part b shows the band offsets of P3HT and PCBM. Rapid electron §escribed in the text.

transfer occurs after photoexcitation of the P3HT, producing electrons

in the PCBM and holes in the P3HT. . . .
n the and holes in the that describe the frequency-dependent conductivity, the localized

Drude and the DrudeSmith models. In addition, the expected
exciton response, which is not implicitly included in these

TABLE 1: Bi- or Triexponential Fitting Parameters for
TRTS Decay Dynamics of P3HT, 0.2, 0.5, and 0.8 Films

Shown in Figure 2

models, will be discussed.

AL (%) Ti(ps) Ac(%) T2(ps) As(%) t3(ps) Pump-Power-Dependent DynamicsTo further develop our
P3HT 80.7 0.55 12.3 10 7.0 2817 understanding of the charge generation and recombination
0.2film 614 1.48 38.6 506 processes, we conducted pump-power-dependent terahertz mea-
0.5film  65.8 1.70 34.2 448 surements on each of the blended PCBM/P3HT film samples.
0.8film  48.7 1.68 21.0 15 30.3 276

Figure 5 shows the dynamics of the 0.5 film at four excitation
densities (315, 420, 530, and 83%/cn¥). The dynamics at the
two lowest excitation densities are similar, and the signal size
is approximately proportional to the excitation density. The
decay at early times becomes faster and more dominant with
increasing pump power. In Figure 6 we show the terahertz signal
values at 1 and 75 ps for 0.2, 0.5, and 0.8 films plotted as a
function of excitation density. The data were fit by a power-
law function,y = ax¥, and the exponent&)are summarized in
Table 2.

Im[G(w)], parts of the frequency-dependent complex conductiv-
ity. The complex conductivity is extracted from the measured
differential transmitted field as described above. da])] is
negative, and Ré&{w)] decreases with decreasing frequency.
This behavior is characteristic of a material with inhibited long-
range transport.

The frequency-dependent complex conductivities of P3HT,
0.2, 0.5, and 0.8 films at 0.5, 2, 5, and 75 ps after 500 nm
excitation were measured, and the results are displayed in
Figures 4a-d. The excitation density is 4Q@/cn?. At a pump
delay of 0.5 ps, we observe a peak in &ejf)] that occurs
around 60 cm!. This peak is less pronounced in the 0.5 and
0.8 films. Generally, the complex conductivity for all films at used to distinguish between charge carriers and excifoims.
all the measured delay times exhibits significantdfaf)] that general, Ref(w)] = eca(w)n(w), wherea(w) is the photo-
is negative and decreases linearly with increasing frequency andinduced absorption coefficient (ab). For tightly bound
a nonzero Reéf(w)] that either increases with increasing excitons, terahertz radiation (< 100 cnt?) is far from any
frequency or is constant. On the basis of these results, weexcited-state exciton absorption resonances; therefore, no ab-
conclude that charge carriers are the main contributors to all of sorption occurs by a photoexcited exciton, and dRe]]
the measured data for pump delays greater than at least 0.5 ps= 0. The imaginary part of the conductivity is given by
as will be discussed later in the context of two different models Im[d(w)] = (eoC?o(w)%dw) — eowAe, and whena(w) = O,

4. Analysis

The frequency dependence in the terahertz regime may be
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Figure 4. Complex conductivity of (a) P3HT, (b) 0.2, (c) 0.5, and (d) 0.8 films measured at 0.5 ps (circles), 2 ps (squares), 5 ps (triangle), and
75 ps (diamond) after 500 nm pulse excitation. The excitation density isud@®?. The lines are fits to the data using the DSM. The fitting
procedure and results are discussed in the text.

8x10°

o > <o 0O

| —— @ 836 p/cm’
@ 530 Wiem’
@ 420 Wiem’
[ === @ 314 pl/em’

carriers will show significant induced absorption, yielding
nonzero values of R&{w)].

We now discuss two models of the conductivity that are based
upon modifications to the Drude model: the localized Drude
model (LDM) and the Drude Smith model (DSM). The Drude

model, operative in most bulk semiconductors, is the simplest
model of conductivity and treats conduction electrons as free
to move under the influence of an applied fiéfdThe model
predicts a maximum value in Rglw)] at zero frequency (or
dc). At “dc”, w = 0, Im[6(w)] is zero and increases with
increasing frequency to a maximum that occurs at the carrier
scattering rate. For real materials the simple Drude model is
inadequate and must be modifige?3-30 but in general 5(w)

has distinct features near the frequency corresponding to the
carrier scattering rate. In contrast to the Drude model, we
observe that Ré{w)] decreases with decreasing frequency (the
data show a positive slope) and B{)] is negative (Figure

4). These features cannot be reproduced with the conventional
Drude model. A positive slope in R&{w)] indicates that long-
range transport is hindered and the conductivity measured in a
Im[6(w)] = —eowAe, whereAe is the change in the dielectric  terahertz experiment will be greater than that measured at dc,
constant induced by the photoexcitation. Creation of an exciton ¢, = 0.

modifies the microscopic polarizability, thus inducing changes  such non-Drude behavior in the complex conductivity has
in the macroscopic dielectric constant. The effect is described heen observed in other studies utilizing terahertz spectros-
by the well-known ClausiusMossotti relation,e = (2Na copyt’31and far-IR reflectivity32:33 Jeon et ab! studied doped

+ 3e0)/(3eo — No), which relates the microscopic polar- conducting polymers using static terahertz time-domain spec-
izability, a, to the macroscopic dielectric constaniherefore, troscopy (THz-TDS) and found that for doped polypyrrole the
the signature of excitons with a large binding energy is an response could be characterized using a Drude treatment. In
Im[G(w)] that is negative with a straight line that passes through contrast, the response from doped poly(3-methylthiophene)
zero at zero frequency and Rép)] = 0. In contrast, free charge  differed drastically from that predicted by the Drude model.

-AE (a.u.)

0 2 4 6 8
Time delay (ps)

Figure 5. TRTS dynamic scans of the 0.5 film at four different
excitation densities: 836J/cn? (squares), 53pJ/cn? (diamonds), 420
wdlcnt (triangles), and 314J/cn? (circles). Lines are multiexponential
fits as guides to the eye.
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Figure 6. TRTS response as a function of excitation density collected
at 1 ps (open circles) and 75 ps (open squares) for (a) 0.2, (b) 0.5, an

(c) 0.8 blended films. Lines are power-law € ax fits, and the
exponents from fitting are summarized in Table 2.

TABLE 2: Exponent k from Power-Law Fitting (y = axX) of
Pump-Power Dependence for 0.2, 0.5, and 0.8 Films

0.2 film 0.5 film 0.8 film
1ps 0.62 0.90 1.05
75 ps 0.47 0.47 0.79
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wherewy, is the plasmon frequency,is the carrier scattering
time, C is a constant with a value close to unikyjs the quasi-
Fermi wavevector, ang is the quasi-Fermi velocity. The first
term, eqwp?t/(1 + w?t?), is the real part of the Drude conductiv-
ity whereeow,?t = eNu. The imaginary part of the conductivity
must be obtained via a KramerKronig transformation. This
model is characterized by a dc conductivity givendaym(0)

= eNu(l — Cl(ksr)?. Since the dc conductivity cannot
physically be less than zero this imposes a restriction that
Cl(k5)? < 72. Thus, for transport to occuezr > 1/k;. Since
vt is the mean free path)(and 1k = a/z, the restriction
indicates that > a/; this relationship defines the well-known
metal-insulator transition.

To account for materials with strong carrier localization due
to nanoscale inhomogeneity and disorder, we now consider the
DSM. Smith proposed a generalization of the Drude model that
works well for semimetals near the metésulator transition,
such as liquid Hg® The functional form of the DSM is given

by

2
€W, T
1+ 7%w?

Re[o pu(w)] =

€W, T ©
1+ ——| @
=1 (1 — iwt)"

Opsm(®) = 1— it

Smith suggested truncating the seriemat 1, such thac,
=0forn > 1, c; is the “persistence of velocity” and is allowed
to be between-1 and 1. The value is related to a “memory”
effect during carrier scattering. In the Drude model, the carrier
loses “memory” of its incoming velocity, and the carrier's
momentum is randomized following each scattering event.
However, in the DSM the carrier retains some fraction,of
the incoming velocity. Where; is negative this indicates that
the carrier undergoes back-scattering or localization. At dc the
conductivity is given byopsm(0) = eNu(1 + c;). Therefore, at

4@ = 0 we can equate the DSM and LDM models and find that

¢, = —Cl(ks7)% at higher frequencies the DSM and LDM
models diverge. I£; is close to—1, thenl ~ a. The DSM can
accommodate materials that are very close to the metal
insulator transition, whereas the LDM does not.

Figure 7 compares fitting with the LDM and DSM to the
complex conductivity in the 0.2 film at a delay of 2 ps. Clearly
the LDM cannot represent Iid{w)] but also fails to reproduce
Re[o(w)] adequately. The measured B@p)] has an w?
dependence, indicative of a material on the insulator side of a

They found that the LDM adequately represented the measuredmetal-insulator transition, whereas the LDM has ad’”®
complex conductivity. In addition, the LDM has also been dependence that can describe a material on the metal side of a
employed by Heeger and co-workers to describe low-frequency metal-insulator transition. The results of fitting all data for delay

reflectivity data for conductive polyme#s.

The LDM is a modified form of the Drude model valid for

weak Anderson localizatiéh(whenl > a, wherel is the mean

times greater than 0.5 ps by the DSM model are displayed as
solid lines in Figure 4, and the extracted parameters are reported
in Table 3. The carrier scattering time and plasmon frequency

free path anda is the distance between molecular units, i.e., are the parameters that are directly extracted from the fits. The
the unit cell length). However, we find that for photoexcited mobility, #, and carrier densityN, can be obtained if the
P3HT, | ~ a (see below), and therefore the LDM does not effective massm*, of the carriers is knowry = er/m*, and N
describe photoconductivity in P3HT and specifically does not = eqw,?m*/€2. We take the average effective mass of the
reproduce the frequency dependence of theg(m]]. How electron and hole in P3HT to be 17noting that uncertainties
ever, it will be useful to introduce and discuss this model for in the effective mass lead directly to uncertainties in the
reference during the forthcoming analysis. The functional form extracted values of the carrier density and mobility. For 2 of
of Re[g(w)] for the LDM is given by the 16 cases shown in Table 3, the P3HT and the 0.8 films at
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The photon-to-carrier yield\/Npnotoexcitatioy iS listed in Table
3 and varies for both the probe delay and the valuévedgm.
For example, at 2 ps after the pump, the yield for the P3HT
film is 24%, that for the 0.2 film is 35%, and the 0.5 and 0.8
films show vyields of 14%; while at 75 ps the yields for the
P3HT and 0.8 films drops to 4% and 3% respectively, the 0.2
film retains the highest yield of 28%, and the 0.5 film follows
with a yield of 10%. Although the reliability of the absolute
values of the yields depends ant and therefore could be off
T T | | T by an order of magnitude, if* = 1.0, then, for example, the

Conductivity (€2"'em™)

0 20 40 4, 80 80 yield at 2 ps for the 0.2 film would be 22%. The effectraf
Frequency (cm ) cancels out when comparing the relative yields among samples.
Figure 7. Comparison of fitting with the LDM and DSM to the  There is also an additional uncertainty with the absolute value
complex conductivity in the 0.2 film at 2 ps pump delay. of the reported quantum yields associated with the photons
TABLE 3: Resuilts of the Application of a absorbed; we have assumed that 80% of the input photons are
Drude—Smith-Based Analysis of Frequency-Dependent absorbed by the sample.
Conductivity Data Measured for the P3HT, 0.2, 0.5, and 0.8 The frequency-dependent conductivity at a delay time of 0.5
Films at Probe Delays of 0.5, 2, 5, and 75 ps ps displays interesting behavior that cannot be modeled with
7a(pS) u (cmMAV-1sY) N (cm3) c Ae  yield the LDM or DSM. The species assumed to be present at this
P3HT delay time consist of charge carriers, bound polaron pairs, and
05 excitons, as discussed later. Bound polaron pairs will have a
2 8(2) 2.8(0.1)x 10"  —0.97 24% very weak binding energy and therefore a resonance in the
5 8(2) 0.97(0.05) 10" —0.96 8% terahertz frequency window. We included a Lorenztian term in
75 8(4) 0.4(0.2)x 10%° -0.954 1.11 4% the conductivity given by
0.2 film
0.5 . ieqwG
2 8 4.1x 101 —0.983 35% Olo(w) = ——— > (5)
5 8 3.7x 101 —0.980 33% (0o — 2wy — o)
75 8 3.2x 10 —0.985 28%
0.5 film whereG is a coupling parameter that is a product of the density
0.5 of bound polaron pairs and their terahertz frequency cross
FZ) 12-2 8-2?; 18112 :8-8%2 Egﬁ; section,wg is the resonance frequency, apds its line width.
75 13.8 0.65¢ 1019 0964 10% We find that summing this term with the DSM enables fitting

of the observed data. For all samples,= 51.0 x 27 cm™,

05 0.8 film andy = 21 x 27 cmL. Therefore, we conclude that bound

2 185 0.37x 10%° —0.947 14% polaron pairs are a precursor to charge carriers in the polymer

5 18.5 0.32x 10w —0.964 13% charge generation process and that at 0.5 ps a mixture of charge
75 18.5 0.06x 101 -0.8 0.9 3% carriers and bound polaron pairs exists. However, the frequency-

dependent data do not contain sufficient information to deter-

a delay of 75 ps required an additional parameter for proper
y ps red P prop mine the ratio of bound polaron pairs to charge carriers.

fitting, which represents an exciton response as discussed in
the first paragraph of this section.

We find that the mobility increases from the P3HT to the
0.8 film. We cannot distinguish between electrons and holes in ~ We now discuss the photoinduced charge separation processes
these measurements; only the sum of the mobilities can bein our samples. In the pure polymer film, P3HT molecules are
extracted. As the percentage of PCBM increases, aggregates oéxcited above the absorption gap1(9 eV) by using 500 nm
PCBM form, and the increasing mobility may therefore be due light (~2.5 eV) to generate excitonsightly bound electror
to an increasing electron mobility within these aggregates. hole pairs on a single polymer chain. In composite samples,
Interestingly, the average mobilities are consistent with a PCBM may also absorb photons at 500 nm (Figure 1). However,
volume-weighted sum of a mobility in PCBM and P3HT with on the basis of a published estimatigreven for 80% PCBM
upcem = 22.6 andupzut = 8. (The volume fraction of P3HT in in the blended film, approximately two-thirds of the photons
the 0.5 film is 0.6.) The mobility extracted from terahertz absorbed by the mixture are due to absorption by the polymer.
measurement reflects transport on a small length scale, as théVe therefore assume that 500 nm pump pulses primarily excite
terahertz field induces a small perturbation on the motion of P3HT molecules, thus producing excitons. The lowest unoc-
the carriers on a subangstrom scale, and thus long-rangecupied molecular orbital (LUMO) of PCBM is lower than the
transport does not contribute significantly to the measured LUMO of P3HT2 so photoexcited P3HT molecules close to a
mobility. A predicted dc mobility can be obtained by multiplying PCBM interface will transfer electrons to PCBM leaving holes
the “ac” mobility by (1+ c;). A value ofc; close to—1 suggests on the polymer chains, possibly through charge-transfer inter-
that the carriers are localized. To better understand this mediates. Figure 8a is a schematic of the possible pathways
parameter we use the relation between the DSM and the LDM, that an initial photoexcitation may proceed to produce long-
¢ = —Cl(kwrr)2 For the 0.2 film, the carrier scattering time, lived carriers. We propose three types of excitons that may be
7,is 8 fs, andc; is —0.98; thereforeC/(kif)? = 6.3 x 10720 & produced, labeled 1, 2, and 3 in Figure 8. These excitons only
Assuming thata ~ 0.5 nm, the quasi-Fermi velocity is 20 differ by their relative fates; type 1 excitons produce charge
10° cm s'1 and yields a mean free path of 0.16 nm, indicating carriers in isolated P3HT domains via an interchain charge-
that the conduction band in P3HT consists of highly localized transfer process that produces bound polaron pairs, where the
states with poor transport properties. electron-hole pairs reside on neighboring chains and are bound

5. Discussion



TRTS Investigations of Heterojunctions J. Phys. Chem. B, Vol. 110, No. 50, 20085469

decay to the ground state. However, exciton diffusion is slow
on the time scale of these measurements, so for these experi-
interchain diffusion diffusion . . .

transfer lv +PCBM ments type 1, 2, and 3 excitons are effectively stationary.

hv (a)
P3HT —— P3HT"® + P3HT"®@ + P3HT'O

{

< bound polaron pairs 5 ET. possibly via intermediates Charge carriers contribute significantly to the measured
8 T 4’\3‘*” e P3HT*~—PCBM" @ photoconductivity for all the detected delay times in pure P3HT
8 p3HT/ 1 rap B E § (see above). However, at 0.5 ps, an additional term representing
= charge carriers w charge carriers g a contribution from bound polaron pairs is included to obtain
(positive/negative polarons) v P3HT'+PCBM reasonable fitting, though it is difficult to determine the relative
P3HT #P3HT 'e°°’“bl N v yield of bound polaron pairs compared to that of charge carriers.
recomb P3HT P Therefore, the instantaneous rise in the photoconductivity
P3HT P3HT+PCEM (Figure 2) is assigned to bound polaron formation, resulting from
dﬁ;ﬁ‘;‘i’o"n (b) interchain charge transfer. The formation of bound polaron pairs
in polythiophene films on a sub-picosecond time scale has been
previously measured by transient absorpfibithe fast (sub-
PCEM picosecond) decay may result from bound polaron recombina-
o) tion, trapping by defect states, and/or dissociating into charge
carriers (positive/negative polarons). After this initial fast decay,
charge dissopation $ss03 PCBM the small long-lived signal is assigned to charge carriers that
“prapsisitir—| aggregates are delocalized along the polymer chain; this signal slowly
decays due to recombination of delocalized polarons. Similar

. . ) . ) . . transient absorption dynamics with fast and slow decay com-
Figure 8. Schematic of the interfacial and interchain charge carrier ts f lv(3-0ctvithioph P30T) film h
separation process. (a) Different fates of the three exciton species: 1’ponen s from pure poly(3-octylthiophene) ( ) film have
2, and 3. Process A, with type 1 close to charge dissociation sites in P€€n reporteé?

P3HT, is an interchain charge-transfer process that proceeds through At 75 ps, a parameter representing an exciton response is
bound polaron pairs to produce long-lived charge carriers. Process A necessary for fitting the frequency-dependent photoconductivity

occurs in isolated domains of P3HT, as shown in part b. Process B is ; : i

an interfacial charge-transfer process that occurs at the P3HT/PCBM 0{ P3HT. E}XCItgnS anlt rlbulte_ tothe me‘?suref' phﬁtoconduct!wty.
interface. In the blended films, processes A and B compete. Type 2 at a muc r_e l_“_:e b 'n_companson 0 C arg(_a carrers,
excitons may diffuse into process A or B or decay via nonradiative or therefore, a significant population of charge carriers will obscure

radiative processes. Photoexcitation creates a random distribution ofany exciton contribution. At later delay times (75 ps) when the
type 1, 2, and 3 excitons, shown in part b. Type 3b excitons differ charge carrier concentration decreases significantly the exciton
from type 3 excitons by the presence of PCBM aggregates. The response emerges. Previous studies have shown that excitons
formation of these aggregates leads to an effective decrease in the p3HT thin films decay nonexponentially with decay constants
photon-to-carrier yield. ranging from 140 to 790 p%. Therefore, within the 150 ps of

by a Coulomb potentid® which dissociate creating charge our measurement, type 2 excitons are always present, but we

carriers, labeled process A in Figure 8a; type 3 excitons produceonly detect them when the Charge carriers _hav'_a decayed.
charge carriers via an interfacial charge transfer at a PCBM/ _ Hendry et ak® measured carrier generation in MEH-PPV
P3HT interface, process B; type 2 excitons either diffuse to a films by the same terahertz method as we use here. They find
PCBM interface to undergo process B, undergo interchain that at 10 ps the extracteq conductivity is mostlylmqg|nary and
charge transfer, process A, or decay via a nonradiative or therefore arises from excitoA3In contrast, at 10 ps in P3HT
radiative process. Photoexcitation produces a random distribu-films a significant population of charge carriers remains. The
tion of type 1, 2, and 3 excitons, as shown schematically in difference may originate from the different structures of
Figure 8b, with differing amounts of each species depending regioregular P3HT and MEH-PPV. The highly regioregular
on the PCBM concentration. We also distinguish between type Poly(3-alkylthiophene)s have an extended conjugation length,
3 and 3b excitons, where type 3b excitons are near a PCBM self-organized structure, and self-assembly crystalline texture
aggregate, while type 3 excitons are near smaller or isolategdue to less steric hindrance in comparison to the regiorandom
PCBM moieties; these will be discussed in the context of the counterpart® As the regioregularity of P3HT increases, a
relative photon-to-charge carrier yields. gradual red shift of the absorption spectra is obseffedich

In pure P3HT only type 1 and 2 excitons exist, and thus, no ¢an be attributed to an increased conjugation length due to
process B is operable. Type 1 excitons, those close to a chargdncreased ordering. X-ray diffraction analysis has also shown
dissociation center, which may be another polymer chain, that cast films of regioregular P3HT form a self-organized
undergo interchain charge transfer to produce bound polaronlamellar morphology with three-dimensional ordering of the
pairs. The bound polaron pairs can migrate along the conjugatedPolymer chains? Therefore, the extended conjugation length
polymer chains, dissociate to form free charge carriers, or simply @nd reduced interchain distance between the polythiophene
recombine. Fast recombination of bound polaron pairs, which backbones in regioregular P3HT are expected to increase the
proceeds via an intrinsic or extrinsic process (defect trapping), Possibility for interchain charge transfer upon photoexcitation
competes with the generation of charge carriers. Charge carrierscompared to MEH-PPV, which does not order as well as P3HT.
that survive the competition can delocalize along the polymer The extended conjugation length from the regiospecificity also
chains’ avoid rapid recombination and/or trapping’ and producefaCilitateS Charge carrier delocalization a'Ong the Conjugated
long-lived charge carriers. The production of long-lived charge P3HT polymer chains, thereby reduces recombination and
carriers in the P3HT film occurs with very low probability, only ~ trapping, and enhances the lifetime of the charge carriers.
~3% at 75 ps in our measurements. Those excitons, type 2, Charge carriers from both interchain transfer within the
that are far from charge dissociation sites may diffuse to a polymer regions and interfacial charge transfer with PCBM
dissociation site and produce a charge carrier, meet anothercontribute to the photoconductivity, and thus the photoconduc-
exciton, and undergo exciterexciton annihilation or simply tivity dynamics of the blended films contains contributions from
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both processes A and B (Figure 8). In the composite films carriers; this is consistent with exciteexciton annihilation
photoexcitation creates excitons of type 1, 2, and 3 with different (EEA). Though we do not detect the exciton signal directly,
relative ratios depending on the amount of PCBM, and therefore, EEA decreases the effective excitation density and hence
process A competes with process B depending on the amountdiminishes interchain and/or interfacial charge separation. In
of net P3HT content in the mixture. Differences in the dynamical contrast to the 0.2 film, the 0.5 and 0.8 films display a linear or
response among the different films result from this competition. near-linear pump power response; therefore, interfacial charge-
We observe a response from bound polaron pairs in all of the transfer competes with EEA, because adding PCBM molecules
films, but its contribution decreases from the P3HT to 0.8 films increases the chain-to-chain distance, which reduces exciton
consistent with increasing type 3 excitons and decreasing typeconcentration of types 1 and 2 and thus EEA.

1 excitons. Additionally, we note that our measurements donot The pump-power-dependent measurements at later delay
distinguish whether bound and/or free polarons from processtimes correspond to the recombination dynamics. The exponent
A diffuse along a polymer chain to a PCBM and then transfer from power-law fitting of the 0.2 and 0.5 films at 75 ps is 0.47.
charge. However, if this process does occur it must occur eitherWe assign this process to a second-order recombination process,
very fast (within~1 ps) or with a very small yield because e.g., recombination of an electron in PCBM and a hole in P3HT.
otherwise this would appear as a slow risetime in the detected This process is likely even slower than 500 ps; the uncertainty
signal. in this number is limited by our150 ps detection window.

For the 0.2 film, the photoconductive dynamics are quite The decay dynamics of the 0.8 film shows a sublinear response
different from those in P3HT due to the interfacial charge at 75 k= 0.79), which is mainly assigned to the contribution
transfer (process B). The photoconductivityrat= 0 contains ~ from electron trapping within PCBM aggregates with a faster
contributions from both bound polaron pairs (interchain charge decay rate than the second-order recombination process. Even
transfer) and charge carriers (interfacial charge transfer). Thethough there may exist a small amount of recombination
decay after the initial rise is slower and has a smaller amplitude between charged polymer and PCBM molecules, this process
than that of P3HT, indicating a decreased bound polaron Will not be significant because the transferred electron may
population from interchain charge transfer. After the initial Migrate into PCBM aggregates and be further away from the
decay, the photoconductivity displays a long-lived signal hole in P3HT.
decaying with a time constant 6f500 ps. Since this component In addition to the dynamics, comparing the relative yields
is absent from the P3HT film and the charge carrier yield from among the samples sheds light on how the composition affects
interchain interaction of pure P3HT is very low (only 3% at 75 device performance. P3HT has a relatively high photon-to-
ps), it is assigned to the charge carriers from interfacial charge carrier yield ¢~19%) at 2 ps, indicating a high concentration of
transfer (process B) with a longer decay time constant. type 1 excitons that produce charge carriers via interchain charge

The 0.5 film shows similar photoconductivity dynamics as transfer in the pure polymer film (process A). However, the
the 0.2 film, except that the initial decay component is slightly charge density decays very fast so that only 3% remains at 75
slower and the long-lived component decays slightly faster, and PS- Adding 20% PCBM into the mixture leads to an increased
the relative yield is lower than that of the 0.2 film. The Concentration of type 3 excitons; the yield increases at both early
comparison of relative yield among all samples will be discussed @nd late delay times, indicating effective interfacial charge
later. In the 0.5 film both processes A and B contribute to the Separation that enhances the carrier density and slows down
detected signal; therefore, a slower initial decay indicates lessthe recombination. Surprisingly the yield of the 0.5 film is lower
of process A (or less of the type 1 exciton) in the 0.5 film than than that of the 0.2 film. As the PCBM concentration increases,
the 0.2 film. The dynamics forg = 20 ps are roughly similar  larger PCBM aggregates form, which in turn decreases the
for the 0.2 and 0.5 films, suggesting a similar recombination interfacial surface area and thereby decreases the population of
process. However, the long-lived component of the 0.5 film yPe 3 excitons and increases the population of type 3b excitons.
decays a little faster than that of the 0.2 film; in the 0.5 film Given thatthe type 1, 2, and 3 excitons are static on these time
more PCBM molecules result in more aggregates, leading to Scales, as exciton diffusion is slow, a higher yield for the 0.2

more type 3b excitons (close to PCBM aggregates) and lessfilm results from a larger population of type 3 versus type 3b
type 3 excitons in comparison to the 0.2 film. excitons. This may initially be considered a surprising result

d given the fact PCBM/P3HT photovoltaic devices perform better
with increasing PCBM concentrations up Wecgw = 0.5.
However, the device performance depends on many other
longer-range charge transport processes. The increase in the
PCBM aggregates leads to an increase in long-range charge
transport. The 0.5 film maintains enough ordering in polymer
chains to facilitate hole transfer along the polymer backbone
and, meanwhile, with enough PCBM molecules and/or ag-
gregates forms better contact with the electrode for efficient
electron extraction. The 0.8 film has a similar yield at 2 ps to
that of the 0.5 film but decays quickly to 2% at 75 ps due to
Iarg.e agg.regates for.ﬁ't,hus even more type 3b and less type 3 trapping within PCBM aggr)e!gaq[es, v)\//hich is consisR[ent with
excitons in the 0.8 film. . . . .
. decreased device performance at a high PCBM weight ratio.

Comparing the pump-power-dependent measurements for the
different films provides additional information. First, we 6
compare the pump-power-dependent measurement at 1 ps. For
the 0.2 film, the exponenk] for the 1 ps response from the We utilized time-resolved terahertz spectroscopy with sub-
power-law fitting is 0.62, while it is 0.9 for the 0.5 film and 1  picosecond to nanosecond temporal resolution to investigate the
for the 0.8 film. At early times for an increasing pump fluence, photoinduced charge carrier generation dynamics of P3HT/
we observe a sublinear response in the production of chargePCBM blended films with PCBM weight fractions of 0, 0.2,

For the 0.8 film, the polymer chains are quite isolated an
disordered as indicated by the shift in the absorption spectrum;
therefore the amount of type 1 exciton is very small, and process
A is likely not a significant contributor to the dynamics. As a
result, the initial rise of the photoconductivity signal closely
represents the electron-transfer rate from P3HT to PCBM. The
rate is >0.4 ps?t, limited by the instrument response, and
consistent with previous observations<8.3 ps electron-transfer
time measured from P30T toggby phtoinduced absorption
spectroscopy?® In addition, as the amount of PCBM increases,

. Summary
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0.5, and 0.8. The frequency-dependent complex photoconductiv-
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(9) Shrotriya, V.; Ouyang, J.; Tseng, R. J.; Li, G.; Yang, Ghem.

ity of these samples is measured and analyzed by the DSM toPhys: Lett2005 411, 138.

determine the charge carrier yield and average charge carrier,

mobility. Surprisingly, the 0.2 film shows a higher photon-to-
carrier conversion yield at 75 ps than that of 0.5 film, while
PCBM/P3HT photovoltaic devices with/pcgm = 0.5 tend to

perform better. The relatively lower yield of the 0.5 film at 75

ps is ascribed to more PCBM aggregates, which decrease

effective interfacial charge transfer but facilitate efficient

electron extraction in devices. The photoconductivity dynamics
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of all blended samples are compared and discussed based on 4. J. Phys. Re. B 1994 50, 18543.

competition/combination between interchain charge separation
(process A) and interfacial electron transfer (process B). The
contribution from both processes is analyzed qualitatively with

the help of excitation-density-dependent measurements. We find
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interaction than the 0.5 and 0.8 films, while at 75 ps the decay
from the 0.2 and 0.5 films mainly results from second-order
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within PCBM aggregates.
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