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Carrier Dynamics Resulting from Above and Below Gap Excitation of P3HT and P3HT/
PCBM Investigated by Optical-Pump Terahertz-Probe Spectroscopy’
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We report subpicosecond carrier dynamics in photoexcited solid films of regioregular poly(3-hexylthiophene-
2,5-diyl) (P3HT) and a blend of P3HT/[6,6]-phenyl-Cg;-butyric acid methyl ester (PCBM) using optical-
pump terahertz-probe spectroscopy for excitations well above and below the generally accepted energy gap
in P3HT. Both 400 nm excitation and 800 nm excitation yield similar results, suggesting the same photoproduct
results from these two different excitation energies. The time evolution of the frequency-dependent complex
conductivity after optical-pumping reveals characteristics of strong carrier localization. Carrier mobilities
and photon-to-carrier yields are estimated based on the application of the Drude—Smith model. Low carrier
yields (£1.5%) suggest that free carriers are not the primary photogenerated species. High hole mobilities
(30—40 cm?/Vs) are consistent with the THz probing frequency, which selectively probes short-range highly
ordered domains. Low-temperature measurements show a slight increase in mobility. Inclusion of PCBM led

to an increase in carrier yield for both excitation wavelengths.

Introduction

Semiconducting polymers have attracted much interest for
potential applications in organic opto-electronic devices such
as organic field-effect transistors (OFET), organic light-emitting
diodes (OLED), and organic photovoltaics (OPV). Regioregular
poly(3-hexylthiophene) (RR-P3HT) has been widely studied,
as reports of high field-effect mobilities' show promise for such
devices. Field-effect hole mobilities?> as high as 0.2 cm?/Vs,
approaching the mobility of amorphous silicon, have been
reported. The small bandgap®® (1.9 eV/653 nm) and corre-
sponding absorption overlaps well with the strongest spectral
components of incident sunlight. The highest efficiencies
achieved in OPVs’ have been based on a P3HT and [6,6]-
phenyl-Cg;-butyric acid methyl ester (PCBM) bulk heterojunc-
tion. Many factors influencing device performance, such as the
molecular weight of P3HT,? blend composition,”!? annealing,'!-13
and film deposition,'®!4-1¢ have been examined. These studies
do not all agree and report widely varying mobility values
(1075—=10"! cm?Vs). The common thread in these studies is
that they indirectly probe charge carrier dynamics. Device
constraints present in OFET, time-of-flight (TOF), and photo-
conductivity (PC) measurements, lead to complications by
electrical contacts, high electric fields, and the need for carriers
to travel long distances to reach the electrodes.!”-'® All-optical
techniques can avoid many of these complications, but some
all-optical techniques such as photoinduced absorption and
photoluminescence spectroscopy are inherently indirect methods
where charge carrier dynamics are inferred from spectral
signatures of electronic transitions.!>?° Optical-pump terahertz-
probe (OPTP) (i.e., time-resolved terahertz spectroscopy) offers
the additional advantage of being directly sensitive to charge
carriers.?! Time-resolved microwave conductivity (TRMC)
experiments, which have also been applied to the study of
semiconducting polymers such as polyphenylene vinylene (PPV)
and P3HT,*?%23 are sensitive to charge carriers but are typically
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limited to nanosecond resolution.?! OPTP provides subpicosec-
ond resolution of carrier dynamics with the additional benefit
of a coherent measurement technique, providing access to the
real and imaginary parts of the frequency-dependent complex
conductivity.’> This means that OPTP has the unique ability
to differentiate between free and bound excitations.?!?® However
OPTP, like TRMC measurements, is not able to distinguish
between the electron and hole contributions to the mobility and
yields their sum. This is not a particular problem for polymer
systems such as P3HT where the hole mobility is thought to be
several orders of magnitude larger than the electron mobility.'

In recent years, OPTP has been used to study MEH-PPV, 1927
pentacene,?®2°  functionalized  pentacene,’*3!  rubrene,??33
P3HT,*and its bulk heterojunction blend with PCBM.2! Two
previous terahertz studies on P3HT have been performed. These
studies, by Hendry et al.?® and Ai et al.,>' examining the
photoconductive properties of P3HT, differ in their predicted
carrier yields by an order of magnitude. The former does not
report a mobility and employs a scaled model of the frequency-
dependent mobility of isolated polymer chains in solution®* to
extract carrier yields. Both of these studies were performed by
exciting P3HT well above the band edge.

Up to this point, no study has examined the photoconductivity
in these materials when exciting them below the generally
accepted band gap of 1.9 eV. In this paper, we examine charge
carrier generation and dynamics in P3HT and a 1:1 blend of
P3HT/PCBM when excited below the band edge (1.55 eV/800
nm) and well above the gap (3.1 eV/400 nm) and show that the
photoresponses are similar. This suggests the existence of one
type of photoproduct regardless of the excitation wavelength.
Our results confirm the low photon-to-carrier yields in these
polymer systems as seen by others.!%?6 In addition, we present
the first low-temperature terahertz conductivity measurements
of these material systems. We find negligible dependence of
the photoconductivity on temperature.
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Figure 1. Schematic diagram of OPTP spectroscopy setup. A reference
scan of the unexcited sample is collected while mechanically chopping
the terahertz emitter beam, and pump/probe difference scans are
collected while mechanically chopping the optical pump beam.

Experimental Methods

Samples were prepared in air from RR-P3HT (Aldrich,
molecular weight 87 kg/mol, >98.5% RR) and the soluble
fullerene derivative PCBM (Nano-C). Pure RR-P3HT and
P3HT/PCBM 1:1 weight fraction solutions were prepared. We
chose to examine, exclusively, the 1:1 blend, as it has been
shown to have the best performance.®>! Thin samples (<2 um)
were spun cast from either chloroform or chlorobenzene
solutions onto grade V1 muscovite mica (Tedpella, Inc.)
substrates. The solution concentration was varied to control the
thickness of the films. Thicker samples (3—40 «m) with optical
density (OD) > 0.4 at 800 nm were drop cast. All films were
allowed to dry in air while covered by a Petri dish, as this has
been shown to result in well-ordered films.'> For OPTP studies,
only films with OD > 2 at both pump wavelengths were used.

We performed linear ultraviolet and visible absorption
spectroscopy using a Perkin-Elmer Lambda 3B spectrophotom-
eter. The absorption coefficient was found from the absorbance
spectra using a = OD In(10)/z, where z is the thickness. Film
thicknesses were determined using a KLLA Tencor Alpha-Step
1Q surface profilometer.

The setup of our OPTP experiment is similar to that reported
by others?*3 (Figure 1). The fundamental laser source for
terahertz generation, detection, and optical excitation is a 700
uJ 1kHz repetition rate, 50 fs 800 nm amplified Ti:Sapphire
laser (Spectra-Physics, Spitfire). We use a Au-coated 90° off-
axis parabolic (OAP) mirror to focus 270 xJ to 2.8 mm onto a
1 mm thick 0 10LZnTe crystal where the THz probe is generated
via optical rectification.®® The THz radiation is collected,
collimated, and focused to <1 mm onto the sample using a
standard 4F arrangement of 4" OAP mirrors. The transmitted
terahertz radiation is collected and refocused onto a 2 mm thick
0 100ZnTe crystal using another 4F arrangement of OAP
mirrors. A small part of the fundamental (700 nJ) is focused
onto the ZnTe detector crystal, where collinear propagation with
the terahertz beam is achieved using a silicon wafer beam
combiner. The terahertz waveform is detected using free-space
electro-optic sampling,3%37 where the gating beam is focused
onto unbiased balanced silicon photodiodes. It is important to
point out that, through this coherent detection scheme, the
terahertz electric field is sampled. For the 800 nm pump
(excitation) beam, the fundamental is attenuated, copropagated
with the terahertz beam via a hole in an OAP mirror and focused
to 2.3 mm onto the sample. We obtain the 400 nm pump beam
by frequency doubling the 800 nm pump beam in a 1 mm thick
pB-barium borate crystal, resulting in a 2.1 mm focus at the
sample. It is important to ensure that the pump beam is at least
twice as large as the terahertz beam at the sample so that a
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Figure 2. A comparison of 800 nm collinear and noncollinear pumping
during OPTP spectroscopy. The point at which the signal levels off
has been displaced from ~5.5 ps to ~7.8 ps, which is consistent with
the 45° angle of incidence.
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Figure 3. Typical (a) pump and (b) probe scans acquired from RR-
P3HT. The probe scans superimposed on a reference scan of the
unexcited material have been multiplied by a scaling factor 200 and
correspond to the delays indicated (closed symbols) on the pump scan.

uniformly excited area is probed.?> Also, note that pumping is
done collinearly to eliminate temporal smearing introduced by
noncollinear geometries?* (Figure 2). For low-temperature
measurements, the sample was housed in an Oxford Instruments
liquid He optical cryostat.

There are two modes of operation for OPTP experiments,
pump and probe scans. In pump scans, the peak of the
transmitted THz waveform is monitored while the pump delay
line is scanned backward, decreasing the optical path length
traveled by the pump beam and pushing the arrival of the pump
pulse at the sample to earlier times, creating a positive delay
for the terahertz probe beam. At a delay of zero, the pump and
probe beams are temporally overlapped within the sample. For
positive terahertz probe beam delays, there is a reduction in
the transmitted terahertz beam due to photoexcitation of the
sample. The pump beam is mechanically chopped, and a lock-
in amplifier is used to monitor the pump-induced changes in
the terahertz transmission, AE(z,7), where 7 is the delay between
the arrival of the pump and probe beams, and ¢ is the time
domain variable of the terahertz pulse. This chopping arrange-
ment is essential to detect the small changes in terahertz
transmission when examining thin photoconductive polymer
films. By adjusting the delay between the pump and probe beam,
the evolution of AE/Ey(t,7), i.e., the average dynamics of the
excited state, are obtained (Figure 3a). When very little phase
shift is present in AE(z,r), the pump scan AE/Ey(t,t) is
proportional to the product of the carrier density, N(7), and the
mobility (7). If a significant phase shift exists, the observed
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Figure 4. Representative UV —visible absorption spectra of P3HT and
P3HT/PCBM 1:1. Absorption depths reported in the text are average
values from all films examined.

change in terahertz field amplitude is not simply related to the
conductivity, and the pump scan does not yield useful dynamics.
For probe scans, the complete terahertz waveform is obtained
at a fixed pump delay by scanning the terahertz emitter delay
line backward, decreasing the optical path traveled by the
terahertz pulse allowing for EO sampling from the leading to
the trailing edge of the terahertz waveform (Figure 3b). Keeping
the arrival times of the pump pulse at the sample and the
sampling pulse at the terahertz sensor fixed ensures that each
point on the sampled terahertz waveform experiences the same
delay and thus probes the same excited-state of the sample.3
Through Fourier analysis, the frequency-dependent complex
conductivity is obtained allowing for modeling of the response
and extraction of the carrier density and mobility. Following
the work of Nienhuys and Sundstrum,?”-3 we use the following
analytic approximation to extract the frequency dependent
complex conductivity from our probe scans:

Ny, Mgy AE(w, 7)
Zd  Eyw,7)

&)

6w, 7)=—

where Z; is the impedance of free space, d is the (1/¢) absorption
depth of the pump beam, and nty, and n,, are the terahertz
indices of refraction for the unexcited sample and air (n = 1),
respectively. For many polymers, there is very little absorption,
and we can take the terahertz index of refraction to be frequency
independent. The terahertz indices (nry,) of P3HT and P3HT/
PCBM 1:1 are known to be 2.22 and 1.79, respectively.?! It is
important to note that the analytic approximation in eq 1 only
holds for small AE/Ey(t,7) and ignores multiple reflections within
the sample. However, it has been observed that more general
extraction techniques yield similar results within this limit.”!

Results/Discussion

Figure 4 shows linear absorption spectra of P3HT and P3HT/
PCBM 1:1 films. In RR-P3HT, the first polaronic absorption is
reported as being in the range 1.74—2.14 eV (713—579 nm).’
However, there is also nonzero absorption further into the
infrared. We determined absorption depths of 170 £ 30 nm at
a wavelength of 400 nm and 3 + 1 ym at 800 nm by measuring
the absorbance in 20 films of varying thicknesses (100—40 um)
and averaging those results. The three peaks present in the P3BHT
spectrum at 596, 547, and 514 nm correspond to the three bands
of the sr—s* transition.? As the shoulder at 596 nm is not present
in the published spectra of P3HT in solution, it is typically
attributed to interchain interactions.!3*? The absorption tail
extending into the infrared may be the (1.35 ¢V/919 nm) triplet
state previously seen in the electroluminescence spectra of
polythiophenes.*! Here the presence of the heavy sulfur atom
could provide the necessary spin—orbit coupling to weakly allow
this spin-forbidden transition. Doping the polymer with PCBM
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Figure 5. Pump-fluence dependence of the change in terahertz
transmission for (a) 800 nm excitation taken at the pump signal peak
(circles) and at a delay of 4.5 ps (squares) and for (b) 400 nm excitation
taken at the pump signal peak (circles) and at a delay of 2.0 ps (squares).
The lines are power-law fits to the data.
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Figure 6. Thickness dependence of the peak change in terahertz
transmission observed during pump scans for an 800 nm pump (circles)
and a 400 nm pump (triangles). The solid lines are exponential fits to
the data from which estimates of the absorption depths are found.
Absorption depths determined by UV/visible spectroscopy are noted
(vertical lines).

leads to beaching of the s-w* absorption. These spectral
alterations have been attributed to decreased interchain interac-
tion of the polymer and the presence of electron-transfer to the
fullerene derivative.? The shoulder near 600 nm, seen in well-
ordered thin films of P3HT but not present in published spectra
from solution and disordered films,?! implies there is some
retention of two-dimensional lamellar ordering of the P3HT
molecules in the bulk heterojunction. We measured the absorp-
tion depths of the P3BHT/PCBM 1:1 blend at 400 and 800 nm
to be 240 nm and 5 um, respectively.

In Figure 5, the initial photoresponse (—AE peak) exhibits a
linear dependence on pump fluence for both 400 and 800 nm
excitation. We conclude that carrier generation at 400 nm
(Figure 5b) is the result of a linear process and not the
dissociation of hot excitons via sequential absorption.*> On the
basis of the observed linear pump-fluence dependence, we are
confident that exciton—exciton annihilation,* previously ob-
served in nanosecond-resolution TRMC studies for fluences of
<10'® m~? and resulting in sublinear fluence dependence for
excitation between 1.91 and 2.88 eV (649—431 nm), does not
influence the dynamics on subpicosecond time scales. The linear
fluence dependence at 800 nm indicates that the terahertz
response is not due to a second-order process such as two-photon
absorption, which has only been observed*! in polythiophenes
at excitation energies of >2.2 eV (i.e., wavelengths of <564
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Figure 8. Extracted complex conductivity of RR-P3HT measured at
1 ps (circles), 1.5 ps (squares), and 6.2 ps (triangles) for (a) 400 nm
excitation, and 1.2 ps (circles), 1.7 ps (squares), and 6.4 ps (triangles)
for (b) 800 nm excitation at a constant fluence of 2 x 10" photons/
m?. Lines are fits to the data using the DS model; the fitting results are
displayed in Table 1 and discussed in the text.

nm). The sublinear photoinduced absorption with fluence seen
at long delays is indicative of second-order carrier—carrier
recombination processes.

Figure 6 shows that the photoresponse at 800 nm excitation
increases up to the absorption depth in the material, at which
point it begins to level off in accordance with a Beer—Lambert
dependence of the absorption on film thickness. We see the same
behavior for 400 nm excitation, where the short absorption depth
leads to a constant response for films thicker than 800 nm.
Exponential fits to y = yo—Ae~Thickness*d yie]d absorption depths
(d) similar to those obtained from UV/visible spectroscopy, 2
£ 0.5 um and 200 £ 100 nm for 800 and 400 nm excitation,
respectively.

Figure 7a,b compares the photoresponse at 40 K to that at
room temperature for both pump wavelengths. The detected

TABLE 1: Results of DS Model Fits to the Extracted
Frequency-Dependent Complex Conductivity of RR-P3HT in
Figure 8

delay u N Upc
(ps) 7 (fs) (cm¥Vs) (x102m™3) ¢ (%) ¢ (cm?Vs)
P3HT: 400 nm Excitation
1.0 40+4 42+4 100£20 08+0.3 —095 2.1+0.9
1.5 43+£3 44+3 61 +8 05+0.1 —0.96 1.8+0.5
6.2 40 41 31+£2 03+0.1 —0.99 04 +0.8
P3HT: 800 nm Excitation
12 33+4 34+4 94+09 15+£0.7 —097 1.0+04
1.7 303 31+3 6.7+05 1.1+£05 —096 1.2+0.3
6.4 30 31 34402 06+02 —1 0.0+ 0.6

terahertz field is calculated using the relation derived by Planken
et al.* Contrary to previous reports,2%* we observe negligible
temperature dependence of the long-lived photoconductivity
over this broad temperature range. This is inconsistent with an
activated hopping model for conduction.’ The dark lines are
stretched exponential fits to the data, where the stretching
parameter is related to the width of the distribution of carrier
recombination rates. We see no strong dependence of the
stretching parameter on temperature. However, the magnitude
of the peak change in transmission increases with decreased
temperature. Figure 7c,d shows that the frequency dependence
of the photoconductivity does not change significantly with
temperature. Since the pump fluence is held constant, we assume
the carrier density remains the same and attribute the slight
increase in photoconductivity to an increase in the mobility with
decreased temperature. This temperature dependence is char-
acteristic of metallic (i.e., band-like) behavior in organic
crystals.?83145 In those systems, as the temperature decreases,
so does the number of phonons, leading to an increase in
scattering time and corresponding increase in the mobility.
However, this is unexpected for a polymer system where there
is no lattice to provide the means for thermally activated
scattering. A decrease in mobility with increased temperature
has been seen in isolated chains of PPV!? and attributed to
increased torsion disorder, decreasing interchain interactions.
In thin films of P3HT, charge modulation spectroscopy* has
revealed a similar increase in torsion disorder with temper-
ature, which may lead to the reduced mobility seen in our
results.
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Figure 9. Extracted complex conductivity of PHT/PCBM 1:1 measured
at 1 ps (circles), 1.5 ps (squares), and 6.2 ps (triangles) for (a) 400 nm
excitation, and 1.2 ps (circles), 1.7 ps (squares), and 6.4 ps (triangles) for
(b) 800 nm excitation at a constant fluence of 2 x 10'° photons/m?. Lines
are fits to the data using the DS model; the fitting results are displayed in
Table 2.

TABLE 2: Results of DS Model Fits to the Extracted
Frequency-Dependent Complex Conductivity of P3HT/
PCBM 1:1 in Figure 9

delay u N DC
(ps) T (fs) (cm?Vs) (x 102 m™3) ¢ (%) c (cm?Vs)
P3HT/PCBM 1:1: 400 nm Excitation
1.0 204 21+4 260 4 90 341 —0952 1403
1.5 173 18+3 230 £ 70 341 —0971 05+£0.1
6.2 17 18 150 £ 10 19+£03 —1 0.0£+0.2

P3HT/PCBM 1:1: 800 nm Excitation
1.2 254+4 26+4 742 1.94+07 —095 13403
1.7 314+3 3243 40+06 13+0.6 —0.964 1.2+0.3
64 28 29 38402 1.04+02 —0984 05403

The extracted conductivity for the 400 nm pump is very
similar to those reported elsewhere?!-? (Figure 8). The observed
frequency dependence, negative Im[o(w)] with both real and
imaginary components increasing in magnitude with frequency,
is characteristic of dispersive transport in a disordered medium
with inhibited long-range transport.!'?:21-26.27.3446 The real con-
ductivity exhibits a power law frequency trend with exponent
1 < n < 2 that is universally observed for polymers.*>*” The
real component of the photoconductivity decays with delay,
which agrees with other reports.?! The conductivity exhibits the
same frequency-dependent trend for both excitation wavelengths,
where the order of magnitude lower conductivity for the 800
nm pump is due to the longer absorption depth at 800 nm and
the associated lower carrier density.

Materials with nanoscale disorder, such as polymers and
nanocrystalline materials, exhibit strong carrier localization,
where random defects cause enough destructive interference
among scattering events to slow carrier propagation. This carrier
localization can be described by the Drude—Smith (DS) model.
In his work on liquid Hg, Smith*® proposed the following
generalization of the well-known Drude model:

Cunningham and Hayden

2
5(w) = — Ne't
m (1 —itw)

00 Cn
1+ —) 2)

n=1 (1 - l-,[w)ﬂ

where N is the carrier density, 7 is the scattering time, m™* is
the effective mass, and c is the persistence of velocity of each
scattering event. Typically, the series is truncated, keeping only
¢ to describe the first scattering event. If ¢; = 0, we regain the
Drude expression, whereas —1 < ¢; < 0 describes varying
degrees of back-scattering that are characteristic of localized
carriers. Correspondingly, when ¢; < 0, the DC conductivity is
suppressed and the oscillator strength becomes shifted to higher
frequencies.*® An estimate of the DC conductivity is given by
5(0) = eNu(1 + ¢;). It is worth mentioning that the DS model
can accommodate materials near the metal—insulator transi-
tion,* where the localization-modified Drude model cannot.?!

To apply the DS model, we have truncated the series in eq 2
and separated it into its real and imaginary parts. We perform
a global fit procedure to determine the best fit of the DS model
to the extracted complex conductivity. Here the real part is fit
to 01(w), and the imaginary part is fit to g»(w) simultaneously,
while the effective mass® is held constant at 1.7m,, yielding
the scattering time, carrier density, and persistence of velocity.
Note that any uncertainty in the effective mass translates directly
to uncertainty in the extracted carrier density as well as
calculated mobility through u = et/m*. We calculate the photon-
to-carrier yields from the extracted carrier density given the
known fluence, corrected for reflective losses using estimates
of the visible indices of refraction,’' and absorption depth using
¢ = nd(A)/IFT(A), where F is the fluence, d(4) is the absorption
depth, and T(A) is the Fresnel transmissivity, which are both
functions of the pump wavelength A.

The mobilities found using the DS model can be found in
Table 1. These values are several orders of magnitude larger
than those reported for OFETs!? or in the microwave regime.*2%
A comparison between the mobility found by all optical
techniques versus those that use electrical contacts (e.g., OFET,
TOF, PC) is difficult, as the carriers must travel the length of
the device (~100 nm) to reach the contacts and are subject to
potential barriers at the contacts,!” grain boundaries, conjugation
breaks, large interunit angles, gate-induced doping, and high
electric fields.'®>? The high frequency, low field (<1 kV/cm)
probe used in OPTP experiments measures the carrier mobility
over short highly ordered domains.'323 It has been shown that
increasing the probing frequency in the gigahertz range by a
factor of 3 can yield nearly an order of magnitude increase in
the extracted mobility>? due to the shorter mean square distances
traveled by carriers during the shorter period oscillation. So we
would expect the even higher frequency terahertz probe to yield
a correspondingly larger extracted mobility. It should be pointed
out that, though these difficulties are encountered for polymers
and disordered media, terahertz mobilities found for bulk
inorganic semiconductors and organic crystals are in good
agreement with those found through other techniques.??30-35:54

For a meaningful comparison of the results shown here, we
must look at all-optical techniques sensitive to conductivity, such
as TRMC. P3HT has a mobility at 9 GHz* of 0.014 cm?/Vs. If
we scale this value to the terahertz regime, assuming a w'®
scaling factor as seen in other polythiophenes,® we expect a
mobility of 26 cm?/ Vs, which is similar to our values. The
mobility extracted at 800 nm excitation is similar to those found
for 400 nm excitation. This may be evidence that both
excitations ultimately yield the same photoproduct in P3HT.
The photon-to-carrier yields (<1.5%) are in agreement with
other reports.*?® Such a low carrier yield suggests that free
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Figure 10. Comparison of photoconductivity dynamics in (a) RR-P3HT and (b) P3HT/PCBM 1:1 for 400 and 800 nm pumps, and at (c) 400 nm
and (d) 800 nm excitation for RR-P3HT and P3HT/PCBM 1:1. Solid lines are stretched exponential fits with time constant 7.

carriers are not the primary photoexcitation as they are clearly
the minority product of absorption.'®?¢2” We do not observe
the polaron resonance at early delays reported by Ai et al.?!
and instead conclude that bound excitons precede free-carriers
as the primary photoproduct. The lack of an excitonic signature
may mean the exciton polarizability is much smaller than the
high-mobility free carrier response. As we observe linear fluence
dependence (Figure 2), we can rule out second-order effects as
the cause of free carrier generation via exciton dissociation.
Though weak temperature dependence is characteristic of hot
excitons, the presence of similar dynamics at 1.55 eV excitation
below the band edge does not agree with a hot exciton
dissociation’® picture, which predicts an increase in free carrier
yield with excitation energy. The two-dimensional lamellar
structure, caused by efficient zz-stacking, may aid in separating
the initially photoexcited exciton, via interchain transfer,?” into
free electrons and holes on separate chains.?' This picture is
consistent with the low free carrier yield observed in isolated
chains of MEH-PPV?’ in solution and the near unity yields in
well-organized systems such as pentacene crystals.3! Future
experiments comparing free carrier yields of isolated chains in
solution and solid films of P3BHT may be necessary to distinguish
between these two cases. The large error in the estimated DC
mobility is dictated exclusively by the error in the fit parameter
¢, which was <0.02 in all cases and typically ~0.01. At long
delays, the mobility was held fixed, which assumes that the
mobility does not change significantly with delay.?! The most
sensitive fit parameter in the DS model is the scattering time 7.
Unfortunately, the mobilities reported here correspond to
scattering times with associated frequencies outside of our
experimental bandwidth. The peak of the real and imaginary
conductivities, for ¢ ~ —1, correspond to the frequencies (2777) !
and (3)'3(277) ! respectively. For a frequency range out to 2
THz, the peak in the frequency-dependent real and imaginary
conductivity can only be seen for scattering times greater than
80 and 137 fs, respectively. Silicon on sapphire, nanocrystalline
silicon,”” and low-temperature-grown GaAs>® have all previously
been reported to have scattering times lower than these values.
Bandwidth out to 10 THz would correspond to scattering times
as low as 16 fs. If a larger frequency range was available, as
seen through the use of polymer THz emitters and sensors,>%¢0
spectral features due to these characteristic times may be present
and aid in the precise determination of these material properties.

The photoconductivity of 1:1 P3BHT/PCBM (Figure 9) has
the same trend as films of pure P3HT (Figure 8), showing a
decaying real component with increased delay. The suppressed
real conductivity is unexpected for efficient charge transfer of
electrons from P3HT to PCBM, as a suppressed real component
of the conductivity and negative linear imaginary component
has previously been dubbed an excitonic signature.'® However,
this trend was seen in previous reports,?! where it was attributed
to the increasingly significant contribution from excitons as
compared to free carriers as the carrier density decreases with
increased delay. These authors attributed the change in the shape
of the frequency-dependent complex conductivity to an excitonic
component. However, inclusion of an excitonic fitting term of
the form ox(w) = —gywAe, where Ae is the change in the
dielectric constant due to the presence of bound excitons, does
not improve our fits. We see a decrease in the mobility of the
bulk heterojunction (Table 2) versus the pure P3HT film when
exciting at 400 nm (Table 1). This is unexpected, as PCBM
improves the performance of P3HT-based devices.!” However,
the presence of PCBM will decrease the ordering of the P3HT
molecules, reducing 7 stacking and the carrier mobility, making
annealing,'=136! which was not performed here, often necessary
to improve film morphology. We do see a marked increase in
the photon-to-carrier yield, as expected, since PCBM aids in
the creation of free charges by presenting an additional
mechanism for exciton dissociation.'®2! It is surprising that the
mobility found in the bulk heterojunction excited at 800 nm is
larger than at 400 nm, very near the value found in the pure
P3HT film. Perhaps this is due to the selective excitation of
P3HT over PCBM at 800 nm, whereas both molecules absorb
at 400 nm. If we think of the extracted mobility as a weighted
sum of those from the two components of the bulk heterojunc-
tion, then low electron mobility in PCBM, due to activated
hopping between fullerenes, may account for the decreased
effective mobility. However, this view would be inconsistent
with OFET measurements that show the electron mobility in
PCBM to be similar to the hole mobility in P3HT.!

Figure 10 compares the pump scans performed on RR-P3HT
and a bulk heterojunction of 1:1 P3HT/PCBM at 400 and 800
nm excitation keeping the fluence the same. For P3HT, the two
different pump wavelengths yield identical results (Figure 10a),
within the error of our measurement. This result combined with
the similar mobilities extracted at these two pump wavelengths



7934 J. Phys. Chem. C, Vol. 112, No. 21, 2008

(Table 1) indicates that both the high and low energy excitations
may lead to the same carrier species over subpicosecond time
scales. It has been suggested that singlet excitations populate
the long-lived triplet state through intersystem crossing (ISC)
in polythiophenes.*! Our results at these two excitation wave-
lengths could lend further support to this idea. The triplet state
may be populated via ISC from the singlet state pumped at 400
nm and may also be directly excited via the weak absorption at
800 nm. However, ISC in P3HT may not occur fast enough to
explain our picosecond-scale results, as ISC typically occurs
on 100 ps time scales. If ISC is significant, then the long-lived
state that precedes electron transfer from P3HT may be 0.45
eV lower than the accepted lowest unoccupied molecular orbital
(LUMO), which would be of importance to the OPV community
in the future design of bulk heterojunctions. However, our results
cannot definitively identify the lower energy absorption as a
triplet state. Future UV/visible absorption studies of P3HT doped
with heavier atoms, providing stronger spin—orbit coupling, that
may increase this absorption feature would be necessary.

In the bulk heterojunction, the 800 nm pump results in a
smaller photoresponse with faster decay. The decreased pho-
toresponse is likely due to the lack of any absorption at 800
nm on the part of the PCBM. The 400 nm light provides more
energy to the excited species, which may lengthen the cooling
and electron transfer process.

Films of pure P3HT exhibit a larger initial photoresponse
than the heterojunction at 800 nm excitation (Figure 10d). For
the 400 nm pump, the heterojunction has a larger initial
photoresponse (Figure 10c). These observations are likely due
to the absorption properties of PCBM. For both excitation
wavelengths, we see an increase in the long-lived photoresponse
in the bulk heterojunction as compared to the pure P3HT film.
As the LUMO of PCBM is thought to be 0.85 to 1.25 eV lower
than the accepted LUMO of P3HT,>!° the electron transfer is
still efficient for the lower energy 800 nm excitation.

Summary

We have used OPTP to examine the photoinduced charge
generation and picosecond dynamics of P3HT and the bulk
heterojunction P3HT/PCBM 1:1 with subicosecond resolution
for excitation both above and below the energy gap for P3HT.
We examined the temperature dependence of the photoinduced
change in transmission and extracted the full complex frequency-
dependent conductivity, which was analyzed with the DS model
to extract photon-to-carrier yields and carrier mobilities. We
found similar conduction dynamics and mobilities for both
excitation energies in pure P3HT, indicating the same fate for
low and high-energy excitations. Further experiments are needed
to determine whether the low energy absorption is a triplet state
typically populated via ISC during higher energy excitation.
Inclusion of PCBM was found to increase the carrier yield, but
not the mobility, possibly because of disruption of ordering in
the P3HT chains. Future broad bandwidth (10 THz) terahertz
studies may provide further insight by more accurately deter-
mining material constants through the identification of resonant
spectral features.

Note Added in Proof. Recent density functional theory
calculations (Northrup, J. E. Phys. Rev. B 2007, 76, 245202)
have shown a room temperature mobility of 31 cm?/Vs in the
m-stacking direction of perfectly crystalline P3HT. This is in
reasonable agreement with the extracted mobilities reported here.
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