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Picosecond Transient Photoconductivity in Functionalized Pentacene Molecular Crystals
Probed by Terahertz Pulse Spectroscopy
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We have measured transient photoconductivity in functionalized pentacene molecular crystals using
ultrafast optical pump-terahertz probe techniques. The single crystal samples were excited using
800 nm, 100 fs pulses, and the change in transmission of time-delayed, subpicosecond terahertz pulses
was used to probe the photoconducting state over a temperature range from 10 to 300 K. A subpico-
second rise in photoconductivity is observed, suggesting that mobile carriers are a primary photo-
excitation. At times longer than 4 ps, a power-law decay is observed consistent with dispersive

transport.
DOI: 10.1103/PhysRevLett.89.227403

Organic semiconductors show great promise for appli-
cations in electronics and photonics [1-4]. However, the
nature of charge transport and primary photoexcitations
in conjugated polymers [5] and organic molecular crys-
tals [6—8] is not completely understood.

Conducting polymers such as doped polyacetylene
have conductivities at room temperature close to that of
copper [9,10]. However, unlike normal metals, the con-
ductivity of doped polymers typically decreases as the
temperature is lowered as described by variable-range
hopping in disordered materials [10]. Furthermore,
charge transport along polymer chains is in the form of
polarons, bipolarons, and solitons [9,11]. Many organic
semiconductors [12,13], as well as inorganic semiconduc-
tors such as amorphous silicon [14], exhibit dispersive
transport due to disorder [15]. Dispersive transport can be
identified in time-of-flight experiments as a transient
photocurrent that varies as t*~! for times less than the
transit time, where « is called the dispersion parameter
[15]. The mobility, w, for polymer films is typically less
than 1072 cm?/Vs at room temperature [13]. Typical
mobilities for holes injected at room temperature into
ultrapure polyacene single crystals such as naphthalene
(Nph) and pentacene (Pc) are around 1 cm?/V's [16,17].
However, the temperature dependence of the mobility in
these crystals variesas w ~ 77" (n ~ 1.4 to 2.9), similar
to bandlike transport seen in inorganic semiconductors
[18]. At low temperatures (7" < 30 K), the carrier mobi-
lity levels off at values greater than 100 cm?/V s for Nph
[16] and 10* cm?/V s for Pc [17]. At higher temperatures,
a transition from band transport to hopping transport
is observed in Nph [19], Pc, and other organic mole-
cular crystals [20] consistent with some polaron
models [7,8,20]. However, questions still remain regard-
ing the nature of charge transport in organic molecular
crystals [21].

There is also debate over the nature of primary photo-
excitations in conjugated polymers [5]. In the molecular
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exciton model, the primary photoexcitations are excitons
which can be dissociated by electric fields or other
mechanisms into separated polarons, as shown by several
groups using ultrafast pump-probe techniques on polymer
thin films [22,23]. On the other hand, the semiconductor
band model claims that mobile polarons are created
directly by the absorption of light, as demonstrated by
transient photoconductivity and ultrafast pump-probe ex-
periments on polymer thin films [24,25]. Frenkel exci-
tons are believed to be the primary photoexcitations in
organic molecular crystals [26]. Exciton dynamics in
a-hexathiophene [26] and tetracene [27] single crystals
have been recently studied using ultrafast pump-probe
techniques, but these experiments are not sensitive to
carrier transport. Transient photoconductivity has been
measured in pentacene [7] and «-octithiophene [28]
single crystals with 10 ns and 25 ps time resolution,
respectively, but noncontact techniques with better time
resolution are desirable.

In this Letter, we report the first optical pump-terahertz
probe measurements of transient carrier dynamics in an
organic molecular crystal. Terahertz time-domain spec-
troscopy (THz-TDS) has become a powerful technique
for studying the conductivity of materials in the far-
infrared region of the spectrum [29-32]. Furthermore,
the subpicosecond duration of THz pulses is ideal for
noncontact measurements of transient conductivity in
materials. For instance, optical pump—THz probe tech-
niques have been used to study carrier dynamics in GaAs
[33,34], LT-GaAs [35], silicon-on-sapphire [36], and
manganites [37]. THz pulse spectroscopy has also been
used to study the dynamics of solvated electrons in
liquids [38] and intramolecular charge transfer in
dye solutions [39]. A key advantage of THz pulses is
their sensitivity to the conductivity of a material.
Therefore, THz pulse spectroscopy should provide further
insight into the nature of carrier dynamics in organic
materials.

© 2002 The American Physical Society 227403-1



VOLUME 89, NUMBER 22

PHYSICAL REVIEW LETTERS

25 NOVEMBER 2002

The molecular structure of the functionalized penta-
cene (FPc) derivative [40] used in these experiments is
shown in Fig. 1(a). The triisopropylsilylethynyl side
groups increase the solubility of the pentacene molecule
making it easier to grow single crystals from solution.
Furthermore, the side groups force the pentacene mole-
cules to stack like bricks in a wall [40], as shown in
Fig. 1(b), rather than in the herringbone structure of
pristine Pc crystals, resulting in enhanced intermolecular
mr-orbital overlap in FPc crystals. Samples were initially
purified by recrystallization from a tetrahydrofuran
(THF) solution via the addition of methanol. Large,
single crystals were then grown via vapor diffusion of
methanol into a saturated THF solution at 4 °C. The
diffusion process at this temperature takes approximately
4 to 5 days to reach completion. The single crystal
samples were typically 2 mm X 4 mm with a thickness
of about 0.5 mm, and were mounted on a 1-mm-diameter
aperture inside an optical cryostat (sample in vapor).
Several FPc samples were used in these experiments,
but only the results from two crystals (samples A and
B) are presented here.

As described elsewhere [36], a 100 fs, 800 nm, 1 kHz,
amplified Ti:sapphire laser source was used to generate
THz pulses via optical rectification in a 0.5-mm-thick
ZnTe crystal. The electric field of the THz pulse
was detected by free-space electro-optic sampling in a
2-mm-thick ZnTe crystal. The transmission of the THz
pulse through the sample was monitored as a function of
delay time with respect to an 800 nm, 100 fs pump pulse.
Both the THz probe and 800 nm pump pulses were at
normal incidence to the face of the FPc crystal. The
electric field of the THz pulse was, therefore, in the
a-b plane [Fig. 1(b)], but polarized predominantly along
the m-stacking direction. The pump pulse is close to an
absorption edge near 800 nm in the FPc crystal, and the
optical penetration depth is about 120 um resulting in
bulk excitation of the sample. The origin of this absorp-
tion edge is not known at this time, but it appears only in
the solid-state form of FPc and not in isolated FPc
molecules in solution. Also, earlier measurements on
FPc crystals revealed a maximum photoresponse cen-
tered around 800 nm (1.55 eV) [41]. For comparison,
the onset of photoconduction in Pc crystals occurs at
550 nm (2.25 eV) [7]. Incident pump fluences of about
2.5mJ/cm? (~20 wJ per pulse in a 1-mm-diameter
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FIG. 1. (a) Molecular structure of FPc. (b) Stacking of FPC in
the a-b plane of crystal (side groups not shown).
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aperture) produced carrier densities from 107 to
10'8 cm™3. Figure 2(a) shows examples of THz pulses
transmitted through a FPc sample at 10 K for various
delay times with respect to the pump pulse. The inset of
Fig. 2(a) shows the corresponding amplitude spectrum of
the THz pulse transmitted through the unexcited sample.
No absorption lines due to phonons in the FPc samples
were observed in this frequency range. (The spectrum is
narrower than usual due to spatial filtering of low fre-
quency components by the I-mm-diameter aperture and
attenuation of higher frequency components by the glass
windows of the cryostat.) The transmitted amplitude of
the THz pulse is reduced by the presence of photoexcited
carriers in the sample, but no phase shift is observed. This
implies that wr < 1 for our measurements, where 7 is the
Drude scattering time. Therefore, our experimental ap-
proach of monitoring changes in the peak amplitude of
the transmitted THz pulse is valid [36].

Figure 2(b) shows the negative change in transmission
(— AT) of the peak of the THz pulse as a function of
delay time at 10 K. The rise time of the signal is limited
by the 0.5 ps response time of the THz pulse setup [36].
The signal decays quickly over the first few picoseconds
and then more slowly at longer times. Similar dynamics,
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FIG. 2. (a) THz pulses transmitted through a FPc crystal at
10 K at various probe delay times. The 800 nm, 100 fs pump
pulse excites the sample at r = 0, and the probe delay time is
the arrival time of the positive peak of the THz probe pulse.
The inset shows the amplitude spectrum of the THz probe
pulse transmitted through the unexcited sample. (b) Change in
amplitude transmission of the peak of the THz probe pulse as a
function of delay time at 10 K. (Pump fluence is 2.5 mJ/cm?.)
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but much smaller signals, are observed at room tempera-
ture. Pump-induced thermal transients in the sample are
less than 1 K, which is too small to explain the observed
changes in transmission. Heat and carrier diffusion
times out of the excitation volume are much too long
(~ 1073 s) to account for the observed sub-ns response.
Two-photon absorption does not contribute significantly
to carrier generation since the change in transmission of
the THz pulse is nearly linear with pump intensity.
Differential transmission is defined as AT/T, =
(T — Ty)/Ty, where Ty is the transmission of the THz
pulse through the unexcited sample. It can be shown
that if |AT/T,| < 20%, then —AT/T, is approximately
proportional to the conductivity o = neu, where n is the
carrier density, e is the electronic charge, and w is the
effective mobility of the carriers [36]. The temperature
dependence of the percent differential transmission of the
THz pulse through sample A is shown in Fig. 3(a). Note
that the signals get larger as the temperature is lowered.
Similar behavior was observed for sample B. The 0.5 ps
rise time of the photoconductivity transients is shown in
the inset of Fig. 3(a). Figure 3(b) is a log-log plot of the
data shown in Fig. 3(a). The exact dynamics of the fast
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FIG. 3. (a) Percent differential transmission of the peak of
the THz probe pulse as a function of delay time and tempera-
ture for sample A. The photoconductivity transients increase as
the temperature decreases. The inset shows a 10%—-90% rise
time of 0.5 ps for the transients. (b) Log-log plot of the data
shown in (a). Lines labeled m = —1 and m = —0.5 are guides
to the eye for power-law decay rates of +~! and ¢+~ %, respec-
tively. (Pump fluence is 2.5 mJ/cm?.)
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initial decay for the first 2 ps is difficult to resolve due to
the time resolution of the experimental setup [42]. At
longer times, however, a power-law decay is observed.

The increase in the peak of the transient signal as the
temperature is lowered is shown in Fig. 4(a). We attribute
this behavior to an increase in carrier mobility at low
temperatures (assuming the initial density of photoex-
cited carriers is independent of temperature). At 10 K,
|AT /Tyl max = 24%, which corresponds to an initial car-
rier mobility of about 1.6 cm?/V s for an injected carrier
density of 7.5 X 10'7 cm ™3 [36]. This is a lower estimate
since it assumes 100% internal quantum efficiency for the
generation of free carriers, which may not be valid due to
geminate recombination, and it also neglects the finite
response time of the setup, which makes the measured
|AT/Tylmax smaller than the true value. The mobility
scales with |AT/Ty|,.x as a function of temperature,
giving room temperature values of about 0.2 cm?/Vs.
This is comparable to earlier estimates of about
1 cm?/Vs for FPc crystals at room temperature [40].
(Note that if we assume a quantum efficiency of only
10% in FPc, then the estimated transient mobilities at 10 K
and 300 K increase to 16 cm?/V s and 2 cm?/V s, respec-
tively.) While the mobility values for these crystals are
still orders of magnitude less than low-temperature values
reported elsewhere for ultrapure Pc [17], they are surpris-
ingly high for simple solution-grown crystals that likely
contain significant defect sites.

We attribute the power-law decay, —AT/T, ~ t B, at
times longer than 4 ps [Fig. 3(b)] to dispersive transport.
The temperature dependence of the exponent 8 is shown
in Fig. 4(b). If 7 # =11 where « is the dispersion
parameter mentioned earlier, then 8 =1 — @. In mul-
tiple trapping models, &« = T /T, where T}, is a character-
istic temperature, and p decreases as the temperature is
lowered [14,43]. This is incompatible with our results that
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FIG. 4. Temperature dependence of (a) the peak differential
transmission and (b) the exponent 8 for a power-law fit ¢~ # at
long times for sample A (squares) and sample B (circles). The
error bars are smaller than the size of the symbols.
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show a nearly temperature independent 8 that does not
approach unity at low temperatures and a mobility that
increases as the temperature decreases. However, disper-
sive transport with temperature independent exponents
has been reported in polyvinylcarbazole [12], polyacety-
lene [44], and Cg thin films [45], and has been attributed
to intermolecular hopping processes [45] and nonacti-
vated tunneling between sites with equivalent energies
[15]. It is interesting to note that the nearly small mo-
lecular polaron model proposed by Silinsh ef al. [8] uses
nonactivated tunneling to describe bandlike transport of
polarons in polyacene crystals.

Finally, since THz pulses detect the presence of free
carriers, the rapid rise of —AT /T to its maximum value
at 0.7 ps (Fig. 3) suggests that free carriers (i.e., polarons)
are primary photoexcitations in FPc. As shown in the
inset of Fig. 3(a), the 10% —90% rise time of the transients
is 0.5 ps, which is equivalent to the minimum response
time of our THz pulse setup. Therefore, we expect the
formation of mobile carriers in FPc crystals to occur over
time scales much shorter than 0.5 ps. For comparison, the
formation of polarons in 100 fs has been observed in
polymer thin films [24,25], whereas electric-field-
assisted dissociation of excitons into polarons in about
10 ps has been reported [23]. We found that the amplitude
of the electric field of the THz probe pulse did not affect
the magnitude of our AT/T, signals, thereby eliminating
THz-field-induced dissociation of excitons as a possible
carrier generation mechanism in our experiments. (The
peak electric field of the THz pulse at the sample was less
than 10® V/cm.) Perhaps the initial fast decay is a result
of bandlike transport of photoexcited carriers that couple
to the lattice and form polarons [46] over time scales of
1-2 ps. On the other hand, trap filling effects may also
play a role. To address these possibilities, more experi-
ments with purer crystals will be necessary.

In conclusion, we have measured the transient photo-
conductivity in molecular crystals of functionalized pen-
tacene using terahertz pulse techniques. The rapid onset
of photoconductivity suggests that mobile carriers are a
primary photoexcitation in these crystals. Transient mo-
bilities of at least 1.6 cm?/V s at 10 K were obtained, and
dispersive transport at long times was observed.
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