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We measure the transient photoconductivity in pentacene, functionalized pentacene, tetracene, and
rubrene single crystals using optical pump-terahertz probe techniques. In all of the samples studied,
we observe subpicosecond charge photogeneration and a peak photoconductive response that
increases as the temperature decreases from 297 down to 20 K, indicative of bandlike transport.
Similar decay dynamics are observed at room temperature, but at low temperatures the decay
dynamics measured in pentacene, rubrene, and tetracene crystals are much faster than those
observed in functionalized pentacene crystals, revealing different charge trapping properties.
© 2006 American Institute of Physics. �DOI: 10.1063/1.2193801�
Over the past decade, considerable efforts in organic
synthesis and purification have resulted in improved organic
semiconductors with room-temperature charge carrier mo-
bilities well above 1 cm2/V s.1,2 A number of experimental
and theoretical studies directed towards clarifying mecha-
nisms of charge carrier generation and transport have also
been carried out.3–5 However, the exact nature of charge car-
rier photogeneration and transport in organic semiconductors
is still not completely understood due to difficulties in as-
sessing intrinsic properties that are often masked by impuri-
ties, contact effects, or grain boundaries. Recently, ultrafast
optical pump-terahertz probe techniques6 have been used to
perform noncontact measurements of transient photoconduc-
tivity in organic single crystals and polycrystalline thin films
over picosecond time scales,7–10 making it possible to probe
the intrinsic nature of mobile charge carriers before they are
trapped at defect sites. In this letter, we compare the transient
photoconductive properties of pentacene, functionalized pen-
tacene, tetracene, and rubrene single crystals assessed using
time-resolved terahertz pulse spectroscopy. In all samples,
we observe fast ��400 fs� charge carrier photogeneration as
well as bandlike charge transport characterized by an in-
creasing charge carrier mobility as the temperature de-
creases. The decay dynamics due to carrier trapping are also
explored, revealing, in particular, a transition to faster decay
dynamics in pentacene single crystals below 70 K.

In our studies, we used single crystals of ultrahigh-purity
pentacene �Pc�,2 pentacene derivative functionalized with tri-
isopropylsilylethynyl �TIPS� side groups �FPc�,7,9,11 rubrene
�Rub�,12,13 and tetracene �Tc�. The Pc powder was purified
using vacuum sublimation under a temperature gradient.2

Rub, Tc, and Pc single crystals were obtained using physical
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vapor transport techniques as described in Refs. 2 and 12.
The FPc single crystals were grown in a saturated tetrahy-
drofuran �THF� solution at 4 °C.11 Eight FPc crystals and
four Pc, Rub, and Tc crystals �each� were studied and yielded
similar results.

A detailed description of the optical pump-terahertz
probe experimental setup used in our studies can be found
elsewhere.14,15 The samples were mounted on 1–1.5 mm ap-
ertures in an optical cryostat �sample in helium vapor� and
excited with 400 nm, 100 fs pump pulses from an amplified
Ti:sapphire laser source �1.08 kHz�. Both the terahertz probe
and optical pump pulses were at normal incidence to the
a-b plane of the single crystal samples. The optically induced
negative differential transmission of the terahertz peak am-
plitude �−�T−T0� /T0�−�T /T0, where T0 is the amplitude of
the terahertz pulse transmitted through the unexcited sample�
was monitored as a function of delay time ��t� with respect
to the optical pump pulse. The relationship between −�T /T0

and the transient photoconductivity has been discussed in
Refs. 5, 7–9, and 15. Briefly, if the phase shift between the
terahertz pulses transmitted through unexcited and optically
excited sample is small, as was the case for all our samples,
then −�T /T0 is directly proportional to the transient
photoconductivity.7–9 From the peak value of the photocon-
ductive transient, the product of charge carrier mobility �
and charge carrier photogeneration efficiency � can then be
calculated using �−�T /T0�max=��FaZ0� / �hc�1+N��, where
Fa is the absorbed fluence, Z0 is the free space impedance, �
is the optical wavelength, h is Planck’s constant, c is the
speed of light, and N is the refractive index of the unexcited
sample.9,10,15 In all measurements reported here, the electric
field of the optical and terahertz pulse was kept parallel to
the highest mobility axis of the crystals. Upon azimuthal

rotation of the crystals, we observed a photoconductivity an-

© 2006 American Institute of Physics1-1
AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp

http://dx.doi.org/10.1063/1.2193801
http://dx.doi.org/10.1063/1.2193801
http://dx.doi.org/10.1063/1.2193801


162101-2 Ostroverkhova et al. Appl. Phys. Lett. 88, 162101 �2006�
isotropy within a factor of �2–4, a detailed study of which
will be reported elsewhere.

Complete absorption of the 400 nm optical pump beam
is observed in FPc, Tc, and Rub crystals, and �90% absorp-
tion is achieved in Pc crystals. Figure 1 illustrates the differ-
ential terahertz transmission �−�T /T0� as a function of delay
time ��t� between the optical pump and terahertz probe
pulses obtained in Pc, FPc, Tc, and Rub crystals upon pho-
toexcitation with optical pulses with the fluence of
�0.5 mJ/cm2. Transients shown for Pc, FPc, and Rub were
obtained at room temperature �297 K�, while that for Tc was
taken at 10 K. The inset in Fig. 1 shows the onset of the
photoresponse, normalized to its maximum value at �t=0,
and reveals a fast ��400 fs rise time limited by the time
resolution of our setup� carrier photogeneration process in all
crystals. Subpicosecond charge photogeneration has been
previously observed in FPc and Pc single crystals7,8 and thin
films.9,10 The similar trend observed in all crystals studied
here �inset of Fig. 1� suggests that subpicosecond photoge-
neration of free carriers,7–10,16 and not only of excitons,3 in
the absence of a static electric field is an intrinsic property of
oligoacenes.

At room temperature, measurements of the peak value of
−�T /T0 yielded ���0.3–0.35, 0.15–0.2, 0.05–0.06, and
0.03 cm2/V s for Pc, FPc, Rub, and Tc crystals, respectively.
�Note that if we assume �=1, then these �� values provide
a lower estimate for the carrier mobility �. If ��1, then the
mobility value is higher.� The observed difference in ��
could be due to the differences in �i� intrinsic carrier mobil-
ity, �ii� initial photogenerated free carrier yield, and �iii� car-
rier loss due to charge trapping or recombination occurring
within 400 fs after photoexcitation �included in ��, not re-
solved in our experiment. The comparison between the
room-temperature �RT� values of ���0.3–0.35 cm2/V s
obtained in our ultrapure Pc single crystals and those mea-
sured in high-quality, but not extra purified, Pc single crys-
tals of ���0.2 cm2/V s using a similar optical pump-
terahertz probe setup �Ref. 8� suggests that the factor �iii� has
a relatively small contribution to the differences in �� ob-
served in various crystals at RT. This is supported by our
previous observation of the �� values measured in good

FIG. 1. Differential transmission of the terahertz pulse �−�T /T0� as a func-
tion of pump-probe delay time ��t� obtained in Pc, FPc, and Rub crystals
�all at room temperature� and in Tc �at 10 K� upon photoexcitation with
400 nm, 100 fs pump pulses. The transients are offset along the y-axis for
clarity. The inset shows the differential transmission of the terahertz pulse
normalized to its value at �t=0 and illustrates subpicosecond charge pho-
togeneration in all samples.
quality FPc thin films reaching 30%–40% of those obtained
Downloaded 03 Jul 2006 to 129.125.25.39. Redistribution subject to 
in FPc single crystals, in spite of the abundance of deep traps
at the grain boundaries in thin films.10 Therefore, the differ-
ences in the trapping properties of FPc, Pc, Rub, and Tc
crystals most likely account only for a factor of up to �2 in
the differences in �� values obtained in these crystals at RT,
while further differences are due to factors �i� and �ii�. For
example, the lower transient photoconductivity observed in
Rub compared to Pc single crystals at RT at 400 nm could be
mostly due to the lower photogeneration efficiency �factor
�ii�� in Rub, in qualitative agreement with Refs. 13 and 17.

Figure 2 shows the temperature dependence of �� mea-
sured in Pc, FPc, Tc, and Rub single crystals. As the tem-
perature decreased from 297 to about 20 K, �� increased in
all samples by a factor of 3–10, depending on the crystal. A
slight decrease in �� is observed below 20 K, which may be
due to impurity scattering at low temperatures.18 Assuming �
does not increase as the temperature decreases, we can at-
tribute the temperature dependence of �� shown in Fig. 2 to
bandlike charge carrier transport,7–10,18 which has not been
previously observed over such a wide temperature range in
Tc and Rub single crystals.13,19,20 The initial increase of ��
by a factor of 1.5–3 �depending on the crystal� as the tem-
perature is lowered from 297 to about 150 K �Fig. 2� is con-
sistent with the increase in charge carrier mobility observed
from field-effect measurements in Rub �Ref. 13� and from
space-charge-limited-current measurements in Pc �Ref. 2�
and Tc �Ref. 19� single crystals over the same temperature
range. Interestingly, in our ultrapure Pc crystals, the tempera-
ture dependence of �� ����0.3 cm2/V s at 297 K and
���1.5 cm2/V s at 10 K� is much stronger than that ob-
tained in Pc crystals in Ref. 8 ����0.2 cm2/V s at 297 K
and ���0.4 cm2/V s at 10 K� under similar conditions.
This suggests that the contribution from carrier loss due to
charge trapping within 400 fs after photoexcitation to the
measured �� values is more substantial at low temperatures,
which is expected due to higher charge carrier mobility at
low temperatures. Surprisingly, the solution-grown FPc crys-
tals exhibit a temperature dependence for �� similar to that
seen in the ultrapure Pc crystals grown by vapor transport
methods.

Decay dynamics of the transient photoconductivity pro-
vide further information about charge transport and trapping
processes.9,10,21 Figure 3 compares dynamics of the transient
photoconductivity normalized to its value at �t=0, obtained
at 297 K �Fig. 3�a�� and 10 K �Fig. 3�b��. At 297 K, all the

FIG. 2. Temperature dependence of the product of mobility ��� and photo-
generation efficiency ��� calculated from the peak value of −�T /T0 in Pc,
FPc, Tc, and Rub samples. The minimum detectable �� product is
0.01 cm2/V s.
crystals exhibited similar decay dynamics, at least for �t
AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp
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�5 ps. Low signal-to-noise ratios obtained with Rub and Tc
samples at �t�5 ps did not allow a detailed analysis of the
decay dynamics in these crystals. In FPc and Pc crystals, the
decay over at least two orders of magnitude in �t can be
fitted with a power law ���t�−�, with ��0.57±0.01 and
0.60±0.01, respectively �inset of Fig. 3�a��.7,9,10 While the
decay dynamics in FPc are weakly temperature dependent
�i.e., ��0.5–0.7 from 5–297 K in Fig. 3�c� and in Refs. 7
and 9�, which is consistent with multistep tunneling of nearly
small molecular polarons �MP�,4,9 those in Pc become faster
as the temperature decreases �inset of Fig. 3�b� and Fig.
3�c��, in agreement with Ref. 8. In particular, the power-law
exponent � reaches 1.22±0.03 at 5 K �Fig. 3�c��. Qualita-
tively, the decay dynamics observed in Rub and Tc crystals at
high and low temperatures �e.g., 297 and 10 K� are similar to
that of the Pc. Faster decay dynamics at lower temperatures
have also been previously observed in conjugated
polymers.21 There, a long-time tail of the photoconductivity
was attributed to trap-dominated transport, characterized by
reduced charge emission from traps at low temperatures. In
our ultrapure Pc crystals, the change in the decay dynamics
�for �t�2 ps� occurs at temperatures only below 70 K �Fig.

FIG. 3. Differential transmission of the terahertz pulse normalized to its
value at �t=0 in the case of �a� FPc, Pc, and Rub samples at 297 K and �b�
FPc, Pc, Rub, and Tc samples at 10 K. Insets show the FPc and Pc data
replotted on a log-log scale and fitted with the power-law function ���t�−�

�thick solid lines� with �a� �=0.57 and 0.6 for FPc and Pc, respectively, at
297 K and �b� �=0.62 and 1.1 for FPc and Pc, respectively, at 10 K. �c�
Power-law exponents ��� obtained from fits to the decay dynamics at vari-
ous temperatures in one FPc and two Pc �Pc 1 and 2� single crystal samples.
Dashed lines are guides for the eye.
Downloaded 03 Jul 2006 to 129.125.25.39. Redistribution subject to 
3�c��, which could indicate that the charge traps are rather
shallow. Interestingly, the change in the decay dynamics with
temperature is much weaker in FPc �Fig. 3�c��,7,9 which
could indicate the absence of such traps in FPc. The exact
nature of the observed difference in the temperature depen-
dence of the decay dynamics of FPc and Pc at �t�2 ps
requires further investigation. However, it is possible that the
shallow traps observed in the Pc samples are related to struc-
tural defects �such as point defects, dislocations, etc.�17,19,22

specific to a herring-bone-type packing. These defects are
apparently absent in FPc, which assumes brick-wall-type
packing.7,11

In summary, we observed subpicosecond charge photo-
generation and bandlike charge carrier mobility in the wide
temperature range between 297 and 20 K in Tc, Rub, Pc, and
FPc single crystals. At room temperature, similar decay dy-
namics of the transient photoconductivity are observed in all
crystals. The temperature dependence of the decay dynamics
for �t�2 ps in FPc is different to those in Pc, Rub, and Tc
crystals, which indicates differences in the charge trapping
properties of these materials.

This work was supported by NSERC, CIPI, ONR,
iCORE, and the Killam Trust.

1V. Podzorov, S. E. Sysoev, E. Loginova, V. M. Pudalov, and M. E.
Gershenson, Appl. Phys. Lett. 83, 3504 �2003�.

2O. D. Jurchescu, J. Baas, and T. T. M. Palstra, Appl. Phys. Lett. 84, 3061
�2004�.

3N. S. Sariciftci, Primary Photoexcitations in Conjugated Polymers: Mo-
lecular Exciton versus Semiconductor Band Model �World Scientific, Sin-
gapore, 1997�.

4E. A. Silinsh and V. Čápec, Organic Molecular Crystals: Interaction,
Localization, and Transport Phenomena �American Institute of Physics,
New York, 1994�.

5F. A. Hegmann, O. Ostroverkhova, and D. G. Cooke, in Photophysics of
Molecular Materials, edited by G. Lanzani �Wiley-VCH, Weinheim,
2006�, pp. 367–428.

6C. A. Schmuttenmaer, Chem. Rev. �Washington, D.C.� 104, 1759 �2004�.
7F. A. Hegmann, R. R. Tykwinski, K. P. H. Lui, J. E. Bullock, and J. E.
Anthony, Phys. Rev. Lett. 89, 227403 �2002�.

8V. K. Thorsmølle, R. D. Averitt, X. Chi, D. J. Hilton, D. L. Smith, A. P.
Ramirez, and A. J. Taylor, Appl. Phys. Lett. 84, 891 �2004�.

9O. Ostroverkhova, D. G. Cooke, S. Shcherbyna, R. F. Egerton, F. A.
Hegmann, R. R. Tykwinski, and J. E. Anthony, Phys. Rev. B 71, 035204
�2005�.

10O. Ostroverkhova, S. Shcherbyna, D. G. Cooke, R. F. Egerton, F. A.
Hegmann, R. R. Tykwinski, S. R. Parkin, and J. E. Anthony, J. Appl. Phys.
98, 033701 �2005�.

11J. E. Anthony, J. S. Brooks, D. L. Eaton, and S. R. Parkin, J. Am. Chem.
Soc. 123, 9482 �2001�.

12V. Podzorov, V. M. Pudalov, and M. E. Gershenson, Appl. Phys. Lett. 82,
1739 �2003�.

13V. Podzorov, E. Menard, A. Borissov, V. Kiryukhin, J. A. Rogers, and M.
E. Gershenson, Phys. Rev. Lett. 93, 086602 �2004�.

14K. P. H. Lui and F. A. Hegmann, Appl. Phys. Lett. 78, 3478 �2001�.
15F. A. Hegmann and K. P. H. Lui, Proc. SPIE 4643, 31 �2002�.
16P. B. Miranda, D. Moses, and A. J. Heeger, Phys. Rev. B 64, 081202

�2001�.
17D. V. Lang, X. Chi, T. Siegrist, A. M. Sergent, and A. P. Ramirez, Phys.

Rev. Lett. 93, 086802 �2004�.
18W. Warta, R. Stehle, and N. Karl, Appl. Phys. A: Solids Surf. 36, 163

�1985�.
19R. W. I. de Boer, M. Jochemsen, T. M. Klapwijk, A. F. Morpurgo, J.

Niemax, A. K. Tripathi, and J. Pflaum, J. Appl. Phys. 95, 1196 �2004�.
20C. R. Newman, R. J. Chesterfield, J. A. Merlo, and C. D. Frisbie, Appl.

Phys. Lett. 85, 422 �2004�.
21D. Moses, M. Sinclair, and A. J. Heeger, Phys. Rev. Lett. 58, 2710 �1987�.
22J. H. Kang, D. A. da Silva, J. L. Bredas, and X. Y. Zhu, Appl. Phys. Lett.

86, 152115 �2005�.
AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp


