Picosecond transient photoconductivity in organic molecular crystals

Frank A. Hegmann*a, Oksana Ostroverkhovaa, Jianbo Gaoa, Lloyd Barkera, Rik R. Tykwinskib,

John E. Bullockc, and John E. Anthonyc
aDepartment of Physics, University of Alberta, Edmonton, Alberta, Canada T6G 2J1

      bDepartment of Chemistry, University of Alberta, Edmonton, Alberta, Canada T6G 2G2

cDepartment of Chemistry, University of Kentucky, Lexington, Kentucky 40506-0055

ABSTRACT

We examine ultrafast photoconductivity in functionalized pentacene single crystals using optical-pump terahertz-probe techniques. The 0.5 ps rise time observed in the photoconductive transients, which is limited by the response time of the terahertz pulse setup, suggests that mobile charge carriers are a primary photoexcitation. The peak of the photoconductive signal increases as the temperature decreases due to higher carrier mobilities at lower temperatures. A lower limit for the carrier mobility of 1.6 cm2/Vs at 10 K and 0.2 cm2/Vs at room temperature is obtained. We further show that the absorption edge near the pump excitation wavelength of 800 nm remains temperature independent, and is therefore not a contributing factor in our observation of larger transient signals at lower temperatures. After an initial fast decay, a power-law decay is observed in the tail of the transient response from 2 to 600 ps. The dependence of the photoconductive response on the pump fluence and the electric field amplitude of the terahertz pulse are examined.  Finally, we show some preliminary results of transient photocurrent measurements on contact-biased samples using a fast oscilloscope with a system rise time of about 50 ps.         
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1.  INTRODUCTION

There is growing interest in organic materials for applications in electronic and photonic devices. Pentacene organic thin film transistors (OTFTs) have been studied extensively due to their relatively high carrier mobility at room temperature (compared to polymers) on the order of 0.1 – 1.5 cm2/Vs and for their potential use in flexible organic circuits.1-4  Field-effect transistors (FETs) on rubrene and tetracene single crystals have also been studied, but the reported mobility was still less than 1 cm2/Vs at room temperature.5-7 The carrier mobility of pentacene thin film OTFT devices typically decreases or remains constant as the temperature is lowered.1 On the other hand, time-of-flight (TOF) experiments on ultrapure single crystals have revealed carrier mobilities that increase as the temperature is decreased consistent with band-like transport observed in many inorganic semiconductors,8-10 but this behavior is not completely understood in organic crystals.10-13 For example, ultrapure naphthalene single crystals have a hole mobility that increases from about 1 cm2/Vs at room temperature to more than 100 cm2/Vs below 30 K.9,10  Recent transport measurements on high-purity tetracene single crystals have also shown an increase in carrier mobility as the temperature is lowered below 300 K.8  There is also much interest in organic materials for light-emitting devices,14,15 lasers,16,17 solar cells,18,19 and photodetectors.19-22  In fact, a photodetector structure with sub-nanosecond response time and 75% quantum efficiency in the visible region has been demonstrated.19,20    
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However, despite the many advances in organic electronics and photonics, the nature of photocarrier generation and transport in organic semiconductors is not completely understood and remains controversial even today.23-25  The generation of mobile charge carriers in photoexcited organic materials occurs over femtosecond to picosecond time scales, and so ultrafast pump-probe experiments are essential in order to address this controversy and improve our understanding of fundamental processes in these materials.  Many ultrafast studies on polymer materials support the molecular exciton model where the primary photoexcitations are strongly bound excitons which can dissociate into separated mobile charge carriers under the influence of an external electric field.26-30  Some of these studies demonstrate that the creation of free charge carriers by electric-field-assisted dissociation of excitons occurs over time scales as long as 10 to 100 ps.27,28  The primary photoexcitations in organic molecular crystals are also believed to be tightly bound excitons (or Frenkel excitons).11,31 On the other hand, several other experiments have supported the semiconductor band model where the primary photoexcitations are mobile charge carriers created directly from the light absorption process. One of the characteristic signatures is therefore a rapid onset of mobile charge formation in zero external electric field over sub-picosecond time scales, as observed in some studies on polymer samples32,33 and more recently in terahertz pulse experiments (discussed below) on organic cyrstals.34,35  One of the unique advantages of terahertz pulses as a probe of carrier dynamics in organic materials is that terahertz pulses are sensitive to mobile charge (i.e. photoconductivity), rather than just the presence of charge carriers as is often probed by all-optical techniques. This paper describes some of these terahertz pulse experiments performed on functionalized pentacene single crystals.34  More direct measurements of the transient photoconductivity using contact-biased samples and a fast oscilloscope are also useful for understanding the nature of photoexcitations and charge transport in organic materials.36-39  Some preliminary results on contacted, voltage-biased, functionalized pentacene crystals are also given.             

2.  TERAHERTZ PULSEs AND EXPERIMENTAL SETUP
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A terahertz pulse can be described as an approximately single-cycle electromagnetic transient with a duration on the order of 1 ps.  The corresponding frequency spectrum associated with the terahertz pulse is therefore centered at about 1 THz with a width of about 1 THz, hence the name “terahertz pulse”.  An example of a typical terahertz pulse used in our experiments is shown Fig. 1(a), with the corresponding frequency spectrum in Fig. 1(b). A terahertz pulse therefore has wavelength components in the far-infrared region of the spectrum, which makes it ideal for probing the nature of conductivity in a wide variety of materials,40,41 including organic materials.42-44  The characteristics of terahertz pulses generated from nonlinear organic crystals and biased polymer samples has also been used to study the nature of carrier transport in organic materials.45-47
Fig. 1.  (a) Example of a terahertz (THz) pulse.  This particular THz pulse was measured after passing through our optical cryostat and a 1-mm-diameter aperture at the sample holder.  (b) Corresponding frequency spectrum.  

However, the short duration of terahertz pulses enables sub-picosecond measurements of transient conductivity in materials.  For example, transient photoconductivity measurements with sub-picosecond time resolution using terahertz pulses have been performed in GaAs,48,49  LT-GaAs,50,51  radiation-damaged silicon-on-sapphire,52 sapphire,53 as well as organic crystals.34,35  Figure 2(a) shows a typical optical-pump terahertz-pulse-probe setup, and Fig. 2(b) describes how the transient photoconductivity induced by the pump pulse in the sample results in a reduction in transmission T of the terahertz probe pulse.  It can be shown that the negative of the differential transmission, T = T – T0, normalized to the initial (unexcited sample) transmission T0, is proportional to the conductivity  induced by the pump pulse in the sample for low mobility samples and for |T/T0| < 25% (i.e.  = ne ( -T/T0, where n is the carrier density and  is the carrier mobility).52      

The samples were mounted on a 1-mm-diameter aperture in a liquid helium cooled optical cryostat (sample in vapor) with fused silica windows, as shown in Fig. 3.  A 1-kHz repetition rate (1080 Hz), amplified Ti:sapphire laser system generating 100 fs pump pulses at wavelengths of 800 or 400 nm was used to excite the samples.  Further details of the setup can be found in Ref. 52.  Incident pump fluences at 800 nm on the samples were around 2.5 mJ/cm2, which, in a 1-mm-diameter aperture, corresponds to a pulse energy of 20 J and an average power of 22 mW.  The optical penetration depth for the 800 nm pump pulses was estimated to be about 120 m in the functionalized pentacene crystals, resulting in carrier densities of 1017 – 1018 cm-3, or sheet densities of 1015 – 1016 cm-2 (assuming 100% Q.E.). 
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Fig. 2.  (a) Schematic of the THz pulse setup.  One delay stage allows scanning of the THz pulse itself, and the other changes the delay between the THz probe pulse and the excitation pump pulse.  (b) Reduction in transmission T of the THz probe pulse as the sample is excited by the pump pulse.  –T/T0 is the normalized negative differential transmission of the photoexcited sample.
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Fig. 3.  Schematic of the sample mounted on a 1-mm-diameter aperture in the optical cryostat (sample in vapor). The aperture ensured proper overlap between the focused THz probe pulse and the 800 nm (or 400 nm) pump pulse. The sample temperature could be varied from 5 to 300 K.
3.  FUNCTIONALIZED PENTACENE SINGLE CRYSTALS

The functionalized pentacene (FPc) molecule is shown in Fig. 4(a), and is referred to as “TIPS pentacene” due to the triisopropylsilyl side groups.54,55  These side groups force the molecules to stack more closely in the crystalline state, as shown schematically in Fig. 4(b), compared to the more open herringbone structure associated with pristine (non-functionalized) pentacene (Pc) crystals.  The enhanced -stacking, which results in higher conductivity in the ab-plane54, can be seen more readily in the view down the c-axis in Fig. 4(c), while the effect of the TIPS side groups on the anisotropy of the crystal is evident in the view down the a-axis seen in Fig. 4(d).  In the experiments reported here, the pump pulse and the THz probe pulse were at normal incidence to the ab-plane of the crystals so that the electric field of the THz pulse was polarized within the ab-plane. The crystals used in our experiments were grown from solution34 and were typically a few millimeters in size along the a and b axes and about 0.5 mm thick along the c-axis direction.  An example of a TIPS single crystal is shown in Fig. 4(e). Further details on the synthesis and crystal structure of functionalized pentacene can be found in Refs. 54 and 55. Low-frequency photoconductivity measurements on TIPS pentacene crystals using biased contacts have been reported by Tokumoto et al.,56 and OTFT devices using TIPS pentacene thin films have been made recently with mobilities up to 0.4 cm2/Vs at room temperature.57   Band structure calculations on TIPS pentacene have also been reported.58  The band gap of TIPS pentacene is estimated to be about 0.6 eV,54 which is much smaller than the band gap of about 2.2 eV for pentacene single crystals.12 
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Fig. 4.  (a) Molecular structure of functionalized TIPS pentacene.

(b) Schematic of stacking of TIPS pentacene in ab-plane. The THz pulse

electric field is polarized in the ab-plane of the crystal.

(c) Crystallographic view of ab-plane looking down the c-axis.  

(d) Crystallographic view of bc-plane looking down the a-axis.

(e) Photograph of TIPS single crystal.  (Grid spacing = 1 mm.)  Note that the apparent transparency of the crystal is due to sensitivity of the CCD camera to wavelengths higher than the absorption edge of the crystal near 800 nm.
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The first optical absorption peak of isolated TIPS pentacene molecules in solution is shifted to lower energies (645 nm) compared to non-functionalized pentacene (579 nm), as shown in Fig. 5(a).  However, the absorption edge of a TIPS pentacene thin film left after the solvent evaporated has an absorption edge at even lower energies closer to 750 nm, as shown in Fig. 5(b).  A thin crystal platelet has roughly the same absorption edge, whereas a thick single crystal has an absorption edge around 800 – 850 nm.  The reason why this absorption edge near 800 nm in the single crystal is so much lower in energy than the first absorption peak at 645 nm in solution not clear.  The overlap of the 800 nm pump pulse spectrum with the 800 nm absorption edge of a TIPS single crystal is shown in Fig. 5(c).  Furthermore, this feature does not shift significantly from 65 K to 250 K, as shown in Fig. 5(d).  This implies that the temperature dependence of the transient photoconductivity data (discussed below) using 800 nm pump pulses is not due to any temperature-dependent shift in the energy of this absorption edge in the crystal.   

Fig. 5.  (a)  Comparison of optical absorption of FPc and Pc molecules in chlorobenzene.  (b)  Transmission spectra of TIPS pentacene in dilute and concentrated solutions, as a thin film, a thin crystal platelet, and as a thick single crystal.  (c) Spectrum of the 800 nm pump pulses overlapped on the transmission spectrum of a TIPS single crystal near the 800 nm absorption edge.  (d) The absorption edge in a TIPS single crystal near 800 nm is nearly temperature independent from 65 K to 250 K.

4.  RESULTS AND DISCUSSION

The transient photoconductivity in a TIPS pentacene single crystal that is excited with 800 nm pulses and probed with time-delayed terahertz pulses is shown in Fig. 6(a) for various temperatures.  In these measurements, the THz pulse delay stage (see schematic in Fig. 2(a)) was set to monitor the amplitude of the main positive peak of the THz pulse transmitted through the sample, as shown in Fig. 1(a). The pump delay stage was then moved to vary the time delay [image: image11.png]absorbance (a.u.)
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between the pump pulse and the peak of the THz probe pulse. No phase shift of the THz probe pulse through the sample was observed when the TIPS crystal was photoexcited by the pump pulse.34 This means that the technique of simply monitoring the peak transmission T of the THz probe pulse for measuring transient photoconductivity in these organic crystals is valid. (As mentioned above, the transient photoconductivity in the sample is proportional to the negative differential transmission -T/T0 of the terahertz probe pulse.)  Note that in Fig. 6(a) the magnitude of the transient photoconductivity signal increases as the temperature decreases. The rapid, 0.5 ps (10% - 90%) rise in the signals at all [image: image16.jpg]-AT/T, (norm.)
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temperatures is limited by the time resolution of the terahertz pulse setup, as shown in the inset of Fig. 6(a).

Fig. 6.  (a) Transient photoconductivity signals as a function of temperature from a TIPS pentacene single crystal excited by 800 nm, 100 fs pump pulses (2.5 mJ/cm2 in a 1-mm-diameter aperture).  The peak of the signal increases as the temperature decreases.  The inset shows the 0.5 ps rise time (10% - 90%) of the signals limited by the time resolution of the terahertz pulse setup.  (b) Log-log plot of the data from (a), showing a power-law decay for the transient photoconductivity signals for times longer than about 4 ps.  (c) Long time scan (650 ps) of the transient photoconductivity in a TIPS pentacene single crystal excited by 400 nm pump pulses at 80 K.  (d) Expanded view of the same signal in (c).  (e) Log-log plot of the data shown in (c).  The dashed line is a power-law fit to the data from 2 to 80 ps of the form  – T = A t -0.54 , where A is a constant and t is the delay time of the terahertz probe pulse with respect to the arrival time of the pump pulse at t = 0.  Note that the exact choice for the location of t = 0 in the log-log plots does affect what the decay of the signal looks like at early times (i.e. t < 3 ps) but has less effect at longer delay times.
Since the transmission of the THz probe pulse is sensitive to the conductivity of the sample, then the rapid onset of the transient photoconductivity signal to its peak value at about 0.7 ps suggests that all the mobile charge carriers we observe are created in a time interval less than 1 ps after excitation by the pump pulse. This observation is very different from what was reported for polymer samples by some other groups, as discussed earlier, where the generation of free charge carriers from the dissociation of excitons occurred over 10 to 100 ps time scales.27,28 Furthermore, we do not have any electric field applied across the sample in our measurements, and so electric-field-assisted dissociation of excitons into free carriers cannot be the mechanism behind the observed photoconductivity transients. The rapid, sub-picosecond rise in the photoconducting signal in zero applied electric field suggests that mobile charge carriers are a primary photoexcitation in TIPS pentacene single crystals.  Optical-pump terahertz-probe experiments on pentacene single crystals have recently reported similar results.35        

At longer delay times, the decay in the photoconductivity transient exhibits a power-law behavior at all temperatures, as shown in Fig. 6(b).  We believe this is indicative of dispersive transport of the photogenerated charge carrriers, as discussed further in Ref. 34.  Exciting the sample with 400 nm pump pulses produces very similar results to those obtained with 800 nm pump pulses, as shown in Figs. 6(c) and 6(d).  Figure 6(e) shows that the power-law behavior in the decay of the photoconducting signal persists to long probe delay times beyond 600 ps. 

Figure 7(a) plots the magnitude of the photoconducting transient as a function of temperature for two different TIPS single crystal samples.  The signal peak increases as the temperature decreases, which we attribute to an increase in carrier mobility at lower temperatures. Such behavior was also reported recently in terahertz probe studies on pentacene single crystals.35 But what if the pump pulse is absorbed more strongly at lower temperatures, resulting in higher carrier densities and therefore larger photoconducting transients at lower temperatures? As discussed earlier, the absorption edge feature near 800 nm remains roughly temperature independent (Fig. 5(d)), and so the increase in photoconducting signal observed at lower temperatures is not due to any temperature-dependent shifts in the absorption spectrum of TIPS pentacene crystals. Furthermore, the same increase in the peak of the photoconducting signal as the temperature is lowered is observed using 400 nm pump pulses, which is well away from the absorption edge feature near 800 nm.  Finally, as long as most of the pump pulse is absorbed over some optical penetration depth  within the sample (such that  is less than the thickness of the sample), the magnitude of the photoconducting transient is independent of  since |T| depends on the total number of carriers per unit area (i.e. n) that the THz probe pulse ultimately passes through rather than the actual carrier density (n).  In other words, -T ( ne.52   

Using models presented in Ref. 52, we can extract a lower estimate for the transient mobility of the photocarriers from the magnitude of T/T0 assuming that the quantum efficiency is 100 %.  From the data plotted in Fig. 7(a), the corresponding carrier mobilities are about 1.6 cm2/Vs at 10 K and 0.2 cm2/Vs at 300 K.  Our room-temperature result is comparable to room temperature mobilities as high as 0.4 cm2/Vs obtained recently for TIPS pentacene OTFT devices.57 Terahertz probe studies on pentacene single crystals reported carrier mobilities of about 0.4 cm2/Vs at 30 K and 0.2 cm2/Vs at room temperature (also assuming 100% quantum efficiency).35 If the quantum efficiency is less than 100 % (and most likely it is), then the estimate for the carrier mobility will become higher.  For instance, quantum efficiencies around 10% may be more reasonable, as reported for some polymer films,32,33 in which case the corresponding mobility values calculated from our data would be 16 cm2/Vs at 10 K and 2 cm2/Vs at 300 K.  Transient photoconductivity studies on anthracene single crystals using Auston switch transmission line techniques demonstrated that the quantum efficiency for carrier generation in anthracene was temperature independent, contrary to molecular exciton models based on Onsager theory that predict a strong temperature dependence for exciton dissociation processes.36  The same study also reported a photocurrent signal that was relatively constant from 300 K down to 60 K but which increased dramatically as the temperature was reduced below 60 K.  This was attributed to an increase in the mobility of the photocarriers in anthracene at lower temperatures.            

It is not unusual for the carrier mobility in organic materials to increase as the temperature is decreased. As discussed earlier, such behavior has been observed in many organic molecular crystals and is indicative of band-like transport in these materials.10  However, exactly how the idea of band-like transport fits in with the picture of dispersive transport suggested by the power-law decays observed in our photoconducting signals is not understood.  The temperature dependence of the exponent  in a power-law decay where –T/T0 varies as t - is shown in Fig. 7(b).  More work is needed to further clarify this issue and to understand the nature of the decay dynamics in these organic crystals.  

Figure 7(c) shows that the differential transmission signal –T varies linearly with the amplitude of the electric field of the THz probe pulse.  This means that the normalized differential transmission –T/T0 is independent of the magnitude of the THz pulse electric field, which eliminates the possibility that the electric field of the THz pulse itself may have [image: image17.jpg]- ATIT, (%)
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some effect on the charge generation process such as electric-field-induced dissociation of excitons.  However, the magnitude of the THz pulse electric field at the sample is less than 1 kV/cm, which is rather low compared to the fields used in many of the polymer studies that reported electric-field-induced dissociation of excitons into charge carriers.26-30  The dependence of the photoconducting signals on pump fluence is shown in Fig. 7(d). There is a slightly slower decay at higher pump fluences, which may be due in part to trap filling effects. In Fig. 7(e), the photoconducting signal is approximately linear with pump fluence, despite the fact that there is two-photon (or excited state) absorption in these samples when using 800 nm pump pulses. We are currently investigating the pump-fluence dependence of these samples further.  We are also currently investigating the wavelength dependence of the transient photoconductivity in more [image: image22.jpg]- AT (a.u.)

10 20 30 40
incident pump fluence (a.u.)

50



detail, which will help in understanding the nature of the photoexcitation process.      

Fig. 7.  (a) Temperature dependence of the peak of the transient photoconductivity signal for two different TIPS pentacene single crystal samples.  (b) Temperature dependence of the exponent  in the observed power-law decay t – of the photoconducting signal at long times.  (c) Dependence of the differential transmission signal of the THz probe pulse on the peak amplitude of the THz probe pulse at probe delay times corresponding to the peak of the photoconducting signal and 15 ps further away in the tail of the response.  The observed linear dependence shows that the size of the electric field of the THz probe pulse does not influence the photocarrier generation process.  (d) Pump fluence dependence of the transient photoconductivity dynamics at low temperature.  The lines labeled “m = -1” and “m = -0.5” are guides to the eye for power-law decays of t -1 and t -0.5, respectively.  (e) Corresponding peak photoconducting signal as a function of pump fluence.       

5.  PRELIMINARY RESULTS USING A FAST OSCILLOSCOPE
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In order to examine relaxation dynamics at longer times and to study the effects of electric fields on the photogeneration process in TIPS pentacene crystals, we have recently performed a separate set of experiments that use contact-biased samples connected directly to a fast oscilloscope.  The data presented here are preliminary results only. In these new studies, gold electrodes were first deposited through a shadow mask onto the ab-plane surface of TIPS pentacene single crystals.  The separation between the electrodes is about 0.3 mm.  As shown in Fig. 8(a), a single crystal sample is then attached to a PC board sample holder using conductive epoxy from which the photocurrent signal is launched into a SMA connector.  Voltage bias is applied through a bias-tee, as illustrated in Fig. 8(b).  A high-speed (40 GHz) digital sampling oscilloscope is used to measure the transient photocurrent generated in the device when it is excited by 800 nm, 100 fs pulses from our amplified Ti:sapphire laser source.  Due to the sample mount design and SMA cables, the overall system rise time is about 50 ps.  Figures 8(c) and 8(d) are some preliminary examples of photocurrent transients obtained in these experiments, which show that the carrier dynamics extends well into the nanosecond range.  Further details on these experiments will be reported elsewhere.     

Fig. 8.  (a) Image of a TIPS pentacene crystal with gold contacts bonded to a SMA connector sample mount.  The electrode separation is about 0.3 mm.  (b) Schematic of the circuit used to measure the high-speed photocurrent transients.  The bias-tee allows an external voltage bias to be applied across the gold contacts of the sample.  The overall system rise time is about 50 ps.  (c) Example of a photocurrent signal obtained at room temperature.  (d) Example of a photocurrent signal obtained at room temperature from a different TIPS pentacene single crystal sample.

6.  SUMMARY

In summary, we have used terahertz pulses to probe transient photoconductivity in functionalized pentacene single crystals with sub-picosecond time resolution.  The rapid onset of the photoconducting signal suggests that mobile charge carriers are a primary photoexcitation.  A lower estimate for the transient carrier mobility in TIPS pentacene single crystals of about 1.6 cm2/Vs at 10 K and 0.2 cm2/Vs at 300 K was obtained.  A power-law decay for long time delays beyond 600 ps was also observed.  Finally, we have demonstrated the potential of terahertz pulse spectroscopy as a noncontact technique for studying the nature of photoexcitations and ultrafast dynamics of mobile charge carriers in organic semiconductors.   
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