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Photoresponse of the conductivity in functionalized pentacene compounds

T. Tokumoto® and J. S. Brooks®
Department of Physics and NHMFL, Florida State University, Tallahassee, Florida 32310

R. Clinite
Department of Physics, Cornell University, Ithaca, New York 14850

X. Wei
NHMFL, Florida State University, Tallahassee, Florida 32310

J. E. Anthony, D. L. Eaton, and S. R. Parkin
Department of Chemistry, University of Kentucky, Lexington, Kentucky 40506

(Received 29 March 2002; accepted 5 August 2002

We report the investigation of the photoresponse of the conductivity of a recently synthesized class
of organic semiconductors based on functionalized pentacene. These materials form high quality
single crystals that exhibit a thermally activated resistivity. Unlike pure pentacene, the
functionalized derivatives are readily soluble in acetone, and can be evaporated or spincast as thin
films for potential device applications. The electrical conductivity of the single crystal materials is
noticeably sensitive to ambient light changes. The purpose, therefore, of the present study, is to
determine the nature of the photoresponse in terms of carrier activation versus heating effects, and
also to measure the dependence of the photoresponse on photon energy. We describe a method,
involving the temperature dependent photoresponse, which allows an unambiguous identification of
the signature of heating effects in materials with a thermally activated conductivity. We find strong
evidence that the photoresponse in the materials investigated is predominantly a highly localized
heating mechanism. Wavelength dependent studies of the photoresponse reveal resonant features
and cutoffs that indicate the photon energy absorption is related to the electronic structure of the
material. © 2002 American Institute of Physic§DOI: 10.1063/1.1510164

I. INTRODUCTION crystals of several mfin area and 5Qum in thickness are

The synthesis of a class of pentacene-based materigigadily precipitated from acetone. These derivatives are also
with improved interplanar molecular stacking has recentlysignificantly (approximately two times more oxidatively
been reported. Temperature dependent resistivity studlies stable than pure pentacene, and the electrical and photode-
have shown that these materials are semiconductors, withendent characteristics of individual crystals are stable for
thermal activation energies in the range of 0.3—-1.5 eV. Reperiods of a year or more under ambient light and atmo-
cent band structure calculatichsre consistent with the spheric conditions. Single crystals appear dark blue in color,
semiconductor description in terms of experimental values ofainly due to reflected light. Under transmitted light, a red-
the energy gaps, and their observed anisotropy. The semicogish color is sometimes observed due to the efficient fluores-
ductor character of these materials, combined with their €aS&nce emission of the pentacene moiety_ As shown be|0W,
of synthesis and processing, makes them promising candipjs effect is measurable in the wavelength dependence of the
dates for application as sensors and devices, and hence thgifsioresponse for a particular contact lead configuration.
fgll physical characterization is |mportant..lr.1 this article, we Here we define the photoresponse as the increase in current
discuss the photoresponse of the conductivity of two of thesie;1 a sample for a constant current or voltage bias across the

materials, in the form of single crystals. Here triisopropylsi- ; :
. . . two-terminal contacts made to the samfdee Fig. 2 The
lylethynyl (TIPS or trimethylsilylethynyl(TMS) side groups resistance of the samples is very sensitive to ambient light

are attached to either side of the central ring sipesition 6 " .
and 13 of the pentacene structure, as shown in Fig. 1. Thecond't'onS[Of order 5%-10% for fluoresceror incandes-

main structural difference between the two materials is in th&€n? room lights tumed on and dffBy investigating care-
 stacking of the acene arrays, which for TIPS is two dimenJully the temperature dependence of the resistance and the
sional, and for TMS is one dimensional. In the study pre_photoresponse, we have determined that the photoresponse is
sented here, for both materials unpolarized light is incidenPrimarily due to the absorption and rapid thermalization of
in the plane normal to the molecular stacking direction.  light, which in turn heats the sample and reduces the tem-
Of note is that unlike crystalline pentacene, the function-perature dependent resistance at the surface where the trans-
alized pentacene derivatives are very soluble, and singlport currents are concentrated. These materials could, at the
present stage of development, be used as a prototype pix-

dpresent address: Hitachi Research Laboratories, Tsukuba, Japan. elateq photodetector that could discriminate between red and
YElectronic mail: brooks@magnet.fsu.edu blue light.
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FIG. 1. (a) Molecular structurdtop view. ball-and-stickand stacking scheme in the solid stéé&le view, space fillingfor (a) the triisopropylsilyl(TIPS)
derivative where the front alkyl groups are not shown in the stacking schemébtite trimethylsilyl(TMS) derivative. In both materials treated in this
article, the(unpolarizedl light is incident in the direction normal to the-orbital stacking direction, i.e., into the page with respect to the packing diagrams.

Il. EXPERIMENT the measurement$We note that previous measurements to

obtain the temperature and crystallographic orientation de-

tilngle grgstalstﬁf ghet??tﬁ nalsbunde(; mvgi)n%anlon xﬁregendent resistivity were done in a four terminal configura-
synthesized by methods that have been described eisewner on.) Measurements were carried out either in a constant

E!ectnca(lj cg)lntact was T\ide to tthecsampkta_s W';[IV%%OI(: current or constant voltage configuration. Changes in the cur-
er(:s an I? Ver or graphite paint. donvgrlrl]ongl cons alm Cl:tr'rent through the sample, in response to the chopped light
rent (or vo agté soc;]rciﬁ Werei u?e ’ a: 'fh ¢ 2506;)mi1? etvo ‘excitation at about 100 Hz, were detected by the ac voltage
age was monrtored with an electrometer with a hput Vo across a 1 M resistor in series with the bias circuit. A

|mped|ar_10e.f Thde r(())olm ;gg‘peraiﬁrfh reS|sttan(t:e O_f ta typic ck-in amplifier was used to measure the ac signal, which
s?mpde Isl;)loor fe':h o I@, Wit ¢ € cor|1_|ac resis ar:cetsh was of order 1 mV in our experiment. In the configuration in

ot order of the sample resistance. Here we note ig. 2, due to significant RC time constants, we can only

silver paiqt yieI(_js significantly_ better electrical contact thanestimate a lower bound on the response time of the photore-

the graphlte_pamt. The ex_pen.mental setup for the phOtoreéponse, which we found to be less than 1 ms from oscillo-

sponse studies is shown in Fig. 2. For the temperature des-C pe traces

pendent measurements, a vacuum chamber was used to avou:io '

any interaction with moisture, etc., and the light excitation

was provided by a standard 0.5 mW He-Ne [a&32.8 nm Il MECHANISMS OF PHOTOSENSITIVE

chopped at about 100 Hz_. The wavelength dependence_of ﬂ_@ONDUCTIVITY

photoresponse was carried out at room temperature in air.

Here a halogen light source was used with a spectral grating An important issue question concerning semiconductors

(McPherson spectrometer systemo scan the wavelength that show an increase in the conductivity due to light excita-

from 350 to 1400 nm. In the range 700—-1400 nm, a cutofftion is the origin of the mechanism, i.e., heating and/or car-

filter (A cuior<700 Nnm) was used to attenuate any secondaryier excitation. Both of these effects will lead to the same

reflections from lower wavelength light. result—a decrease of resistance that for a semiconductor has
The photoresponse/() and sample bias voltagé/g.) an exponential dependence on temperature. Therefore, to ad-

were measured as shown in Fig. 2. Due to the very highdress this question in the present case, we have analyzed in

resistance of the samples when compared with the contadetail the photoconductivity and heating mechanisms as they

resistance, the sample properties dominate the behavior afe manifested in our measurement scheme.
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FIG. 2. Experimental setup for the photoresponse measurements. Current is
supplied to the sampl@R) either in a constant current, or constant voltage
mode. The 1 M) input impedancegX) of an oscilloscope serves as the
current monitoring series resistor. The dc bias of the series circuit is mea-
sured with a high impedano®00 T}) electrometer, and the ac signal is
detected with a phase sensitive detedfock-in amplifiep. The circuit
analysis is described. Light from either the laser or the spectrometer is Ll L
incident on the sample surface, either from the contact, or noncontact sides. 25 30 35 40 45 50
The sample temperature may be varied in vacuum from room temperature to Temperature ( °C)
100 °C by application of heat to the sample-mounting platform.
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We first consider the case of pure excitation of carriers
(photoconductivity. Since the changes in the bias currgpt
and voltageV 4. are very large with respect to the ac variation
in current Al (over the periodAt), and voltage V.
(=AV,/At) we may assume an adiabatic limit where the
bias circuit does not respond to the small ac changes. Also,
the current resistoX is negligible compared with the sample
resistance. Hence, we may relate the change in current to the
change in sample resistance A$=—AR I/R. Likewise,
Vo,=XAl==XARI/R=-XARIR/R?>=X GV, where
the photoconductivity G is defined as G=A(1/R)
=—AR/R?, HenceV,, in the case of excited carriers, will FiG. 3. Temperature dependence of the photoresponse of a TIPS sample in

be proportional to both the photoconductiviByand the bias vacuum.(a) V4 andV,. (photoresponsesignals for a constant current bias;

potentialVy., finally, G=V,./XVgc. (b) Vg signal for constant dc bia€l00 V); (c) V,. (photoresponsevs.

. . current for different temperatures. Inset: temperature dependence of the
We may now consider the case of pure heating. We as: P P P

. . . . slope of V. vs. current data. Solid line, theoreticalTt/dependencéfor
sume a simple model for the sample in terms of its activate@omparison with the prediction in E¢L) for the constant current bias con-
resistancdR= R, exp(E,/KT) whereE, is the thermal activa- dition].

tion energy, and its lattice heat capadlty= C,T° which we

take as purely phonon dominated. We further assume that the

laser heat pulséAQ) does not change with temperature, soVoltage bias it will increase. One further prediction one can
that the change in the temperature of the sample witfnake is to consider data in the forkfy, vs. I at constant

a pulse iSAT=AQ/C,T3. When the sample temperature temperature(and average sample resistancé&rom the
changes by AT, the resistance of the sample will above, the slope will be proportional toTf/ These relations
change byAR=dR/dTAT=—RyE,/kT2expE,/kT)AT=  Provide a rigorous method for determining the role of heat-
—RoEa /KT exp(Ea/kT) AQ/C,T3. Hence, the ac response due iNg in photosensitive materials.

to heating has the form V,=XAl=-XARI/R

=X RyE,/KT? expE,/KT) AQ/CoTAI/R. It is easy to show |V. RESULTS OF TEMPERATURE DEPENDENT

that the temperature dependence\gf. has two possible MEASUREMENTS

forms:

V. (arb. units)

el s |y

300 350
I TR
100 150 200

Current (nA)

Figures 3 and 4 show typical results for the temperature
V,~ 1/T® for a constant current bias, (1)  dependence of the photoresponse of the TIPS and TMS
samples, expressed in terms of the dc bias voltage and ac
photoresponse. Experimental values Yoy, were generally
Hence for a constant current bias, the photoresponse wilh the mV ranggacros a 1 M) resistoy, V4 was limited to
decrease with increasing temperature, whereas for a constat?0 V maximum, the corresponding currents used were in

V,~exp— E,/kT)T® for a constant voltage bias. (2)

Downloaded 12 Nov 2002 to 128.163.162.212. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/japo/japcr.jsp



J. Appl. Phys., Vol. 92, No. 9, 1 November 2002

T7F T T T T T T T
10 -
6 B & TMS Photo-Response a) 7] 100
"."M. Constant Current (1 nA) —
5 \ e 2 s
—_— = —_— Vac n — —_
£ 80 2 5
S 4r 5 g
£ 60 & s °r
<3 < 2 —— Black Body Spectrum
> oL > e L S i e Si Detector (no filter)
4 3] --- Si Detector (with filter)
~ . -~ 40 c )
1F RO tT “e = "
Mo ctural s 2 3
Ol ! ] ! L ! 20 s,
20 30 40 50 60 70 80 90 & | | |
0 Lersusersems o

Temperature (OC)

Tokumoto et al.

5211
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50 b) FIG. 5. Blackbody spectrurttheoretical and the non-normalized response
= of silicon photodiodémeasuregfor the halogen light source and spectrom-
£ 45} - eter output. Optical scans were made without a cutoff filter from 300 to 800
> nm, and with a cutoff filter from 700 to 1400 nm.

L 40 .
A
=7 3.5) Constantvoltage (100V) temperature. Correspondingly, we found that in the vicinity
—V B
30 * of 50 °C the resistance of the sample became nearly tempera-
' \T ture independent. This behavior is consistent with an in-
25 e L crease in the intrinsic resistivity with temperature, which
20 30 40 50 60 70 80 90

competes with the thermal activation process. The increase
in resistivity may be the result of a less favorahi@verlap
FIG. 4. Temperature dependence of the photoresponse response of a Tl\ﬁgat is related to the carbon site elongation, but this possibil-
sample in vacuum(a) V. and V. (photorespongesignals for a constant ity must await a full crystallographic x-ray analysis. The data
current bias{b) V. (photorespongesignal for constant dc biad.00 V) for in Fig. 4(a) were carried out for a constant current bias, but
the Warmi_n_g and cooling cycle to monitor the behavior of the TMS struc-the sample was not monitored after reaching room tempera-
tural transition that occurs near 50°-60°. Here measurements were taken f?r . .
several hours after the sample had relaxed to near room tempetdatae ure. In Fig. 4b), the same sample was studied a day later for
below T,e,,) to monitor the recovery of the sample. constant voltage bias, and this time data were taken for sev-
eral hours after room temperature was recovered. Here the
sample was observed to relax back to its initial state with
time, and the temperature dependent structural changes
tRerefore appear to be reversible.

Temperature (°C)

the range of 1-100 nA, and sample resistances ranged fro
100 MQ to 100 T). The temperature of the sample was
increased using a heater platform placed in a vacuum, where
at maximum temperature, the platform was allowed to reIa%‘HVOV_'?‘gERll‘EES'\FI%TI\ESEPENDENCE OF THE
back to room temperature over several hours. We see that for
constant current bias, the sample resistateed voltage The temperature dependence of the photoresponse dis-
biag decrease with increasing temperature according to aussed above was evaluated at a fixed wavelength of 632.8
thermal activation lawsee also Ref.)2 but the temperature nm. In this section we describe the wavelength dependence
dependence of the ac photoresponse depends on the sampfehe photoresponse from 350 to 1100 nm at room tempera-
bias condition, i.e., for constant voltage bias the photoreture. Since the light source was thernf@halogen lamp with
sponse increases with increasing temperature. Indeed, tleeMcPherson grating analyzemwe show in Fig. 5 the esti-
bias and temperature dependence of the photoresponse fofated wavelength dependence of the light intensity in terms
lows closely the predictions given above in E¢@B.and(2). of the theoretical black-body spectrum, and also the experi-
In Fig. 3(c) we show measurements that test the predictiormental response of a silicon detector. The data were obtained
that the slopes of th¥,. vs. | curves should follow an in- without a filter in the range 350—800 nm, and with a filter
verse power law in temperature and this indeed is the case\ ;o< 700 nm) in the range 700—1400 nm. In Fig. 6 the
Collection of the temperature-dependent TMS data inphotoresponse of the TIPS and TMS samples are shown. We
Fig. 4 was motivated in part by preliminary temperature de-observed no photoresponse for wavelengths in the range
pendent x-ray structural dataHere, a significant collective 1100—1400 nm, even though the light intensity was still sig-
vibration along the long axis of the pentacene moiety appeansificant in this range, as Fig. 5 indicates. Light was incident
to become the dominant thermal motion. Furthermore, a@n the sample in the plane normal to theorbital stacking
monotonic increase in the distance between pentacene unitgection, either from the contadforward), or noncontact
along the 1/4-stacking axis was found, with the spacingback sides as shown in Fig. 2. The most salient features of
changing from an average 3.44A at-100°C to 3.51A athe data aref1) the onset of photoresponse below about 950
57 °C. This distance did not increase further upon increasingm; (2) the strong attenuation of the photoresponse for the

Downloaded 12 Nov 2002 to 128.163.162.212. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/japo/japcr.jsp



5212 J. Appl. Phys., Vol. 92, No. 9, 1 November 2002 Tokumoto et al.

8F TIIPS—SiIver Paint Con]tacts i ' ] @ 24k |_ TIPS ;:’-R Norm T T = 0.20 2
— V, (Forward lllumination) =R UV-Vis TIPS ' 8
D Bl — V.. (Back iumination) x a) _ z 8
S g 20p 1015 8
£ 4 ! . g $
@ H £
= ! & 16 010 £
> 2r : . K7 3
/ p; 0.05 3
0 1 ...p-u--.-.b«.punn»h-wuf" 1 has YWY " g 1.2 . g
400 600 800 1000 . S
Wavelength (nm) 400 500 600 700 800
6F - - Wavelength (nm)
TIPS-Graphite Paint Contacts
5k V. (Forward lllumination)
™ ==V, (Back llumination) b) —~ 1 2 F T T T T
2 4 2 — TMS P-R Norm. £ 3
S 510F [\ - UV-Vis TMS b) | 5
. . 25 §
s 3 2 2
s . 08 2o &
o c —2. L
> 2 06 2
S A i ho]
” g 04f 15 3%
400 600 800 1000 i =
Wavelength (nm) S 0285 1.0 E
> 2
D 001 I T K| 1
TMS - Silver Paint Contacts 3 400 500 600 0 800
V, (Side A lllumination)
==V, (Side B Ililumination) c) Wavelength (nm)

FIG. 7. Comparison of UV-Vis spectrum with the forward illumination pho-
toresponse data in the 350—800 nm range normalized with{stinecture
less wavelength dependent intensity measured with the silicon photodiode
(from Fig. 5: (a) TIPS sample{b) TMS sample.

V, (arb. units)

400 600 800 1000

Wavelength(nm) find that for longer wavelengths below the solid-state band
edge for the materialNynq~800 nm), the sample is more
FIG. ?- Pht‘;]to;fl’igf”:?nioglfémscﬁsagi t?fgﬁfvgfb;"#ﬁgaﬂgﬂg'ﬁh transparent and light can reach the contact region where
Z?&rl?)zi?evﬁaint electfodes on front side) TMS sample with silvper paint the_re is @ high current densifyThe solid-state _band edge is
contacts that extended to both sides. All data were taken at overlappin§Stimated from recent band structure calculations by Haddon
wavelengths using a cutoff filter for the 800—1100 nm range. et al3, which range from about 0.82480 nm to 1.5 eV/(825
nm) over the three crystallographic directions in these mate-
. N ) rials.] However, at shorter wavelengths above the band edge,
o e o o o 12 TG Eney s absrbed and Gos o eac th conac
mination region, qnd hen.ce no photoresponse'ls observed.
' For light incident on the contact side, the photoresponse
amplitude generally follows the black-body spectrum, but
additional structure is observed that indicates that the energy
We believe that the primary mechanism of photoinducedadsorbed is sensitive to the electronic structure of the mate-
conductivity as measured in the present technique is ongal. We have made a comparison between the photoresponse
where light energy is absorbed, thereby heating the samplend UV-Vis data for both materials as shown in Fig. 7. Here
locally in the region where the current density is greatestve have normalized the photoresponse intensity by using the
between the electrical contacts. This conclusion is based gphotodiode calibration from Fig. 5. The normalized photore-
temperature dependent and wavelength dependent photorsponse shows, in both samples, a pronounced feature near
sponse. Furthermore, the onset of adsorption of light appearsl0 nm, which we believe to be associated with thedi-
to be related to the solid-state energy band edge, and to othgmlar intramolecular mode along the long pentacene molecu-
higher energy(intramoleculay transitions in the materials lar axis. Notably, this seems most prominent in the TMS
studied. We find that a simple model for the photoresponsesystem, which shows a reversible thermal transition in the
based on the thermally activated conductivity, gives an accuvicinity of 50 °C (see Fig. 4. Recent temperature dependent
rate description of the data. The advantage of this model is-ray refinement dafaat 57 °C also show an increase in car-
that it predicts two distinctly different forms of the tempera- bon site displacements in this same direction. We may specu-
ture dependence, depending on the twonstant current or late at this point that the unusual behavior of themode is
voltage bias conditions. responsible for its prominence in both the spectral- and
That the heating effect is highly localized is made furthertemperature-dependent features in the photoresponse of the
evident from the wavelength dependent studies where thEMS system. Although other spectrétesonant features
sample contacts are made on one side of the sample. Here wkearly appear in the photoresponse in the range 400—800

VI. DISCUSSION

Downloaded 12 Nov 2002 to 128.163.162.212. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/japo/japcr.jsp



J. Appl. Phys., Vol. 92, No. 9, 1 November 2002 Tokumoto et al. 5213

nm, they are more difficult to correlate directly with specific could easily cause the observed increase in current. We note

molecular vibrational spectra. The photoresponse of the TIPBowever that photoresponse relaxation time was very fast,

material most closely resembles the UV-Vis spectrum in thisand was not observable on the millisecond scale of our mea-

range. surements. Therefore if heating plays a role, it is confined to
The difference between front and back illumination wasa very small region of the sample where the current density

studied for both silver paint and graphite paint contacts. Thiss a maximum in the vicinity of the contacts.

was done to examine the possible influence between chemi-

cal or work-function(photodiodé related properti€sof the ~ VII. SUMMARY

contacts. Although the graphite paint contacts were generally

higher in resistance, compared with silver paint contacts

;Mtt.h a(;t_af(f:luced S|gn3:-to-20|tse ratio, the_re Elt\:astno Clear qu_?rl]'due to the high sensitivitiand relatively high speeaf their
ative difierence In the photorésponse In the two cases. sistive properties, in response to light, coupled with their

temperatur.e depende_nce of the photpresponse rules O.Utvx?avelength selectivity due to adsorption processes related to
metal-semiconductor interface photodiode behavior, Whlcq

hould not ch ith bi diti that | hotodiod heir electronic structure. The ease of synthesis and process-
shoulid not change with blas condition—that IS, a photodio ?nag increases their potential usefulness in device applica-

current should be thermally assisted, and increase regardlet? ns. In the present investigation of these materials, we de-

of the bias condition. veloped and employed a method to discriminate between

We made a simple estimate of the quanium eff'c'em_:yoptical thermalization and photocarrier excitation processes

(which (Ijst?n |tnd|cat|o? of the n_un:rk])er of phlot(()jexc:[ed CaIm*in materials with activated conductivities. Future work will
te_rs) allr:h N l_emger: lt'"e rse in TE samp eh tu? do Cog've%cus on the electronic and photosensitive thin film devices.
rlt(e):tathroirgr;r]]at;]Z:sapmglgr\]/vzrs]et;%i/éalI;gfrt)sré)erolog uc?er CUTere it has been found that for sublimation, the pentacene
. b ‘0_ moieties order crystallographically on certain subtfates
cycle, or 1x 10" °C/s/cycle, which for about 100 Hz is 1 y grap y
X 10 C/pu!se. '_I'he powz:r of the laser was 0.5 m\./v,. Wh'Ch’ACKNOWLEDGMENTS
for 600 nm light is 5< 10**Hz, so the quantum efficiency, _
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Functionalized pentacene compounds in the solid state
hold promise for potential applications in photonic devices
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