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Influence of the gate dielectric on the mobility of rubrene single-crystal
field-effect transistors

A. E. Stassen,® R. W. I. de Boer, N. N. losad, and A. F. Morpurgo
Kavli Institute of Nanoscience, Delft, University of Technology, Lorentzweg 1, 2628 CJ Delft
The Netherlands

(Received 15 July 2004; accepted 13 September 004

We have performed a comparative study of rubrene single-crystal field-effect transistors fabricated
using different materials as gate insulator. For all materials, highly reproducible device
characteristics are obtained. The achieved reproducibility permits one to observe that the mobility
of the charge carriers systematically decreases with increasing the dielectric constant of the gate
insulator, the decrease being proportionale®@®. This finding demonstrates that the mobility of
carriers in organic single-crystal field-effect transistors is an intrinsic property of the crystal/
dielectric interface and that it does not only depend on the specific molecule ug&l4@merican
Institute of Physics[DOI: 10.1063/1.1812368

Recent research efforts have led to the successful fabrspecific organic molecule used, but that it intrinsically de-
cation of field-effect transistors at the surface of single cryspends on the organic/dielectric interface.
tals of organic molecules. Work performed by different = The devices used in our investigations have been fabri-
groups has resulted in single-crystal devices of very higttated by means of two different, recently developed tech-
quality, exhibiting an unprecedented level of reproducibility. niques. Transistors based on Parylene C have been built fol-
For molecules such as tetracene, pentacene, and rubrene, kfving the processing described in Ref. 1, using aqueous
sentially identical resultée.g., comparable values for charge colloidal graphite or silver epoxy for the source, drain, and
carrier mobility have been obtained in different laboratoriesgate electrodegwith colloidal graphite resulting in better
and using different device fabrication techniqﬂ‘e%. performances as compared to eppxior these devices,

The quality of organic single-crystal field-effect transis- rather thick crystalgtypically 100 um or thicke) were used.
tors (FET9 opens new opportunities for investigations of Al other transistors were fabricated by means of electrostatic
both fundamental and applied character. In particular, the usgonding of much thinnetapproximately 1um thick) crys-
of single-crystalline devices permits one to study thetals on doped silicon substrates with prefabricated FET cir-
intrinsic—not limited by disorder—transport properties of cyitry, using a process identical to the one described in Ref.
organic semiconductors as a function of carrier density, ag, |n all cases, the crystals were grown in a horizontal oven
recently demonstrated by the observation of an anisotropigjmilar to the system used in Ref. 10 with argon as carrier
mobility in rubrene FETs exhibiting a “metallic-like” tem- ga5(50 ml/min). The majority of the rubrene crystals used
perature dependenéé.in addition, the reproducibility of in our investigations were needle shaped. As discussed in
single-crystal FETs permits one to investigate in detail howRef 7 these needle-shaped crystals grow preferentially
different aspects of the devices influence transistor operationyong the crystallographib axis, which corresponds to the
which is necessary to individuate the ultimate performancgjirection of highest hole mobilit}.Both the parylene gate
limits of organic transistors. and the oxide-gate transistors were fabricated with a large

In this letter, we report a comparative experimental studys,rce_drain distanq@lways larger than 30pm and typi-
of the electrical characteristics of rubrene single-crystal FET§a||y ~1 mm) to ensure that the measured transport occurred

fabricated using T#s, Al;Os, SIO,, and Parylene C as gate refarentially along this direction and to minimize contact
insulator. For the different dielectrics, field-effect transistorsgfracts on measurements performed in a two-terminal con-

exhibiting stable and hysteresis-free electrical behavior Caﬂguration.

be reproducibly realized. In all cases, the hole mobility ex- In the case of Si@based transistors, the gate insulator

tracted from room-temperature measurement of the transist%as a 200-nm-thick, thermally grown oxide layer. In the case

characteristics is remarkably ggte—voltage indepgndengf Ta,0s, a Nb layer acting as a gate was sputter-deposited
From these measurements, we find that the mobility deE)nto the Si substrate, followed by a 375-nm-thick layer of
creases from 10 chV s _(Pa_trylene_ c, 8:3'15. . Ta0s. Sputtering of TgOs was performed from a metallic
15 Cr_T?/V S (Ta,0s5,6=29 W't_h increasing the relative di- Ta target in the presence of oxygen in an argon plasma, with
electric constant. By comparing our data to those recentlyne o psirate held at approximately 300°C, according to the
reported for transmtggr)s fabrlcat(_ad using Parylene (A procedure developed in Ref. 11. Contrary to the case of
=15 cnt/V s;2=2.69" and polyd|m$thyIS|onan(aPDMS) Ta,O5 layers sputtered from a ceramic targethis proce-
air-gap stampgu=20 cnf/V s;e=1)," we conclude that a qyre results in negligibly low leakage current, at least up to
decrease in mobility with increasing the dielectric constaniyate fields of 3 MV/cm. Finally, AlO; devices were fabri-

of the gate dielectric occurs systematically in rubrene singlegateq by sputtering a 25 nm layer of,®; on top of a TaOs
crystal FETs. This result demonstrates that the mobility Mearyer. The roughness of the three different oxide layers was
sured in organic transistors is not only a property of themeasyred using an atomic force microscope and found to be
less than 0.1 nm. Figure 1 shows optical images of two ru-
¥Electronic mail: a.f.stassen@tnw.tudelft.nl brene single-crystal FETs fabricated by means of electro-
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FIG. 1. (Color onling Two rubrene single-crystal FETs fabricated by means 23 $i0,
of electrostatic bonding on AD; (a) and SiQ (b). In (a) the electrodes have o0000000000000008P0 o
been defined by evaporation through a shadow mask, wherebsphoto- 105
lithography and lift-off were used. In botfa) and (b) the bar is 20Qum . ox x X X ”f‘ 6 x
long. 0 x X Vs
1 ] I

. . . -15 -20 -25 -30 -35
static bonding on AlO; [1(a)] and on SiQ [1(b)]. V. (V)

Figure 2 shows typical source—drain voltage-currignt g
Vers_USVSd sweeps taken at dlﬁerent_values of the VOItageFIG. 3. (a8 Mobility vs gate voltage for a device on SiOmeasured at
applled to the gate eIeCFrO_‘ﬂvg) fora S'ngle'crYStal FET_On different values of source—drain voltagé.,=-5, -7.5, —10, -12.5, =15 V/,
SiO, (the inset shows similar data for a transistor fabricatedespectively, obtained using Eq(1). Note that in the linear regimév,
using Parylene € All measurements discussed here were>Vsd w does not depend o, andVq [the apparent peak at low values
performed in a two-terminal configuration in vacuum is an artifact originating from the use of E(.) ogt5|de the Ilngar reginje
(10_6 mbay), at room temperature, using a HP4156A Semi_(b) u(Vy) curves as measured for the four different gate insulators. For

! p ’ 9 “o . device based on parylene C, the suppression of contact effects often requires

conductor parameter analyzer. As shown in Fig. 2, essentialljte use of a rather large valué, (and thusV, to remain in the linear
no hysteresis is present in the measurements ant;ther-  regime.
susVgq are linear down to small appliedy voltages. For

electrostatically bonded transistors we performed in a numis required to avoid contact limitations to the current flowing
ber of cases four-terminal measurements and observed th@rough the devices.

owing to large length of the FET channel the contact resis-  \we use the relatioW is the channel widthl. the chan-
tance does not significantly affect the value of mobility ob-ne| length, andC, the capacitance per unit ajea

served in a two-terminal configuration. In the case of

Parylene C, the manually deposited contacts are often of _ L 1 1 4y )

) J L =— X —X
lower quality and the application of a large source—drain bias = w Cq Vsg 6V

to extract the value of the mobility from the linear part of the

5 oy transistor characteristics, as a function of gate voltage. Figure
4 3(a) shows the mobility data obtained using this relation for
g3 =Y different values of the source drain voltagé,;=-5, —-7.5,
2 poad -10, -12.5, and -15 V, respectivélfor one of the electro-
12- 1 xY statically bonded t_rgnsfistors 'With_SLin;ate insulator. The
—~ 30 a0 35V same value of mobility is obtained independenVgfandVy
i 94 in all cases, as long as the device operates in the linear re-
- 230 VI gime for which Eq(1) applies, i.e., iV, is sufficiently larger
- 61 25V thanv§d (the apparent peak in mob|!|ty present at IM@/ is
an artifact due to the violation of this conditiprhe field-
34 f(s):/, effect mobility extracted from the transistbrV characteris-
10V tics as a function of the applied gate voltage is shown in Fig.
0'0 1'0 J 2'0 j 3'0 . 40 SIOﬁ _3(b) Ifor transistors fabricated using all the different gate
V. ) insulators.

Figure 3b) also shows that the mobility of rubrene
FIG. 2. Source—drain current vs source—drain voltage measured at differeSingle-crysmII FETs is different for devices fabricated with
gate voltages for a device fabricated on gi@ith anL=1.2 mm channel %e different gate dlele_ctrlcs. AIthoth all transistors fe_lbrl'
length andW=200 um channel width. The inset shows similar data for a Cated show a spread in the values of measured mobilities,

FET fabricated using parylene € =650 xm,W=340 um). probably originating from defects induced by the crystal han-
Downloaded 16 Aug 2010 to 131.180.130.114. Redistribution subject to AIP license or copyright; see http://apl.aip.org/about/rights_and_permissions
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single-crystal FETs at room temperature holes are nearly lo-
calized by polaronic effects and cannot be described in terms
of extended states, as is the case for conventional inorganic
semiconductors. Therefore, also in single-crystal FETs, a
(nearly) localized charge carrier at the rubrene/dielectric in-
terface locally polarizes the dielectric. The electrostatic po-
tential generated by the induced polarization exerts an attrac-
tive force on the charge carrier itself that increases the
tendency toward carrier self-trapping. As the attractive force
is larger for largek, this qualitatively explains why the mo-
bility is reduced with increasing. Stated differently, at the
interface between the crystal and the gate insulator, the elec-
FIG. 4. Decrease of the mobility with increasiagas observed in rubrene trical p0|ar|?abll,|ty of the, enVIronmen_t eXpe_“enced by the
single-crystal FETs with different gate insulators. The bars give a measur€harge carriers is determined by the dielectric constant of the
of the spread in mobility values. Inset: when plotted on a log-log scale, thénsulating material. In this way, the polaronic dressing of
av_ailable dqta show a linear dependence with slopé.el the variation in Charge carriers is enhanced by the presence of a gate insula-
s is proportional toe™). tor with a large dielectric constant. As a consequence of this
enhanced polaronic dressing, the mobility is reduced.
dling during the fabrication process, we found that a large  The detailed microscopic understanding of the mecha-
fraction of devices exhibit mobilities in a rather narrow rangenijsm just proposed clearly requir¢gand deservesfurther
of values. Specifically, for transistors fabricated usingexperimental and theoretical investigations. From a funda-
Parylene Cu typically ranges between 6 and 10%W s,  mental perspective, this mechanism is interesting, since it
for SiO, between 4 and 6 ¢V s, for Al,O; devices best.  permits one to tune polaronic effects in a FET configuration,
values are 2-3 cfiV s, and for TgOs 1-1.5cmi/V's.  thus offering a tool for their study. For instance, experimen-
From these data, it is apparent that for all investigated rutally, it will be interesting to look in detail at how the tem-
brene FETs the measured mobility systematically decreasgserature dependence of the mobility evolves from the
when increasing the dielectric constant of the gate insulatometallic-like regime(du/dT<0)® to the thermally activated
This trend is consistent with the results obtained by others ofegime (du/dT> 0)*° with increasings (work is in progress
rubrene FETs fabricated using Parylene (B=2.69, for  in this direction. Finally, the findings are also relevant for
which the measure mobility ranges between 10 andpplications, as they clearly demonstrate that the speed of
15 cn?/V s,° and vacuunie =1) where the mobility range is  organic transistors can be enhanced by using levgate

16—20 cmd/V s. insulators.
Figure 4 summarizes the available data and clearly dem- _ ) )
onstrates the dependence jofon the dielectric constant. The authors acknowledge useful discussions with D. de

The inset of Fig. 4 additionally shows that, when plotted onLeeuw, M. E. Gershenson, S. Goennenwein, T. M. Klapwijk,
a log—log scale, the mobility decrease with increasings ~ and J. Veres. This work was financially supported by FOM.
&1 over the entire range availablslightly more than one The work of A.F.M. is part of the NWO Vernieuwingsimpuls
decadg From these data we directly conclude that the mo2000 program.
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