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Gate-voltage dependence of carrier mobility is measured in high-performance field-effect transistors of
rubrene single crystals by simultaneous detection of the longitudinal conductivity �� and Hall coefficient
RH. The Hall mobility �H (���RH) reaches nearly 10 cm2=V s when relatively low-density carriers
(<1011 cm�2) distribute into the crystal. �H rapidly decreases with higher-density carriers as they are
essentially confined to the surface and are subjected to randomness of the amorphous gate insulators. The
mechanism to realize high carrier mobility in the organic transistor devices involves intrinsic-
semiconductor character of the high-purity organic crystals and diffusive bandlike carrier transport in
the bulk.
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Doped �-conjugated molecular semiconductors provide
unique electronic systems with a relatively small intermo-
lecular transfer integral (typically �0:5 eV) and signifi-
cant coupling to molecular vibration, both of which play a
major role even at ordinary temperatures. Simply, the two
fundamental transport mechanisms would be a band trans-
port with mass-enhanced carriers and a hopping transport
with self-localized carriers in predominance of molecular
reorganization energy [1]. The reality, however, has been
argued to be in some complex competition between the two
extreme cases, grounded on experimental and theoretical
works introducing the ideas of ‘‘polaronic band transport’’
[2–5]. Though understanding the carrier transport in such
‘‘soft’’ semiconductor crystals is of emergent importance
because of recent technological attention to organic flexi-
ble electronics, methods of experimental approaches are
still under development toward a full description of the
fundamental electronic states of the charge carriers.

A conventional method to evaluate carrier mobility � in
the bulk of organic semiconductors has been by the time-
of-flight (TOF) measurement using photoinduced carriers
accelerated by electric field [6,7]. Measuring the current of
space-charge carriers in the organic semiconductor has
been another approach to evaluate the bulk crystalline
mobility: � as high as�35 cm2=V s was recently reported
at room temperature with an ultrapure pentacene crystal
[8]. On the other hand, gaining popularity these days is to
measure the field-effect mobility �FET, accumulating car-
riers in the organic semiconductors by the application of
gate electric field to the adjacent gate dielectric insulators.
Since the induced carriers are attracted to the gate insu-

lators by the electric field, this method is generally re-
garded as a surface-sensitive probe. Besides the direct
relevance to the technology of the organic field-effect
transistors (FETs), the method provides a dc transport
property accessible to the lowest-energy physics at low
temperatures [9], as well as the maximum carrier density
one or two orders higher than achievable with the conven-
tional techniques. Recently, development of organic
single-crystal transistors enabled more fundamental evalu-
ation of �FET without influences of grain boundaries [10–
12], which would reduce carrier motion in polycrystalline
thin-film transistors. Furthermore, owing to recent Hall-
effect measurements, ‘‘intrinsic’’ Hall mobility �H is
given for the single-crystal FETs by discriminating well-
mobile carriers from narrowly hopping trapped charges
[13,14]. It is, however, still questionable if �H is identical
to the dc bulk mobility of the crystals, because the influ-
ences of the semiconductor-insulator boundary are not yet
fully understood.

In this Letter, we present an experiment to introduce
carriers inside the crystal with the configuration of FETs.
Since the organic semiconductors are basically nondoped
intrinsic semiconductors, the length scale of the carrier
distribution can be elongated in a weak electric field with
the use of purified single crystals in principle. Preparing
nearly best performing organic single-crystal FETs, we
show high-mobility transport of the in-crystal carriers for
the first time by simultaneous measurement of sheet con-
ductivity �� and Hall coefficient RH; the high mobility of
�10 cm2=V s is achieved when the field-induced carriers
rather dilutely distribute into the crystal at weak gate fields,
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whereas the mobility rapidly decreases with increasing
gate electric field, as the carriers are concentrated in the
vicinity of the interface.

We construct the bottom-contact FETs by laminating
thin rubrene crystals onto PVP/doped silicon substrates
on which 10-nm thick gold electrodes are evaporated and
patterned by means of photolithography [11,15]. To form
the PVP gate insulator on the doped silicon wafers, a
solution of poly-4-vinylphenol and polymelamine-co-
formaldehyde in propylene glycol monomethyl ether ace-
tate (PGMEA) is deposited by spin coating and cross-
linked at 200 �C for 20 min. The typical thickness of the
PVP layer is 1–5 �m. The single crystals typically less
than 1 �m thick are grown by physical vapor transport to
attach on the PVP substrates. Furthermore, the samples for
the Hall-effect measurements are shaped into the ‘‘six-
probe Hall-bar’’ using a laser etching equipment [16].
Source Measure Units of Agilent Technology E5270 semi-
conductor parameter analyzer are used to apply VD and VG,
to measure ID and gate leakage current IG, and to measure
voltages V1, V2, and V3 at three points on the crystal, for
the purpose of identifying longitudinal sheet conductivity
�� [ � ID=�V2 � V1�L12=W] and transverse Hall voltage
V3 � V1 in external magnetic field B perpendicular to the
channel [the configuration will be illustrated in the inset of
Fig. 1(d)]. L12 is the distance between the two voltage
probes along the current direction and W is the channel
width. All the measurements are carried out in the Ohmic
regime where �� is independent of VD.

Prior to the Hall-effect measurements, we have charac-
terized the rubrene/PVP FETs by usual longitudinal con-

ductivity measurements in zero magnetic field. Plotted in
the main panel of Fig. 1(a) is drain current ID as a function
of VG in the Ohmic regime (VD � �1 V) for the sample
that exhibited the highest mobility. The inset of Fig. 1(a)
gives a top view of the sample. Hole conductivity switches
on at the threshold gate voltage Vth and increases as
holes are accumulated in the rubrene crystal with nega-
tive VG application. For the above prepared rubrene/PVP
FETs, it is a general trend that transconductance gm�VG�
(�@ID=@VG) is larger at VG near Vth than at higher nega-
tive VG. According to the well-known formula

 �FET � 1=Ci@��=@VG; (1)

grounded on

 �� � Ci�VG � Vth��FET (2)

(we note that �� is given with the unit of S by integrating
conductivity with respect to the distance from the surface
of the crystal); mobility value �1 is evaluated to be in the
range of 5–25 cm2=V s near Vth, while �2 � 1–2 cm2=V s
at large negative gate voltages, depending on the samples.
Two among the 20 samples show outstanding values of �1

exceeding 20 cm2=V s.
Hall-effect measurements provide a direct estimate of

the carrier density as a function of VG in the high-mobility
crystal FETs so that the microscopic mechanism can be
elucidated of the rather unfamiliar transfer curves pre-
sented above. Noting that Eq. (1) is correct only when Ci
is not dependent on VG, it is necessary to examine whether
or not the carriers are doped with the same rate with
increasing VG as Ci�VG � Vth�, i.e., whether anomalous
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FIG. 1 (color online). (a) Transfer characteristics of a rubrene single-crystal field-effect transistor at 290 K. The red filled circles
show the drain current and the blue filled circles show the four-probe sheet conductivity of the channel. The inset is a top view of the
device. (b) Evolution of transverse voltage in the Hall-bar shaped rubrene single-crystal field-effect transistor (sample A) at 290 K for
four different gate voltages from 25 to �175 V. Magnetic field is swept back and forth from �10 to 10 T perpendicular to the
conduction channel, as shown in (c). (d) Inverse Hall coefficient (red filled circles) and sheet conductivity (blue filled circles) plotted as
function of gate voltage at 290 K, for the Hall-bar shaped rubrene single-crystal field-effect transistor (sample A) illustrated in the
inset. (e) Hall mobility as a function of gate voltage as a result of the simultaneous measurement of the Hall coefficient and the sheet
conductivity of the same rubrene single-crystal field-effect transistor sample A (red filled circles) at 290 K. The blue solid line
indicates a typical estimation of carrier-distribution depth with the unit of c-axis lattice constant of rubrene. The black dashed line
shows the two-monolayer criterion for a guide.
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polarization is absent in the gate dielectric layer. For the
Hall-effect measurement, external magnetic field is slowly
swept between 10 and �10 T back and forth to extract the
field-dependent component from the evolution of trans-
verse voltage Vtrans (�V3 � V1). Figure 1(b) shows Vtrans

of one sample (sample A) as a function of time in the
magnetic fields B, changing as Fig. 1(c). Subtracting
slightly drifting components by linear approximation, RH
is derived as RH � �VH=�ID�B�, using the component of
the Hall voltage �VH, which varies concomitantly with B.
The sign ofRH is positive, which is consistent with the hole
accumulation in the rubrene crystals.

The inverse of the Hall coefficient is plotted in Fig. 1(d)
together with �� as a function of gate voltage. In contrast
to the nonlinear profile of���VG�, 1=RH increases linearly
in the region of VG < Vth. Moreover, the line of Ci�VG �
Vth�, which shows the charge amount modulated by the VG
application, well agrees with the 1=RH � VG profile. Ci is
evaluated using �i and di of the PVP film; the former is
defined by the ac impedance measurement and the thick-
ness di is estimated to be 5	 0:5 �m with the laser optical
microscope. The result means that 1=RH indeed gives a
good measure of the amount of carriers in the rubrene
crystal, demonstrating extended electronic states that
manifest themselves in significant wave function overlap.
Similar conclusions were obtained in our previous report
for the rubrene=SiO2 FETs and by Podzorov et al. for air-
gap rubrene transistors [11,14]. In addition, the linear
increase of 1=RH with VG indicates absence of anomalous
polarization of the gate dielectric layer, which guarantees
correctness of Eq. (1). Therefore, the change in the slopes
of the transfer curves is solely due to the significant VG
dependence of �.

Hall mobility �H estimated by RH�� gives average
mobility of mobile carriers and is argued to give an intrin-
sic carrier mobility excluding influences of trapping
events. �H is plotted as function of VG in Fig. 1(e), show-
ing that �H decreases rapidly with the negative VG appli-
cation. The result demonstrates nonequivalence of carriers
introduced under different gate electric fields; neglecting
electron correlation in such a low-carrier-density system,
the �H�VG� profile comes from variation of the mobility
values depending on spatial distribution of the carriers.
Under high gate fields, the carriers have tendency to dis-
tribute in the vicinity of the interface because of larger
attractive electrostatic force and shorter screening length.
Therefore, the result of Fig. 1(e) indicates that �H of the
carriers located near the interface is reduced by significant
scattering subjected to random potential on the amorphous
polymers. On the other hand, carriers are more dilutely
distributed into inner crystal because of more pronounced
thermal diffusion against weaker gate field. Since diffusive
bandlike transport is assumed in the above mechanism, we
examine whether the mean free path ‘ can be sufficiently
long with the maximum mobility of �8 cm2=V s in
Fig. 1(e); within the nondegenerated electron gas model,

‘ can be evaluated at least �7:5 �A at 300 K, assuming the
effective mass of the holes m
 more than twice as large as
the free electron mass [17]. As compared with the inter-
molecular distance b (� 3:7 �A) in the stacking direction, ‘
is more than a few times longer, leaving a room to be
reduced by additional scattering. When �H decreases
down to �2:5 cm2=V s at higher gate voltage, the above
simplified calculation gives ‘ comparable to b, so that the
picture of the diffusive model becomes marginal. Since the
maximum mobility in Fig. 1(e) is determined due to limi-
tation of the measurement, even larger � could be realized
in the inner crystal. We note that bulk crystalline � as high
as �35 cm2=V s is reported for space-charge limited cur-
rent at least in intensively purified pentacene crystals [8].

To have more microscopic ideas, one can employ a
simple argument of the competition between the gate
electric field to confine the carriers to the interface and
their tendency to thermally diffuse into the crystal. We
introduce a length scale La for the carrier distribution in
the direction of thickness in the organic crystal, based on
the Poisson’s equation as discussed in Ref. [18]. La can be
given as �2�skBT=�eCi�VG � Vth��, where �s, kB, and T
are dielectric constant of rubrene in the thickness direc-
tion, Boltzmann constant and temperature, respectively.
Assuming that �s � 3�0 (�0 is dielectric constant in vac-
uum) and that Vth � 50 V, La is estimated for each VG as
shown in Fig. 1(e) by the unit of the lattice constant c in the
direction of thickness. Since �H drastically varies as VG
with the carrier distribution of a few-monolayer thickness,
the �H�VG� profile in Fig. 1(e) can be viewed as a cross-
over from in-crystal to surface (a few-monolayer) carrier
transport in the rubrene crystals. Therefore, the above
simple estimation of La appears to be consistent with the
present experiment, though more precise evaluation is
needed to define the exact crossover point avoiding ambi-
guities of Vth and of the residual interface charge. The same
discussion was also conjectured in some thin-film devices
of field-effect mobility around 0:3 cm2=V s though the
intrinsic mobility was not given without Hall-effect mea-
surement [19]. For pentacene thin films, similar charge
profile is suggested as the result of in situ mobility mea-
surement employing a layer-by-layer growth technique
[20]. We also note that the highest room temperature
mobility �20 cm2=V s achieved for the air-gap rubrene
FETs is also with rather dilute carriers in the order of
1010 cm�2 [21], where the carriers are not conceived to
be confined at the surface of the crystal.

Finally, we show temperature dependence of ���VG�,
1=RH�VG�, and�H�VG� profiles in Fig. 2. Though the sheet
conductivity and inverse Hall coefficient both apparently
decreases with decreasing temperature, the overall tem-
perature dependence of �H�VG� is minor. Similarly pre-
pared sample B shows near temperature independence of
�H�VG� with smaller range of the thermal cycle shown in
Fig. 2(d), as the result of the compensation between the
���VG� and 1=RH�VG� profiles. It is not yet clear whether
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or not �H�VG� can increase with decreasing temperature at
the low-carrier-density limit as reported for the air-gap
device with the density in the order of 1010 cm2=V s
[14], so that further idealization is required for the present
PVP devices. Since effective surface trap levels increase in
number at lower temperatures and partially terminate the
applied gate electric field at the interface, the amount of the
best mobile carriers located inside the crystal is reduced.
As observed for the 230-K curve in Fig. 2(b), density of
mobile carriers counted in 1=RH�VG� does not start to
increase with negative VG in the same rate as at room
temperature, until the gate electric field mostly fills the
band-tail states due to the trap levels around VG �
�150 V. At intermediate temperatures, admixture of the
best mobile carriers (�> 10 cm2=V s) deep in the crystal,
moderately mobile carriers in the vicinity of the interface
that are still counted in 1=RH�VG� (�� 1–5 cm2=V s), and
surface trapped charge (�� 0 cm2=V s), give rise to the
complicated VG dependence shown in Figs. 2(a) and 2(b).

It is to be emphasized that the present experiment first
reports unambiguously that the carrier mobility inside the
high-quality single crystals can be higher than that right at
the interface in organic field-effect transistors, employing
the Hall-effect measurements. The achievement of the near
bulk carrier transport is due to thermal diffusion of the
carriers into the crystal in the absence of dopant impurities,
grounded on intrinsic-semiconductor character of the pu-
rified rubrene single crystal. We note that the situation is in
sharp contrast to most inorganic devices on doped semi-
conductors, where the channels are confined to thin inver-
sion layers. Since it was commonly believed that the carrier
transport is always contaminated by the interfacial com-
plexities in the organic FETs, the successful carrier doping
into the ‘‘bulk’’ of the purified crystals is a marked experi-
mental progress to offer a realistic prescription of design-

ing high-mobility organic transistors, as well as to present
genuine electronic systems induced in the molecular-
orbital bands of neutral organic semiconductor crystals.

In conclusion, we found crossover from the high-
mobility bulklike carrier transport to lower-mobility sur-
face carrier transport, as the result of simultaneous mea-
surements of conductivity and the Hall effect as holes are
accumulated up to �1012 cm�2. High-quality rubrene
single-crystal/PVP field-effect transistors are prepared
with minimized trap densities at the interface so that the
gate electric field can penetrate into the crystal. As the
result, diffusive bandlike transport is realized in the inner
crystal with reduced scattering rate away from the interface
complexity. Interestingly, the above mechanism to achieve
the high mobility is practically applicable to real FET
devices, because of intrinsic-semiconductor character of
the organic semiconductors which allows thermal diffusion
of the induced carriers. The method of evaluating bulk
mobility at weak gate electric fields will be useful also in
developing high-mobility organic materials.
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FIG. 2 (color online). (a) Four-probe sheet conductivity,
(b) inverse Hall coefficient and (c) Hall mobility of the same
rubrene single-crystal field-effect transistor (sample A) as shown
in Fig. 3 at various temperatures. (d) Hall mobility of another
similarly prepared rubrene single-crystal field-effect transistor
(sample B) at various temperatures.
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