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Free-electron-like Hall effect in high-mobility organic thin-film transistors
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Gate-voltage-dependent Hall coefficient Ry is measured in high-mobility field-effect transistors of polycrys-
talline dinaphtho[2,3-b:2",3’-f]thieno[3,2-b]thiophene films. The value of Ry evolves with density of accu-
mulated charge ¢, precisely satisfying the free-electron formula Ry=1/g near room temperature. The result
indicates that the intrinsic charge transport inside the grains is bandlike in the vacuum-deposited high-mobility
organic-semiconductor thin films that are of significant interest in industry. At lower temperatures, even Hall-
effect mobility averaged over the whole polycrystalline film decreases due to the presence of carrier-trapping
levels at the grain boundaries while the free-electron-like transport is preserved in the grains. With the sepa-
rated description of the intergrain and the intragrain charge transport, it is demonstrated that the reduction in
mobility with decreasing temperature often shown in organic thin-film transistors does not necessarily mean

mere hopping transport.
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Electronic charge transport in organic semiconductors is
achieved by consecutively transferring charge from one
m-conjugated molecule to another that is weakly interacted
through van der Waals coupling. Though their transfer inte-
gral is typically one order of magnitude smaller than that in
covalently bonded inorganic semiconductors, excellent self-
assembling capability of the organic molecules enables them
to condensate into a semiconductor film with moderate mo-
bility u as high as ~1 cm?/V s near room temperature. This
process occurs even with relatively easy techniques such as
solution coating or vapor deposition, providing the basis for
the tremendous interest from industry. Indeed, it has been
reported that w of the polycrystalline organic thin-film tran-
sistors (OTFTs) in excess of that of amorphous-silicon films
is attributed to “ordering” of the molecules.'~* As an ultimate
performance of organic transistors, one order of magnitude
higher values of u are reported for rubrene single-crystal
transistors, where molecular ordering is nearly perfect in the
whole semiconductor channels.’~” Therefore, it is empirically
conceived that extent of molecular ordering is an important
factor to determine the carrier mobility, and hence the device
performance. However, the mechanism that associates the
microscopic molecular arrangement with macroscopic
charge transport is yet to be elucidated.

For the charge dynamics in organic semiconductors, com-
plexities originating from the “softness” are also to be taken
into account, though it appends another attractiveness to the
materials, providing mechanical flexibility for the use in
large-area rollable displays, for example. Because of signifi-
cant vibrational displacement of the molecules, the charge
transport can be subjected to the nonadiabatic effect or “dy-
namical disorder” at room temperature.®® Furthermore, the
energy scale of their transfer integrals, which is on the order
of 0.1 eV, is close to that of molecular reorganization upon
ionization that could drive the system to self-localization of
small polarons. In the semiconductor channels of organic
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transistors, interfacial states and dynamic coupling between
the charge carriers and the gate-dielectric polarization can
also be involved in the charge dynamics.'? Because of these
complexities, it is challenging to understand the fundamental
charge-transport mechanisms in the OTFTs, which is also
urgent because of the expectation for next-generation elec-
tronic devices. In order to experimentally elucidate the fun-
damental question whether the charge propagate diffusively
by the band-transport mechanism or based on site-to-site
hopping in the OTFTs, we employ Hall-effect measurement
on organic transistors with high-mobility polycrystalline thin
films, which is regarded to be also relevant for industrial
applications.

Hall effect is viewed as linear response in charge flow to
magnetic flux B, originated from an electromagnetic cou-
pling between momentum 7%k of the charge ¢ and vector
potential A, which appears in the second term of the kinetic
Hamiltonian ﬁ*(ﬁk+qA)2. Therefore, the effect is grounded
on electronic states that are spatially extended in sizable mo-
lecular sites so that the states can be defined with their wave
vector k. Within the free-electron approximation, the Hall
coefficient R;=Vy/(IB) equals to 1/Q with the charge den-
sity O, where I represents the charge current. Vi, is the Hall
voltage in the direction perpendicular to both / and B. A
correction parameter 7y in the order of unity is multiplied to
the right-hand side of the equation if elastic scattering is
dominant.'? If the charge is spatially localized and the trans-
port is based on a site-to-site hopping (tunneling) between
the electronic states described with their locations r’s, on the
other hand, there is no kinetic term to give rise to the Hall
voltage.!®> Though interference between pairs of consecutive
hopping processes results in finite Hall voltage, the value
becomes much smaller than that for the free-electron-like
carriers, as is demonstrated in amorphous-silicon TFTs.!4-16
Therefore, the measurement of Hall effect is useful to iden-

©2010 The American Physical Society


http://dx.doi.org/10.1103/PhysRevB.81.161306

YAMAGISHI et al.

tify the fundamental transport mechanism in organic semi-
conductors.

Up to now, Hall-effect measurements were reported only
for rubrene single-crystal transistors and pentacene thin-film
transistors; the former showed typical free-electron values
for Ry as a function of ¢ (Refs. 17-19) whereas the latter
showed significant deviation from 1/Q.2° Although also
other probes indicate bandlike transport in rubrene single
crystals,?’?? the reason of the deviation in the pentacene thin
film is not yet clear; it is experimentally difficult to prepare
pentacene single-crystal transistors avoiding the effect of sur-
face oxidization. In order to study the effect of the molecular
ordering on microscopic carrier transport, it is particularly
important to compare the transport in a single crystal inde-
pendently grown from gas phase without any substrate and
that in a grain of a thin film deposited on a substrate, using
the same experimental setup. In the present experiment, we
measured Hall effect and four-terminal conductivity of both
single-crystal and granular thin-film transistors of
dinaphtho[2,3-b:2’,3’-f]thieno[3,2-b]thiophene ~ (DNTT)
(Refs. 23 and 24) so that in-grain charge-transport mecha-
nism, influence of the molecular ordering, and the effect of
grain boundaries can be investigated for the same compound.

The single-crystal device (Sample SC) was prepared fol-
lowing the same method developed in our previous experi-
ments for rubrene single-crystal transistors;'”!° a thin plate-
let of the crystal was grown to the thickness of
approximately 1 um in a two-zone tube furnace by physical
vapor transport and was attached electrostatically to a
n**-Si/Si0, substrate with source and drain electrodes al-
ready patterned with 20-nm-thick gold. The doped Si layer is
used for the gate electrode and SiO, with the thickness of
500 nm forms the gate insulating layer, where the relative
dielectric constant is 3.9 so that the gate capacitance C per
area is evaluated to be 6.9 nF. Self-assembled monolayers
(SAMs) are coated on the SiO, surface by depositing the
vapor of decyltrichlorosilane.

In addition, two thin-film devices were vacuum deposited
on the n**-Si/Si0O, substrates in different conditions; for
Sample A, DNTT is deposited on n**-Si/SiO, substrate with
the SAMs in our best-tuned condition which usually realizes
mobility exceeding 1 cm?/V s, where temperature is ac-
tively controlled at the boat to keep the deposition rate at
0.5 A/min. For Sample B, the film is deposited in one order
of magnitude faster rate on the substrate without the SAMs.
Gold is deposited to form top-contact electrodes of the
source, drain, and additional pads to probe potentials in the
channel. A laser-etching technique is employed for all the
three samples to shape the channels for the Hall-bar configu-
ration.

Figure 1(a) shows a top view of Sample A with the width
W, length L, and distance / between the additional voltage-
probing electrodes, which are 60 um, 200 um and 80 um,
respectively, for all the three samples. Atomic-force micro-
scope (AFM) is used to characterize morphology of the thin-
film samples as shown in Figs. 1(b) and 1(c) for Samples A
and B, respectively, where apparent difference in the grain
sizes is visible. As illustrated in Fig. 1(a), voltages V|, V,,
and V3 are measured at three different positions in the
channel so that the two-dimensional (four-terminal) conduc-
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FIG. 1. (Color online) (a) Optical view of a DNTT thin-film
transistor for the Hall-effect measurement. Schematic is also shown
for the measurement of voltages at different positions in the chan-
nel. (b) AFM picture of the film deposited slowly at the rate of
0.5 A/min (Sample A). (c) AFM picture of the film deposited at the
much faster rate of 5 A/min (Sample B).

tivity per square sheet o [=1/(V,—V,)l/W] and transverse
voltage (V3—V;) are measured simultaneously as a function
of gate voltage V. o equals to the product of mobility and
charge density g. Magnetic field is swept back and forth at
least three times in the range from —10 to 10 T so that slowly
drifting signal is subtracted to evaluate AV for the peak-to-
peak magnetic field and Ry is evaluated by AVy/(IAB),
where AB=20 T.

Figure 2(a) shows the plot of the inverse Hall coefficient
as a function of gate voltage for the single-crystal device
(Sample SC) at room temperature. 1/R; increases with nega-
tive Vs in accordance with the free-electron formula
1/Ry=|CV,| within the accuracy of the measurement, pre-
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FIG. 2. (Color online) (a)—(c) Inverse Hall coefficient 1/Ry and
sheet conductivity plotted as a function of gate voltage at 280 K.
The slopes represented by the broken lines with the left-hand-side
scale correspond to the capacitance of the gate insulator. (a), (b),
and (c) are for Sample SC, Sample A, and Sample B, respectively.
(d) Sheet conductivity vs inverse Hall coefficient at 280 K, plotted
for Sample SC, Sample A, and Sample B.
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senting a clear indication of the diffusive charge transport.
The four-terminal sheet conductivity is plotted together,
showing a monotonic evolution of o5 with negative V; due
to the hole accumulation. We define field-effect mobility
mppr on the four-terminal measurement 1/C-do/dVs and
Hall-effect mobility uy as Ryo. The single-crystal sample
satisfies the free-electron formula in the Hall-effect measure-
ment so that ppgr is identical to py. pmpgr 1S approximately
3 ¢cm?/V's, which reproduces the value of gy in
our previous experiment.’* The whole results resemble
those for high-mobility rubrene single crystals with
wrer~8 cm?/V s at room temperature, which we reported
previously.'?

Figure 2(b) presents the plot for the device with the
slowly deposited polycrystalline thin film (Sample A). Simi-
larly as the result of the single-crystal device, 1/Ry increases
with negative V; following the slope defined by C, though
threshold V, is not negligible because of possible deep trap
levels and/or dipoles at the interface. The result indicates that
all the mobile charge is again diffusive with spatially ex-
tended electronic states. Due to the microscopic origin of the
Hall effect, 1/Ry is not strongly influenced by the presence
of grain boundaries as long as their intergrain electrical con-
nection is fairly good, which is demonstrated in the present
result itself. The measured Hall voltage appears as the sum-
mation of local Hall voltages generated at the grains in the
direction perpendicular to the current. wypy is estimated to be
approximately 1.2 cm?/V s using the result of the four-
terminal sheet conductivity and is identical to uy. Note that
the value is averaged over the whole channel including both
intragrain and intergrain components in the DNTT thin film.

The plot for Sample B is shown in Fig. 2(c). For this
sample, the increasing rate of 1/Ry with negative V is sig-
nificantly smaller than that given by C in the region where
|V <30 V. The result suggests that the carriers are not in
motion all the time and that they are trapped at (shallow)
interface states for a considerable period, as described by the
multiple trap-and-release model.”> The measured value of
1/Ry counts only time-averaged density of the moving
charge.'® The same behavior was reported for rubrene single-
crystal transistors at temperatures slightly lower than room
temperature.'® With the application of higher V;, however,
the slope gradually approaches that defined by C, with the
trapping sites being filled. wpg; of 0.4 cm?/V s is obtained
from the measurement of op; in the region of [Vg>30 V,
which again includes the grain-boundary component. Since
the difference in the results of the Hall-effect measurements
for Samples A and B is attributed to properties inside the
grains, we suspect that the shallow traps responsible for the
multiple trap-and-release conduction would be in-grain mo-
lecular disorder. Indeed, x-ray diffraction experiments show
a general tendency that thin films with smaller grains are of
poorer crystallinity.”® We are currently under way for high-
intensity x-ray diffraction experiments to have more detailed
description on the microscopic in-grain charge transport in
conjunction with the molecular ordering.

In Fig. 2(d), o is plotted against 1/Ry, which can be
regarded as the density of diffusive carriers affected by the
electromagnetic force so that the slope gives Hall mobility
my- Note that this plot shows the value of uy more directly
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FIG. 3. (Color online) (a) Inverse Hall coefficient (red filled
circles) and sheet conductivity (blue filled circles) plotted as a func-
tion of gate voltage for Sample A at 160 K. The slope represented
by the broken line with the left-hand-side scale corresponds to the
capacitance of the gate insulator. (b) Sheet conductivity vs inverse
Hall coefficient in Sample A at 160 K. (c) Temperature dependence
of Hall mobility in Sample A.

from the slope than the standard plots of 1/Ry vs CV; and o
vs CV shown in Figs. 2(a)-2(c). uy=pppr for Sample SC
and Sample A while the equation is valid only with
|Vl >30 V for Sample B; uy represents the carrier mobility
of only well-mobile diffusive carriers while upgy includes
the effect of (shallow) charge traps. The estimated mobility
for Samples A and B still includes resistances at grain bound-
aries, which is partially responsible for their smaller values
than that of Sample SC.

We measured the Hall effect also at lower temperatures
for Sample A to have microscopic insight for the temperature
dependence in high-mobility OTFTs, which is the most in-
terested for application because temperature dependence of
the mobility is often argued associated with the charge-
transport mechanism. The result at 160 K is presented in
Fig. 3(a). 1/Ry shows nearly linear regression as a function
of V, which suggests that all the carriers transport like free
electrons in Sample A even at 160 K. The o5 vs 1/Ry plot
shown in Fig. 3(b) indicates that the Hall mobility is smaller
at a lower temperature in the region of low V. Although the
concave curvature of the transfer characteristics qualitatively
resemble those for Sample B at room temperature, the cur-
vature in the 1/Ry vs Vi plot is different from that in Fig.
2(c), indicating that microscopic picture of the charge trans-
port is different between the two cases.

Shown in Fig. 3(c) are uy measured similarly for Sample
A in the low-V; region and for Sample SC. The value of uy
decreases monotonically with decreasing temperatures for
Sample A while the temperature dependence is almost neg-
ligible down to 200 K for Sample SC (the crystal was dam-
aged at 190 K due to different thermal-restriction rate in the
Si substrate). Noting that the in-grain transport mechanism is
bandlike as the result of the Hall-effect measurements for
Sample A, it is not likely that local mobility in the grains
decreases at low temperatures. Therefore, the temperature-
dependent wy is attributed to an additional resistance at grain

161306-3



YAMAGISHI et al.

boundaries; assuming in-gap trap levels at the boundaries,
the temperature dependence is attributed to a thermally as-
sisted process to release the trapped charges. As the result of
the simultaneous measurements of Hall effect and four-probe
conductivity, the plausible description of the charge transport
in Sample A turned out to be a mixture of in-grain bandlike
transport and temperature-dependent grain-boundary resis-
tances. The picture is different from a simple argument that
temperature dependence of decreasing mobility with decreas-
ing temperature is an indication of mere hopping transport.

Finally, we would like to briefly remark on the mean-free
path € in the present semiconductor material as compared to
that in rubrene crystal, based on u measured in Sample SC.
It was argued previously that € in the rubrene crystal could
be only a few times longer than the molecular distance at
room temperature 7" within the simple nondegenerated two-
dimensional electron-gas model, €~ \2kgzTm*(u/e), if one
assumes the effective mass m* comparable to that of a free
electron.”? kp is Boltzmann constant and e is the electron
charge. Since it is difficult to assume even shorter € for the
diffusive charge transport, the difference in wppr between
rubrene and DNTT would be attributed at least partially to
the difference in m*. Indeed, our simple calculation based on
the extended Hiickel molecular orbitals gives relatively small
transfer integral of 79 meV for DNTT.?* In order to fully
understand dynamics of the carriers in these organic semi-
conductors, which seem to be on the verge of localization,
direct measurement and/or more reliable calculation of m*,
more precise evaluation of € are to be further proceeded
toward establishment of the microscopic model of the charge
transport in the “soft” crystals.
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In conclusion, the simultaneous measurement of the Hall
coefficient and four-terminal conductivity in the single-
crystalline and polycrystalline samples of the DNTT field-
effect transistors has provided separated description on the
intragrain and intergrain charge transport. The electronic
states are basically extended over molecules so that the band-
like diffusive transport is realized, exhibiting the textbook-
like free-electron Hall effect of 1/Ry identical to the amount
of accumulated charge. The above feature is qualitatively
same in independently grown single crystals and in a single
domain of the polycrystalline film carefully deposited on a
substrate, though the domains in lower-quality films include
considerable charge-trap sites to slow down the charge mo-
tion. Grain boundaries affects to diminish the field-effect mo-
bility measured for the whole polycrystalline films, giving a
dominant contribution in further reducing mobility upon
cooling. The fundamental charge transport does not rely on
hopping in the high-mobility granular OTFT sample, even
though mobility decreases with decreasing temperature.
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