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Hole mobility in organic ultrathin film field-effect transistors is studied as a function of the coverage.
For layered sexithienyl films, the charge carrier mobility rapidly increases with increasing coverage and
saturates at a coverage of about two monolayers. This shows that the first two molecular layers next to
the dielectric interface dominate the charge transport. A quantitative analysis of spatial correlations
shows that the second layer is crucial, as it provides efficient percolation pathways for carriers generated
in both the first and the second layers. The upper layers do not actively contribute either because their
domains are smaller than the ones in the second layer or because the carrier density is negligible.
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The mechanism of charge transport in organic field-
effect transistors (FETs), where a thin film of conjugated
molecules acts as the semiconductor layer, is still a chal-
lenging problem. Since the demonstration of organic
FETs [1-3], the charge carrier mobility u at room tem-
perature (RT) has increased from 107#~1073 up to a
few cm?/Vs [4,5]. In organic single crystals, w is
~1-10 cm?/Vs at RT and increases with decreasing tem-
perature [6,7], as a result of charge coherent motion due to
long-range molecular order. In thin film transistors, w is
usually one or two orders of magnitude smaller and
decreases with decreasing temperature. Transport in
thin films is governed by hopping through energy-
disordered localized sites [8], and the discrepancy may
arise from partial disorder, structural defects, traps, or
imperfect interfaces with the electrodes [9-12]. In order
to understand the crossover from thin film to single crys-
tal transport, it is crucial to experimentally control the
structure and morphology of the accumulation layer in a
FET. Continuum electrostatic models predict that the
accumulation layer resides within one or a few molecular
layers in contact with the gate dielectric [11]. Few experi-
mental studies have addressed the nature of the accumu-
lation layer in FETs with thin films of different
thicknesses [13] and single domains [14]. No conclusive
evidence of a thickness effect on charge mobility has been
reported.

In this Letter, we show that, in ultrathin films of
sexithienyl grown in a molecularly ordered layer-by-layer
fashion, w is a rapidly increasing function of coverage ©®
and saturates at a plateau upon completion of the second
layer. This demonstrates that (i) charge carrier mobility
has a length scale dependence and (ii) only the first two
molecular layers next to the dielectric interface contrib-
ute to the charge transport. The physical size of the
transport layer, which may not necessarily coincide
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with the accumulation layer, is discussed in terms of the
spatial correlations between layers.

We investigate charge carrier mobility in sexithienyl
FETs where film thickness was systematically varied.
FET test devices were fabricated from heavily n-type
doped Si wafers that act as a common gate contact. A
200-nm thin insulating layer of SiO, was thermally
grown and passivated by hexamethyldisilazane. The gate
capacitance per unit area C; is 17 nF/cm?. Interdigitated
source and drain Au/Ti electrodes were made by photo-
lithography with channel length L and width W ranging
from 1 to 40 wm and 103 to 2 X 10* wm, respectively.

Sexithienyl thin films are grown on the FET substrates
by sublimation in an organic molecular beam apparatus
(107'9 mbar base pressure). Deposition rate F is moni-
tored with a quartz oscillator. Two sets of samples are
reported here: one termed high rate (HR) obtained at
constant deposition temperature 7 = 150°C and F =
0.6 nm/ min; the other, low rate (LR) at T = 120°C
and F = 0.12 nm/ min. Both conditions yield layered
growth on the dielectric substrate, with sexithienyl mole-
cules oriented normal to it [15,16]. In this regime, scaling
properties can be renormalized by the ratio between mo-
lecular self-diffusivity D « exp(—E;/k,T) and F [17].
For sexithienyl, E; = 0.3-0.4 €V [15,18], so D/F of the
HR series is 2—3 times smaller than D/F of the LR series.
Film thickness is proportional to coverage ® expressed in
monolayer (ML) units and is measured from atomic force
microscopy (AFM) images [19]. For sexithienyl 1 ML =
2.4 nm, and O is varied between 0.1 and 10 ML.

The p-type sexithienyl FETs are operated in accumu-
lation in air. Devices were also measured in vacuum
(1073 mbar) after annealing for 1 h at 90 °C. In air we
observe a +8 to +10 V turn-on voltage V, (consistent
with [13(b)]), and a slight hysteresis that disappears in
vacuum [20]. In Fig. 1(a) the transfer characteristics of LR
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films show saturation at high gate voltage and a small
hysteresis that decreases with increasing coverage. LR
devices are more stable in time and upon repeated opera-
tions with respect to HR ones. The mobility is extracted
from the transfer characteristics at fixed V, = —20 V and
L =40 pum [21] and plotted in Fig. 1(b) as a function of
0. For the HR series, as ® < 1.5 ML, w rises as a power
law with an exponent equal to 2.4 = 0.02. For 1.5 < 0 <
2 ML, u rises faster with an exponent = 6.5 = 2.8. As
® =2 ML, w reaches a plateau whose mean value is
uur = 0.015 cm?/Vs. For the LR series, the trend is
similar, but p is always larger than the HR values and
saturates at u g = 0.043 cm?/Vs for © = 1.3 ML.
Saturated w values compare with the largest charge mo-
bilities reported for sexithienyl transistors ( 0.15 cm?/Vs
in single crystal [22] and 0.02-0.03 cm?/Vs in thin film
FETs [4]). We infer that the FET current is sustained by
the first two layers, while the upper layers do not effec-
tively contribute to transport. This is the first direct
evidence of the physical thickness of the transport layer
in organic thin film transistors.
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FIG. 1. (a) Transfer curves at V; = —1 V for LR films with
coverage of 1.1 (lower curves) and 3 ML (upper curves).
Mobility is extracted at V, = —20 V. Solid and dashed lines
are forward and backward gate sweeps, respectively. (b) Hole
mobility versus coverage. The solid line is the fitting function
o= peudl — exp[—(0/0,)*]} yielding plateau gy, crossover
coverage ©., and exponent «. For HR series (circles),
Mo = 0.015(+0.001) cm?/Vs, ©,=2.1(=0.1)ML, and a=
6.5(*2.8). The dashed line is the power law fit to submono-
layer mobility with @ = 2.4(%=0.02). For LR series (squares),
Mo = 0.043(+0.003) cm?/Vs, O, = 1.29(+0.07) ML, and
a =7.1(%2.9).
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We compare the evolution of mobility with that of the
morphology. For HR films (Fig. 2, left column) at ® <
0.5 ML, monolayer islands nucleate and grow on the di-
electric surface. At ® = 0.7 ML the islands have coa-
lesced, forming a network. As the first layer is completed
(0 = 1.1 ML), nucleation of the second layer starts. The
density of nuclei at the second layer is smaller than in
the first layer. At ® = 1.5 ML the islands of the second
layer are substantially larger than the ones in the first
layer. The third layer nucleates before the completion of
the second layer. An increasing number of islands nucle-
ates in the upper layers as ® > 2 ML: at ©® = 2.2 ML, the
fifth layer; ® = 3.5 ML, the seventh layer. The stacking
of monolayer terraces makes islands grow progressively
more 3D. The thickness of each layer Ah = 2.4 = 0.3 nm
from AFM matches the crystallographic value (half of
the a axis is 2.27 nm in powders, 2.43 nm in single
crystals) [23,24]. Molecules retain their out-of-plane ori-
entation with their long axis almost normal to the surface.

FIG. 2. Evolution of sexithienyl film morphology for increas-
ing coverage: (left column) HR and (right column) LR series.
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In the case of LR films (Fig. 2, right column), the
nucleation density on the dielectric substrate is compa-
rable to that of the HR films, while the nucleation density
of the second layer is higher. Above 2 ML, the layers keep
on forming with the island-nucleation-and-growth
mechanism up to, at least, a coverage of 6 ML. This is
clear from the comparison of the morphology at & = 2
and 3 ML.

The evolution of the morphology has been analyzed by
means of the surface roughness w, which is the root mean
square fluctuation of the film topography h, and the
correlation length & of the height fluctuations that repre-
sents the characteristic length scale [18]. Image scan size
was fixed at 10 wm. At this length scale, larger than &, w
is scale invariant [17,18]. For a layered morphology, w
describes the out-of-plane disorder with respect to the
homogeneous layer, and is expressed as

w = /(h%) — (W) = AR{[2A(0) — 1 — ©]O}/2. (1)

The mean layer number 7(®) = >, i(0;/0) depends
on the distribution of layers that is determined by the
growth mechanism. In layer-by-layer growth, only the
uppermost nth layer contributes to w. Since ®; = 1 for
i<nand ®,=1—n+ 0, Eq. (1) becomes

w=Ah[2n —1)® — n(n — 1) — ©2]"/2, (2)

Figure 3(a) shows w versus coverage ®. The roughness
evolution of the first monolayer is in remarkable agree-
ment with Eq. (2) for n = 1, viz. w = AR[O(1 — ©)]%>.
In the case of the HR films, layer-by-layer growth con-
tinues also for the second layer, albeit as 1.5 < Q <
2 ML, w overshoots the ideal values and changes abruptly
as ® =2 ML. Onset of power-law scaling with w =
©042(=003) 5 established at @ > 2 ML. This is consistent
with the roughness scaling behavior expected for a sys-
tem governed by the Schwdbel barrier, viz. w = @F <
©9%5[25]. At ® = 2.2 ML the contribution of the first two
layers to total coverage is ©®; = 0.99 ML and ©, =
0.91 ML, respectively, while for larger ®, upper layers
contribute more than 30% of the total coverage. Thus, for
the HR series, a roughening transition from 2D to 3D
growth coincides with the onset of saturation of the
charge carrier mobility. In the case of the LR films at
high coverage, w takes values in the range consistent with
layer-by-layer growth.

Figure 3(b) shows the correlation length ¢ extracted
from AFM images using the analysis of the topographi-
cal power spectrum density [18]. Noticeably, the maxi-
mum ¢ is reached at the coverage ® between 1 and 2 ML,
then it decreases for the HR films or remains constant for
the LR films. This implies that the islands of the second
layer are larger than the islands in the first layer and,
hence, they extend across the domain boundaries of the
first layer. The size of the islands of the third and upper
layers is smaller than or comparable to that of the islands
in the second layer.
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FIG. 3. (a) Saturated roughness vs coverage. The solid line is
Eq. (2); the dashed line is a power-law fit with exponent 8 =
0.42 = 0.03. The roughness of the bare substrate (@ = 0 ML) is
added as an offset to Eq. (2); (b) correlation length vs coverage;
solid lines are guides to the eye. Circles and squares are data of
HR and LR series, respectively.

The combined evidence on u and morphology allows
us to infer that, in layered organic thin film transistors,
charge transport is governed by percolation across the
first layer and mediated by the second layer. In the for-
mation of the first layer, coverage and domain boundaries
between coalescing islands determine the percolation
pathways. By assuming that u scales like the conductiv-
ity versus coverage in a percolation problem, then a power
law with exponent & = 1-1.4 for percolation in 2D and
a = 1.5-2 in 3D should be expected [26,8]. For O <
1 ML the geometry-corrected exponentis o = 2.4 — 1 =
1.4 [27], consistently with percolation scaling in 2D.
Noticeably, for 1 < ® < 1.5 ML the mobility increases
when the second layer is not yet connected through the
channel. This implies that the islands of the second layer
provide additional paths for the carriers generated in
the first layer by bridging across domain boundaries of
the first layer. Charge transport across stacked layers is
not relevant in oligothienyl crystals due to the weaker
coupling between molecules in adjacent molecular
planes. In thin films, instead, the probability of the charge
being transferred from one layer to an adjacent one is
modulated by the transport rate across domain boundaries
of the first layer and enhanced by the fact that the contact
area between first and second layer is large compared to
the longitudinal cross section. Such mechanism of inter-
layer transport becomes less important when a few do-
main boundaries are present in the first layer. Comparison
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between LR and HR series indeed suggests that the role
of the second layer diminishes when the molecular order
in the first layer increases. This might be indeed the case
of the experiment reported in Ref. [14] and in single
crystal transistors. Layers above the second one do not
significantly contribute to percolation, because they are
either largely incomplete (as in HR series) or because
their domain size is smaller.

A final consideration concerns the charge distribution
in ultrathin films. Based on the Poisson equation for a
continuous, semi-infinite, isotropic semiconductor, the
Debye length (that quantifies the size of the accumulation
layer) of sexithienyl films was expected to be comparable
to the thickness of one monolayer [11]. This implies that a
negligible charge carrier density is generated in the upper
layers. The increase of the experimental exponent from
a = 2.4 to a = 6-7 cannot be accounted for solely by the
increased dimensionality of the active layer. This strongly
hints that a relevant carrier density is generated in the
second layer and transported as this layer becomes more
and more connected. Modeling of the charge distribution
in the accumulation layer should take into account the
anisotropic dielectric permittivity, finite thickness, and
layered architecture. Substantial carrier density may also
be present also in layers above the second one [28];
however, it does not contribute to charge transport be-
cause of unfavorable spatial correlations. Thus, transport
and accumulation layers may not necessarily coincide.

In conclusion, the spatial correlations at different
length scales, from intermolecular distances to the chan-
nel length, play a crucial role on the transport mechanism
in layered thin films. This, together with the fact that
charge density is generated also in upper layers, suggests
that charge mobility can be enhanced by tailoring length
scales and stacking sequence of the molecular layers.
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