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ADT molecules?®. This orientation is the most favorable for
charge transport across the channel. Also shown in Fig. 3a is
uGIWAXS from the center of long-channel devices where the
PFBT templating is lost, as demonstrated by the appearance of
diffraction features from the (111) crystal orientation. From
Fig. 3a, it is clear that there is no significant variation in (111)
fraction between the two electrodes. Additionally, there is no
evidence for significant lattice strain that has been invoked as the
origin of high mobility 6,13-bis(triisopropyl-silylethynyl) penta-
cene (TIPS-pentacene)?’. Shown in Fig. 3b are NEXAFS results
from PFBT-treated Au films deposited at 0.5 As—! and 2 As~1,
labeled as “slow” and “fast”, respectively. Partial electron-yield
NEXAFS is sensitive only to the surface of the film, and thus it is
most relevant to the channel of the top gate devices. The NEXAFS
is remarkably similar for the different deposition rates, showing
that the composition of the samples is not altered, and that the
molecular orientation (predominantly “edge on” with the highest
m* intensity at normal incidence) is similar at both slow and fast
rates, consistent with the bulk pGIWAXS.

Contact resistance in OFETs. Since no major differences were
observed in the morphology of the film as a function of contact
deposition rate, we further focused on the quantitative analysis of
the changes in the contact resistance. The total device resistance
Ryevice 18 given by the channel resistance, Ry, (a quantity which is
proportional to the channel length), and the contact resistance
Rc, as shown in Equation (1). Rc in a staggered structure, such as
the ones studied here and depicted in Fig. 2c, has two main
contributions: the interface resistance, R;,., and the bulk resis-
tance, Ry, which can be seen in Fig. 2d and Equation (2). Ry is
a result of the properties of the electrode surface, including the
energy level mismatch between electrode and semiconductor, and
the presence of interfacial dipoles, whereas Ry, reflects the
transport of the injected charges through the organic semi-
conductor, from the electrode/semiconductor interface to the
accumulation layer. Thus, Ry, strictly depends on the con-
ductivity of the semiconductor in the direction perpendicular to
the channel and the thickness of the semiconducting layer. The
relations between the Ryeyices Rchs Rinws and Ry in the linear
regime are as follows:

Ripvice Y2 R, ALP PR, alb

Rec %2Ry P Ry @p

We evaluated the contact resistance for the devices corre-
sponding to each contact deposition rate using the gated
transmission line method (gated TLM), based on Equation (1),
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and the results are displayed in Fig. 2b. The gated TLM was based
on the value of Iy in the linear regime taken at an overdrive
voltage of Vigs - Vi, =—40 V with Vpp, determined by the
second-derivative method?®. Details about this analysis are
included in Supplementary Fig. 8. It is clear from Fig. 2a and b
that the increase in the average field-effect mobility as a function
of contact deposition rate is mirrored by the inverse trend in
contact resistance. The devices obtained using a fast deposition
rate of 3 As™! exhibit large contact resistance, Rc = 3.1 kQcm,
which yields a field-effect mobility of pg¢avg = 3.2 0.5 cm?V—ls
~1. By slowing down the deposition process to a rate of 0.5 As~1,
we reduced the contact resistance by six times, to 500 Qcm.
Consequently, the effective mobility measured in these devices is
very high. This outcome suggests, along with the identical GIXD
and NEXAFS results, that the drastically improved device
performance is a result of the enhanced charge injection provided
by the lower deposition rates, which yields lower contact
resistance. The resistance due to the distance between injection
and the conduction channel, Ry, should be unchanged between
our devices fabricated using various contact deposition rates
because the semiconductor has been verified to have the same
crystal structure. This indicates that the main improvement in
our devices lies in the resistance of the interface between the
contact and the semiconductor, R;;.

Scanning probe measurements. Through AFM measurements,
shown in Fig. 4a and b, we found that the slow deposition rate
(0.5 As™! in this case) yields a larger metal grain size than the
faster rates (here 2.5 As™!), as confirmed by the 2D fast Fourier
transforms in Supplementary Figs 9a and b. Au readily migrates
on a substrate, a process which is enhanced by temperature.
When the Au film formation is slow (similar to a simultaneous
deposition and annealing), enough time is allowed for Au to
reorganize to a more favorable energy state before additional
particles reach the substrates, effectively “trapping” those
underneath. On the contrary, at higher rates, the comparatively
large amount of material reaching the surface per unit time
reduces the time in which underlying Au particles can migrate
from the point of initial contact to a more energetically favorable
position. This process resembles that of Uemura et al., but in that
case the annealing step was performed postdeposition, while here
the deposition and annealing are simultaneous'!. Nevertheless,
the result is the same: lowering of the contact resistance. Inter-
estingly, the RMS roughness of the two films are very similar
(0.64 +0.04 nm for 0.5 As™1, 0.69 +0.02 nm for 2.5 As™1), sug-
gesting that the in-plane variation is the determining factor in the
field-effect mobility improvements, rather than any change in the
height variation. To determine if this in-plane variation had any
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Fig. 4 AFM images on the Au surface. a Au deposited at 0.5 As~1. b Au deposited at 2.5 As~!
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impact on the work function of PFBT-treated Au films, and
therefore on the injection barrier, we first conducted macroscale
Kelvin probe measurements and found no difference in the work
function of the treated Au, both 0.5 As~! and 2.5 As™! gave ¢,
peeT = 5.3 €V. Details on the determination of work function
based on Kelvin probe measurements were provided elsewhere
[26].

To examine the local features of the PFBT/Au surface potential,
we performed SKPM measurements on the same samples, the
results are displayed in Fig. 5. The surface potential of the PFBT-
treated Au deposited at 0.5 As~! (Fig. 5a) exhibited local peaks, a
feature that does not appear in the sample obtained at a fast
deposition rate (Fig. 5b). This observation indicates that while the
average surface potential is very similar for all samples, variations
exist on small length scales that are masked when macroscopic
measurements are carried out. By combining these results with
the AFM data, we conclude that the larger size of the Au grains
characteristic for the films obtained at a deposition rate of 0.5 As
~1 allows selected regions of the PFBT monolayer to achieve a
higher degree of order (see Fig. 5c) than in the case of 2.5 As~!
deposition (Fig. 5d). Since the shift in the work function is
dependent on the strength and direction of the internal dipole of
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the SAM, which in turn is given by the orientation and order of
the SAM molecules on the surface, the local maxima correspond
to a larger work function obtained in the regions where the net
SAM internal dipole moment normal to the surface is maximum.
The larger work function allows more efficient injection deeper
into the highest occupied molecular orbital (HOMO) than the
surrounding area, and thus providing lower local resistance to
injection.

Application to polymer OFETs. To evaluate if the enhanced hole
injection from optimized contacts is effective for other semi-
conductors, we also evaluated FETs fabricated on polymer
semiconductors. The data displayed in Supplementary Fig. 10
were obtained on the copolymer indacenodithiophene-co-ben-
zothiadiazole (C,sIDT-BT), the structure of which is displayed in
Fig. 6a. C;cIDT-BT has been incorporated as the semiconductor
in many studies reaching a maximum field-effect mobility of y =
3.6 cm?*V~1s714% Tt can be observed that the mobility and contact
resistance dependence on the contact deposition rate mirrors that
obtained in small molecule devices, with the best performance
resulting from a deposition rate of 0.5 As~!. Figure 6b and ¢ show
the evolution of the drain current at constant drain-source vol-
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Fig. 5 SKPM measurements on PFBT/Au. a PFBT-treated Au deposited at 0.5 As~! showing small regions of higher surface potential. b PFBT-treated Au
deposited at 2.5 As~T showing a more homogeneous surface potential distribution. € An illustration of the effect of large Au grains on the assembly of
PFBT, depicted here as an arrow. d An illustration of small Au grains on the assembly of PFBT
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Fig. 6 Electrical properties of C;¢IDT-BT devices. a Chemical structure of C;¢IDT-BT copolymer. b Drain current as a function of gate-source voltage for a
C1,IDT-BT device in the saturation regime (Vps = —40V). ¢ Drain current as a function of drain-source voltage for the same device
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tage while varying the gate-source voltage, and the drain current
as a function of drain-source voltage with Vg held constant,
respectively. This device exhibited a field-effect mobility of 10
ecm?V~1s~1 which is ~ 3x greater than the best mobility reported
for this material in this geometry and with Cytop as dielectric®.
Other device parameters include Io,/Io¢=3 x 104, $=2.9 Vdec
~1 and Vi, =7.4V. A histogram showing the results of 30
devices is included in Supplementary Fig. 11, and an optical
micrograph of the polymer film prior to Cytop deposition is
shown in Supplementary Fig. 12. These device properties are
coupled with a low contact resistance of 200 Qcm (Supplemen-
tary Fig. 13), similar to the case of the small molecule device.
These results show that the reduced contact deposition rate has a
strong positive effect on the device performance in polymer
semiconductors as well.

Discussion

In summary, we have enhanced the performance of our OFETs
through modification of the contact deposition rate in both small
molecule and polymer semiconductors. We fabricated a series of
OFETs, where we varied the deposition rate for the bottom
contacts between 0.5 As~! and 3 As~! and obtained massively
improved field-effect mobility when using a rate of 0.5 As~1,
reaching a value of 19.2 cm*V~!s~! along with a precipitous drop
in contact resistance. We conducted GIXD and NEXAFS mea-
surements and found no noticeable difference in the micro-
structure of the films deposited over the substrates fabricated
using the various contact deposition rates. AFM measurements
confirmed a larger grain size in Au deposited at 0.5 As~!, and
SKPM measurements on the same surfaces exhibited local max-
ima in the surface potential. We propose that these local maxima
can provide regions of enhanced injection into the semi-
conductor, thus improving device performance, in particular for
the cases when the HOMO is particularly deep compared with the
work function of the electrode. Our results underline the
importance of careful device fabrication in achieving high-
performance organic devices. The proposed approach is efficient
and robust, and it can be generally applied in all common pro-
cesses and device architectures. In addition to allowing the
demonstration of high-mobility transistors with near ideal
current-voltage characteristics, the use of this method can also
lead to accurate measurement of the charge-carrier mobility, a
critical step in a rational material design, and thus providing a
standardization across the field.

Methods

Device fabrication. Bottom-contact, top-gate devices were fabricated on both glass
and SiO, achieving similar results, and all data presented here are obtained on
SiO,. The substrates were cleaned by immersion in hot acetone for 10 min, then
rinsed with fresh acetone and isopropyl alcohol (IPA), followed by immersion in
hot IPA for 10 min and an additional rinse using fresh IPA and dried in a stream of
nitrogen. Then they were exposed to a UV-Ozone treatment for 10 min, rinsed
thoroughly using deionized water and dried in a stream of nitrogen. The source
and drain contacts were patterned by shadow mask and consisted of a 5 nm tita-
nium adhesion layer deposited by e-beam evaporation at a rate of 1 As~, followed
by 40 nm of thermally evaporated gold at varying deposition rates. These contacts
were then treated for 30 min using a 30 mM solution of room-temperature PFBT in
ethanol followed by a 3-min sonication in fresh ethanol and a thorough ethanol
rinse and dried in a stream of nitrogen. The substrates were then brought into a
nitrogen glovebox (<0.1ppm O,, <0.1ppm H,0), where the organic semiconductor
layer was deposited immediately. A 16.5 mgmL~! solution of diF-TES ADT in
chlorobenzene was spin-coated at 104 rad s~! (1000 RPM) for 80 s and placed
under vacuum for 90 min to remove additional solvent. C;c(IDT-BT was spin-
coated at 208 rad s~ (2000 RPM) for 60 's from a 10 mg mL~! solution in chlor-
obenzene before annealing at 100 °C for 10 min. Samples were then brought back
into the glovebox to apply the Cytop 809-M top-gate dielectric (¢ = 2.1) that was
spin-coated at 208 rad s~ ! (2000 RPM) for 60 s and then annealed at 55 °C over-
night resulting in a 1.4 um film. A 40 nm gold top gate electrode was then applied
using electron beam evaporation at a rate of 1 As~1.

Device characterization. The transistor characterization measurements were
carried out in the dark and under ambient conditions using an Agilent 4155 C
Semiconductor Parameter Analyzer. AFM and SKPM measurements were taken
using an Asylum MFP-3D Bio AFM (Asylum Research, USA) in ambient atmo-
sphere (the identification of commercial equipment or vendor is not intended to
imply recommendation or endorsement by NIST, nor is it intended to imply that
the materials or equipment identified are necessarily the best available for the
purpose). For AFM, a silicon cantilever (Nanosensors PPP-NCLR, force constant:
21-98 N m~!, resonance frequency: 146-236 kHz) was used in tapping mode with
a feedback setpoint of 500 mV, and 1 um x 1 um images were taken at a rate of 0.5
Hz. SKPM measurements used a silicon cantilever with a Ti/Ir coating (Oxford
Instruments ASYELEC.01-R2, force constant: 1.4-5.8 N m~!, resonance frequency:
58-97 kHz) at a nap height of 5 nm, and 20 um x 20 um images were taken at a rate
of 1 Hz.

NGIWAXS measurements. were performed at D-line, Cornell High Energy
Synchrotron Source at Cornell University following procedures described earlier®4.
In brief, X-rays of 12 keV energy in a wide bandpass (1.47%) were focused by a
single-bounce X-ray focusing capillary®® resulting in a nominally 15-ym transverse
beam. Devices were placed on a 5-axis sample goniometer in the focal point of the
capillary, with a grazing incident angle of 2° to ensure the X-ray beam projected
length was less than the device electrode width. This angle of incidence exceeds the
critical angle and thus the full depth of the film (and significant substrate) was
probed. The devices were carefully rotated with respect to the beam footprint to
enable highest spatial resolution. A Pilatus 200k image detector with a pixel size of
172 um was placed at a distance of 180 mm from the devices. Data were reduced
with the Nika software package’!.

NEXAFS measurements. were conducted at the Soft X-ray beam line of the
Australian Synchrotron®?, part of Australian Nuclear Science and Technology
Organization, using highly linearly polarized X-rays from an elliptical polarizing
undulator. Data were collected using a Channeltron detector in partial electron
yield mode (retarding grid bias set at ~ 200 eV), varying the angle of the sample
normal relative to the polarization vector of the incident X-rays. NEXAFS was
normalized and corrected using QANT?33,

Data availability
The experimental data from this study are available from the corresponding author
upon reasonable request.
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