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Ultralow contact resistance in organic
transistors via orbital hybridization

Junpeng Zeng 1,8, Daowei He 1,8 , Jingsi Qiao 2,3,8 , Yating Li1,8, Li Sun1,
Weisheng Li1, Jiacheng Xie1, Si Gao4, Lijia Pan 1, Peng Wang 4, Yong Xu5,
Yun Li 1, Hao Qiu1, Yi Shi 1, Jian-Bin Xu 6, Wei Ji 3 & Xinran Wang 1,7

Organic field-effect transistors (OFETs) are of interest in unconventional form
of electronics. However, high-performance OFETs are currently contact-lim-
ited, which represent a major challenge toward operation in the gigahertz
regime. Here, we realize ultralow total contact resistance (Rc) down to
14.0 Ω ∙ cm in C10-DNTT OFETs by using transferred platinum (Pt) as contact.
We observe evidence of Pt-catalyzed dehydrogenation of side alkyl chains
which effectively reduces the metal-semiconductor van der Waals gap and
promotes orbital hybridization. We report the ultrahigh performance OFETs,
including hole mobility of 18 cm2 V−1 s−1, saturation current of 28.8μA/μm,
subthreshold swing of 60mV/dec, and intrinsic cutoff frequency of 0.36GHz.
We further develop resist-free transfer and patterning strategies to fabricate
large-area OFET arrays, showing 100% yield and excellent variability in the
transistor metrics. As alkyl chains widely exist in conjugated molecules and
polymers, our strategy can potentially enhance the performance of a broad
range of organic optoelectronic devices.

Organic electronics featuring flexibility and lightweight is a promising
technology for a range of applications such as foldabledisplays, plastic
tags, and artificial skin1–5. Over the past 30 years, tremendous progress
has been made to improve organic device performance through
designing high-mobility molecules and understanding the charge
transport mechanism6–9. Despite these advances, however, one of the
remaining fundamental issues in organic devices has been the metal-
semiconductor (M-S) contact3,10,11. Currently, the lowest Rc in OFETs is
several tens of Ω⋅cm3,11,12, which is at least two orders of magnitude
higher than competing inorganic technologies based on, for example,
oxide semiconductors and two-dimensional (2D) materials13–15. The

large Rc can be attributed to the following reasons. (i) At the atomic
level, the metal-molecule contact is van der Waals (vdW) in nature,
which is distinct from covalently bonded contact in inorganic
semiconductors16,17. The vdW gap causes the decoupling of electronic
states between metals and molecules and greatly reduces the carrier
injection efficiency, similar to the case of 2D semiconductors13. (ii)
Conventional deposition process involves high-energy metal ions
bombarding the organic filmwhich leads to a high density of chemical
and structural disorders1,18. The metal-induced gap states result in
Fermi-level pinning and a large Schottky barrier regardless ofmaterials
combinations. To further improve Rc beyond the state-of-the-art, both
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issues need to be addressed simultaneously. In particular, the elec-
tronic coupling between the molecular and metallic orbitals needs to
be enhanced by rational theoretical design and experimental imple-
mentation that preserves the integrity of the contact interface.

Here, we realized ultralow Rc in OFETs by enhancing M-S orbital
hybridization in several classes of high-performance organic semi-
conductors (including C10-DNTT, C8-BTBT, and Ph-BTBT-C10). The
contact was fabricated by transfer of Pt electrode on solution-
processed monolayer organic films to ensure direct contact with the
conducting layer and pristine interface. We observed evidence of
dehydrogenation of side alkyl chains catalyzed by Pt, thereby reducing
the vdW gap and enhancing the metal-molecule orbital hybridization,
as corroborated by first-principles calculations. Compared with the
non-catalytic Au contact, Pt exhibited more than four times lower Rc
(as low as 14Ω·cm) and 20% enhancement in current density. As a
result, the intrinsic cutoff frequency of our OFETs is estimated to
0.36GHz, which took a major step toward gigahertz organic
transistors10. Furthermore, the large-area OFET arrays exhibited
excellent variability and long-term air stability, which made our
approach scalable for circuit-level applications.

Results
Ultralow contact resistance using transferred Pt contact
We used a solution shearing process to grow centimeter-size mono-
layer C10-DNTT films in ambient condition19 (see Methods for details).
The domain size could reach several millimeters, which removed the
influenceof domainboundary and improved the device uniformity. To
form high-quality contact, we mechanically peeled the pre-patterned
Pt electrodes on Si substrate using PMMA and gently laminated on
onto the organic films (see Methods). Pt has a work function of 5.6 eV,
whichmatches the ionization potential (IP) of C10-DNTT (5.4 eV) and is
expected to formp-typeOhmic contact20.Wefirst performed scanning
transmission electron microscopy (STEM) characterization of the
contact interface. Figure 1a, b shows the typical cross-section STEM
images of contact interface with laminated Pt and Au, respectively,

both showing atomically smooth and sharp interface without metal-
induced disorders21. The pristine interface was maintained across the
entire contact region (Supplementary Fig. 1). The thickness of C10-
DNTT in was 3.9 nm, corresponding to monolayer (Supplementary
Fig. 2a). On the other hand, the thermally evaporated-Au introduced
notable damage to the monolayer organic semiconductor due to the
high-energy ion bombardment (Fig. 1c). Figure 1d–f plot the corre-
sponding output (ID~VDS) characteristics of the three types of OFETs.
Among them, the transferred-Pt OFETs exhibited the highest current
density (measured drain current divided by channel width (W)), indi-
cating the best electrical contact. In contrast, the evaporated-Au
device showed nearly 10 times lower current due to the large contact
resistance.

To reveal the advantage of Pt contact, we extracted Rc by
transfer-length-method (TLM) structure with channel length (L)
ranging from0.6 to 20 μm(seeMethods formore details). The ID~VGS

transfer characteristics were measured in the linear regime, and the
Rtot~L linear-regression lines was plotted under the same carrier
concentration (n2D), where the y-intercept, x-intercept, and slope
correspond to Rc, 2LT (LT is the transfer length) and sheet resistance
(Rsheet), respectively

13,22. Figure 2a shows typical room temperature
ID~VGS characteristics of a TLM structure with transferred-Pt contact.
From TLM, we deduced Rc = 14.0Ω∙cm and LT = 0.9 μm at
n2D = 7.9 × 1012 cm−2 and VDS = −1.0 V (Fig. 2b, Supplementary Fig. 3),
which were, to the best of our knowledge, one of the lowest records
in OFETs (Supplementary Table 1). Statistical analysis of 15 TLM
devices showed average Rc of 19.4 ± 2.2Ω∙cm (Fig. 2c), which was 3.1
times and 44 times lower than the transferred-Au and evaporated-Au
contact, respectively (Supplementary Table 1). The correlation
coefficient R2 (>0.99) and standard deviation σ (error bars) from the
fitting process indicated that the derived Rc was reliable and repro-
ducible (Supplementary Fig. 4).

Next, we performed variable-temperature measurements to
evaluate the contact properties. The transferred-Pt exhibited several
signatures of Ohmic contact. (i) The Rc was nearly independent of
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Fig. 1 | Characterizations of metal and organic semiconductor contact. Cross-
sectional TEM image of metal/monolayer C10-DNTT/HfO2 stacks by transferring Pt
(a) and Au (b) electrode, and evaporating Au (c) electrode on top of C10-DNTT,
respectively. Typical room temperature ID~VDS characteristics of transferred-Pt (d),

transferred-Au (e) and evaporated-Au (f) devices with the channel length/width of
30/112, 30/122, and 30/800μm), respectively. From top to bottom in d and e (f),
VGS = −3.0 V (−3.0 V), −2.65 V (−2.5 V), −2.3 V (−2.0 V), −1.95 V (−1.5 V), −1.6 V (−1.0 V)
and −0.55V (−0.5 V), respectively.
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Fig. 2 | Electrical contact properties of transferred-Pt, transferred-Au, and
evaporated-Au monolayer C10-DNTT OTFTs. a Room temperature ID~VGS char-
acteristics of a typical TLM structure of transferred-Pt OTFTs with a channel
length of 0.9, 2.0, 3.6, 4.6, and 7.2μm under VDS = −1.0 V. The TLM structure has
the same channel width of 27 μm. Inset shows the scanning electron microscope
(SEM) image of TLM structure. Scale bar, 30 μm. b Rc extraction using TLM
method from the device in a. cHistogramof the contact resistance of transferred-
Pt OTFTs. d The Rc as a function of temperature in three types of OFETs. The
contact resistances in c, d were extracted at VDS = −1.0 V and n2D = 7.9 × 1012 cm−2.
eArrhenius plots of theOhmic transferred-Pt (redopencircle) and transferred-Au
(green open circle) OTFTs at VGS = −3.0 V and VDS = −0.3 V, and Schottky evapo-
rated OFETs (blue open circle) at VGS = −3.0 V and VDS = −1.0 V, respectively. The
channel length and width see Supplementary Figs. 5 and 7. f Statistics of effective
mobility (μ), subthreshold swing (SS), on/off ratio (Ion/Ioff), and threshold voltage
(Vth) of 42 transferred-Pt, 16 transferred-Au, and 21 evaporated-Au contact C10-

DNTT OFETs with channel length more than 10 μm at room temperature. The
average values are 15.8 (13.0/2.9) cm2 V−1 s−1, 61.6 (63.6/96.6) mV/decade,
2.24 × 108 (3.6 × 107/1.8 × 106), −0.18 (−0.26/−0.75) V, respectively, for transferred-
Pt (transferred-Au/evaporated-Au) contact. The corresponding best values see
Supplementary Table 2. g Rc distribution of several kinds of ultrathin organic
crystalline films with three contact types of OTFTs with channel lengths ranging
from 0.9 to 45 μm, respectively. f, g The black lines represent the average of
statistical data. h State-of-the-art contact technology for OFETs plotted as a
function of carrier concentration, showing the optimal Rc of various organic
semiconductors. The solid black line represents the quantum limit for contact
resistance. For references, see Supplementary Table 1. The symbols inh represent
C10-DNTT (open circle), C8-BTBT (open square), Ph-BTBT-C10 (open star), C8-
DNBDT-NW (open up triangle), C9-DNBDT-NW (open down triangle), Dph-DNTT
(open diamond), IDTBT (open pentagon), Pentacene (open triangle), P3HT (solid
diamond) and PDPP (solid left triangle), respectively.
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temperature within our experimental range (Fig. 2d). (ii) The ID~VDS
characteristics maintained good linearity down to 100K, and the cur-
rent was enhanced at low temperature, showing intrinsic band-like
carrier transport (Supplementary Figs. 5 and 6). (iii) Arrhenius plot
(lnð ID

T 1:5Þ∼ 1000
T ) showed positive slopes (Fig. 2e), which corresponded to

negative Schottky barrier height (ϕB)
13,16. In contrast, the evaporated-

Au contract showed non-Ohmic behavior (Fig. 2d, e), and
ϕB = 18.8meVwas extracted from the flat-bandmodel (Supplementary
Fig. 7). Devices with evaporated-Au contact also showed degraded
subthreshold swing, effective mobility, on/off ratio and positive
threshold voltage shift (Fig. 2f), indicating that these devices were
contact-limited.

We also study the generality of the transferred Pt to reduce Rc in
OFETs. To this end, we fabricated TLM structures based on C8-BTBT
and Ph-BTBT-C10, which were high-mobility oligomers with alkyl side
chains. Supplementary Figs. 8–10 show the representative electrical
characteristics. In both cases, we observed Ohmic contact behavior
and intrinsic band-like transport properties similar to C10-DNTT. The
average Rc was 67.0 and 139.2Ω∙cm for C8-BTBT and Ph-BTBT-C10,
respectively, which was ~2 times lower than transferred-Au contact
(Fig. 2g). Figure 2h summarizes the Rc of OFETs using different contact
technologies. It shows that the transferred-Pt contact delivers record-
low Rc for all the same materials used in this study, suggesting that it
can effectively enhance the performance of a broad range of organic
devices.

Mechanistic insight of low contact resistance
The observed superior contact properties of transferred Pt require
further theoretical understanding. One possibility is that the higher
work function of Pt leads to lowerϕB. However, this can be ruled out as
both transferred Pt and Au showed negative ϕB from low-temperature
measurements (Fig. 2e). To shed light on the mechanism, we per-
formed density functional theory (DFT) calculations on the electronic
properties of C10-DNTT/Pt and C10-DNTT/Au contacts (see Methods
for calculation details). In C10-DNTT, the two highest occupied mole-
cular orbitals responsible for the hole transport (HOMO and HOMO-1)
are the anti-bonding and bonding states of S-C-S, which are con-
tributed by the DNTT core rather than associated alkyl chains (Sup-
plementary Fig. 11). When forming electrical contact, the alkyl chains
between DNTT and themetal layer act as a tunneling barrier. Figure 3a
shows the total density of states (DOS) of C10-DNTT, Pt (111), and Au

(111). Pt (111) shows much higher DOS than Au (111) within the energy
range of −5.3 ~ −6.0 eV, corresponding to the energy level of HOMO
and HOMO-1 states of C10-DNTT. This indicates that the hole-type
carriers of Pt (111) have a larger probability of tunneling from Pt than
from Au to C10-DNTT, leading to lower contact resistance.

Furthermore, in the C10-DNTT/Pt, we observed dehydrogenated
alkyl chains forming covalent bonds with Pt (111) in the equilibrium
state with −3.17 eV Pt-C bond energy and 2.09Å bond length, in the
typical covalent bond energy range. The dehydrogenation of other
alkane molecules was also observed above certain temperatures on Pt
(111), e.g. methane at 120 K23,24. The carbon‐hydrogen bond strength in
amethane (CH4)molecule is the strongest amongmethyl group. Thus,
the dehydrogenated alkyl chains forming covalent bonds with Pt
happened when Pt was transferred on C10-DNTT at room temperature.
The covalently bonded interface could further enhance the tunneling
probability between C10-DNTT and Pt (Fig. 3b and Supplementary
Fig. 12). In contrast, dehydrogenation was not observed in C10-DNTT/
Au contact. As shown in Fig. 3c, the C10-DNTT/Au interface was pri-
marily vdW in nature, and the binding energy (9meV/Å2) was smaller
than the vdWbinding energyof graphene/Au (28meV/Å2)25 (Fig. 3c and
Supplementary Fig. 12).

We experimentally verified the DFT calculations using X-ray
photoemission spectroscopy (XPS). Figure 3d plots the XPS spectra
andfittingofC10-DNTTdepositedonPt, Au andHfO2, respectively. The
C 1s peaks of C10-DNTT on HfO2 and Au could be deconvoluted into
two peaks at 284.8 eV and 284.4 eV, which are labeled as C-C (sp3) and
C=C (sp2), respectively (see Methods for more details). For C10-DNTT
on Pt, the XPS peak width was wider due to an additional side peak at
284.1 eV, corresponding to Pt-C bonds26–28. Evidence of Pt-C covalent
bond was also observed in C8-BTBT and Ph-BTBT-C10 (Supplementary
Fig. 13). These results provided strong support of Pt-catalyzed dehy-
drogenation of side alkyl chains, which effectively reduced the M-S
vdW gap and promotes orbital hybridization as shown in Fig. 3b.

To further confirm the advantage of Pt-catalyzed dehydrogena-
tion at the contact interface, we compared the current density of C10-
DNTT andpentaceneOFETswith transferred-Pt and -Au contact, where
the pentacene dehydrogenation on Pt surface is unable to happen at
room temperature29,30. Therefore, the observed enhancement of cur-
rent density in transferred-Pt pentacene OFETs is mainly from the
higher work function of Pt (Supplementary Fig. 14), just one-third of
C10-DNTT devices. For C10-DNTT/Pt contact, the charge carriers were

Fig. 3 | Mechanism of C10-DNTT and metal contact. a Total DOS for 1L C10-DNTT
(pink filled region), Pt (111) (blue solid line), and Au (111) (yellow solid line). EF

Pt
, EF

Au
,

EHOMO
C10-DNTT mark the Fermi energy and the energy of valence band maximum for

Pt (111), Au (111), and 1 L C10-DNTT, respectively. b, c Differential charge density

between C10-DNTT and Pt (b) and Au (c) electrodes using an isosurface of 0.005
and 0.001 e bohr−3, respectively. Pink and green colors represent charge accumu-
lation and reduction, respectively. d XPS spectra of C10-DNTT on HfO2, Au, and Pt
film substrate, respectively. a.u. is arbitrary units.
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injected into the conjugated core of C10-DNTT by tunneling through
the vdW gap and the remaining portion of the alkyl chain. The shorter
alkyl chain could provide the higher charge injection efficiency31, sig-
nificantly improving the contact resistance, as shown in Supplementary
Fig. 15 that compares contact resistance of C6-DNTT, C10-DNTT, C14-
DNTT transferred-Pt OFETs. However, these two tunneling processes
have different carrier injection efficiency due to the different dielectric
constant and tunneling barrier32–35. Therefore, we counterintuitively
observed the contact resistance 14.0Ω∙cm at n2D = 7.9 × 1012 cm−2 with
the total tunneling gap of 11 Angstroms32. In short, the improvement of
Rc and current in C10-DNTT/Pt contact stems from better orbital
hybridization induced by Pt-catalyzed dehydrogenation and perfect
energy match.

High-performance and high-frequency OFETs
To fully unveil the potential of transferred-Pt contact, we fabricated
scaled C10-DNTTOFETswith sub-1μmchannel length. Figure 4a, b plot
the ID~VGS and ID~VDS characteristics of a representative device with
L = 600 nm. The device exhibited several remarkable properties,
including linear ID~VGS characteristics at low bias, large on-state cur-
rent of 12.1μA/μm, subthreshold swing of 60mV/dec, near-zero
threshold voltage, on/off ratio close to 108 and negligible hysteresis.
To remove the self-heating effect, we performed pulse I-V measure-
ments in C10-DNTT and C6-DNTT OFETs, which the largest on-state
current was improved to 15.8 and 28.6μA/μm (Supplementary Fig. 16

and Table 3). We benchmark the on-state current with existing high-
performance OFETs using doped, transferred, and evaporated con-
tacts, as summarized in Fig. 4c and Supplementary Table 3. Our device
exhibited the highest on-state current to date, showing 34% improve-
ment over the previous record under similar channel length3,12,19,31,36.

The combination of ultralow Rc and short channel allowed us to
realize high-performance radio-frequency devices. We first estimated
the intrinsic cutoff frequency, f T ,intrinsic =

υsat
2πL, where υsat, L are satura-

tion velocity and channel length, respectively16. υsatwasextracted from
the ID~VDS characteristics by υ= 1

W Ci

∂ID
∂VGS

according to the gradual
channel approximation16,37 (see Methods). For L =0.6μm devices, the
υsat = 1.35 × 105cm/s and fT, intrinsic = 0.36GHz was estimated. We note
that the fT,intrinsic could be potentially boosted above GHz by further
scaling L. We next fabricated a diode-connected OFET (also called
coplanar rectifier), which was an important component in high-
frequency applications. Compared to vertical organic diode rectifier,
coplanar rectifier is more appealing because it could reduce parasitic
capacitance induced by electrode overlap and restrain excess Joule
heating11,38–40.

Figure 4d shows a diode-connected OFET rectifier with channel
length of 700nm fabricated on highly resistive silicon substrates. The
dynamic performance was accessed by applying a sinusoidal input
with an amplitude of 2.5 V under different frequency (Fig. 4e and
Supplementary Fig. 17). After rectifying, we gained a d.c. output vol-
tage of 1.48 and 1.0 V at a frequency of 1 and 70MHz, respectively.

Fig. 4 | Ultrahigh performance of transferred-Pt OTFTs. a ID~VGS characteristics
of typical transferred-Pt monolayer C10-DNTT OFET with channel length/width of
0.65/10μmunder VDS = −3.0 V. Inset shows the AFM image of the device. Scale bar:
5μm. b ID~VDS characteristics of the device in a. From top to bottom, VGS = −3.0 V,
−2.0 V, −1.0 V, and 0 V, respectively. c The on-state saturation current as a function
of channel length for various OFETs made by the state-of-the-art contact technol-
ogy. The symbols in c represent C6-DNTT (open circle), Ph-BTBT-C10 (open star),
C8-DNBDT-NW (open left triangle), C9-DNBDT-NW (open down triangle), Dph-

DNTT (open up triangle), Tips-pentacene (solid right triangle) and C12-BTBT
(solid left triangle), respectively. References in c see Supplementary Table 3. d The
a.c.- d.c. rectifying circuit (up) and optical microscope (down) of a typical diode-
connected OTFT with channel length/width of 0.7/180μm, gate-to-source overlap
of 1.1μm, and gate-to-drain overlap of 1.2μm. e The input a.c. carrier signal and
output d.c. voltage as the frequency of 70MHz. The amplitude of the input
sinusoidal-wave voltage of 2.5 V and the load capacitor of 82 nF. f The output d.c.
voltage as a function of frequency.
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We defined the maximum rectifying frequency (fR) at −3 dB output

voltage41,42, which can be expressed by f R =
μVa:c:

2L2
ð

ffiffiffiffiffiffiffiffi
1�β2

p
cos�1β � βÞ, where β is

Vout
Va:c:

, Va.c. is the amplitude of input a.c. signal. The experimentally

measured fR was 64MHz at Va.c. = ±2.5 V (Fig. 4f), which was about a
halve of calculated fR =0.13 GHz that was estimated at β =0.42,
μ = 1.32 cm2 V−1 s−1, Va.c. = 2.5V and L =0.7μm, respectively. The main
cause of such discrepancy may be the gate parasitic capacitance
induced by the overlap of gate and source/drain electrodes35. The
normalized experimental frequency of 25.6MHz/V was the highest yet
reported among diode-connected OFET rectifiers (Supplementary
Table 4).

Large-area device array and variability
To assess the scalability of our approach, we grew centimeter scale
crystalline C10-DNTT films and fabricated OFET arrays. The single
crystallinity was confirmed by cross-polarized optical microscopy

(Fig. 5a, b). The absence of domain boundary could further improve the
device performance and uniformity. For large-area arrays or integrated
circuits, microscale patterning of organic thin-film is critical pre-
requisite. To this end,wedirectly subjected the organic film to electron-
beam irradiation in an electron-beam lithography tool, where the
exposed areas became pyrolyzing and insulating (Supplementary
Fig. 18) while the non-exposed areas remained unchanged and did not
have the fringe effect (Supplementary Fig. 19)43,44. Wewere able towrite
lines and complex patterns with sub-micrometer resolution (Fig. 5c, d).

Next, we fabricatedOFETs arraywith density of 1.1 × 104OFETsper
square centimeter. We used spin-coated large-area PMMA to transfer
metal arrays onto the pre-pattered organic films, with micrometer
resolution (see Methods and Supplementary Fig. 20 for more details).
Figure 5e–g shows the microscope image, current distribution, and
transfer characteristics of 9 × 9 array with channel length of 0.6μm.
Owing to the high-quality of C10-DNTT film and scalable metal transfer
technique, we achieved 100% yield and 15% on-state current variation
(the ratio of the standard deviation over mean value), where the

Fig. 5 | C10-DNTT OTFT array performance. a Cross-polarized optical microscopy
of uniformmonolayer C10-DNTT single crystal, showing a single crystal except for a
small portion at the top.b Atomic forcemicroscopy image ofmonolayer C10-DNTT
films. c, d Scanning electron micrograph of electron-beam generated line and NJU
logo pattern of monolayer C10-DNTT film, respectively. The blackened area is
irradiated by the electron beam. e Photograph of a fabricated 9 × 9OFET array with

a channel length/width of 0.6/10μm. fDistribution of saturation current density at
VDS = −3 V and VGS = −3 V. g ID~VGS characteristics of 81 OFETs in e. h–m Statistical
distribution of saturation current density, subthreshold swing, on-off ratio,
threshold voltage, effectivemobility and channel transconductanceof the device in
a, respectively.
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highest and average on-state current was 11.1μA/μm and 7.4μA/μm,
respectively (Fig. 5h). Figure 5i–m show statistical analysis of sub-
threshold swing, on/off ratio, threshold voltage, effectivemobility and
transconductance of the 81 OFETs. The best values were 60.1mV/dec,
8.7 × 108, −0.089 V, 4.7 cm2 V−1 s−1, and 6.9μS/μm, and the variations
were 5.4%, 1.3%, 0.9%, 13%, 15%, respectively. Furthermore, we per-
formed the stability measurement on transferred-Pt-C10-DNTT OFETs.
The result showed excellent air stability over 3 months with almost no
degradation (Supplementary Fig. 21).

Discussion
In conclusion, our transferred-Pt OFETs exhibited several hallmark
features, including ultralow Rc of 14.0Ω∙cm, hole mobility of
18 cm2 V−1 s−1, saturation current of 28.8μA/μm and subthreshold
swing of 60mV/dec. On the benefit of these excellent electrical
properties, the intrinsic cutoff frequency of our transferred-Pt OFET
was estimated to 0.36GHz. This strategy is scalable, allowing us to
fabricate large-area arrays with high yield and reproducibility. As alkyl
chains widely exist in conjugated molecules and polymers, our strat-
egy can potentially enhance the performance of a broad range of
organic optoelectronic devices. We anticipate our work to further
advance the organic semiconductors towards GHz devices.

Methods
ALD of HfO2 dielectrics
Atomic layer deposition (ALD) was performed to deposit 20 nm HfO2

film on p-doped silicon substrate at 150 °C and a base pressure of ~1 Pa
using tetrakis (dimethylamido) hafnium and H2O as precursors.
20 sccm N2 was used as carrier gas. The pulse/purge times for Hf and
H2O precursors were 300ms/30 s and 30ms/30 s, respectively. The
capacitance of 20 nm HfO2 is about 5.1 × 10−7 Fcm−2.

Growth and characterization of ultrathin crystalline thin-film
The thickness andmorphology were carefully characterized by atomic
force microscopy (Asylum Cypher). We further finely optimized the
growth temperature, blade shear speed, and surface roughness of
substrate, leading to the creation of centimeter-level scale single
crystal monolayer film that could be enough to fabricate several
hundreds of OFETs. In this paper, the thickness of all referred C10-
DNTT crystalline thin-film is about 4 nm, corresponding to monolayer
C10-DNTT. Using this approach, we also got the large-area single
crystalline C8-BTBT and Ph-BTBT-C10 thin-film.

We used cross-polarized optical microscopy to characterize the
crystalline of monolayer C10-DNTT film by the ScanPro spectro-
microscope under the white light at ambient condition.

The cross-sectional TEM specimens were prepared using the
standard FEI Scois Dualbeam focused ion beam. After that, the speci-
mens were characterized using a high-resolution JEOL JEM-2100F TEM
with acceleration voltage of 200 kV equipped with energy- dispersive
spectroscopy detector.

We used electron-beam irradiation to generate the pattern of
monolayer C10-DNTT film by the electron-beam lithography (EBL)
under the dose of about 700 C · cm2 and 30 KeV electron-beam. After
that, we snap these patterns by scanning transmission electron
microscopy at 10 KeV electron-beam.

The XPS characterization was performed using a Thermo Fisher
Scientific Escalab 250Xi instrument with Al Kα X-ray source at a power
of 150W and a spot size of 500μm. The spectra were acquired with
operation voltage of 12.5 kV and the spectrometer pressure of 8 × 10−10

mbar.We obtained all of the spectra under the identical conditions. All
of the XPS spectra were calibrated by the peak of C 1s at 284.8 eV. And
the spectrum decomposition was performed using the XPS peak 41
programs with Lorentzian-Gaussian functions after subtraction of a
Shirley-Linear background.

Monolayer OTFT fabrication and integration
The pre-patterned metal electrodes, including 120 nm Au and 100/
20 nm Au/Pt, were deposited on a silicon substrate using electron-
beam lithography (EBL) and electron-beam evaporation (EBE).

For single OTFT, two patches were picked up and transferred
onto the monolayer C10-DNTT film sequentially as source/ drain
electrodes. The more details of the transfer process were described
by He et al.45.

For OTFT array, a PMMA layer was spin-coated onto the large-area
pre-patterned metal arrays, followed by the lamination of thermal
released tape (TRT). The TRT/PMMA/metal stack was carefully
released from silicon substrate and laminated onto the surface of
large-area monolayer C10-DNTT film. Then the TRT was released at
100 °Cwith a very slowly temperature rising process and subsequently
the OTFT array was patterned to single device by EBL that could
completely separate the adjacent two OTFTs. For device test, we open
a window on the source and drain electrode by standard EBL.

For diode-connected OFET rectifier, we first deposited 20 nm
HfO2 film on high resistivity silicon substrates, and then deposited
15 nm Ti/Au as gate electrode, subsequently deposited another 20 nm
HfO2filmas gate dielectrics.Meanwhile, weopened awindowon to the
gate electrode for connecting the source or drain electrode. Next, the
C10-DNTT films were grown and the source/drain electrodes were
laminated onto their surface. At last, we connected the gate and
source/drain electrodes by metal lead.

Electrical measurements
All Electrical measurements were carried out by an Agilent
B1500 semiconductor parameter analyzer in a closed-cycle probe
station with a base pressure of 10−5 torr. The stability measurement
device was stored at ambient condition and tested in closed-cycle
condition.

Further, the rectifier characteristics of diode-connected OFET
rectifier wasmeasured that a function generator (Tektronix AFG31000
SERIES) was used to apply an input carrier signal and an oscilloscope
(Tektronix MDO3034) was applied to read the input and output
voltages.

Contact resistance and intrinsic mobility
The reduction of Rc (including source resistance and drain resistance
in main text) not only decreases the power supply voltage but also
increases the operation frequency of OFETs in application of organic
circuits. Rc in OFETs includes access resistance (Raccess resistance) that
comes from the vertical tunneling barrier (dependence on the thick-
ness of organic film between contact metal and current conduction
layer) and interface resistance (Rinterface resistance) that is exponential
proportional to interfacial Schottky barrier (expðΦB

kBT
Þ1. Therefore, the

total resistance (Rtotal) includes Rc and channel resistance (Rch),
expressed by Rtotal = Rc + Rch= (Raccess resistance+Rinterface resistance) +
Rsheet * L, where Rsheet (The unit is KΩ per square) and L are sheet
resistance and channel length of organic semiconductor channel,
respectively. In our devices, the Rtotal and Rsheet are spatially homo-
geneous in linear regime. Therefore, the total resistance has a linear
dependance with L. As shown in Fig. 2a, the total Rtotal is extracted at
L =0 and Rsheet is the slope at a certain carrier concentration. The
intrinsic mobility of our devices can be calculated by μintrinsic =

1
qn2DRsheet

.

Quantum limit of electrical contact resistance
Assuming ballistic transport in ideal M-S junction, there exists a fun-
damental quantum limit in junction resistance, expressed by:

RC,minW = h
2q2e

2k0d
ffiffiffiffiffiffiffiffiffi
π

2gvns

q
, where h is Plank’s constant, q is the unit

charge, gv is valley degeneracy, ns the carrier concentration, d is the
size of vdW gap (Do not include the alkyl chain of the organic
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semiconductor) and k0 is the decay constant, respectively. The k0 is

equal to
ffiffiffiffiffiffiffiffiffiffiffiffiffi
2m*φavg

_2

q
, where φavg is tunneling energy barrier, which relays

on work function of contact metal and electron affinity or ionization
energy35.

Extraction of Schottky barrier
When a metal is in close proximity to organic semiconductor surface,
both Fermi levels line up and Schottky barrier (ΦSB), energy difference
between the work function of the metallic electrode and the electron
affinity or ionization potential of the semiconductor, is formed at the
interface. Therefore, we could think of the ultrathin C10-DNTT OFETs
as two back-to-back connected Schottky diodes that the thermally
emission of low-bias current form the contact electrode into single-
layer molecule channel can be expressed by thermionic emission,
ID / T 1:5 expð�qΦB

kBT
Þ, where T is temperature, q is the electronic charge,

kB is the Boltzmann constant, and ΦB is the Schottky barrier
height13,14,16. From the linear fitting Arrhenius plot in Supplementary
Fig. 7, we extracted barrier height under different gate voltage, which
is separated into two regimes by the flat-band voltage. Below the flat-
band voltage, the barrier height has a linear dependence on gate vol-
tage due to thermionic emission dominating. At the flat-band voltage,
thermally assisted tunneling become relevant, the barrier height starts
to deviate from the linear trend, and tunneling will dominate the cur-
rent injection. The Schottky barrier height, 18.8meV, is extracted at
the flat-band voltage.

Saturation velocity
In the main text, all three types of contacts show excellent linearity in
output characteristics at low bias, and nearly complete current
saturation about VDS = 1.5 V, which is one of the lowest saturation vol-
tages amongOFETs46–48. The phenomenonof saturated current ismore
likely fromcarrier velocity saturationdue to the transverse gate electric
field far more than the longitudinal source–drain electric field in our
devices16. By gradual channel approximation, the on-state current can
be modeled by ID =W

L

R L
0∣QðyÞ∣vðyÞdy= vWCiðVGS � VthÞ, where Q(y), W,

L, Ci are carrier density, channel width, channel length and gate capa-
citance, respectively. By differentiating with respect to the gate vol-
tage, the expression of carrier velocity is obtained: vdrift =

1
WCi

∂ID
∂VGS

.

DFT calculations
DFT calculations were performed using the generalized gradient
approximation for the exchange-correlation potential, the projector
augmented wave method49,50, and a plane-wave basis set as imple-
mented in the Vienna ab-initio simulation package51. In all calcula-
tions, vdW interactions were considered in the framework of vdW-DF
with the optB86b functional for the exchange energy (optB86b-
vdW)52,53, which was found suitable for modeling geometric and
electronic properties in 2D organic materials54–56. The energy cutoff
for the plane-wave basis was set to 600 eV in the simulation of C10-
DNTT, and was set to 400 eV for C10-DNTT/Pt or Au contact systems.
A k-mesh of 8 × 6 × 1 was used to sample the Brillouin zone of C10-
DNTT layers. The vacuum region is ~20 Å in thickness. The shape and
volume of C10-DNTT layers were fully relaxed until the residual force
per atom was less than 0.01 eV/Å. In terms of contact systems, a 1 × 2
C10-DNTT supercell with a vacuum layer of >15 Å was used and the
lattice constants were kept as that of C10-DNTT. A k-mesh of 6 × 4 × 1
was used to sample the Brillouin zone. The shape and volume of the
supercell and below four-layers metal atoms were kept fixed. All
other atoms were fully relaxed until the residual force per atom was
less than 0.02 eV/Å. The energy convergence criteria for all self-
consistent cycles was 1 × 10−5eV.

Data availability
Source data are provided in this paper.

References
1. Schweicher, G. et al. Molecular semiconductors for logic opera-

tions: dead‐end or bright future? Adv. Mater. 32, 1905909 (2020).
2. Matsuhisa, N. et al. High-frequency and intrinsically stretchable

polymer diodes. Nature 600, 246–252 (2021).
3. Borchert, J.W.,Weitz, R. T., Ludwigs, S. & Klauk,H. A critical outlook

for the pursuit of lower contact resistance in organic transistors.
Adv. Mater. 34, 2104075 (2022).

4. Zhu, H. et al. Printable semiconductors for backplane TFTs of flex-
ible OLED displays. Adv. Funct. Mater. 30, 1904588 (2020).

5. Wang, Y. et al. Organic crystalline materials in flexible electronics.
Chem. Soc. Rev. 48, 1492–1530 (2019).

6. Lussem, B. et al. Doped organic transistors. Chem. Rev. 116,
13714–13751 (2016).

7. Kotadiya, N. B. et al. Universal strategy for Ohmic hole injection into
organic semiconductors with high ionization energies. Nat. Mater.
17, 329–334 (2018).

8. Wang, C., Dong, H., Hu, W., Liu, Y. & Zhu, D. Semiconducting π-
conjugated systems in field-effect transistors: amaterial odyssey of
organic electronics. Chem. Rev. 112, 2208–2267 (2012).

9. Fratini, S., Nikolka, M., Salleo, A., Schweicher, G. & Sirringhaus, H.
Charge transport in high-mobility conjugated polymers and mole-
cular semiconductors. Nat. Mater. 19, 491–502 (2020).

10. Klauk, H. Will we see gigahertz organic transistors. Adv. Electron.
Mater. 4, 1700474 (2018).

11. Yamamura, A. et al. Wafer-scale, layer-controlled organic single
crystals for high-speed circuit operation. Sci. Adv. 4,
eaao5758 (2018).

12. Borchert, J. W. et al. Flexible low-voltage high-frequency organic
thin-film transistors. Sci. Adv. 6, eaaz5156 (2020).

13. Shen, P.-C. et al. Ultralow contact resistance between semimetal
and monolayer semiconductors. Nature 593, 211–217 (2021).

14. Allain, A., Kang, J., Banerjee, K. & Kis, A. Electrical contacts to two-
dimensional semiconductors. Nat. Mater. 14, 1195–1205 (2015).

15. Meng, W. et al. Three-dimensional monolithic micro-LED display
driven by atomically thin transistor matrix. Nat. Nanotechnol. 16,
1231–1236 (2021).

16. Sze, S. M., Li, Y. & Ng, K. K. Physics of semiconductor devices. (John
Wiley & Sons, 2021).

17. Shur, M. S., Bykhovski, A. D., Gaska, R., Khan, M. A. & Yang, J. W.
AlGaN–GaN–AlInGaN induced base transistor. Appl. Phys. Lett. 76,
3298–3300 (2000).

18. Liu, C., Xu, Y. & Noh, Y.-Y. Contact engineering in organic field-
effect transistors. Mater. Today 18, 79–96 (2015).

19. Luo, Z. et al. Sub-thermionic, ultra-high-gain organic transistors and
circuits. Nat. Commun. 12, 1–9 (2021).

20. Kang, M. J. et al. Alkylated Dinaphtho [2, 3‐b: 2′, 3′‐f] Thieno [3, 2‐b]
Thiophenes (Cn‐DNTTs): organic semiconductors for high‐perfor-
mance thin‐film transistors. Adv. Mater. 23, 1222–1225 (2011).

21. Liu, Y., Huang, Y. & Duan, X. Van der Waals integration before and
beyond two-dimensional materials. Nature 567, 323–333 (2019).

22. Waldrip, M., Jurchescu, O. D., Gundlach, D. J. & Bittle, E. G. Contact
resistance in organic field‐effect transistors: conquering the barrier.
Adv. Funct. Mater. 30, 1904576 (2020).

23. Fuhrmann, T. et al. Vibrationally resolved in situ XPS study of acti-
vated adsorption of methane on Pt (1 1 1). Chem. Phys. Lett. 390,
208–213 (2004).

24. Ueta, H., Chen, L., Beck, R. D., Colón-Dìaz, I. & Jackson, B. Quantum
state-resolved CH 4 dissociation on Pt (111): coverage dependent
barrier heights from experiment and density functional theory.
Phys. Chem. Chem. Phys. 15, 20526–20535 (2013).

25. Huang, Y. et al. Universal mechanical exfoliation of large-area 2D
crystals. Nat. Commun. 11, 1–9 (2020).

26. Rodriguez, N. M. et al. XPS, EM, and catalytic studies of the accu-
mulation of carbon on Pt black. J. Catal. 197, 365–377 (2001).

Article https://doi.org/10.1038/s41467-023-36006-0

Nature Communications |          (2023) 14:324 8



27. Chen, X., Wang, X. & Fang, D. A review onC1s XPS-spectra for some
kindsof carbonmaterials. Fuller. NanotubesCarbonNanostruct.28,
1048–1058 (2020).

28. Alderucci, V. et al. XPS study of surface oxidation of carbon-
supported Pt catalysts. Mater. Chem. Phys. 41, 9–14 (1995).

29. Ugolotti, A. et al. Chemisorption of pentacene on Pt (111) with a little
molecular distortion. J. Phys. Chem. C. 121, 22797–22805 (2017).

30. Curcio, D. et al. Unusual reversibility inmolecular break-up of PAHs:
the case of pentacene dehydrogenation on Ir (111). Chem. Sci. 12,
170–178 (2021).

31. Peng, B., He, Z., Chen, M. & Chan, P. K. L. Ultrahigh on‐current
density of organic field‐effect transistors facilitated by molecular
monolayer crystals. Adv. Funct. Mater. 32, 2202632 (2022).

32. Wang, Y. & Chhowalla, M. Making clean electrical contacts on 2D
transition metal dichalcogenides. Nat. Rev. Phys. 4, 101–112 (2022).

33. Somvanshi, D. et al. Nature of carrier injection in metal/2D-semi-
conductor interface and its implications for the limits of contact
resistance. Phys. Rev. B 96, 205423 (2017).

34. Simmons, J. G. Generalized formula for the electric tunnel effect
between similar electrodes separated by a thin insulating film. J.
Appl. Phys. 34, 1793–1803 (1963).

35. Jena, D., Banerjee, K. & Xing, G. H. Intimate contacts.Nat. Mater. 13,
1076–1078 (2014).

36. Chen, Z. et al. Organic semiconductor crystal engineering for high‐
resolution layer‐controlled 2D Crystal Arrays. Adv. Mater. 34,
2104166 (2021).

37. Cobb, B., Wang, L., Dunn, L. & Dodabalapur, A. Velocity-field
characteristics of polycrystalline pentacene field-effect transistors.
J. Appl. Phys. 107, 124503 (2010).

38. Ibrahim, G. H., Zschieschang, U., Klauk, H. & Reindl, L. High-
frequency rectifiers based on organic thin-film transistors on flex-
ible substrates. IEEE Trans. Electron Devices 67, 2365–2371 (2020).

39. Semple, J. et al. Radio frequency coplanar ZnO Schottky nano-
diodes processed from solution on plastic substrates. Small 12,
1993–2000 (2016).

40. Yamamoto, H., Kasajima, H., Yokoyama, W., Sasabe, H. & Adachi, C.
Extremely-high-density carrier injection and transport over 12000A/
cm2 into organic thin films. Appl. Phys. Lett. 86, 083502 (2005).

41. Steudel, S. et al. 50MHz rectifier based on an organic diode. Nat.
Mater. 4, 597–600 (2005).

42. Uno, M., Cha, B.-S., Kanaoka, Y. & Takeya, J. High-speed organic
transistors with three-dimensional organic channels and organic
rectifiers based on them operating above 20 MHz. Org. Electron.
20, 119–124 (2015).

43. Schmidt, P. H., Joy, D. C., Kaplan, M. L. & Feldmann, W. L. Electron
beam pattern generation in thin‐film organic dianhydrides. Appl.
Phys. Lett. 40, 93–95 (1982).

44. Pei, K., Chen, M., Zhou, Z., Li, H. & Chan, P. K. L. Overestimation of
carrier mobility in organic thin film transistors due to unaccounted
fringe currents. ACS Appl. Electron. Mater. 1, 379–388 (2019).

45. He, D. et al. A van der Waals pn heterojunction with organic/inor-
ganic semiconductors. Appl. Phys. Lett. 107, 183103 (2015).

46. Kitahara, G. et al. Meniscus-controlled printing of single-crystal
interfaces showing extremely sharp switching transistor operation.
Sci. Adv. 6, eabC8847 (2020).

47. Jiang, C. et al. Printed subthreshold organic transistors operating at
high gain and ultralow power. Science 363, 719–723 (2019).

48. Moon, H. et al. Synthesis of ultrathin polymer insulating layers by
initiatedchemical vapourdeposition for low-power soft electronics.
Nat. Mater. 14, 628–635 (2015).

49. Blöchl, P. E. Projector augmented-wave method. Phys. Rev. B 50,
17953 (1994).

50. Kresse, G. & Joubert, D. From ultrasoft pseudopotentials to the
projector augmented-wave method. Phys. Rev. B 59, 1758 (1999).

51. Kresse, G. & Furthmüller, J. Efficient iterative schemes for ab initio
total-energy calculations using a plane-wave basis set. Phys. Rev. B
54, 11169 (1996).

52. Klimeš, J., Bowler, D. R. &Michaelides, A. Chemical accuracy for the
van der Waals density functional. J. Phys. Condens. Matter 22,
022201 (2009).

53. Klimeš, J., Bowler, D. R. & Michaelides, A. Van der Waals density
functionals applied to solids. Phys. Rev. B 83, 195131 (2011).

54. Zhang, Y. et al. Probing carrier transport and structure-property
relationship of highly ordered organic semiconductors at the two-
dimensional limit. Phys. Rev. Lett. 116, 016602 (2016).

55. He, D. et al. Ultrahigh mobility and efficient charge injection in
monolayer organic thin-film transistors onboron nitride.Sci. Adv.3,
e1701186 (2017).

56. Xu, X. et al. Experimental observation of ultrahigh mobility aniso-
tropy of organic semiconductors in the two-dimensional limit. ACS
Appl. Electron. Mater. 2, 2888–2894 (2020).

Acknowledgements
This work is supported by the National Key R&D Program of China (Grant
no. 2021YFA0715600, 2021YFA1202903, 2021YFA1202903,
2022YFB4400100, 2018YFB2200500, 2018YFE0202700); National
Natural Science Foundation of China (Grant no. 62074076, T2221003,
61927808, 61734003, 61851401, 91964202, 51861145202, 11622437,
11804247, 61674171, and 11974422); Leading-edge Technology Program
of Jiangsu Natural Science Foundation (Grant no. BK20202005); Stra-
tegic Priority Research Program of Chinese Academy of Sciences (Grant
no. XDB30000000); Research Funds of Renmin University of China
(Grant no. 22XNKJ30); ResearchGrants Council of HongKong (Grant no.
N_CUHK438/18, 15205619); Key Laboratory of Advanced Photonic and
Electronic Materials, Collaborative Innovation Center of Solid-State
Lighting and Energy-Saving Electronics, and the Fundamental Research
Funds for the Central Universities, China. Calculations were performed
at the Physics Lab of High-Performance Computing of the Renmin Uni-
versity of China.

Author contributions
D.H. and X.W. conceived and supervised the project. J.Z., Ya.L., L.S.,
W.L., and J.X. contributed to sample preparation, characterization,
device fabrication, measurements, and data analysis. S.G. and P.W.
performed the TEM and data analysis. J.Q. and W.J. performed DFT
calculations. Y.X., L.P., H.Q., Yu.L., Y.S., W.J., and J.-B.X. contributed to
the data analysis. D.H., X.W., and J.Q. co-wrote the paper. All authors
discussed the results and commented on the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-023-36006-0.

Correspondence and requests for materials should be addressed to
Daowei He, Jingsi Qiao or Xinran Wang.

Peer review information Nature Communications thanks the anon-
ymous reviewer(s) for their contribution to the peer review of this work.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Article https://doi.org/10.1038/s41467-023-36006-0

Nature Communications |          (2023) 14:324 9

https://doi.org/10.1038/s41467-023-36006-0
http://www.nature.com/reprints


Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2023

Article https://doi.org/10.1038/s41467-023-36006-0

Nature Communications |          (2023) 14:324 10

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Ultralow contact resistance in organic transistors�via orbital hybridization
	Results
	Ultralow contact resistance using transferred Pt contact
	Mechanistic insight of low contact resistance
	High-performance and high-frequency OFETs
	Large-area device array and variability

	Discussion
	Methods
	ALD of HfO2 dielectrics
	Growth and characterization of ultrathin crystalline thin-film
	Monolayer OTFT fabrication and integration
	Electrical measurements
	Contact resistance and intrinsic mobility
	Quantum limit of electrical contact resistance
	Extraction of Schottky barrier
	Saturation velocity
	DFT calculations

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




