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Introduction
Organic semiconductor (OSC) materials are the essential component in various emerging applications, including organic field-effect transistors (OFETs), organic light-emitting diodes (OLEDs), and organic photovoltaics (OPVs). In all of these devices, the efficient charge transport across the metal-semiconductor (M/S) interfaces determines the device performance to a great extent, for example the on-state current and the transit frequency of transistors, the external quantum efficiency of OLEDs, and the power conversion efficiency of solar cells. Generally, when the metal forms a contact with the semiconductor, a Schottky barrier is induced due to the misalignment between the metal work function and the transport energy levels in the semiconductor. The Schottky barrier blocks the current flow across the metal-semiconductor interface to a certain extent.[1] This issue gets particularly severe at metal-OSC (M/OSC) interfaces due to the abrupt difference in carrier density, the large density of interfacial traps, the Fermi-level pinning effect, etc.[2] The Schottky M/OSC contacts induce potential drops at the contacts which restrict the high-power operation, or result in non-linear charge injection as well as potential device-to-device variations.[3-7] For OFETs, the Schottky contacts would result in large (>1 kΩ·cm) and bias-dependent contact resistance (Rc), which become the major bottleneck in further increasing the apparent mobility and down-scaling the dimensions of the OFETs. To address this arduous challenge, Ohmic contacts at M/OSC interfaces with small (<100 Ω·cm) and bias-independent Rc are highly desired.
[bookmark: _Hlk41563363]The conductive channel in an OFET is confined in the first few molecular layers (MLs) near the dielectric-semiconductor interface.[8] In the devices with staggered structure, the contact resistance has two major components: (i) the resistance at the M/OSC interface (referred as Rint), and (ii) the resistance across the OSC layer (namely the access resistance, Ra).[9] Unlike conventional amorphous organic thin films, crystalline organic semiconductor with regular lattice structure and molecularly flat surfaces is an excellent candidate to develop closely-packed interfaces with the metal electrodes.[10,11] Various approaches have been studied to improve the Rint in at M/OSC interfaces, including tuning the work function of metal electrodes by using oxidation,[12] forming self-assembled monolayers or inserting thin layers with large dipole moments,[13-16] and employing thin layers for Fermi-level depinning.[17,18] By utilizing these approaches, the Rint was improved by orders of magnitudes, associated with outstanding device mobility up to 10-15 cm2V-1s-1. On the other hand, however, the Ra has much lower tunability and increases rapidly with the number of MLs in the semiconductor.[13] Due to the potentially large density of trap states and defects, it has been presumed that OFETs with a monolayer channel should have lower performance than devices with thicker channel that have thickness ranging from a few to tens of MLs.[15] However, if the defects or traps in the organic crystals are well controlled during the deposition and become negligible, organic monolayer (1L) films with excellent in-plane crystallinity is the most feasible solution to realize Ohmic contacts in OFETs.
In this work, solution-processed 1L-crystals of 2,9-didecyldinaphtho[2,3-b:2′,3′-f]thieno[3,2-b]thiophene (C10-DNTT) are employed as the active layers in OFETs. By fabricating the OFETs within one single-crystalline domain, we can eliminate the grain boundary effects in our devices. The non-destructive deposition of the metal contacts and molecularly flat interface between the Au electrodes and the 1L-crystals lead to Ohmic-contact properties with Rc as small as 40 Ω·cm, while the thermally evaporated Au electrodes show orders of magnitudes higher Rc. For the 1L-devices with transferred electrodes, the Rc shows no dependency on the drain-source voltage and temperature when the VDS is between 0 to -1V and temperature is between 100 K to 300 K. These distinguish the Ohmic contacts in our 1L-OFETs from Schottky contacts. The alkyl side chains of the OSC molecules potentially establish thin tunneling barriers which facilitate the depinning of the Fermi level at the M/OSC interfaces and the direct tunneling of the carriers. The superior contact properties allow the 1L-OFETs to operate at VDS down to -0.1 mV without affecting the effective carrier mobility. With the intrinsic mobility of 12.5 cm2V-1s-1 and small Rc, high-field and high-current operation of OFETs was further studied. A width-normalized on-current density of 4.2 μA/μm is achieved in the monolayer-OFETs, which is one of the highest values reported in OFETs.

Results and discussion
Contact resistance of 1L and 2L-OFETs
[bookmark: _Hlk41311242]Both monolayer (1L) and bi-layer (2L) C10-DNTT crystals was performed by the large-area solution shearing method with low shearing speed (see details in Experimental Section).[19,20] The first reason for utilizing C10-DNTT is because of the decent mobility and stability. Secondly, the enhanced solubility induced by the alkyl chains can facilitate the solution-processing approaches. Thirdly, the considerably lower interlayer adhesion compared with intralayer π-π overlapping allows the formation of crystals with high aspect ratio, e.g. 1L and 2L crystals, while under low-speed shearing and well controlled solvent evaporation as presented in our previous work. [20-22] With precise control of the temperature (from 60 to 65oC) and the shearing speed (from 2 to 3 μm/s), the 1L and 2L crystals with single-crystalline domains extending over several millimeters can be achieved. The structural information of the 1L-crystals was measured by X-ray Reflectivity (XRR) and shown in Figure 1a. GenX was utilized to perform fittings on the molecular structure of the 1L-crystal, together with the self-assembled monolayer (SAM). The fitted curve is plotted in Figure 1a and corresponding distribution of scattering length density (SLD) can be found in Figure S1. The upper alkyl chains, lower alkyl chains, and the SAM layers have thickness of 1.1 nm, 1.2 nm, and 1.1 nm, respectively. The semiconducting core (same as DNTT) has a thickness of 1.6 nm, and it is the conductive channel for the accumulated charges to transport (tch = 1.6 nm). The atomic force microscopy (AFM) image shows a flat surface with Rq = 0.25 nm of the 1L-crystal (Figure S2a). The thickness of the 1L and 2L crystals is measured to be 3.88 and 7.82 nm, confirmed by the step height at the edge of the crystals (Figure S2b and c).
[bookmark: _Hlk41313136][bookmark: _Hlk42105508][bookmark: _Hlk41409278][bookmark: _Hlk41311798][bookmark: _Hlk41311893]With such thin crystals as the active layer of the OFETs, challenges would be raised by the deposition of electrodes. The thermally evaporated metal electrodes would have sufficient energy to penetrate into the semiconductor films and distort the molecular packing.[23] When the transmission length method (TLM) characterization (governed by Eq. 1 and Eq. 2) was applied to the 1L and 2L-OFETs, the width-normalized total resistance (Rtot·W) did not follow typical trends in TLM studies (Figure S3b and c).[1, 12, 15] By shortening the channel length, the total width-normalized resistance stayed the same at higher overdrive voltage (Vov = VG - VTH, e.g. -80 V), or even became larger at lower Vov (e.g. -40 V). This suggests the contact resistance is dominating over the channel resistance (Rch·W), and the data is not suitable for TLM fitting. Even the output curves of the device having the longest channel (50 μm as channel length) still show a clear contact-limited behavior (Figure S3e).[24,25] The drain-source current (ID) is restricted by the poor injection from the source electrodes and independent of the channel resistance. This is further confirmed by the cross-sectional transmission electron microscopy (TEM) image in Figure 1b, where the evaporated Au would penetrate the organic layer and contact with the SiO2 substrate directly even at a low deposition speed of 0.2 Å/s. The continuous organic semiconductor layer is no longer recognizable in the TEM image. To address this issue, in contrast, the patterned Au source-drain electrodes were pre-deposited, and mechanical laminated onto the 1L and 2L-crystals. In this way, a continuous 1L-crystal (in addition with the SAM) with a sharp interface between the Au electrode was detected (Figure 1c). This clear interface confirms the transferred Au electrodes can form conformal physical contacts to the ultra-flat 1L-crystal without the thermal damage.
   (1)
   (2)
[bookmark: _Hlk41312576][bookmark: _Hlk20817843][bookmark: _Hlk20476396][bookmark: _Hlk20867906][bookmark: _Hlk42003048][bookmark: _Hlk42003071][bookmark: _Hlk42004243]With the transferred Au electrodes, TLM measurements within single crystalline domains of 1L (Figure 2a and b) and 2L (Figure 2c and d) could be conducted for the evaluation of contact resistance. All devices studied in this paper are fabricated so that the lateral charge transport occurs along the a-axis (the high-mobility axis) of the crystals. The dark state under cross-polarized optical microscopy (CPOM) is used to optically determine the a-axis of the crystal, as illustrated in Figure S4. Prior to the electrical measurements, the tested regions of the OSC were isolated from the excess regions to avoid errors in the TLM fitting caused by the drain-source fringe current and the gate-source leakage current.[26] The devices exhibit good transfer characteristics and high reliability factors (rlin factor)[4] for both 1L (rlin = 82-90%) and 2L (rlin = 73-83%) OFETs (details in Figure S5). The reason for the rlin to be smaller than 100% is due to the mild decay of the apparent mobility at higher VG bias, where scattering effects of the high-density accumulated carriers (given the tch is only 1.6 nm) involves. If one compares the typical transfer properties of the shortest-channel OFETs for the 1L (8 μm channel length) and 2L-devices (9 μm channel length) in Figure 2e and f, it can be noticed from their transfer curves (linear regime at VDS = -1 V with forward and backward scan) that the subthreshold swings are 370 and 366 mV/dec for 1L and 2L-devices, respectively. Besides, the on/off ratios are in the order of 106, threshold voltage (VTH) is 2.1 V and 1.2 V, and the hysteresis of the gate bias is 0.47 V and 0.51 V (Figure 2e and f), all these performance indicators of the 1L- and 2L-OFETs are quite comparable.
[bookmark: _Hlk41312715][bookmark: _Hlk41409892][bookmark: _Hlk41312739][bookmark: _Hlk41299036]The Rtot·W as a function of the channel length calculated at particular Vov for both the 1L- and 2L-OFETs are shown in Figure 2g and h, respectively. The contact resistance (Rc·W) and the intrinsic mobility (μ0) can be extracted from the linear fittings by Eq. 1 shown in Figure 2g and h, and be summarized in Figure 2i and j. The R2 values for all the linear fits are higher than 0.99, and the error bars of Rc are calculated from the standard errors of regression slope. For the 1L-devices, the Rc·W is 275 Ω·cm at Vov = -10 V, 75 Ω·cm at Vov = -80 V, and 40 Ω·cm at Vov = -125 V, which is the lowest reported value for staggered OFETs. On the other hand, the μ0 shows no strong dependence on the gate bias and is essentially stable at 12.5 cm2/V-1s-1. For the 2L-devices, the Rc·W at Vov = -80 V is 186 Ω·cm, i.e. about 2.5 times of the value in the 1L-devices, which suggests that the second ML induces an additional access resistance (Ra) compared with the 1L-devices. However, the intrinsic mobility of the 2L-devices (12.4 cm2/V-1s-1) is similar to that of the 1L-devices. The 1L semiconductor and transferred electrodes specifically address the two above-mentioned major challenges of staggered OFETs in getting low contact resistance, i.e. the access resistance across the OSC layer (Ra) and interfacial resistance across the M/OSC interface (Rint), respectively. Combining these two offers the outstanding improvement at the charge injection.
[bookmark: _Hlk42003200][bookmark: _Hlk41341172]As shown in Figure 3a, we compared the mobilities of the monolayer and multilayer OFETs (ML number  2) with the same fabrication methods and active layer materials.[15, 27-36] The trend shows the devices with thicker active layers can generally outperform the monolayer-based ones. However, the almost identical mobility values in the 1L and 2L-devices implies the carrier transport in the monolayer C10-DNTT is not affected by trap states or defects within the single-crystalline domains, and it confirms the potential benefits of using high-quality monolayer OSC crystals in staggered OFETs. A high μ0 is also essential in suppressing the Rc of OFETs, and this can be summarized by the negative correlation between μ0 and Rc in Figure 3b.[26, 37-41] The outstanding μ0 and Rc values of our 1L-OFET devices with transferred electrodes validated the potential of our fabrication technique for high-performance short-channel OFETs. We have explored the potential of such transfer technique in a large-area and patterned manner, as presented in Figure S6. A significant number of pre-patterned Au electrodes could be mass-transferred onto 1L-crystals by the PMMA stamp. We choose 20 devices to test and found uniform electrical performance across different devices (Figure S6f). This observation demonstrates the application potential of the transfer electrode technique for the practical device construction and connection.
Rc dependency on VDS and temperature 
[bookmark: _Hlk41341214][bookmark: _Hlk41426047][bookmark: _Hlk41426201][bookmark: _Hlk42106654][bookmark: _Hlk41341246][bookmark: _Hlk41341273]In the linear operation regime of FETs, the drain-current would show linear response to the VDS. Such linearity is highly desired in accurate signal processing applications such as small-signal biosensors,[42] backplanes drivers for display,[43] audio devices,[44] etc. However, the typical Schottky contact in OFETs limited such linearity, especially in small VDS ranges. Figure 3c shows that the 1L single-crystalline OFET exhibits proper transfer characteristics when drain-source voltage is ranging from -1 V to -0.1 mV. It can be noticed that even at a small VDS of -0.1 mV, the on/off ratio of the devices can be maintained larger than 103. The output behaviors of the 1L-OFET within the VDS range from -1 V to 1 V and -10 mV to 10 mV are shown in Figure 3d and inset. The highly linear and symmetric output curves indicate the resistor behavior is dominating at the contact and channel. In Figure 3e, the apparent linear mobility does not show an obvious dependence on the drain-source voltage. Such a linear property at small VDS can be utilized for a highly linear sensor or circuit driver, where small voltage fluctuations in VDS could lead to corresponding change in the device.
[bookmark: _Hlk42003375][bookmark: _Hlk42003398][bookmark: _Hlk20703605][bookmark: _Hlk41341356][bookmark: _Hlk20869193][bookmark: _Hlk42003429][bookmark: _Hlk41341381][bookmark: _Hlk20819046]Thermionic emission and field emission as the two major mechanisms for charge injection across a metal-semiconductor interface, which lead to Schottky contacts and Ohmic contacts, respectively.[45] In the scenario of thermionic emission, increasing VDS can induce stronger band bending and lower the Schottky barrier. Hence, it leads to higher apparent saturation mobility at large VDS than the apparent linear mobility at small VDS.[1,4] Similarly, when the temperature goes up, the thermionic emission over the barrier would also be enhanced and lead to a negative correlation between the Rc and T. Although the 1L-OFETs have shown promising performance in low Rc and high μ0, it is still critical to understand the physical limits of the transferred electrodes in the monolayer OFET applications. With the present 1L-devices, the TLM measurements were conducted from VDS = -1 mV to -1 V and temperature from 340 K to 100 K. Figure S7 shows the VDS-dependent TLM results with the summarized data and fittings. The intrinsic mobility μ0 shows no change with VDS below or above the thermal voltage (kBT/q), as shown in Figure 3f. It indicates the diode effect at the source contact is negligible up to VDS around 1 V. The calculated Rc values at two different overdrive voltages, Vov = -60 V and Vov = -10 V, were plotted in Figure 3g against different VDS from -1 mV to -1 V. It was found that the contact resistance has no dependency on applied VDS at both Vov values. On the other hand, the temperature-dependent TLM results from T = 100 K to 340 K were shown in in Figure S8. The temperature-dependent tests were conducted in a vacuum cryogenic probe-station instead in nitrogen environment, and a thin layer of Cytop (~200 nm thick) was employed to encapsulate the complete 1L-devices. The Cytop encapsulation has very minor effects on the mobility and threshold voltage of the 1L-device, as confirmed in Figure S9. From the summarized Rc against 1000/T plot in Figure 3h, a thermally activated charge injection barrier (7.8 meV from an Arrhenius fitting) was found for Vov = -10 V. However, no obvious dependency of the Rc on temperature at Vov = -60 V can be observed. At lower carrier density (Vov = -10 V), the fermi level is relatively far away from the HOMO (highest occupied molecular orbital) level of the semiconductor, and the energy barrier from Au to HOMO of the semiconductor becomes larger. Thus, carriers need thermal energy to assist the injection. While the carrier density is higher at Vov = -60 V and the fermi level is closer to the HOMO level, the Rc becomes merely dependent on temperature. With the carriers injected and extracted mostly by field emission, the devices show an Ohmic-contact behavior. However, it is important to point out that, the Ohmic behavior found here is limited in small VDS bias condition (-1 V < VDS < 0 V), where the gradual potential drop approximation and the TLM method are valid. Device would behave differently when large VDS bias is applied, which would be discussed in the following sections.
High intrinsic gain at saturation regime
The intrinsic gain (Av) defines the maximum voltage gain that a single OFET can achieve, and it is an important figure of merit for OFETs working in saturation regime. [24, 25, 46] From the definition of Av = gm/gd, the essential properties to achieve a high Av are high transconductance (gm = ID/VG) and low output conductance (gd = ID/VDS). To fulfill the demands in high density and high speed for future organic electronics, short-channel OFETs with high Av values are necessary. However, typical OFETs as illustrated in Figure 4a would suffer from the short-channel effects, resulting incomplete pinch-off and thus elevated gd (Figure 4b). On the other hand, although the source-gated transistors (SGTs, Figure 4c) can provide a small gd, the charge depletion effect limits the drain-source current to a lower value (Figure 4d), which degrades the gm value and prohibits the device from fast operation. The 1L-OFETs in this work can be a potential candidate to provide a high gain by short channels. For the intrinsic gain measurement, the device is operated under saturation regime with a higher VDS range. Here we limited the Vov range to -12.1 V and VDS range to -40 V to ensure the differential output resistance would not be negative. This negative differential output resistance is attributed to the high-current induced degradation contact degradation, which will be discussed in the following sections. 
Similar to the linear regime, the transfer and output curves of a 1L-OFET in Figure 4g and h show a near-zero VTH (2.1 V), small subthreshold swing (330 mV/dec), plus a good pinch-off behavior. The gd values are ranging from 236 pS to 44 nS, and the evaluated Av values are between 120 to 500 in the entire Vov range from -0.1 V to -12.1 V. With the inherently higher gm than SGTs and lower gd than OFETs with multilayer channel, our 1L-OFETs with intrinsic gain up to 500 have promising potential in analog or digital circuits such as logic gates, ring oscillators, rectifiers, etc. Although device with longer channel of 50 μm can further improve the intrinsic gain up to 735 under the same bias condition, the magnitude of the values is comparable with the short-channel device, proving the monolayer semiconductor is advantageous in improving intrinsic gain in short-channel devices. It is worth to mention that given SiO2 is utilized in this work as the gate dielectric layer, changing to high-k dielectric could further increase the gm and Av values by another one to two orders.[47, 48]
Current saturation effect at large bias
Besides the intrinsic gain, the channel-width-normalized on-state drain current (ID/W) is another effective parameter able to describe the capability of a transistor in transporting carriers and driving other electronic components. Herein, the long-channel (140 μm channel length) and short-channel (8 μm channel length) 1L-OFETs from the same monolayer single crystal were utilized to compare the ID/W values at larger bias. At VDS = -1 V and VG = -80 V (higher than the range for the Av evaluation), the short-channel device shows one order of magnitude higher ID/W value (0.59 μA/μm) than the long-channel device (0.054 μA/μm), as shown in the transfer curves in Figure S10a. However, when we applied larger VDS to further increase ID/W, the short-channel device shows only ~ 2 times (4.2 μA/μm, Figure S10b) ID/W compared with the long-channel one (1.9 μA/μm, Figure S10b). The apparent linear mobility and the threshold voltage extracted from Figure S10a were adapted to simulate the theoretical output curves of the devices (dash lines in Figure 5a and b). For long-channel device, the simulated output curves are in good agreement with the measured curves. However, the maximum ID/W value of the short-channel device is 81% smaller than the simulated values (22 μA/μm). The drain-source current became saturated before it reached theoretical values.
For the long-channel device (Figure 5c), the calculated and actual power density are 1.1 W/mm2, while the actual power density for the short-channel device is 32 W/mm2. If we used the theoretical current density (22 μA/μm), the calculated power density is as high as 165 W/mm2, which will be difficult for the OFETs to bear. In fact, even at the actual power density of 32 W/mm2 (corresponding to 4.2 μA/μm), the devices have already shown signs of degradation. Figure 5e shows the standard transfer curve in Ohmic-contact linear shape for the 8-μm-channel-length device at VDS = -1 V, before the output scan. However, after the output scan (up to VDS = -60V in Figure 5b) on the same device, the transfer curve starts to deviate from the linear shape and an observable “kink” is present (red line in Figure 5e). The “kink” effect reveals an extra capacitive term is induced at the contact in addition to the Ohmic term (Figure 5d). The slope of the two curves (pristine and after output scan) are almost the same (i.e. identical mobility) at larger VG bias, which suggests the heat-induced change may happen at the M/OSC interfaces and turn the contact into non-Ohmic. We believe this unfavorable degradation is playing a significant role in the current saturation effect observed in the short-channel devices. We further confirmed this observation by performing two experiments. Firstly we peeled off the source/drain electrodes of the devices after applying small and large ID/W, and profile the monolayer under AFM. The AFM images in Figure S11 suggest the OSC layers were not degraded by the high current. Secondly, after the transfer curve deviated from the linear shape, a storage of 24 hrs could recover the device to its original Ohmic behavior (blue line in Figure 5e). 
We believe there are a number of factors limiting the drain current. First and the dominating one is the thermal degradations at the M/OSC interface caused by the high current density in the short-channel 1L-OFETs. These degradations act as a negative feed-back to the drain current, and the current is thus limited to certain values before it reaches theoretical values. The degraded interface added extra capacitance to the overall contact. However, such degradation only limits at the M/OSC interface and is able to recover after certain standby period. It reveals, at the same time, that the achieved high current density has not yet reached the physical limitation of organic semiconductor materials, and the contact resistance (dynamic contact resistance during operation) is definitely worth to be further studied and improved. Secondly, due to the reverse bias nature, the capacitive effect at contact can also be induced by the formation of depletion region under the source contact.[24, 25] However, this depletion effect would disappear once the bias is removed. The relatively long recovery time in our device suggests the depletion effect should be a less important reason for the current saturation in the short-channel 1L-OFETs. Lastly, similar to the recently reported transistors based on 2D material, as the applied drain-source field (F) is as large as 7.5 V/μm for the short-channel device, the velocity saturation effect behavior of the carriers could exist and increase the channel resistance.[49, 50] Analysis on velocity saturation effect please refer Supporting Information and Figure S12. 
In the last part of this work, we would like to discuss the thermal behaviors of these monolayer transistors. These thermal effects are usually being ignored in the OFETs because of the low mobility and current. However, when the mobility and contact resistance keep on showing promising improvement, these high-performance OFETs would face challenges from thermal aspects, where the mechanisms and physics could be very different with inorganic FETs.[51] The self-heating effect in short-channel OFETs would limit the current density and demean the Ohmic contact into gated-Schottky contact. Herein, we utilized a finite element simulation to try to disclose the temperature rise of our OFETs during high-current operation, with the modeling details shown in Supporting Information. By assuming increasing proportion of Rc in Rtot, the heating effect at the metal/semiconductor interfaces becomes more significant than at the channel. The ∆Tcontact (from 6.75 K to 24.50 K) rises more rapidly than the ∆Tchannel (14.53 K to 15.91 K) for the case of Linjection = 35 μm (i.e. entire interface equally inject current), as shown in Figure S13a and b. If we used the Linjection = LT/2 ≈ 4 μm to mimic the current crowding effect near the channel, the ∆Tcontact could be even higher up to 57.15 K (Figure S13 c and d). Such heating effect is sufficient to cause noticeable degradation on the metal/semiconductor interface. More importantly, the heating effect would be more severe if flexible substrate (with much lower thermal conductivity than Si wafer) is used and large number of devices are integrated, which two are important developing directions of organic electronics. These findings suggest even one can achieve a low-contact-resistance OFET in the linear region operation, the thermal degradation at the contact induced by increased current density at higher bias would still be a bottleneck for these high-performance OFET to operate. Apart from the breakthrough in mobility and contact resistance, further studies on the thermal behaviors is necessary, which could further unleash the potential of the organic transistors.

Conclusion 
In conclusion, we have shown that the monolayer single crystals are suitable as active layers for the staggered OFETs in terms of high mobility and low contact resistance. The generally reported lower mobility of monolayer OSCs compared with the thicker counterparts in the literature may arise from the thermal damage caused by the electrode deposition process. Rc·W as low as 40 Ω·cm and μ0 of 12.5 cm2V-1s-1 are achieved in the 1L-OFETs. The charge injection is mainly through field emission instead of thermionic emission once the channel is turned on, proving an apparent Ohmic contact of the 1L-devices. The 1L-OFET could operate linearly from VDS = -1 V to VDS as small as -0.1 mV, and exhibit large intrinsic gain at saturation regime thanks to the good pinch-off behavior brought by the monolayer semiconductor. At higher drain-source bias load, the 1L-OFET could transport current density as high as 4.2 μA/μm, with a current saturation effect observed. Such high current density effect could only emerge with the fulfillment of: (i) high-mobility OSC crystals; (ii) low contact resistance; (iii) short channel length; and (iv) Stable dielectric/OSC interface. The current findings suggest even one may achieve OFETs with low contact resistance, their degradation in high current operation would still limit their performances. The presented work defines new front edges for OFETs and suggests possible directions to further explore the potential of OSC materials in future electronics.

[bookmark: _Hlk41410305]Experimental Section 
Solution-shearing of 1L-crystal
[bookmark: _Hlk42003894][bookmark: _Hlk41411110][bookmark: _Hlk42003929][bookmark: _Hlk42003984][bookmark: _Hlk42003952]Si wafers (525 μm thick, Namkang Hi-Tech) with 300-nm-thick thermal oxide layer were cleaned by oxygen-plasma (30 W, Harrick Plasma) for 30 min. The wafers were loaded into a vacuum oven with 50 μL PTS (J&K Scientific) aside. The oven was evacuated to < 0.01 bar, heated to 150oC, stayed at 150oC for 60 minutes, and cooled to room temperature. The RMS roughness of the PTS-treat SiO2/Si wafers was 0.28 nm (5 μm  5 μm area). The PTS-treated 300-nm-thick thermal SiO2 has an areal capacitance of 11 nF/cm2 measured at 1 kHz. During the solution-shearing process, the PTS-treated substrate and OTS (Sigma Aldrich) -treated blade (also SiO2/Si) were heated up to 60-65 oC. 40 μL C10-DNTT solution (0.2 mg/ml in tetralin, heated to 70oC to help dissolving) was inject between the substrate (typical size is 2 cm by 2 cm) and blade (width of 2 cm), which two have a gap of 100 μm and an angle of 15o in between. The shearing rate was controlled by a linear translation stage (ILC 100 CC, New port) at 2-3 μm/s, depending on whether 1L or 2L crystals are needed. After the deposition, the samples were stored in a vacuum oven (OV-12, Jeio Tech) for at least overnight to remove residual solvent. Before the electrode deposition or transfer, the 1L-crystals were transferred into a glovebox (water and oxygen content lower than 1 ppm, MBraun) and heated to 80oC for 15 min to further remove adsorbed moisture and oxygen.

Transfer of Au electrodes
[bookmark: _Hlk42004013][bookmark: _Hlk42004028][bookmark: _Hlk20868853][bookmark: _Hlk42004062][bookmark: _Hlk42004079]The Au electrodes (180 nm thick) were formed by thermal evaporation on OTS-treated SiO2/Si wafers. The rectangular shape of Au stipes was formed by using special TEM grids as shadow masks. The resulting Au stripes had a length of ~200 μm and width of ~35 μm. The Au stripes were transferred in ambient air by a probe station equipped with a microscope. The CuBe probe was controlled to lift one end of the Au stripe and slowly lift off the whole stripe. The freestanding stripe was then released on the crystal surface to form the source and drain electrodes. When the stripes were to attach the surface of 1L-crystal, the length of the stirpes were controlled to be perpendicular to the a-axis of the crystal, detailed method in determining the a-axis is shown in Figure S4. All the electrodes for OFETs with different channel length in the TLM configuration were ensured to be in a single crystal. After the attachment of Au electrodes, the testing area of 1L-crystal were carefully separated with the excess area by a rigid probe to minimize the fringe current. Then the completed devices were transferred into the glove box, heated to 80oC for 15 mins, and stored at room temperature for overnight prior to electrical tests. 

Electrical characterization of the OFETs
[bookmark: _Hlk42004095][bookmark: _Hlk42004122]All measurements were performed in the glove box environment, except the low-temperature tests. A dual-channel sourcemeter (Keithley 2636A) was employed to test the transfer and output characters of the OFETs. The voltage scanning rate was 10V/s for the forward and reverse transfer scan. To ensure proper electrical contacts between the probes and the transferred electrodes. Flexible Au wires (15 μm diameter) were attached on the ends of the probes by conductive Ag paste. The TLM was performed by linear fitting of total channel resistance (width normalized) of OFETs with difference channel length at the same VDS and Vov. The error bars in the TLM plots represent the resistance different in the forward and reverse bias (i. e. hysteresis). The error bars in the Rc plots were calculated from the standard errors in regression slope. For the low-temperature test, a thin layer of Cytop was formed by spin coating 2.25 wt% Cytop solution at 2500 RPM followed by annealing at 80oC for 1 hour. The vacuum cyrogeneic probestation was evacuated overnight to < 1  10-3 Pa, and liquid nitrogen was ejected to cool down the sample at a maximum cooling rate of 1 K/min.
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Figure 1. a) The X-ray reflectivity measured of the 1L C10-DNTT crystals. The solid line and the inset sublayer structures are fitted by GenX. b) The cross-sectional TEM image of the 1L crystal with evaporated Au as electrodes. No obvious thin layer structures were detected. c) The cross-sectional TEM image of the 1L crystal with transferred Au as electrodes. The SAM and 1L crystal together have a total thickness of 5 nm. 
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[bookmark: _Hlk41312523][bookmark: _Hlk41479492][bookmark: _Hlk41479579][bookmark: _Hlk13062262]Figure 2. Schematic cross-sections of bottom-gate, top-contact (BGTC) OFETs based on a) a 1L-crystal and c) a 2L-crystal of C10-DNTT as the active semiconductor layer. Cross-polarized optical-microscopy (CPOM) images of OFETs fabricated by transferring Au source and drain electrodes (electrode dimensions: 200 μm  35 μm) onto b) a 1L-crystal and d) a 2L-crystal of the organic semiconductor. The active regions of the transistors have been isolated by scratching using a sharp tungsten probe needle. The scale bars in (b) and (d) represent 100 μm. The forward and backward transfer curves measured in the linear regime of operation and plotted on a semi-logarithmic scale of e) the 1L-devices and f) the 2L-devices. Total device resistance calculated using the transmission line method (TLM) and plotted as a function of the channel length of the transistors for various gate overdrive voltages (VG – VTH) for g) the 1L-devices and h) the 2L-devices. Calculated contact resistance (black squares) and intrinsic mobility (blue squares) at various gate overdrive voltages (VG – VTH) for i) the 1L-devices and j) the 2L-devices.
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[bookmark: _Hlk41340604][bookmark: _Hlk41479560]Figure 3. a) A summary of the reported apparent mobility based on the monolayer and multilayer of the same OSC materials. Black dashed line represents the monolayer and multilayer OSC having identical mobility. The italic numbers represent the reference numbers, and the numbers in the blankets stand for the channel length of the reported devices (unit in μm). b) The Rc·W and μ0 values are summarized from literatures with only metal and organic semiconductor in contact. c) The forward and backward linear transfer curves of an 1L-OFET with 8-μm channel length at different VDS from -1 V to -0.1 mV. d) The apparent linear mobility of the device in (c). e) The output curves scanning from VDS = 1 V to -1 V of the device in (c). Inset is the output scanning from VDS = 10 mV to -10 mV. f) The fitted intrinsic mobility against VDS at Vov = -60 V. Yellow and blue regions corresponds to VDS smaller and larger than the thermal voltage. g) The contact resistance against VDS at Vov = -60 V and -10 V. h) The contact resistance at VDS = -1 V against 1000/T at Vov = -60 V and -10 V. The black dashed line indicates an Arrhenius fitting of 7.8 meV.
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Figure 4. a) Schematic charge accumulation and b) output curves of short-channel OFETs. c) Schematic charge accumulation and d) output curves of source-gated transistors. e) Schematic charge accumulation and f) output curves of 1L-OFETs. g) The transfer curves of the 1L-devices at VDS = -40 V. Red dotted line denotes the subthreshold swing. Inset is semi square-linear plot of the forward scan transfer curves near threshold region. Red solid line denotes the threshold voltage. h) The output curves of the same 1L-OFET scanned from Vov = -0.1 V to -12.1 V with a step size of -1 V. i-n) The enlarged view of output curves to fit the gd. 
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[bookmark: _Hlk41412838][bookmark: _Hlk41412485]Figure 5. a) The output curves (green solid lines) and simulated curves (green dashed lines) of a long-channel (140 μm as channel length) 1L-OFET at VG from 0 V to -80 V (10 V step). b) The output curves (red solid lines) and simulated curves (red dashed lines) of a short-channel (8 μm as channel length) 1L-OFET at VG from 0 V to -80 V(10 V step). c) Ohmic contact scenario of the long-channel device at the maximum current. d) Heat-induced deviation from Ohmic contact of the short-channel device at the maximum current. The P is calculated by VDS·ID, and A is calculated by W·L. e) The forward-scan linear transfer curve of the short-channel device before any operation (black), right after the output scan in (b) (red), and after a storage of 24 hr with no operations (blue). All the current values are normalized by the ID at VDS = -1 V, VG = -80 V of the pristine (black) curve. Inset is the apparent mobility versus VG, calculated from the linear transfer curves. The peak in the red curve corresponds to the “kink” effect.
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Crystallized monolayer semiconductor for Ohmic contact resistance, high intrinsic gain, and high current density
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