
This is the accepted manuscript made available via CHORUS. The article has been
published as:

Direct growth of math
xmlns="http://www.w3.org/1998/Math/MathML">msub>mi

>MoS/mi>mn>2/mn>/msub>/math> on electrolytic
substrate and realization of high-mobility transistors

Md Hasibul Alam, Sayema Chowdhury, Anupam Roy, Maria Helena Braga, Sanjay K.
Banerjee, and Deji Akinwande

Phys. Rev. Materials 5, 054003 — Published 17 May 2021
DOI: 10.1103/PhysRevMaterials.5.054003

https://dx.doi.org/10.1103/PhysRevMaterials.5.054003


 1

Direct Growth of MoS2 on Electrolytic Substrate and 

Realization of High-Mobility Transistors 

Md Hasibul Alam1,#, Sayema Chowdhury1,#, Anupam Roy1, Maria Helena Braga2, Sanjay K. 

Banerjee1 and Deji Akinwande*,1 

1Microelectronics Research Center, Department of Electrical and Computer Engineering, The University of Texas, 

Austin, Texas 78758, United States 

2LAETA-INEGI, University of Porto, Engineering Faculty, Department of Engineering Physics, R. Dr. Roberto 

Frias s/n, 4200-465 Porto, Portugal 

Email: deji@ece.utexas.edu 

# These authors contributed equally to the manuscript. 

 

 

 

 

 

 

 

 



 2

Although electrostatic gating with liquid electrolytes has been thoroughly investigated to 

enhance electrical transport in two-dimensional (2D) materials, solid electrolyte alternatives are 

now actively being researched to overcome the limitations of liquid dielectrics. Here, we report 

direct growth of few-layer (3-4 L) molybdenum disulfide (MoS2), a prototypical 2D transition 

metal dichalcogenide (TMD), on lithium-ion solid electrolyte substrate by chemical vapor 

deposition (CVD), and demonstrate a transfer-free device fabrication method.  The growth 

resulted in 5-10 µm sized triangular MoS2 single-crystals as confirmed by Raman spectroscopy, 

X-ray photoelectron spectroscopy, and scanning electron microscopy. Field-effect transistors 

(FETs) fabricated on the as-grown few-layer crystals show near-ideal gating performance with 

room temperature subthreshold swings around 65 mV/dec while maintaining an ON/OFF ratio 

around 105. Field-effect mobility in the range of 42-49 cm2V-1s-1 and current densities as high as 

120 µA/µm with 0.5 µm channel length has been achieved, back-gated by the solid electrolyte. 

This is the highest reported mobility among comparable FETs on as-grown single/few-layer 

CVD MoS2. This growth and transfer-free device fabrication method on solid electrolyte 

substrates can be applied to other 2D TMDs for studying advanced thin-film transistors, 

interesting physics, and is amenable to diverse surface science experiments, otherwise difficult to 

realize with liquid electrolytes.  
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I. INTRODUCTION 

Recently, two-dimensional (2D) layered transition metal dichalcogenides (TMDs) have attracted 

significant research interest due to the unique physical, electronic and optoelectronic properties 

suitable for emerging device applications  [1–3]. Specifically, molybdenum disulfide (MoS2), an 

important 2D TMD, has emerged as a potential candidate for future electronics due to its sizable 

bandgap, heavier electron effective mass than silicon, and outstanding electrostatic integrity due 

to its 2D structure  [4]. High-performance devices have been reported on materials generally 

obtained from the top-down micromechanical exfoliation method, which is not suitable for 

practical large-area applications  [5,6]. On the other hand, the development of a bottom-up 

synthesis method like chemical vapor deposition (CVD) has been progressing with recent reports 

of high-quality crystalline materials on various growth substrates, including both dielectric  [7,8] 

and insulating  [9–11] substrates. However, the as-grown material on conventional dielectric 

substrates suffers from low field-effect mobility (0.1-10 cm2V-1s-1)  [12,13], in a back-gated 

architecture, attributed in part to the charged impurity scattering due to the trapped charges at the 

interface  [14]. Recent reports have shown the mitigation of charged impurity scattering by using 

a high-� dielectric on top of the as-grown material, resulting in higher charge carrier mobility 

with top-gated device structures  [12,15,16]. The preferred deposition technique for the high-� 

dielectric film is atomic layer deposition (ALD), which can produce highly uniform and 

conformal thin-films. However, it is not easy to grow high-quality ALD dielectric on pristine 

TMDs due to the inertness of the 2D surface  [17]. Moreover, the deposited high-� film is 

reported to dope the underlying TMD channel under certain conditions  [18], which can degrade 

the gating efficiency and device performance. Recently, solid electrolyte substrates, the solid-

state cousin of the well-known ionic liquids, have been gaining increased attention due to several 



 4

inherent limitations of liquid electrolytes such as: i) the strong dependence on the humidity, ii) 

the liquid state that prevents various practical applications, and iii) film stress and freezing at 

cold temperatures  [19–21]. In addition to providing a growth platform, solid electrolyte 

substrates can also be used as a back-gate dielectric where charge carrier in the semiconductor 

channel can be modulated with the formation of electric double layers (EDLs) at the 

semiconductor channel/electrolyte interface as a result of a back-gate bias. EDLs formed at the 

channel/electrolyte interface enhanced by ionic conduction act as a nanogap parallel plate 

capacitor, contributing to a very high dielectric capacitance (1-10 µF cm-2), enabling low voltage 

operation and high drive current  [22]. High-performance TMD transistors with near-ideal gating 

and improved field-effect mobility have been realized on lithium ion-based solid electrolyte 

substrate with transferred material, as reported in our previous work  [21]. Several other works 

on 2D FETs based on solid electrolyte substrates have also been reported, mainly with exfoliated 

or transferred CVD material  [23–26]. However, the full potential of the transistors cannot be 

realized with a material transfer, as the device performance is limited by the added polymer 

residues/contaminants, low yield, material damage, and deformation during the transfer from the 

growth substrate to the target substrate. As such, a transfer-free method for device fabrication, or 

in other words, direct growth of TMD on solid electrolyte substrates, is a welcome advancement. 

However, there is no report of direct growth of any 2D material on solid electrolyte substrates to 

date.  

Here, we report the direct growth of a few-layer (3-4 L) single-crystal MoS2 on lithium-ion (Li-

ion) solid electrolyte substrate by CVD. High-quality triangular-shaped uniform single-crystals 

were obtained, as confirmed by Raman spectroscopy, X-ray photoelectron spectroscopy (XPS), 

and scanning electron microscopy (SEM). Next, we demonstrated back-gated transistors on the 
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as-grown crystals and observed near-ideal gating efficiency with room temperature subthreshold 

swing (SS) around 65 mV/dec and ON/OFF ratio around 105. Electrical transport measurement 

reveals unipolar electron conduction, which translates to a desirable enhancement mode (e-mode, 

usually OFF) operation with a small positive threshold voltage (~ 0.40 V), and low voltage 

operation (< 1V).  The output characteristics for 0.5 µm channel length show current densities 

reaching as high as 120 µA/µm with Ohmic-like contacts and current saturation at higher drain 

voltages. Remarkably, with this back-gated configuration, a field-effect mobility of 42-49 cm2V-

1s-1 has been achieved, the highest reported values among comparable MoS2 transistors.  

II. EXPERIMENTAL METHOD 

Growth. We used a single zone furnace for the CVD growth of MoS2. A schematic of our 

CVD setup is shown in Fig. 1a. The substrate from Ohara corporation (150 µm thick AG-01 

LICGCTM) was cut into a rectangle with dimensions of 1.7 cm by 2.54 cm and placed face down 

on an alumina boat containing molybdenum oxide (MoO3) powder (9.2mg, 99.5%, Alfa Aesar) 

in the center of the furnace. Sulfur (S) powder (99.5%, Sigma-Aldrich) was placed in a separate 

boat upstream, and a separate coil heater was used to heat the sulfur boat. The 1-inch quartz 

reaction tube was first flushed with 200 sccm of N2 for 5 mins and then purged three times to 

remove any impurities. After the purging steps, the system was opened to the atmosphere, and 

the rest of the growth was done under ambient pressure with 6 sccm of Ar/H2 as carrier gas. The 

furnace was turned on, and at 550°C, the sulfur heater was plugged in. The growth occurred at 

825°C furnace temperature and 150°C sulfur heater temperature for 5 mins. After 5 mins, the 

furnace was turned off, and the lid was opened to allow the substrate to cool down. The sulfur 

heater was turned off when the furnace reached a temperature of 550°C again. When the 

temperature went below 100°C, the substrate was unloaded.  
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Characterization. Optical characterization was done using an Olympus microscope (BX53M) 

coupled with their proprietary software Stream Essential. Dark-field optical microscopy mode 

was used as the contrast of the single-crystals was not clearly visible in bright field mode. SEM 

(ZEISS Neon 40) was used to take high-resolution images of the single-crystal MoS2. Raman 

spectroscopy was performed in a Renishaw inVia micro-Raman system. An excitation 

wavelength of 532�nm with beam power ~1�mW and exposure time ~10�s was used. A 

3000�l/mm grating is used for <�5�cm−1 resolution. XPS spectra (Omicron Multiprobe system 

with base pressure below 3 × 10-10 mbar) were acquired using monochromatic Al-Kα (h� = 

1486.7 eV) operated at 15 kV at room temperature. During the XPS measurement, a charge 

neutralizer (CN10 electron source for charge neutralization, Omicron, Germany) was used for 

the charge compensation of insulating/semiconducting materials. 

Device fabrication and electrical characterization. Electron beam lithography (EBL) was used 

to pattern drain/source contact, followed by e-beam deposition (10-6 Torr) of contact metals 

(Ni/Au 20nm/30nm) and subsequent lift-off.  All electrical DC measurements were performed at 

room temperature in ambient at a sweep rate of 9 mV/sec by using the Cascade Microtech 

Summit 11000B-AP probe station coupled with an Agilent 4156C parameter analyzer.  LCR 

meter (HIOKI IM 3536) was used for frequency-dependent capacitance measurement. Quasi-

static CV was measured using Keysight B1500 parameter analyzer. 

 

III. RESULTS AND DISCUSSIONS 

Figure 1a shows a schematic diagram of the experimental setup used for growing MoS2 by 

atmospheric pressure CVD (APCVD). The substrate used for growth is a double side polished 

Li-ion solid electrolyte glass (or simply Li-ion glass), which is air-stable, nonflammable, 
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thermally stable with an ultra-flat surface  [27]. The substrate was placed face down on an 

alumina combustion boat containing roughly 9.2 mg of molybdenum oxide (MoO3) powder and 

loaded inside a 1-inch quartz tube positioned at the central region of a single-zone Lindberg/Blue 

M furnace. Another crucible containing sulfur powder was loaded into the tube's upstream 

position and heated separately by a coil heater. The growth was conducted under atmospheric 

pressure at 825o C for 5 mins. The growth yielded a central region of very thick deposits of a 

mixture of bulk MoS2, and unreacted or partially reacted MoO3, with isolated triangular crystals 

spread across the periphery of the thick central region as is the case with several other APCVD 

growths  [1,28]. Figure 1b shows the SEM image of a typical MoS2 crystal grown via APCVD 

on Li-ion glass. Single-crystals ranging from 5 to 10 µm in size mostly populate the downstream 

region of the sample. Raman spectroscopic analyses on the single-crystal show a clear presence 

of MoS2 from the characteristic in-plane (E1
2g) and out-of-plane (A1g) peaks at 384.8 cm-1 and 

408.3 cm-1, respectively, as seen in Fig. 1c.  The peak separation of ~23.5 cm-1 corresponds to 3L 

MoS2  [29]. The full width at half maximum (FWHM) for E1
2g and A1g peaks are < 6 cm-1 and < 

4 cm-1, respectively, which indicates the high crystalline quality of the as-grown material  [28]. 

To confirm uniformity across the entire crystal, Raman mapping is done on it in a grid 

configuration with a spatial resolution of 400 nm, by using a 532 nm laser. Raman intensity 

mapping of E1
2g and A1g, plotted without baseline correction, shows homogeneous color contrast 

except for few local variations, suggesting the overall uniformity of the as-grown material within 

the mapping resolution (Supplementary Fig. S1 in the Supplemental Material  [30]). The local 

variation can be attributed to the presence of small secondary domains on the primary crystal as 

well as the surface roughness variation of the underlying substrate  [31].   
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FIG. 1. Experimental setup and material characterization of few-layer CVD MoS2 directly grown on Li-ion glass. (a) 

Schematic illustration of the experimental setup used for APCVD growth. (b) False-color SEM image of a typical 

MoS2 single-crystal triangle. The scale bar is 1 µm. (c) Raman spectrum of as-grown CVD MoS2 on Li-ion glass. 

E1
2g and A1g peaks are located at 384.8 cm-1 and 408.4 cm-1, respectively. Peak separation ~23.5 cm-1 suggests a 3L 

thick MoS2.  

To investigate the chemical composition of the grown material, XPS measurements were 

carried out, as seen in Fig. 2. The high-resolution XPS spectra of Mo-3d and S-2p are 

demonstrated in Fig. 2a and 2b, respectively. The two characteristic emission peaks at binding 

energies 229 eV (Mo-3d5/2) and 232 eV (Mo-3d3/2) correspond to the +4 oxidation state of Mo in 

MoS2, as shown in Fig. 2a. An additional peak at 226.2 eV is attributed to S-2s peak  [32]. 

Similarly, S-2p3/2 (161.8 eV) and S-2p1/2 (163 eV) in Fig. 2b correspond to the -2 oxidation state 
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of S in MoS2. These values of Mo and S peak positions closely match with those reported in the 

literature  [33]. Besides the main MoS2 component, a limited contribution attributed to the 

presence of MoO3 is observed at binding energies of 231.3 and 234.8 eV  [34,35], which may 

result from exposure to ambient and/or physically adsorbed oxygen  [36]. The integrated peak 

area of Mo-3d and S-2p are calculated, and an S-to-Mo ratio of 1.97 is obtained, which suggests 

that the grown MoS2 is reasonably stoichiometric. The slight deviation from the ideal 

stoichiometry of MoS2 can be attributed to the presence of sulfur vacancies, often associated 

with CVD growth  [28].  

FIG. 2. High-resolution XPS spectra of MoS2 thin films: (a) Mo-3d and (b) S-2p core-level peaks of MoS2, 

respectively. A Mo/S ratio of 1:1.97 is extracted from the area fit (solid lines) to the experimental data (○). A close-

to-the-ideal ratio of 1:1.97 indicates a fairly stoichiometric MoS2. 

 

To understand the semiconductor channel formation and carrier dynamics in solid 

electrolyte gated FETs, the electrostatics of EDL formation is of utmost importance. The band 

diagrams showing the Fermi levels in the Li-ion glass and layers in contact with it (Ag and 
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MoS2) are shown in Fig. 3. In the OFF state (Fig. 3a), the spontaneous alignment of the Fermi 

levels (electrochemical potential) is achieved by the diffusion of Li ions in the Li-ion glass, 

leaving negatively charged vacancies behind (anions); therefore, the electrolyte may align its 

Fermi level to the Fermi levels of both materials in electrical contact with its surfaces by locally 

changing its composition and by the formation of EDLs to achieve: 

  A   M S   0  A  M S   ∆ EDL M SL ∆ EDL L A                  

(1) 

where A , M S  are electrochemical potentials or Fermi levels, A , M S  are the chemical 

potentials and (∆ EDL M SL ∆ EDL L A  is the VBG in eV. The semiconductor (MoS2) 

and silver (Ag) cannot change their chemical potentials without exchanging electrons or holes. 

Therefore, in the OFF state, the Fermi levels alignment is made by the electrolyte, as shown in 

Fig. 3a, and the relationship becomes: 

                     ∆ EDL M SL ∆ EDL L A OCV                                                                                     

(2) 

where VOCV is the open-circuit voltage. We note that the local vacuum level of Li-ion glass 

(green dashed line) shifts downward by an amount of approximately 0.17 eV at the 

electrolyte/Ag interface to accommodate the alignment of the Fermi levels in the OFF state, as 

shown in Fig. 3a  [21]. Once the back-gate voltage is applied to the silver contact, the chemical 

potential of the silver decreases, whereas that of the MoS2 increases, and above the chemical 

potential of the Li-ion glass, the channel is formed. Therefore, electrons are electrostatically 
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induced at the MoS2/Li-ion glass interface, and the FET is now in the ON state (Fig. 3b). The 

VBG to form the channel (0.40V) is indirectly obtained from the ID-VBG measurements in Fig. 4d.  

 

 

FIG. 3. Schematics showing the energy band diagram of a back-gated CVD MoS2 FET. The band diagrams were 

obtained by considering the chemical potential of Ag  [37] and channel formation at the MoS2/Li-ion glass interface. 

The dashed and solid black lines represent the vacuum levels and chemical potential, respectively. (a) In the OFF 

state, the alignment of the Fermi levels (dashed yellow line) is made spontaneously by the movement of the Li ions 

in the electrolyte; the Li ions diffuse to the center of the Li-ion glass substrate, leaving negatively charged vacancies 

behind and thereby constituting EDLs at both interfaces to allow alignment of the Fermi levels. The adjustment in 

vacuum level in the solid electrolyte is shown with the green dashed line. (b) MoS2 FET is in the ON state. The 

channel is formed when the MoS2 aligns its chemical potential with that of the Li-ion glass (no EDL forms at the 

MoS2/Li-glass interface immediately before channel formation).   

 Next, few-layer crystals were selected to fabricate transistor devices. Back-gated FET (L=0.5 

µm) is fabricated on one of the as-grown 3L crystals by patterning drain/source contacts using e-
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beam lithography (EBL), followed by contact metal (Ni/Au 20nm/30nm)  deposition with e-

beam evaporation and metal lift-off. All electrical measurements were performed at room 

temperature under ambient conditions at a DC sweep rate of 9 mV/sec unless otherwise 

mentioned. The device schematic is shown in Fig. 4a, with electrical bias conditions. A near-

ideal SS of 70 mV/dec was observed from DC electrical measurement on the fabricated back-

gate transistor while maintaining the ON/OFF ratio around 105 (Fig. 4d). Also, negligible 

hysteresis (< 60 mV) on the order of thermal voltage was observed, as evident from the close 

agreement between the forward and reverse sweeps.  This negligible hysteresis can be attributed 

to the faster ion movement in the solid electrolyte, consistent with a previous report  [21]. 

Enhancement mode operation with a small positive threshold voltage of approximately 0.40V 

was achieved, a desirable feature for low-power electronics. Using an LCR meter (HIOKI IM 

3536), capacitance vs. frequency of Ni/Li-ion glass/Ni structure was characterized in the 

frequency range of 4 Hz – 1 MHz with an AC signal of 100 mV (Fig. 4b). At f = 4Hz, CEDL ≈ 2.0 

µF cm-2 with a phase angle reaching close to -83o. Quasi-static capacitance (Keysight B1500) 

was also measured on the same structure, leading to a value of CEDL ≈ 2.15 µF cm-2 (Fig. 4c).  As 

the quantum capacitance of MoS2 ( ћ  , therefore CQ, MoS2 ~ 38 µF cm-2) is at least one 

order of magnitude higher than the CEDL  [38,39], we can neglect the effect of CQ. Hence, we will 

use CEDL= 2.075 ± 0.075 µF cm-2 (average of AC and quasi-static measurements) to extract field-

effect mobility. A field-effect mobility value of 47.65 ± 1.7 cm2 V-1s-1 was obtained based on the 

linear slope of IDS-VBG (Fig. 4e). Moreover, unipolar conduction is observed, as evident from the 

absence of the hole conducting branch in the transfer characteristics, a welcome feature 

beneficial for complementary metal-oxide-semiconductor (CMOS) amplifiers. The output 

characteristics of the device are shown in Fig. 4f, where a linear IDS-VDS is observed for small 
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VDS, suggesting an Ohmic-like contact. Current saturation is seen for VDS greater than the 

overdrive voltage (VOV=VBG-VTH), typical for a well-behaved long channel transistor 

experiencing channel pinch-off  [40]. Output current densities reaching ~ 80 µA/µm were 

achieved with the same 3L device. 

 

 

 
FIG. 4. Electrical characteristics of as-grown 3L CVD MoS2 on Li-ion glass. (a) Schematic diagram of MoS2 FET 

on Li-ion glass. Electrical connections are shown with orange lines. (b) Capacitance (Phase Angle) vs. frequency 

characteristics of a Li-ion glass substrate with top and bottom Ni (20nm) electrode. The frequency spectrum can be 

divided into three distinct regions: I) where EDL is formed, II) where ion migration dominates, and III) where the 

bulk substrate works as dielectric. We note that CEDL ≈ 2.10 µF cm-2 at low-frequency (f = 4 Hz) (c) Quasi-static 

capacitance-voltage characteristics of the same structure of (b). We note an average value of CEDL ≈ 2.15 µF cm-2 

from the quasi-static measurement. Transfer characteristics of a 3L MoS2 FET in (d) log scale, with VTH 
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approximately 0.40 V and hysteresis voltage < 60 mV; and (e) linear scale, where the field-effect mobility of ~ 47.6 

± 1.7 cm2V-1s-1 is extracted from the slope of the linear ID-VBG. (f) The output characteristics of the same FET. 

Linear IDS-VDS is observed for small VDS suggesting an Ohmic-like contact. Current saturation is observed for higher 

drain voltages. A DC sweep rate of 9 mV/sec was used for electrical transport measurement. 

 

Another transistor fabricated on a 4L MoS2 demonstrates a similar trend in transfer 

characteristics such as unipolar electron conduction, enhancement-mode operation (VTH ~ 

0.40V), and small hysteresis (< 150 mV), as shown in Fig. 5a. The near-ideal gating is also 

maintained with SS values around 65 mV/dec and ON/OFF ratio around 105, which can be 

attributed to the collective effect of a clean interface, very high electrolytic capacitance, and low 

gate leakage current ( Supplementary Fig. S2 in the Supplemental Material  [30]). A high field-

effect mobility of 43.86 ± 1.58 cm2 V-1s-1 was achieved, consistent with the high current densities 

(~ 120 µA/µm) observed in the output characteristics (Fig. 5b). Also, a linear ID-VD is observed 

for small VDS (Supplementary Fig. S2 [30]), and current saturation is observed for VDS>VBG-VTH, 

as expected for electrostatically well-behaved transistors showing channel pinch-off  [40].  
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FIG. 5. Electrical characteristics of as-grown 4L CVD MoS2 on Li-ion glass. (a) Transfer characteristics of a 4L 

MoS2 FET on a log scale. VTH is approximately 0.40 V. Hysteresis voltage is less than 150 mV, and the ON/OFF 

ratio is around 105. (b) Output characteristics of the same FET. Linear IDS-VDS is observed for small VDS suggesting 

an Ohmic-like contact. Current saturation is observed for higher drain voltages. A DC sweep rate of 9 mV/sec was 

used for electrical transport measurement. 

 

We compared the data against as-grown single, and few-layer CVD MoS2 FETs reported in the 

literature to put our device data into perspective. Specifically, the ON/OFF ratio vs. field-effect 

mobility was compared for similar FETs (Fig. 6 and Supplementary Table 1  [30]). We 

considered materials up to 5 layers thick and labeled the legends with layer numbers except for 

monolayer FETs. The same legends are from the same work, with layer number labeled if it is 

more than one layer thick. We note that the field-effect mobility obtained in this work is the 

highest among comparable FETs while maintaining a decent ON/OFF ratio (~ 105). The 

ON/OFF ratio is mainly limited by the OFF-state current, dominated by the gate leakage current 

through the electrolyte substrate, as shown in Supplementary Fig. S2  [30]. The enhancement in 

the field-effect mobility can be attributed to a clean and smooth interface between the as-grown 

semiconductor and the underlying channel free from any residue or contaminants usually 

introduced during the material transfer process. Moreover, a significant reduction of charge 

carrier scattering in this high-� dielectric environment offered by Li-ion glass (Li-ion glass � = 

35)  [41] may also contribute to the improvement  [42–44].  
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FIG. 6. A plot of the ON/OFF ratio vs. field-effect mobility for single/few-layer as-grown CVD MoS2 FETs. Data 

from this work (violet and green star) are compared with reported data  [7,8,11,45–54] for as-grown single (not 

labeled) and few-layer (labeled) CVD MoS2 FETs. Here we considered materials with thicknesses from a single 

layer up to 5L for comparison. The mean value of the mobility data from this work is plotted (without the error bar). 

 

IV. SUMMARY AND CONCLUSION 

In summary, we have demonstrated the direct growth of a few-layer (3-4 L) MoS2 on lithium-

ion solid electrolyte substrate by CVD synthesis. A uniform, high-quality single-crystal MoS2 

with 5-10 µm average size was obtained. This direct growth enabled transfer-free device 

fabrication, a critically important step to realize a contaminant-free, clean, smooth, and intimate 

interface between the semiconductor channel and the underlying substrate. FETs fabricated on 

the as-grown single-crystals showed near-ideal gating with room temperature subthreshold swing 
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around 65 mV/dec and ON/OFF ratio around 105. Desirable enhancement-mode device operation 

with a small positive threshold voltage (~ 0.40 V) was obtained with the device operation under 

a low voltage supply (< 1V). Unlike liquid electrolytes, where ambipolar transport is usually 

observed, unipolar electron transport was realized, suggesting suitability in CMOS circuits. 

Field-effect mobility in the range of 42-49 cm2 V-1s-1 with ON currents reaching 120 µA/µm has 

been demonstrated. The high mobility can be ascribed to the smooth and clean interface of the 

semiconductor and the underlying solid electrolyte substrate, along with the suppression of 

Coulomb scattering from the high-� environment. This demonstrates a route to grow 2D MoS2 

and fabricate transfer-free devices on solid electrolyte substrate, which can be extended to other 

TMDs to study advanced transistors and enable diverse surface science experiments, otherwise 

difficult to achieve in a liquid electrolyte platform.  

 

V. OUTLOOK 

EDL gating in 2D crystals mainly realized with ionic liquids has shown significant progress in 

unraveling fundamental transport physics, demonstrating superconductor-insulator transition, 

mimicking biological synaptic functions, studying spin- and valleytronics, and investigating 

structural phase transitions  [26,55–57]. However, the intrinsic liquid nature of ionic liquids 

prevents them from forming an ideal platform. Recently, solid electrolyte substrates with high 

ionic conductivity have been developed, thanks to the extensive progress in battery research. 

These solid electrolytes can offer similar advantages as ionic liquids with the added benefit of 

solid-state compatibility. Here we present a solid lithium-ion electrolyte substrate as a platform 

for the direct growth and realization of high-performance MoS2 devices. Field-effect mobility 

extracted from the as-grown crystals shows higher values than the reported numbers in literature 
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for comparable FETs, which can be ascribed to the clean and smooth interface between the 

semiconductor and the underlying electrolyte substrate. This route of direct growth and device 

fabrication of 2D MoS2 can be extended for other TMDs to engineer and study advanced 

transistors, explore exciting physics, and enable diverse surface science experiments, otherwise 

difficult to achieve in liquid electrolyte platforms.  

 

ACKNOWLEDGEMENTS 

D.A. acknowledges the PECASE award from the Army Research Office (ARO) grant 

#W911NF-16-1-0277, and the National Science Foundation (NSF) MRSEC Center (DMR-

1720595). S.K.B. acknowledges support from ARO grant #W911NF-17-1-0312 (MURI), and the 

NSF NASCENT ERC. The work was partly done at the Texas Nanofabrication Facility 

supported by NSF grant #NNCI-1542159.   

The authors declare no competing financial interests. 

 

References 

[1] W. Choi, N. Choudhary, G. H. Han, J. Park, D. Akinwande, and Y. H. Lee, Recent 
Development of Two-Dimensional Transition Metal Dichalcogenides and Their 
Applications, Materials Today 20, 116 (2017). 

[2] S. Z. Butler, S. M. Hollen, L. Cao, Y. Cui, J. A. Gupta, H. R. Gutiérrez, T. F. Heinz, S. S. 
Hong, J. Huang, and A. F. Ismach, Progress, Challenges, and Opportunities in Two-
Dimensional Materials beyond Graphene, ACS Nano 7, 2898 (2013). 

[3] R. Ge, X. Wu, M. Kim, J. Shi, S. Sonde, L. Tao, Y. Zhang, J. C. Lee, and D. Akinwande, 
Atomristor: Nonvolatile Resistance Switching in Atomic Sheets of Transition Metal 
Dichalcogenides, Nano Letters 18, 434 (2018). 

[4] Y. Yoon, K. Ganapathi, and S. Salahuddin, How Good Can Monolayer MoS2 Transistors 
Be?, Nano Lett. 11, 3768 (2011). 

[5] S. Das, H.-Y. Chen, A. V. Penumatcha, and J. Appenzeller, High Performance Multilayer 
MoS2 Transistors with Scandium Contacts, Nano Lett. 13, 100 (2013). 



 19

[6] D. Akinwande, C. Huyghebaert, C.-H. Wang, M. I. Serna, S. Goossens, L.-J. Li, H.-S. P. 
Wong, and F. H. Koppens, Graphene and Two-Dimensional Materials for Silicon 
Technology, Nature 573, 507 (2019). 

[7] J. Zhang, H. Yu, W. Chen, X. Tian, D. Liu, M. Cheng, G. Xie, W. Yang, R. Yang, X. Bai, 
D. Shi, and G. Zhang, Scalable Growth of High-Quality Polycrystalline MoS2 Monolayers 
on SiO2 with Tunable Grain Sizes, ACS Nano 8, 6024 (2014). 

[8] J. Jeon, S. K. Jang, S. M. Jeon, G. Yoo, Y. H. Jang, J.-H. Park, and S. Lee, Layer-
Controlled CVD Growth of Large-Area Two-Dimensional MoS2 Films, Nanoscale 7, 1688 
(2015). 

[9] N. Choudhary, J. Park, J. Y. Hwang, and W. Choi, Growth of Large-Scale and Thickness-
Modulated MoS2 Nanosheets, ACS Appl. Mater. Interfaces 6, 21215 (2014). 

[10] H. Yu, M. Liao, W. Zhao, G. Liu, X. J. Zhou, Z. Wei, X. Xu, K. Liu, Z. Hu, K. Deng, S. 
Zhou, J.-A. Shi, L. Gu, C. Shen, T. Zhang, L. Du, L. Xie, J. Zhu, W. Chen, R. Yang, D. Shi, 
and G. Zhang, Wafer-Scale Growth and Transfer of Highly-Oriented Monolayer MoS2 
Continuous Films, ACS Nano 11, 12001 (2017). 

[11] A. Sanne, R. Ghosh, A. Rai, H. C. P. Movva, A. Sharma, R. Rao, L. Mathew, and S. K. 
Banerjee, Top-Gated Chemical Vapor Deposited MoS2 Field-Effect Transistors on Si3N4 
Substrates, Appl. Phys. Lett. 106, 062101 (2015). 

[12] B. Radisavljevic, A. Radenovic, J. Brivio, V. Giacometti, and A. Kis, Single-Layer MoS 2 
Transistors, Nature Nanotechnology 6, 3 (2011). 

[13] K. S. Novoselov, D. Jiang, F. Schedin, T. J. Booth, V. V. Khotkevich, S. V. Morozov, and 
A. K. Geim, Two-Dimensional Atomic Crystals, PNAS 102, 10451 (2005). 

[14] Y. Guo, X. Wei, J. Shu, B. Liu, J. Yin, C. Guan, Y. Han, S. Gao, and Q. Chen, Charge 
Trapping at the MoS2-SiO2 Interface and Its Effects on the Characteristics of MoS2 Metal-
Oxide-Semiconductor Field Effect Transistors, Appl. Phys. Lett. 106, 103109 (2015). 

[15] D. Lembke and A. Kis, Breakdown of High-Performance Monolayer MoS2 Transistors, 
ACS Nano 6, 10070 (2012). 

[16] S. Kim, A. Konar, W.-S. Hwang, J. H. Lee, J. Lee, J. Yang, C. Jung, H. Kim, J.-B. Yoo, J.-
Y. Choi, Y. W. Jin, S. Y. Lee, D. Jena, W. Choi, and K. Kim, High-Mobility and Low-
Power Thin-Film Transistors Based on Multilayer MoS 2 Crystals, Nature Communications 
3, 1 (2012). 

[17] H. Liu, K. Xu, X. Zhang, and P. D. Ye, The Integration of High-k Dielectric on Two-
Dimensional Crystals by Atomic Layer Deposition, Appl. Phys. Lett. 100, 152115 (2012). 

[18] A. Rai, A. Valsaraj, H. C. P. Movva, A. Roy, R. Ghosh, S. Sonde, S. Kang, J. Chang, T. 
Trivedi, R. Dey, S. Guchhait, S. Larentis, L. F. Register, E. Tutuc, and S. K. Banerjee, Air 
Stable Doping and Intrinsic Mobility Enhancement in Monolayer Molybdenum Disulfide by 
Amorphous Titanium Suboxide Encapsulation, Nano Lett. 15, 4329 (2015). 

[19] M. M. Perera, M.-W. Lin, H.-J. Chuang, B. P. Chamlagain, C. Wang, X. Tan, M. M.-C. 
Cheng, D. Tománek, and Z. Zhou, Improved Carrier Mobility in Few-Layer MoS2 Field-
Effect Transistors with Ionic-Liquid Gating, ACS Nano 7, 4449 (2013). 

[20] J. Pu, Y. Yomogida, K.-K. Liu, L.-J. Li, Y. Iwasa, and T. Takenobu, Highly Flexible MoS2 
Thin-Film Transistors with Ion Gel Dielectrics, Nano Lett. 12, 4013 (2012). 

[21] M. H. Alam, Z. Xu, S. Chowdhury, Z. Jiang, D. Taneja, S. K. Banerjee, K. Lai, M. H. 
Braga, and D. Akinwande, Lithium-Ion Electrolytic Substrates for Sub-1V High-
Performance Transition Metal Dichalcogenide Transistors and Amplifiers, Nature 
Communications 11, 1 (2020). 



 20

[22] T. Fujimoto and K. Awaga, Electric-Double-Layer Field-Effect Transistors with Ionic 
Liquids, Phys. Chem. Chem. Phys. 15, 8983 (2013). 

[23] J. Zhao, M. Wang, X. Zhang, Y. Lv, T. Wu, S. Qiao, S. Song, and B. Gao, Application of 
Sodium-Ion-Based Solid Electrolyte in Electrostatic Tuning of Carrier Density in 
Graphene, Scientific Reports 7, 1 (2017). 

[24] J. Zhao, M. Wang, H. Li, X. Zhang, L. You, S. Qiao, B. Gao, X. Xie, and M. Jiang, 
Lithium-Ion-Based Solid Electrolyte Tuning of the Carrier Density in Graphene, Scientific 
Reports 6, 1 (2016). 

[25] M. Philippi, I. Gutiérrez-Lezama, N. Ubrig, and A. F. Morpurgo, Lithium-Ion Conducting 
Glass Ceramics for Electrostatic Gating, Appl. Phys. Lett. 113, 033502 (2018). 

[26] C.-L. Wu, H. Yuan, Y. Li, Y. Gong, H. Y. Hwang, and Y. Cui, Gate-Induced Metal–
Insulator Transition in MoS2 by Solid Superionic Conductor LaF3, Nano Lett. 18, 2387 
(2018). 

[27] K. Nakajima, T. Katoh, Y. Inda, and B. Hoffman, Lithium Ion Conductive Glass Ceramics: 
Properties and Application in Lithium Metal Batteries, in Symposium on Energy Storage 
Beyond Lithium Ion: Materials Perspective (2010). 

[28] S. Chowdhury, A. Roy, I. Bodemann, and S. K. Banerjee, Two-Dimensional to Three-
Dimensional Growth of Transition Metal Diselenides by Chemical Vapor Deposition: 
Interplay between Fractal, Dendritic, and Compact Morphologies, ACS Appl. Mater. 
Interfaces 12, 15885 (2020). 

[29] H. Li, Q. Zhang, C. C. R. Yap, B. K. Tay, T. H. T. Edwin, A. Olivier, and D. Baillargeat, 
From Bulk to Monolayer MoS2: Evolution of Raman Scattering, Advanced Functional 
Materials 22, 1385 (2012). 

[30] See Supplemental Material at [URL] for additional details regarding Raman map and 
electrical transport characteristics of few-layer MoS2 (Figs. S1-S2 and Table-1). S1: Raman 
map of few-layer CVD MoS2 grown on Li-ion glass. S2: Electrical transport characteristics 
of 4L CVD MoS2. Table-1: Comparison of this work with other as-grown CVD MoS2 
FETs. 

[31] S. Wang, Y. Rong, Y. Fan, M. Pacios, H. Bhaskaran, K. He, and J. H. Warner, Shape 
Evolution of Monolayer MoS2 Crystals Grown by Chemical Vapor Deposition, Chemistry 
of Materials 26, 6371 (2014). 

[32] H. Nan, Z. Wang, W. Wang, Z. Liang, Y. Lu, Q. Chen, D. He, P. Tan, F. Miao, and X. 
Wang, Strong Photoluminescence Enhancement of MoS2 through Defect Engineering and 
Oxygen Bonding, ACS Nano 8, 5738 (2014). 

[33] V. Senthilkumar, L. C. Tam, Y. S. Kim, Y. Sim, M.-J. Seong, and J. I. Jang, Direct Vapor 
Phase Growth Process and Robust Photoluminescence Properties of Large Area MoS 2 
Layers, Nano Research 7, 1759 (2014). 

[34] J.-H. Bihn, J. Park, and Y.-C. Kang, Synthesis and Characterization of Mo Films Deposited 
by RF Sputtering at Various Oxygen Ratios, Journal of the Korean Physical Society 58, 509 
(2011). 

[35] T. Weber, J. C. Muijsers, J. Van Wolput, C. P. J. Verhagen, and J. W. Niemantsverdriet, 
Basic Reaction Steps in the Sulfidation of Crystalline MoO3 to MoS2, as Studied by X-Ray 
Photoelectron and Infrared Emission Spectroscopy, The Journal of Physical Chemistry 100, 
14144 (1996). 

[36] G. Deokar, D. Vignaud, R. Arenal, P. Louette, and J.-F. Colomer, Synthesis and 
Characterization of MoS2 Nanosheets, Nanotechnology 27, 075604 (2016). 



 21

[37] S. Trasatti, The Absolute Electrode Potential: An Explanatory Note, Pure Appl. Chem 58, 
955 (1986). 

[38] N. Ma and D. Jena, Carrier Statistics and Quantum Capacitance Effects on Mobility 
Extraction in Two-Dimensional Crystal Semiconductor Field-Effect Transistors, 2D 
Materials 2, 015003 (2015). 

[39] L. Liu, S. B. Kumar, Y. Ouyang, and J. Guo, Performance Limits of Monolayer Transition 
Metal Dichalcogenide Transistors, IEEE Transactions on Electron Devices 58, 3042 
(2011). 

[40] B. Streetman and S. Banerjee, Solid State Electronic Devices, 7 edition (Pearson, Boston, 
2014). 

[41] A. Kumar, T. M. Arruda, A. Tselev, I. N. Ivanov, J. S. Lawton, T. A. Zawodzinski, O. 
Butyaev, S. Zayats, S. Jesse, and S. V. Kalinin, Nanometer-Scale Mapping of Irreversible 
Electrochemical Nucleation Processes on Solid Li-Ion Electrolytes, Sci Rep 3, 1621 (2013). 

[42] L. Zeng, Z. Xin, S. Chen, G. Du, J. Kang, and X. Liu, Remote Phonon and Impurity 
Screening Effect of Substrate and Gate Dielectric on Electron Dynamics in Single Layer 
MoS2, Appl. Phys. Lett. 103, 113505 (2013). 

[43] N. Ma and D. Jena, Charge Scattering and Mobility in Atomically Thin Semiconductors, 
Phys. Rev. X 4, 011043 (2014). 

[44] Z. Yu, Z.-Y. Ong, Y. Pan, Y. Cui, R. Xin, Y. Shi, B. Wang, Y. Wu, T. Chen, Y.-W. Zhang, 
G. Zhang, and X. Wang, Realization of Room-Temperature Phonon-Limited Carrier 
Transport in Monolayer MoS2 by Dielectric and Carrier Screening, Advanced Materials 
28, 547 (2016). 

[45] D. Wu, Z. Zhang, D. Lv, G. Yin, Z. Peng, and C. Jin, High Mobility Top Gated Field-Effect 
Transistors and Integrated Circuits Based on Chemical Vapor Deposition-Derived 
Monolayer MoS2, Materials Express 6, 198 (2016). 

[46] W. Wu, D. De, S.-C. Chang, Y. Wang, H. Peng, J. Bao, and S.-S. Pei, High Mobility and 
High on/off Ratio Field-Effect Transistors Based on Chemical Vapor Deposited Single-
Crystal MoS2 Grains, Appl. Phys. Lett. 102, 142106 (2013). 

[47] J. Chen, W. Tang, B. Tian, B. Liu, X. Zhao, Y. Liu, T. Ren, W. Liu, D. Geng, H. Y. Jeong, 
H. S. Shin, W. Zhou, and K. P. Loh, Chemical Vapor Deposition of High-Quality Large-
Sized MoS2 Crystals on Silicon Dioxide Substrates, Advanced Science 3, 1500033 (2016). 

[48] A. M. van der Zande, P. Y. Huang, D. A. Chenet, T. C. Berkelbach, Y. You, G.-H. Lee, T. 
F. Heinz, D. R. Reichman, D. A. Muller, and J. C. Hone, Grains and Grain Boundaries in 
Highly Crystalline Monolayer Molybdenum Disulphide, Nature Materials 12, 6 (2013). 

[49] K. Kang, S. Xie, L. Huang, Y. Han, P. Y. Huang, K. F. Mak, C.-J. Kim, D. Muller, and J. 
Park, High-Mobility Three-Atom-Thick Semiconducting Films with Wafer-Scale 
Homogeneity, Nature 520, 7549 (2015). 

[50] W. Park, J. Baik, T.-Y. Kim, K. Cho, W.-K. Hong, H.-J. Shin, and T. Lee, Photoelectron 
Spectroscopic Imaging and Device Applications of Large-Area Patternable Single-Layer 
MoS2 Synthesized by Chemical Vapor Deposition, ACS Nano 8, 4961 (2014). 

[51] G. H. Han, N. J. Kybert, C. H. Naylor, B. S. Lee, J. Ping, J. H. Park, J. Kang, S. Y. Lee, Y. 
H. Lee, R. Agarwal, and A. T. C. Johnson, Seeded Growth of Highly Crystalline 
Molybdenum Disulphide Monolayers at Controlled Locations, Nature Communications 6, 1 
(2015). 

[52] I. S. Kim, V. K. Sangwan, D. Jariwala, J. D. Wood, S. Park, K.-S. Chen, F. Shi, F. Ruiz-
Zepeda, A. Ponce, M. Jose-Yacaman, V. P. Dravid, T. J. Marks, M. C. Hersam, and L. J. 



 22

Lauhon, Influence of Stoichiometry on the Optical and Electrical Properties of Chemical 
Vapor Deposition Derived MoS2, ACS Nano 8, 10551 (2014). 

[53] S. Najmaei, Z. Liu, W. Zhou, X. Zou, G. Shi, S. Lei, B. I. Yakobson, J.-C. Idrobo, P. M. 
Ajayan, and J. Lou, Vapour Phase Growth and Grain Boundary Structure of Molybdenum 
Disulphide Atomic Layers, Nature Materials 12, 8 (2013). 

[54] B. Liu, L. Chen, G. Liu, A. N. Abbas, M. Fathi, and C. Zhou, High-Performance Chemical 
Sensing Using Schottky-Contacted Chemical Vapor Deposition Grown Monolayer MoS2 
Transistors, ACS Nano 8, 5304 (2014). 

[55] W. Shi, J. Ye, Y. Zhang, R. Suzuki, M. Yoshida, J. Miyazaki, N. Inoue, Y. Saito, and Y. 
Iwasa, Superconductivity Series in Transition Metal Dichalcogenides by Ionic Gating, 
Scientific Reports 5, 1 (2015). 

[56] J. Jiang, J. Guo, X. Wan, Y. Yang, H. Xie, D. Niu, J. Yang, J. He, Y. Gao, and Q. Wan, 2D 
MoS2 Neuromorphic Devices for Brain�like Computational Systems, Small 13, 1700933 
(2017). 

[57] Y. Wang, J. Xiao, H. Zhu, Y. Li, Y. Alsaid, K. Y. Fong, Y. Zhou, S. Wang, W. Shi, and Y. 
Wang, Structural Phase Transition in Monolayer MoTe 2 Driven by Electrostatic Doping, 
Nature 550, 487 (2017). 

 


