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Abstract 
In this report, bilayer rhenium disulfide (ReS2) field effect 

transistors (FETs) are demonstrated on 20 nm-thick HfO2/Si 
substrate. A small threshold voltage of -0.25 V, high on/off cur-
rent ratio of up to ~107, small subthreshold swing of 116 mV/dec, 

and electron carrier mobility of 6.02 cm2/V·s are obtained. Low 
frequency noise characteristics in ReS2 FETs are analyzed and 
it is found that the carrier number fluctuation mechanism well 

describes the flicker (1/f) noise of bilayer ReS2 FETs. pH sensing 
using bilayer ReS2 FET with HfO2 as sensing oxide is then 
demonstrated with a voltage sensitivity of 54.8 mV/pH and a 

current sensitivity of 126. The noise characteristics of the ReS2 
FET based pH sensors are also examined and a corresponding 
detection limit of 0.0132 pH is obtained. Our studies suggest the 

high potential of layered ReS2 for future low-power nanoelec-
tronics and biosensor applications. 

1. Introduction 

Two-dimensional (2D) transition metal dichalcogenides 
(TMDs) have emerged as potential candidate materials for future 
digital electronics, optoelectronics and sensing applications.1 Very 
recently, rhenium disulfide (ReS2), as a new member of TMDs, has 
gained considerable attention owing to its promising applications for 
logic circuits, anisotropic electronics and sensors.2-5 However, in 
most demonstrations, FETs were fabricated on a thick SiO2 coated 
on highly doped Si which results in poor gate controllability with 
subthreshold swings (SS) of the FETs usually larger than 1 V/dec. 
Introducing a thin high-k dielectric, such as HfO2 and Al2O3, to re-
place the thick SiO2 is conducive to the scaling down of the gate 
dielectric thickness and is a promising solution for small SS and low 
voltage operation. In addition, low frequency noise (LFN) is another 
key limiting factor to the performance of nanoelectronics and this 
becomes more pronounced in miniaturized devices operated under 
low voltages.6-7 In this report, bilayer ReS2 FET fabricated on 20 
nm-thick HfO2 is demonstrated and its dc and noise performances, 
in dry and pH sensing wet environment, are both characterized. 

2. Device Structure and Fabrication 

As shown in Fig. 1a, layered ReS2 flakes were obtained by micro-

mechanical exfoliation of ReS2 bulk crystal and subsequently transferred 

onto the 20 nm-thick HfO2 coated Si. The source/drain regions were pat-

terned by standard electron beam lithography. Cr/Au (3 nm/55 nm) were 

deposited by thermal evaporation which was then followed by a lift-off 

step. 20 nm Al2O3 was deposited by ALD to passivate the ReS2 FETs. 

3. Results and Discussion 

As shown in Figs. 1b,1c, the thickness of the ReS2 flake measured 

by AFM is about 1.4 nm, corresponding to two atomic layers. Two char-

acteristic Raman peaks located at 150 and 210.5 cm-1 corresponding to 

the in-plane (E2g) and mostly out-of-plane (A1g) vibrational modes of 

ReS2, respectively are observed (Fig. 1d). Output curves and transfer 

characteristics for the bilayer ReS2 FET are depicted in Fig. 2b-2e. A 

typical n-type transport for ReS2 FETs is observed. From the transfer 

curves in Figs. 2b,2c, a small threshold voltage (Vth) of -0.25 V, high 

current on/off ratio of ~ 107 and a low SS of 116 mV/dec are observed at 

VDS= 0.5 V, which demonstrate the good gate controllability with 20 nm-

thick HfO2 dielectric. Besides, the bilayer ReS2 FET exhibits nearly hys-

teresis free characteristics, which is mainly related to the reduction of 

surface adsorption of oxygen and water due to the passivation layer. The 

linear and symmetric drain current vs drain voltage (IDS-VDS) curves at 

low drain voltage from -0.2 to 0.2 V presented in Fig. 2d indicate an 

ohmic contact between Cr/Au and ReS2 channel. Based on the derived k 

value (15.4) of the HfO2 (Fig. 2a), an electron mobility of 6.02 cm2/V·s 

is obtained for the bilayer ReS2 FET at VDS = 0.1 V. The typical power 

spectral densities (PSDs) of the current fluctuations (SI) in the bilayer 

ReS2 FET versus frequency (f) at different VBG with constant VDS = 0.1 

V are shown in Fig. 2g. The SI increases with increasing VBG due to an 

increase of IDS. As shown in Fig. 2h, the normalized SI/IDS
2 follows the 

same trend of (gm/IDS)2, where gm is the transconductance of the transis-

tor, which suggests the current noise behavior can be modeled by the 

carrier number fluctuation (CNF) model. 
   We further performed the pH sensing measurements of the ReS2 

FETs on HfO2/Si. As shown in Fig. 3a, 20 nm HfO2 as the sensing layer 

is deposited by ALD on highly doped Si, which is wired to the back gate 

of ReS2 FET. Fig. 3b shows IDS vs the liquid gate (VLG) at different pH 

values. The transfer curves shift positively with an increase in the pH 

value, which can be explained that a higher pH value in the solution 

causes more negative charge on the HfO2 surface. Fig. 3c compares the 

current sensitivity in the pH range from 4.22 to 5.26 in subthreshold, 

saturation and linear regions. A current sensitivity (SpH-I= (IpH1-I pH2)/I 

pH2×100) of 126 in the subthreshold region is significantly higher than 

those of 34.8 and 14.5 in the saturation and linear regions, respectively, 

which is due to the exponential dependence of IDS on the gate voltage in 

the subthreshold regime. This sensitivity of 126 is significantly higher 

than that of 6.6 in graphene FET biosensor and comparable to recently 

reported values of 196, 130, and 100 in MoS2, Si nanowire, and In2O3 

based FET biosensors, respectively.8,9 The shift of Vth with different pH 

value (SpH-V) is estimated to be 54.8 mV/pH (Fig. 3d), a value close to 

the Nernstian limit of 59.2 mV/pH at room temperature. Fig. 3e shows 

the IDS as a function of time. The IDS increases stepwise with discrete 

changes in pH value and quickly goes to a stable value in each pH value. 

   Fig. 4a shows the typical current PSD (SI) as a function of frequency 

(f) in pH= 5.26 solution. Normalized PSD (SI/IDS
2) is dependent on the 

transconductance to drain current ratio squared (gm/IDS)2 (Fig. 4b), sug-

gesting that the LFN in ReS2 FET under pH sensing follows the CNF 

model, which is similar with that in dry environment. As shown in Fig. 

4c, the gate referred voltage PSD (SVG=SI/gm
2) shows no evident depend-

ence with pH values. Further, the pH resolution (ΔpHMin=3×SVG
1/2/SpH-

V), which determines the smallest pH value a sensor can respond, is 

measured, and the limit of detection is calculated to be 0.0132 pH at a 

typical sampling rate of 10 Hz with VDS= 0.1 V and VLG= 1 V, which is 

comparable with the value of 0.01 pH in Si nanoribbons ion-sensitive 

field effect transistor (ISFET).10 

4. Conclusions 

    Bilayer ReS2 FETs on 20 nm-thick high-k HfO2 were fabricated 
and studied. A small threshold voltage of -0.25 V, high on/off current 
ratio of ~107, low SS of 116 mV/dec and electron mobility of 6.02 
cm2/Vs are obtained. Current fluctuation in ReS2 FETs is compre-
hensively analyzed for the first time. It is found that the CNF model 
dominates in the current flicker (1/f) noise. pH sensing based on 
ReS2 FETs are demonstrated with HfO2 sensing layer, exhibiting a 
sensitivity of 54.8 mV/pH and a detection limit of 0.0132 pH. The 
dc, noise and pH sensing characteristics of ReS2 transistor on high-
k dielectric presented here could pave the way for nanoelectronic 
devices and sensing applications. 
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Figure 1. (a) Sketch of the ReS2 FET on 20 nm HfO2/Si 

substrate. A layer of 20 nm Al2O3 on top of the device 

is used as the passivation layer. (b) An optical image of 

a pair of Cr/Au electrodes deposited on bilayer ReS2 

flake. The length and width of the ReS2 channel is 1.72 

m, and 3.01 m, respectively. The scale bar is 10 m. 

(c) AFM image of the bilayer ReS2 FETs on HfO2. (d) 

Measured height at the flake edge of ReS2 flake. (e) 

Raman spectrum of the bilayer ReS2 flake. Two main 

Raman peaks located at 150 and 210.5 cm-1 are ob-

served, which correspond to the in-plane (E2g) and 

mostly out-of plane (A1g) vibrational modes of ReS2, 

respectively. 

Figure 2. (a) The C-V curve of a metal-HfO2-p++ Si capacitor as a function of gate volt-

age at 1 MHz. The capacitance density of 20 nm-thick HfO2 was determined to be 6.7 × 

10-7 F/cm2 and a dielectric constant (k) of 15.4 was extracted. (b) IDS versus VBG with fixed 

VDS at 0.01, 0.1 and 0.5 V plotted in logarithmic scale. (c) IDS versus VBG with fixed VDS 

at 0.01, 0.1 and 0.5 V plotted in linear scale.(d) IDS as a function of VDS ranging from -0.2 

to 0.2 V with the VBG varying from -2 to 1 V in steps of 0.5 V. (e) IDS as a function of VDS 

ranging from 0 to 2 V with VBG varying from -2 to 1 V in steps of 0.5 V, showing the linear 

and saturation region. (f) The gate leakage as a function of the VBG with VDS at 0.01, 0.1 

and 0.5 V. The total contact pad area is 6 × 104 m2. Note that the gate leakage current is 

less than 6 pA in the VBG range of -2 to +1 V. (g) Typical SI as a function of frequency 

with different VBG. The value of VDS is kept at 0.1 V. The dashed line indicates the slope 

of 1/f. (h) Normalized PSD (SI/IDS
2) and a constant ×(gm/IDS)2 as a function of IDS. The 

dotted line indicates the slope of 1/IDS. 

  

Figure 3. (a) A schematic diagram of a ReS2 FET for pH sensing. A Ag/AgCl electrode is used 

as the liquid gate. A poly(dimethylsiloxane) (PDMS) reservoir with size of 0.6×0.4×0.4 mm 

(Length × Width × Height) is glued onto the HfO2 by epoxy to hold the PBS solutions. (b) 

Transfer curves (IDS-VLG) at different pH values (3.21, 4.22, 5.26 and 8.11) in both logarithmic 

and linear scale. The VDS is kept at 0.1 V. (c) Sensitivity (SpH-I) in subthreshold, saturation and 

linear regions for a pH change from 4.22 to 5.26 calculated from the transfer curves shown in 

(b). (d) The shift of the Vth and change of the IDS of ReS2 FET as a function pH value. The 

linearity of the Vth shift over the pH range from 3.21 to 8.11 is calculated to be 99.81%. (e) 

Response curve for pH sensing with VDS= 0.1 V and VLG= -0.5 V at room temperature.  

 

Figure 4. (a) The typical SI as a function of fre-

quency (f) in pH= 5.26 PBS solution with dif-

ferent ligquid voltage VLG. The VDS is kept at 0.1 

V. (b) SI/IDS
2 and a constant ×(gm/IDS)2 as a func-

tion of IDS (in pH= 5.26 solution). The dotted 

line indicates the slope of 1/IDS. (c) Voltage PSD 

(SVG) as a function of frequency (f) in PBS so-

lution with different pH values at VLG= 1V and 

VDS= 0.1 V.  
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