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研究成果の概要（和文）：我々は、グラフェンナノリボンデバイスを用いて、グラフェン上のガス分子の吸着・
脱離の時間評価測定を行い、グラフェン-ガス分子間のファンデルワールス（vdW）相互作用調整性について研究
した。微視的な電荷移動の詳細を理解するため、vdW密度汎関数に基づく第一原理計算を利用した。我々は、グ
ラフェンとガス分子の間のvdW相互作用を制御することに成功し、各種分子における電気的同調性の範囲のユニ
ークな特徴を報告した。我々は、グラフェン-金属とグラフェン-グラフェンコンタクトを持つグラフェンナノエ
レクトロメカニカルシステム（GNEMS）のスイッチング動作を研究し、プルイン電圧を1V以下に抑えることに成
功した。

研究成果の概要（英文）：We used graphene nanoribbon device to study the van der Waals (vdW) 
interaction tunability of the graphene－gas molecules based the time evaluation measurements of gas 
molecules adsorption/desorption on graphene. We used the first-principles calculations with the vdW 
density functionals to understand the microscopic details of charge transfer.  We succeeded in 
controlling the vdW interaction between graphene and gas molecules complexes and reported the range 
of electrical tunability as a unique feature for each type of molecule. We studied graphene 
nano-electro-mechanical-system (GNEMS) switching operation for graphene-metal and graphene-graphene 
contacts and succeeded in reducing pull-in voltage to sub-1V. 

研究分野： ナノエレクトロニクス、センサ, NEMS

キーワード： グラフェン　センサ　vdW インタラクション　スイッチ
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１．研究開始当初の背景 

 

van der Waals (vdW) interaction in molecular 

physisorption on graphene surface gives the 

possibility of tuning its charge transfer. This 

method provides an advanced detection 

technique, which is applicable even to 

chemical molecules possessing very poor 

doping capability and thus hardly detectable 

using conventional sensing technologies. On 

the other hand, graphene nano-electro- 

mechanical (GNEM) switches is important for 

low power management.   

 

２．研究の目的 

 

First part of this project aims to sense very 

poor doping characteristics gas molecules 

using graphene-gas molecules vdW interaction 

tuning. Second part of the project will develop 

a novel method to reduce pull-in voltage of 

graphene NEMS by exploring the graphene 

vdW interaction induced Electromechanical 

movement. 

 

３．研究の方法 

 

Graphene – O2, CO2, CO, NH3, and Acetone 

vdW complexes sensors first-principles 

simulations will be done along with the 

experimental studies of temporal molecule 

adsorption / desorption processes onto 

graphene nanoribbons (GNRs) under an 

external electric field applied via the substrate 

bias voltage. Metal actuation 

Electrode-Graphene and Graphene-Graphene 

GNEMS switches will be fabricated and its 

switching characteristics will be evaluated. 

GNEMS switching operations will be carried 

out and its measurement feedback will be used 

again to reduce pull-in voltage below 1 V. 

 

４．研究成果 

 

We reported the vdW interaction tunability of 

the graphene−CO2 complex by combining the 

first-principles calculations with the vdW 

density functionals and the time evaluation 

measurements of CO2 molecules 

adsorption/desorption on graphene under an 

external electric field (Fig. 1). The 

field-dependent charge transfer within the 

complex unveils the controllable tuning of CO2 

from acceptor to donor. Meanwhile, the 

configuration of the adsorbed molecule, the 

equilibrium distance from graphene and 

O−C−O bonding angle, is modified 

accordingly. The range of electrical tunability 

is a unique feature for each type of molecule 

(for example: CO2, Benzene, CO, NH3, O2 in 

Fig. 2a).  

 

Room temperature detection of the individual 

physisorption of carbon dioxide molecules 

Fig. 1 (a) Schematic of CO2 adsorption 

measurements at varied tuning voltages Vg (b) SEM 

image of the fabricated GNR device. 

Fig. 2 (a) Electrical tunability of the Charge 

Transfer in different Graphene−Molecule 

Complexes (b) Shift of charge neutrality point 

for different concentrations of acetone and 

nitrogen, and nitrogen.  



with suspended bilayer graphene (BLG) also 

reported. An electric field introduced by 

applying back-gate voltage is used to 

effectively enhance the adsorption rate. A 

unique device architecture of GNEM is 

designed to induce tensile strain in the BLG to 

prevent its mechanical deflection onto the 

substrate by electrostatic force. Despite the 

negligible charge transfer from a single 

physisorbed molecule, it strongly affects the 

electronic transport in suspended BLG by 

inducing charged impurity, which can shut 

down part of the conduction of the BLG with 

Coulomb impurity scattering. Accordingly, we 

can detect each individual physisorption as a 

step-like resistance change with a quantized 

value in the BLG. We used density functional 

theory simulation to theoretically estimate the 

possible resistance response caused by 

Coulomb scattering of one adsorbed CO2 

molecule, which is in agreement with our 

measurement. The concentration of CO2 

molecules used for this measurement is 

equivalent to ~30 ppb compared with the 

atmospheric pressure with carrier gas injected 

condition [1]. In order to study the sensing of 

acetone molecules, we carried out nitrogen, 

and acetone-nitrogen mixture gas 

measurements. We are clearly able to detect the 

presence of 0.74 % acetone molecules in 

nitrogen environment by graphene-gas 

molecules vdW interaction tuning method as 

shown in Fig. 2b[2].  

 

On the other hand, we realized the local 

top-gated graphene resonator inertial mass 

sensing of mixed H2/Ar gas. The graphene 

resonator is fabricated with monolayer 

graphene. The fabricated resonator dimensions 

are 900 nm in length and 500 nm in width (Fig. 

3). Measurements of the fabricated resonator 

are performed using a co-planar structure 

probe and radio-frequency (RF) connectors. At 

the vacuum condition of the chamber, the 

resonant frequency of the doubly clamped 

graphene resonator is measured as 94.3 MHz 

with the quality factor of 42.2, based on 

transmission S-parameter characterization. The 

measured resonant frequency is consistent with 

the theoretical calculation based on the 

continuum model for the graphene resonator. 

When the chamber pressure is increased to 

1.1×10−1 Pa by injecting mixed H2/Ar gas, the 

resonant frequency of the device is 

downshifted by 4.32 MHz to 89.98 MHz and 

the quality factor is reduced to 22.5. As the 

mass of the graphene resonator is increased by 

the adsorption of mixed gas molecules 

adsorption, the resonant frequency is 

downshifted further. The detected mass of the 

adsorbed gas molecules is calculated as ∼15 

attograms [3]. 

Fig. 3 (a) Schematic diagram of graphene 

resonator, inset shows optical image of the 

fabricated device (b) RF measurement setup (c) 

Measured transmission S-parameter 

characteristics of doubly clamped graphene 

resonator in Ar + H2 (9:1) mixture gas at the 

different pressures. 

Fig. 4 Field effect mobility of graphene sensor 

device without (0 min) and with (210 mins) (a) 

nitrogen (b) CO2 gas molecules, respectively. 



Sensing of nitrogen and CO2 molecules 

through the vdW interaction tuning was done. 

For nitrogen gas environment, it was 

understood that N2 act as donor for negative 

tuning voltage, and it acted as acceptor for zero 

and positive tuning voltage. It clearly indicated 

the weak vdW interaction for nitrogen and 

relatively strong interaction for CO2 molecules 

[4]. This leads to stronger scattering for CO2 

molecules than nitrogen (Fig. 4).  

 

As an important step to understand graphene 

NEM contact, we studied graphene–metal 

static contacts by fabricating the transmission 

line model (TLM) pattern on a graphene 

nanoribbon (GNR) and dynamic contacts by 

GNR nano- electromechanical (GNEM) 

switches with and without periodic concave 

patterns on the suspended top electrode. A 

negative contact resistance extracted from the 

results of TLM analysis is attributable to the 

inhomogeneity of GNRs owing to the doping 

from the metal and the substrate. All the 

dynamic contacts in GNEM switches show 

clear pull-in operations, which are not 

reversible. GNEM switches with periodic 

arrays of concave contacts show global pull-in 

onto the bottom surface of the concave and 

then exhibit local pull-in onto the slanted 

sidewall surfaces of the concave, which is 

confirmed by finite element method simulation 

[5]. 

 

An alternative three-terminal (3T) subthermal 

subthreshold slope (SS) switch is required to 

overcome the exponential increase in leakage 

current with an increase in the drive current of 

CMOS devices. We reported a 3T graphene 

nanoelectromechanical (3T-GNEM) switch 

with a physically isolated channel in an 

off-state generated from heterogeneously 

stacked two-dimensional (2D) materials. 

Hexagonal boron nitride (h-BN) was used as a 

dielectric layer, and graphene was used as the 

top double-clamped beam drain, gate and 

source electrode material; the drain, gate, and 

source layers were stacked vertically to 

achieve a small footprint. The drain to source 

contact is normally open with an air gap in an 

off-state, and the gate voltage is applied to 

mechanically deflect the drain terminal of the 

doubly clamped graphene beam to make 

electric contact with the source terminal for the 

on-state. This 3T-GNEM switch exhibits an SS 

as small as 10.4 mV/dec at room temperature, 

a pull-in voltage less than 6 V, and a switching 

voltage window of under 2 V. Since the source 

and drain terminals are not connected 

physically in the off-state, this 3T-GNEM 

switch is a promising candidate for future 

high-performance low-power logic circuits and 

all-2D flexible electronics [6]. 
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