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研究成果の概要（和文）：我々は、200 x 200 nmのサイズのグラフェンナノリボンFETの表面に金属ナノ粒子と
活性炭分子篩を修飾することに成功した。活性炭 分子篩によって機能化されたグラフェンFET を使用して、150
℃以下のセンサ温度で 50 ppb 濃度のエタノールガス分子検出を実現した。アルミニウムナノ粒子で機能化され
たグラフェンは、リアルタイム大気中でアンモニアガス分子に対して優れた感度と選択性を示した。また、表面
弾性波技術を用いることでさらに低濃度のアセトンガス分子を検出した。 グラフェンを用いた表面弾性波ガス
センサは、実際の大気下でアセトンガス分子 (800 ppt) に対するガス応答の向上を示した。

研究成果の概要（英文）：We have successfully functionalized metal nanoparticles and activated carbon
 molecular sieve on the surface of graphene nanoribbon FET with a size of 200 x 200 nm. 50 ppb 
concentration of Ethanol gas molecules was detected under 150°C using activated carbon molecular 
sieve functionalized graphene FET. In addition, Aluminum nanoparticles functionalized graphene 
showed exceptional sensitivity and selectivity towards ammonia gas molecules at real-time 
atmosphere. Furthermore, We have performed surface acoustic wave technique to detect even lower 
concentrations of acetone gas molecules. Graphene based surface acoustic wave gas sensor exhibited 
an enhanced gas response towards acetone gas molecules (800 ppt) under a real atmosphere. 
 

研究分野： Electronic nose, Gas sensing, 2D materials FET

キーワード： Graphene　Health care　Acetone　Ethanol
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令和

研究成果の学術的意義や社会的意義
Scientific and social significance of your research achievements
We have achieved the detection of acetone molecules at parts per trillion at room temperature. Our 
device can be utilized to detect disease at an early stage in human beings and provide a healthy 
life to everyone. 

※科研費による研究は、研究者の自覚と責任において実施するものです。そのため、研究の実施や研究成果の公表等に
ついては、国の要請等に基づくものではなく、その研究成果に関する見解や責任は、研究者個人に帰属します。
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１．研究開始当初の背景 

Single Molecule detection of volatile organic gas molecules from the human breath 

and Skin. In particular, ethanol, acetone and ammonia which particular belong to the 

biomarkers. To improve the lifespan and health conditions of human beings, an advanced 

device that can monitor their health conditions regularly in a real-time environment is 

required.  

２．研究の目的 

In the first part of this research, we systematically studied the effect of graphene FET 

towards different organic volatile gas molecules at different temperatures. In the second 

part research, we have functionalized the graphene with different nanoparticles, zeolite 

and activated carbon. Finally, we have performed surface acoustic wave graphene gas 

sensor for high sensitivity towards acetone gas molecules. 
 
３．研究の方法 

Functionalization of graphene FET will be fabricated and its gas sensing response will be 

evaluated. By introducing Acetone, NH3, and Ethanol gas molecules.  

 

Figure. 1. Schematic of the fabricated CMSF-GFET gas sensor device.  
 

Device Fabrication: Monolayer CVD graphene purchased from a graphene platform was 

utilised for fabricating the device. The copper substrate was etched using oxygen plasma 

etching and a 0.1 M ammonium persulphate solution. Before transferring the graphene to 

the substrate, the Si/SiO2 substrate was cleaned with acetone and isopropanol. The 

https://www.sciencedirect.com/topics/materials-science/device-fabrication
https://www.sciencedirect.com/topics/materials-science/chemical-vapor-deposition
https://www.sciencedirect.com/topics/engineering/copper-substrate
https://www.sciencedirect.com/topics/materials-science/plasma-etching
https://www.sciencedirect.com/topics/materials-science/plasma-etching
https://www.sciencedirect.com/topics/engineering/ammonium-persulfate


transferred graphene was annealed in an Ar/H2 (9/1) environment for 3 h at 300 °C. An 

80 nm thick (Cr/Au) electrode was deposited using the electron beam lithographic (EBL) 

technique, followed by lift-off. Subsequently, a 40 nm (Cr/Au) contact electrode was 

deposited using the EBL technique. The GNR and CMS layers were defined by electron 

beam lithography using a negative Novolac resin-based (ARN 7520.07) resist, followed 

by resist development and oxygen plasma etching. The negative resist on the surface of 

the GNRs was converted into CMSs by annealing the fabricated device at 300 °C for 3.5 h 

in a vacuum atmosphere (Figure. 1).  
 
1.  Activated carbon molecular sieve functionalized graphene FET gas sensor 

Initially, we fabricated a CVD graphene nanoribbon field effect transistor (GNR FET) 

to detect the gas molecules at room temperature. The results indicated that the CVD 

graphene shows a very low response towards acetone and ethanol gas molecules due to 

higher p-doping. To overcome this issues, we have fabricated activated carbon 

functionalized graphene to detect volatile gas molecules. The Activated carbon molecular 

sieves functionalized graphene FET (CMSC GNR FET) showed ultra-high sensitivity 

towards ethanol gas molecules at 150 °C compared to CVD graphene as shown in Figure 

2a. In addition, different concentrations of gas molecules are introduced towards activated 

carbon molecular sieves and CVD graphene. The results indicated that activated carbon 

functionalized graphene showed an extremely enhanced response even at 50 ppb 

concentration compared to CVD graphene as depicted in figure 2b. The CMSF-GFET gas 

sensor showed higher selectivity toward ethanol gas molecules than acetone, 

formaldehyde, hydrogen, and benzene, as shown in Fig. 2c 
2. Al metal functionalized Graphene FET 

Sensitivity and selectivity in real real-time atmosphere are highly desired for 

healthcare applications. An Aluminum nanoparticle with a 5 nm was functionalized on 

the surface graphene field effect transistor (Al-GFET) gas sensor fabricated and the gas 

sensing response was studied at room temperature. The Al-GFET showed ultra-high 

sensitivity towards 250 ppb at ammonia gas molecules at room temperature as shown in 

figure 3. In addition, we have analyzed the device at different atmospheres like nitrogen, 

oxygen and air atmosphere. Furthermore, charge neutrality point disparity (CNPD), based 

on the charge neutrality point difference between the tuning voltage (+ 40 and - 40 V) 

induced graphene-gas molecules van der Waals (vdW) is demonstrated.  

 

https://www.sciencedirect.com/topics/engineering/electrode-contact
https://www.sciencedirect.com/topics/materials-science/nanoribbon
https://www.sciencedirect.com/topics/materials-science/carbon-molecular-sieve
https://www.sciencedirect.com/topics/engineering/electron-optical-lithography
https://www.sciencedirect.com/topics/engineering/electron-optical-lithography
https://www.sciencedirect.com/science/article/pii/S0008622322000239#fig1
https://www.sciencedirect.com/science/article/pii/S0008622322000239#fig5


 
Figure 2. (a) Ethanol (9 ppm) gas responses of the CVD GNRFET and CMSF-GFET sensors at 
different temperatures, (b) responses of the sensors to different ethanol gas concentrations at 
150 °C, (c) selectivity of the CMSF-GFET gas sensor at 150 °C toward 9 ppm formaldehyde, 
benzene, hydrogen, acetone, and ethanol. 
3. Surface Acoustic wave graphene gas sensor 

we fabricated partially suspended monolayer graphene surface acoustic wave gas 

sensors (G-SAWs) with a love-mode wave to effectively detect ppt-level acetone gas 

molecules at room temperature. The sputtered SiO2 thin film on the surface of a black 

36°YX-LiTaO3 (B-LT) substrate acted as a guiding layer, effectively reducing the noise 

and insertion loss. The G-SAWs exhibited enhanced gas response towards acetone gas 

molecules (800 ppt) in a real-time atmosphere. The high sensitivity of the G-SAW sensor 

can be attributed to the elasticity and surface roughness of the SiO2 film. In addition, the 

G-SAW sensor exhibited rapid response and recovery at room temperature. This study 

provides a potential strategy for diagnosing different stages of diabetes in the human body. 

 
 
 



Figure 3 a. Schematic representation of Al functionalized graphene towards NH3 gas 
molecules, b. SEM images of Al-GFET fabricated device, c. Gas response of device 
towards ammonia gas molecules at room temperature, d. Gas response towards different 
concentrations.  
４． 研究成果 

1. Key Achievements 

We have achieved ultra-sensitive detection of ammonia and ethanol gas molecules at 

different temperatures. We have successfully functionalized metal nanoparticles and 

activated carbon molecular sieve on the surface of graphene FET with a size of 200 x 

200 nm. In addition, charge neutrality point disparity was measured at different 

atmospheres to identify the gas molecules by tuning the gate voltage. The charge 

neutrality point difference was observed towards ammonia and ethanol gas molecules 

which show ultra-high sensitivity of 250 ppb and 50 ppb concentrations. For high 

sensitivity and selectivity gas detection, Al functionalized graphene FET was fabricated 

and demonstrated. As proof of concept, The G-SAWs exhibited enhanced gas response 

towards acetone gas molecules (800 ppt) at room temperature.  

2. Future perspective 

In the next phase of research work, we have planned to suspend functionalized 

graphene to study gas sensing using a Surface acoustic wave gas sensor. In addition, we 

also planned to study the different structures of graphene nanoribbons. We will also 

compare different methods of gas sensors and find out a better sensor which will be 

implemented for real-time health sensor monitoring. 
 



５．主な発表論文等

〔雑誌論文〕　計8件（うち査読付論文　8件／うち国際共著　7件／うちオープンアクセス　2件）

2023年

2023年

2023年

2022年

オープンアクセスではない、又はオープンアクセスが困難 該当する

10.1016/j.jallcom.2022.165653

 ３．雑誌名  ６．最初と最後の頁

有

 オープンアクセス  国際共著

 ２．論文標題  ５．発行年
A review of flexible lead-free piezoelectric energy harvester

Journal of Alloys and Compounds 165653～165653

 掲載論文のDOI（デジタルオブジェクト識別子）  査読の有無

オープンアクセスではない、又はオープンアクセスが困難 該当する

 ４．巻
Yue Ruifeng、Ramaraj Sankar Ganesh、Liu Hailong、Elamaran Durgadevi、Elamaran Vidya、Gupta
Vinay、Arya Sandeep、Verma Sonali、Satapathi Soumitra、hayawaka Yasuhiro、Liu Xinghui

918
 １．著者名

10.1016/j.matlet.2023.133961

 ３．雑誌名  ６．最初と最後の頁

有

 オープンアクセス  国際共著

 ２．論文標題  ５．発行年
Solvothermal synthesis of 3D hierarchical rutile TiO2 nanostructures for efficient dye-
sensitized solar cells

Materials Letters 133961～133961

 掲載論文のDOI（デジタルオブジェクト識別子）  査読の有無

オープンアクセスではない、又はオープンアクセスが困難 該当する

 ４．巻
Arthi G.、Archana J.、Navaneethan M.、Ponnusamy S.、Hayakawa Y.、Muthamizhchelvan C.、Ramaraj
Sankar Ganesh

337
 １．著者名

10.1016/j.commatsci.2022.111975

 ３．雑誌名  ６．最初と最後の頁

有

 オープンアクセス  国際共著

 ２．論文標題  ５．発行年
First-principles study on the role of anion in the physical properties of lead-free halide
double perovskites

Computational Materials Science 111975～111975

 掲載論文のDOI（デジタルオブジェクト識別子）  査読の有無

 オープンアクセス  国際共著
オープンアクセスとしている（また、その予定である） －

 ４．巻
Rajeev Kumar N.、Ramaraj Sankar Ganesh、Karthika P.C.、Mathew Nishitha P.、Radhakrishnan R. 218
 １．著者名

Reconfigurable magnon interference by on-chip dynamic wavelength conversion

Scientific Reports 4872(1-9)

 掲載論文のDOI（デジタルオブジェクト識別子）  査読の有無
10.1038/s41598-023-31607-7

 ３．雑誌名  ６．最初と最後の頁

有

 ４．巻
Sarker Md Shamim、Yao Lihao、Yamahara Hiroyasu、Ma Kaijie、Liao Zhiqiang、Terao Kenyu、Tang
Siyi、Ramaraj Sankar Ganesh、Seki Munetoshi、Tabata Hitoshi

13
 １．著者名

 ２．論文標題  ５．発行年



2022年

2022年

2022年

2022年

オープンアクセスではない、又はオープンアクセスが困難 該当する

なし

 ３．雑誌名  ６．最初と最後の頁

有

 オープンアクセス  国際共著

 ２．論文標題  ５．発行年
Development of morphologically engineered flower-like Hafnium doped ZnO with experimental and
DFT validation for low-temperature and ultrasensitive detection of VOC gas

Industrial & Engineering Chemistry Research -

 掲載論文のDOI（デジタルオブジェクト識別子）  査読の有無

オープンアクセスではない、又はオープンアクセスが困難 該当する

 ４．巻
Srijita Nundy, Sankar Ganesh Ramaraj, Manoharan Muruganathan, Aritra Ghosh, Asif Ali Tahir,
Tapas Kumar Mallick, Joon-Shik Park, Hoo-Jeong Lee

-
 １．著者名

10.1007/s13538-022-01087-7

 ３．雑誌名  ６．最初と最後の頁

有

 オープンアクセス  国際共著

 ２．論文標題  ５．発行年
Clogging-Free Electrospinning of Micro-And Nanofibers From Polymer Solutions and Its Blends

Brazilian Journal of Physics 82

 掲載論文のDOI（デジタルオブジェクト識別子）  査読の有無

オープンアクセスとしている（また、その予定である） 該当する

 ４．巻
Satheesh Arjun、Ramaraj Sankar Ganesh、Alagiriswamy A. A. 52
 １．著者名

10.1021/acsomega.1c07274

 ３．雑誌名  ６．最初と最後の頁

有

 オープンアクセス  国際共著

 ２．論文標題  ５．発行年
RF Sputtered Nb-Doped MoS<sub>2</sub> Thin Film for Effective Detection of NO<sub>2</sub> Gas
Molecules: Theoretical and Experimental Studies

ACS Omega 10492～10501

 掲載論文のDOI（デジタルオブジェクト識別子）  査読の有無

オープンアクセスではない、又はオープンアクセスが困難 該当する

 ４．巻
Ramaraj Sankar Ganesh、Nundy Srijita、Zhao Pin、Elamaran Durgadevi、Tahir Asif Ali、Hayakawa
Yasuhiro、Muruganathan Manoharan、Mizuta Hiroshi、Kim Sang-Woo

7
 １．著者名

10.1016/j.carbon.2022.01.023

 ３．雑誌名  ６．最初と最後の頁

有

 オープンアクセス  国際共著

 ２．論文標題  ５．発行年
Carbon molecular sieve-functionalized graphene sensors for highly sensitive detection of
ethanol

Carbon 359～365

 掲載論文のDOI（デジタルオブジェクト識別子）  査読の有無

 ４．巻
Ramaraj Sankar Ganesh、Muruganathan Manoharan、Agbonlahor Osazuwa G.、Maki Hisashi、Onda
Yosuke、Hattori Masashi、Mizuta Hiroshi

190
 １．著者名



〔学会発表〕　計6件（うち招待講演　0件／うち国際学会　1件）

2023年

2023年

2021年

2021年

 ２．発表標題

 ２．発表標題

 ２．発表標題

 ２．発表標題

 ３．学会等名

2023年第70回応用物理学会　春季学術講演会

2023年第70回応用物理学会　春季学術講演会

82nd JSAP Autumn Meeting 2021

SSDM 2021（国際学会）

 １．発表者名

 １．発表者名

 １．発表者名

 １．発表者名

Haolong Zhou, Ganesh Ramaraj Sankar, Hiroyasu Yamahara, Hitoshi Tabata

Sankar Ganesh Ramaraj, Haolong Zhou, Yuka Yamada, Hiroyasu Yamahara, Hitoshi Tabata

R. Sankar Ganesh, M. Manoharan, Gabriel Agbonlahor, H. Maki, M. Hattori, H. Mizuta

 ４．発表年

 ４．発表年

 ４．発表年

 ４．発表年

R. Sankar Ganesh, M. Manoharan, Gabriel Agbonlahor, H. Maki, M. Hattori, K. Shimomai, H. Mizuta

Ppt Level Detection of Acetone in Air atmosphere using Graphene Surface Acoustic Wave Gas Sensor

Zeolite functionalized graphene FET E-nose for selective detection of volatile organic compounds

Enhanced acetone gas sensing of activated carbon functionalized graphene nanoribbon FET in the real-air environment

Charge neutrality point disparity based identification of ethanol gas molecules in activated carbon functionalized graphene

 ３．学会等名

 ３．学会等名

 ３．学会等名



2022年

2021年

〔図書〕　計0件

〔産業財産権〕

〔その他〕

６．研究組織

７．科研費を使用して開催した国際研究集会

〔国際研究集会〕　計0件

田畑・松井・関研究室HP 
http://www.bioxide.t.u-tokyo.ac.jp/

所属研究機関・部局・職
（機関番号）

氏名
（ローマ字氏名）
（研究者番号）

備考

第82回応用物理学会秋季学術講演会

 ２．発表標題

 ２．発表標題

 ３．学会等名

 ３．学会等名

第69回応用物理学会春季学術講演会

 ４．発表年

 １．発表者名

 １．発表者名

Catalyst-modified graphene FET towards ammonium gas sensing

Real-time Conformational Switching of Graphene-Molecule van der Waals Bonding Complexes in Graphene Gas Sensors

 ４．発表年

浜坂 省吾, Manoharan Muruganathan, Sankar Ganesh Ramaraj, 槇 恒, 恩田 陽介, 服部 将志, 水田 博

Osazuwa Gabriel Agbonlahor, Manoharan Muruganathan, Sankar Ganesh Ramaraj, Kohei Taketomi, Hisashi Maki, Masashi Hattori,
Hiroshi Mizuta



８．本研究に関連して実施した国際共同研究の実施状況

共同研究相手国 相手方研究機関


