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Abstract 

 Molybdenum disulfide (MoS2) is one of the most studied 2D material from family of 
transition metal dichalcogenides (TMDs). It possesses many fascinating properties such as its high 
transparency, super strong, durable, flexible, and super thin. Monolayer MoS2 is a semiconductor 
with a direct bandgap of 1.8 eV very high compared to other semiconducting 2D materials. All of 
the aforementioned properties are essential for many applications, such as energy conversion 
and storage, wearable electronics and optoelectronics. In addition, stacking of 2D materials to 
create van der Waals heterostructure especially the stacking of two single-layer flakes of MoS2 
may be able to provide new functionalities. In this thesis, we attempt to fabricate and study two 
type of 2Dǰvan der Waalsǰheterostructure based on MoS2. First, Raman spectrum of twisted bilayer 
(tMoS2) is fabricated using pick-up technique and its Raman spectrum is investigated. The peak 
frequency difference between the two Raman modes of tMoS2 has a value between single-and 
bi-layer MoS2 and the peak intensity of tMoS2 is lower than that of bilayer MoS2. This indicates 
that the tMoS2 has different characteristics from its single-and bi-layer counterparts. Second, we 
fabricated field effect transistor from single layer MoS2/BN van der Waals heterostructure. We 
measure two-probe electrical conductivity and a function of mobility and find mobility of 2.25ǰ
cm2V-1s-1 at room temperature.  
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บทที่ 1 

บทนำ 

 

1.1 ที่มาและคüามÿำคัญ 

 ÿćøìĊęöĊēคøงÿøšćงđðŨîĒñŠîïćงìĊęđชČęĂöêŠĂกĆîéšü÷ĒøงĒüîđéĂøŤüćúÿŤ  (Van der Waals) êĆüĂ÷ŠćงđชŠîǰกøć

ôŘîǰ(Graphene), ēïøĂîĕîĕêøéŤǰ(Boron Nitride) ĒúąēúĀąìøćîซĉชĆîĕéĒคúēคđจîĕîéŤ (Transition Metal 
Dichalcogenides ; TMDs) ÿćøéĆงกúŠćüúšüîöĊคčèÿöïĆêĉĀúć÷Ă÷ŠćงìĊęöĊคüćöēééđéŠîĒêกêŠćงกĆî [1] ēé÷îĆïêĆĚงĒêŠ

กćøคšîóïขĂงกøćôŘîĔîðŘǰ2004ǰ[2] îĆกüĉì÷ćýćÿêøŤó÷ć÷ćööĂงĀćüĉíĊìĊęจąîĈüĆÿéčÿĂงöĉêĉĂČęîìĊęÿćöćøëîĈöć

ðøą÷čกêŤĔชšงćîĕéšđĀîČĂกüŠćĂčðกøèŤìĊęöĊĂ÷ĎŠĔîðŦจจčïĆîǰĀîċęงĔîüĆÿéčìĊęîŠćÿîĔจคČĂüĆÿéčìĊęđðŨîÿćøðøąกĂïĔîêøąกĎú

ēúĀąìøćîซĉชĆîĕéĒคúēคđจîĕîéŤïćงชîĉéǰđชŠîēöúĉïéĊîĆöĕéซĆúĕôéŤǰ(MoS2), ìĆงÿđêîĕéđซđúĕîéŤ (WSe2)ǰซċęงđðŨî

üĆÿéčÿĂงöĉêĉìĊęëĎกคšîóïĀúĆงจćกกøćôŘîĒêŠกĘĕéšøĆïคüćöÿîĔจđðŨîđðŨîĂ÷ŠćงöćกđชŠîกĆîǰ 

 ēúĀąìøćîซĉชĆîĕéĒคúēคđจîĕîéŤ (Transition Metal Dichalcogenides ; TMDs) คČĂÿćøðøąกĂï

ĂąêĂöชĆĚîđéĊ÷üìĊęöĊēคøงÿøšćงĒïïǰMX2 ēé÷ìĊęǰM คČĂĂąêĂöขĂงēúĀąìøćîซĉชĆîǰĒúąǰX คČĂĂąêĂöĒคúēคđจîǰซċęง
÷ċéêĉéกĆîéšü÷óĆîíąēคüćđúîêŤĒúąøąĀüŠćงชĆĚîจąéĎéกĆîéšü÷ĒøงĒüîđéĂøŤüćúÿŤǰēé÷ðกêĉēúĀąìøćîซĉชĆîĕéĒคúēค

đจîĕîéŤÿćöćøëöĊēคøงÿøšćงĒëïóúĆงงćîĒúąÿöïĆêĉìćงĂĉđúĘ กìøĂîĉกÿŤìĊ ęĀúćกĀúć÷ĀøČĂĂćจöĊชŠĂงüŠćง

ĒëïóúĆงงćîĒïïĕöŠêøงกĆîǰ (indirect band gap) [3]ǰĒêŠēúĀąìøćîซĉชĆîĕéĒคúēคđจîĕîéŤĒïïชĆ ĚîđéĊ÷üǰ

(monolayer) îĊĚจąöĊÿöïĆêĉคČĂöĊชŠĂงüŠćงĒëïóúĆงงćîĒïïêøงกĆîǰ (direct band gap) êĆüĂ÷ŠćงđชŠîǰēöúĉïéĊîĆöĕé

ซĆúĕôéŤĀîċęงชĆĚîöĊคüćöĀîćðøąöćèǰ0.65ǰîćēîđöêøǰöĊคŠćชŠĂงüŠćงĒëïóúĆงงćîĒïïêøงกĆîǰ1.8ǰeV [4] ซċęงëČĂüŠć
ÿĎงöćกĔîüĆÿéčÿĂงöĉêĉĒúąđöČęĂđìĊ÷ïกĆïกøćôŘîìĊęĕöŠöĊคŠćชŠĂงüŠćงĒëïóúĆงงćîǰéšü÷คčèÿöïĆêĉîĊĚìĈĔĀšกøćôŘîëĎกîĈĕð

ðøą÷čกêŤĔชšĕéšจĈกĆéĒคŠĂčðกøèŤĂĉđúĘกìøĂîĉกÿŤìĊęöĊóúĆงงćîêęĈǰéĆงîĆĚîĔîêĂîîĊĚēöúĉ ïéĊîĆöĕéซĆúĕôéŤจċงđðŨîêĆüđúČĂก

ĀîċęงìĊęëĎกóĆฒîćขċĚîđóČęĂĔชšðøąē÷ชîŤìĆĚงĔîéšćîกćøĒðúงóúĆงงćîĒúąกćøกĆกđกĘïóúĆงงćîǰøüöëċงกćøĔชšงćîĔîóüก

ĂčðกøèŤĂĉđúĘกìøĂîĉกÿŤĒúąĂčðกøèŤđชĉงĒÿงǰÿöïĆêĉĂĊกขšĂĀîċęงขĂงēöéĉïéĊîĆöĕéซĆúĕôéŤคČĂìîคüćöøšĂîĕéšกüŠćǰ1000ǰ

ĂงýćđซúđซĊ÷ÿǰจċงëČĂĕéšüŠćđðŨîüĆÿéčìĊęìîìćîǰĒขĘงĒøงǰ÷ČéĀ÷čŠîĕéšéĊĒêŠ÷ĆงคงöĊขîćéìĊęđúĘก 

 đöČęĂüĆÿéčÿĂงöĉêĉĀîćøąéĆïĂąêĂöÿĂงĒñŠîöćซšĂîกĆî÷ċéêĉéกĆîéšü÷ĒøงĒüîđéĂøŤüćúÿŤǰđðŨîēคøงÿøšćงĒïïǰ

vdW Heterostructure ǰêĆüĂ÷ŠćงđชŠîกćøîĈēöúĉïéĊîĆöĕéซĆúĕôéŤĒïïชĆĚîđéĊ÷üÿĂงĒñŠîöćüćงซšĂîกĆîēé÷ìĊęöčöïĉé

øąĀüŠćงĒñŠîĕöŠđðŨîýĎî÷Ťǰ(twisted bilayer) จąìĈĔĀšðøćกฎúüéúć÷ñúċกìĊęđøĊ÷กüŠćǰĶMoiréǰpatternķǰēคøงÿøšćง

ĒëïóúĆงงćîจąđกĉéกćøđðúĊę÷îĒðúงĒúąคčèÿöïĆêĉïćงðøąกćøđðúĊę÷îêćöĕðéšü÷ǰēé÷ขîćéขĂงǰMoiréǰpatternǰ

จąขċĚîĂ÷ĎŠกĆïöčöïĉéøąĀüŠćงชĆĚîขĂงüĆÿéčÿĂงöĉêĉǰēé÷Ĕî twisted bilayerǰMoS2 öĊกćøคšîóïüŠćđöČęĂöčöïĉéøąĀüŠćง
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ชĆĚîđðŨîǰ3.5ǰĒúąǰ56.5ǰĂงýćคŠćคüćöกüšćงขĂงĒëïóúĆงงćîđüđúîซŤîĆĚîĒคïöćกǰ[5] đìĊ÷ïĕéšกĆïคŠćคüćöกüšćงขĂง

ĒëïóúĆงงćîขĂงกøćôŘîĔîöčöïĉéđðŨîǰ1.1ǰĂงýćìĊęđðŨîǰĶmagicǰangleķǰéĆงîĆĚîìĊęöčöïĉéóĉđýþîĊĚ twisted bilayer 
MoS2ǰîĊ ĚĂćจìĈĔĀšđกĉéÿöïĆêĉĔĀöŠė ìĊ ęîŠćÿîĔจđĀöČĂîìĊ ęđกĉéĔîǰtwisted bilayerǰgrapheneǰđชŠîǰstrongly-
correlated phases, superconductivity Ēúąǰ ferromagnetism Ă Ċกê Ć üĂ÷ Š ćงขĂงēคøงÿø š ćงĒïïǰvdW 
HeterostructureǰคČĂǰMoS2/BN heterostructureǰซċęงǰBNǰìĊęöĊคüćöïøĉÿčìíĉĝǰจąđðŨîฉîüîĕôôŜćìĊęจąชŠü÷ĔĀšกćø

üĆéÿöïĆêĉìćงĕôôŜćéĊขċĚîǰ 

ǰǰǰǰǰǰǰǰǰǰǰǰǰǰēคøงงćîîĊĚจąÿøšćงĒúąýċกþćคčèúĆกþèąขĂงüĆÿéčđชĉงĒüîđéĂøŤüćúÿŤìĊęðøąกĂïจćกēöúĉïéĊîĆöĕé

ซĆúĕôéŤÿĂงúĆกþèąคČĂǰýċกþćÿđðกêøĆöøćöćîüĆÿéčđชĉงĒüîđéĂøŤüćúÿŤจćกǰtwisted bilayer MoS2ǰđìĊ÷ïกĆïǰ

single layerǰĒúąǰbilayer ĒúąýċกþćÿöïĆêĉìćงĕôôŜćขĂงēöúĉïéĊîĆöĕéซĆúĕôéŤชĆĚîđéĊ÷üìĊę÷ċéêĉéกĆï đăกซąēกîĂú

ēïøĂîĕîĕêøéŤéšü÷ĒøงĒüîđéĂøŤüćúÿŤēé÷ÿøšćงđðŨîìøćîซĉÿđêĂøŤēé÷ĔชšđìคîĉคìĊęđøĊ÷กüŠćǰelectron-beam 
lithography (EBL) ซċęง.ēöúĉïéĊîĆöĕéซĆúĕôéŤจąëĎกđêøĊ÷öēé÷ĔชšüĉíĊกćøúĂกǰ(exfoliation) ĀøČĂกćøðúĎกĒïï CVD  

1.2 üัตถุประÿงค์ขĂงโครงการ 

1. ÿøšćงǰtwisted bilayer MoS2ǰìĊęđĀöćąÿöǰēé÷üĉíĊกćøëŠć÷ēĂîĒïïĒĀšงǰ(dry transfer method) Ēúą
üĉíĊกćøëŠć÷ēĂîĒïïđðŘ÷กǰ(wet transfer method) 

2. ýċกþćǰRaman spectrum Ĕîǰtwisted bilayer MoS2ǰđìĊ÷ïǰsingle-and bi-layer MoS2 

3. ÿøšćงǰMoS2/BN heterostructureǰĒúąĔÿŠคĂîĒìคéšü÷đìคîĉคǰelectron-beam lithography (EBL) 

4. ýċกþćคŠćìćงĕôôŜćจćกìøćîซĉđêĂøŤēöúĉïéĊîĆöĕéซĆúĕôéŤìĊę÷ċéêĉéกĆïđăกซąēกîĂúēïøĂîĕîĕêøéŤ 

1.3 ประโยชน์ที่คาดü่าจะได้รับ 

ก. ในด้านคüามรู้และประÿบการณ์ต่Ăตัüนิÿิต 
1. ĕéšòřกìĆกþąกćøĔชšĂčðกøèŤêŠćงǰėǰđชŠîǰXYR-stage , micromanipulator , optical microscope , 

temperature control 
2. ĕéšò řกüĉđคøćąĀŤข šĂöĎúจćกñúǰAFM, Raman ĒúąǰElectrical ขĂง single layer, bilayer Ēúąǰ

twisted bilayerǰMOS2 
ข. คüามรู้ คüามเข้าใจที่นำไปÿู่การแก้ปัญĀาÿังคมĀรืĂÿิ่งแüดล้Ăม 

1. îĈĕðĔชšêŠĂ÷ĂéĔîĂčðกøèŤĂĉđúĘกìøĂîĉกÿŤđóČęĂĔĀšÿćöćøëóĆฒîćĂčðกøèŤĂĉđúĘกìøĂîĉกÿŤöĊðøąÿĉìíĉõćó

ÿĎงขċĚî 
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บทที่ 2  
ทฤþฎีที่เกี่ยüข้Ăง 

 
2.1 โครงÿร้างผลึกขĂงโลĀะทรานซิชันไดแคลโคเจนไนด์ และโมลิบดีนัมไดซัลไฟดǰ์[4] 

ēúĀąìøćîซĉชĆîĕéĒคúēคđจîĕîéŤ (Transition Metal Dichalcogenides)ǰĀøČĂìĊęđøĊ÷กÿĆĚîėüŠćüĆÿéčÿĂงöĉêĉǰ

TMDs คČĂÿćøðøąกĂïĂąêĂöชĆĚîđéĊ÷üìĊęöĊēคøงÿøšćงĒïïǰMX2 ēé÷ìĊęǰM คČĂĂąêĂöขĂงēúĀąìøćîซĉชĆîǰĒúąǰX 
คČĂĂąêĂöขĂงĒคúēคđจîǰซċęง÷ċéêĉéกĆîéšü÷óĆîíąēคüćđúîêŤĒúąøąĀüŠćงชĆĚîจą÷ċéêĉéกĆîéšü÷ĒøงĒüîđéĂøŤüćúÿŤǰ

üĆÿéčÿĂงöĉêĉǰTMDǰÿŠüîĔĀญŠđðŨîóüกÿćøกċ ęงêĆüîĈǰ(semiconductor) ìĊ ęöĊชŠĂงüŠćงĒëïóúĆงงćîǰ(bandgap) 
คøĂïคúčöêĆĚงĒêŠชŠüงĂĉîôøćđøéĕðจîëċงชŠüงĒÿงìĊęêćöĂงđĀĘîǰĒúąìĊęđøćÿîĔจคČĂēöúĉïéĊîĆöĕéซĆúĕôéŤǰēé÷Ĕî

ēöúĉïéĊîĆöĕéซĆúĕôéŤจąöĊǰMo (+4) ĒúąǰS (-2) đชČęĂöêŠĂกĆîéšü÷óĆîíąēคüćđúîซŤĔîøĎðขĂงǰS-Mo-S ēé÷ðกêĉĀîċęง

ชĆĚîขĂงēöúĉïéĊîĆöĕéซĆúĕôéŤจąĀîćðøąöćèǰ0.65ǰîćēîđöêøǰđðŨîüĆÿéčìĊęöĊคčèÿöïĆêĉìćงกćóõćóìĊęĀúćกĀúć÷

đĀöćąÿĈĀøĆïกćøĔชšงćîêĆĚงĒêŠîćēîĂĉđúĘกìøĂîĉกÿŤĒúąîćēîēôēêîĉกÿŤĕðจîëċงกćøêøüจจĆïĒúąกćøกøąêčšîĔî

øąéĆïîćēî 

 

รูปที่ 1ǰéšćîซšć÷ĒÿéงēคøงÿøšćงÿćööĉêĉขĂงēöúĉïéĊîĆöĕéซĆúĕôéŤĀîċęงชĆĚîซċęงöĊคüćöĀîćǰ0.65ǰîćēîđöêøǰĒúąéšćîขüćĒÿéง

ēคøงÿøšćงจćกéšćîïîĒúąéšćîขšćงขĂงēöúĉïéĊîĆöĕéซĆúĕôéŤĀîċęงชĆĚî 

ìĊęöćǰZ. He, W. Que / Applied Materials Today 3ǰ(2016)ǰ23ı5 
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2.2 การüางซ้Ăนกัน (Stacking)[5],[6]  

กćøจĆéđøĊ÷งซšĂîกĆîขĂงĂąêĂöǰēคøงÿøšćงñúċกēöúĉïéĊîĆöĕéซĆúĕôéŤǰÿćöćøëĒïŠงĂĂกđðŨîǰ4ǰชîĉéคČĂǰ 1H 1T 
2H Ēúąǰ3R กćøđðúĊę÷îĒðúงēคøงÿøšćงîĊĚจąÿŠงñúēé÷êøงกĆïคčèÿöïĆêĉìćงกć÷õćóǰēöúĉïéĊîĆöĕéซĆúĕôéŤìĊęđกĉéขċĚî

đĂงêćöíøøöชćêĉöĆกจąđðŨîĒïïǰ2H ēé÷ìĊęöĊกćøจĆéđøĊ÷งêĆüซšĂîกĆîขĂงชĆĚîǰS-Mo-SǰĔîøĎðÿööćêøĀกđĀúĊę÷ö 
(hexagonal Symmetry)ǰĀøČĂðŗøćöĉéฐćîÿćöđĀúĊę÷öǰĒúąĔîìćงกúĆïกĆîĒïïǰ3R ขĂงēöúĉïéĊîĆöĕéซĆúĕôéŤจąöĊ

ĂąêĂöจĆéđøĊ÷งêĆüéšü÷øĎðÿööćêøÿĊęđĀúĊę÷öขîöđðŘ÷กðĎîǰ (rhombohedral symmetry)ǰĒúąĒïïđôÿǰ1T öĊ
ÿëćîąกċęงđÿëĊ÷øǰ(metastable) ìĊęÿćöćøëóïĕéšĔîēöúĉïéĊîĆöĕéซĆúĕôéŤชĆĚîđéĊ÷üǰ(single layer)ǰ 

รูปที่ 2ǰĒÿéงēคøงÿøšćงขĂงēöúĉïéĊîĆöĕéซĆúĕôéŤĒïïǰ2H (éšćîซšć÷) Ēïïǰ3R (êøงกúćง) ĒúąĒïïǰ1T (éšćîขüć)ǰēé÷
ĂąêĂöÿĊĒéงคČĂǰMo ĒúąĂąêĂöÿĊđĀúČĂงคČĂǰS 

ìĊęöćǰhttps://m.x-mol.com/news/5384?hcb=1&webTitle=xmol.news.webTitle&titleArg1=MoS2 
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กćøúĂกēé÷üĉíĊกćøìćงđคöĊขĂงñúċกĒïïǰ2H-MoS2 จîกúć÷ĕðđðŨîĒïïกċęงđÿëĊ÷øǰ1T ìĊęöĊĀîċęงชĆĚîêŠĂĀîċęง

ĀîŠü÷đซúúŤēé÷öĊĂąêĂöǰMo จĆéđøĊ÷งêĆüĔîøĎðÿööćêøìøงĒðééšćîǰ (octahedral symmetry) đîČęĂงจćกöĆîöĊ

คüćöกċęงđÿëĊ÷øêćöíøøöชćêĉìĈĔĀšǰ1T ÿćöćøëđðúĊę÷îđðŨîĒïïǰ2H ĕéšĂ÷ŠćงงŠć÷éć÷đöČęĂñŠćîกćøกøŠĂîõć÷Ĕêš

đงČęĂîĕขđฉóćąǰ 

รูปที่ 3ǰĒÿéงðøąđõìขĂงøĎðøŠćงขĂงēöúĉïéĊîĆöĕéซĆúĕôéŤĀîċęงชĆĚîǰคČĂðŗøćöĉéฐćîÿćöđĀúĊę÷öǰ(trigonal prismatic : 2H) Ēúąìøง

Ēðééšćîǰ(octahedral symmetryǰ: 1T) 

ìĊęöćǰProcess Safety and Environmental ProtectionǰVolume 118, August 2018, Pages 40-58 

ǰǰǰǰǰǰǰǰǰǰđøćÿćöćøëéĎøĎðĒïïēคøงÿøšćงĔîđìĂöขĂงúĈéĆïกćøđøĊ÷งซšĂîìĊęĒêกêŠćงกĆîขĂงøąîćïĂąêĂöìĆĚงÿćöǰ

(ĒคúēคđจîĕîéŤ-ēúĀą-ĒคúēคđจîĕîéŤ)ǰขĂงĒêŠúąชĆĚîĔîüĆÿéčǰēé÷ìĊęĒïïǰ2H ÿĂéคúšĂงกĆïกćøđøĊ÷งêĆüĒïïǰABA ìĊę

ĂąêĂöขĂงĒคúēคđจîĕîéŤĔîøćïĂąêĂöìĊęêŠćงกĆîจąĂ÷ĎŠìĊęêĈĒĀîŠงǰA đéĊ÷üกĆîĒúąêĆĚงĂ÷ĎŠïîขĂงกĆîĒúąกĆîĔîìĉýêĆĚง

ฉćกกĆîǰĒúąĔîìćงêøงกĆîขšćงǰT1จąöĊúĆกþèąกćøđøĊ÷งêĆüđðŨîĒïïǰABC ìĊęĔîĒêŠúąøąîćïĂąêĂöจąĕöŠêøงกĆîǰ 

ǰǰǰǰ  
รูปที่ 4ǰĒÿéงēคøงÿøšćงĂąêĂöขĂงขĂงēöúĉïéĊîĆöĕéซĆúĕôéŤĀîċęงชĆĚîǰคČĂðŗøćöĉéฐćîÿćöđĀúĊę÷öǰ(trigonal prismatic : 

2H) ìĊęจąđðŨîĒïïǰAB ĒúąìøงĒðééšćîǰ(octahedral symmetryǰ: 1T) ìĊęจąđðŨîĒïïǰABC 
ìĊęöćǰPhys. Rev. Lett. 121, 266401ǰ(2018) 
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2.3 Electronic band structure [7] 

ǰǰǰǰǰǰǰǰǰǰĀîċęงĀøČĂÿĂงëċงÿćöชĆĚîขĂงēúĀąìøćîซĉชĆîĕéĒคúēคđจîĕîéŤöĊคŠćชŠĂงüŠćงĒëïóúĆงงćîøąĀüŠćงǰ1ǰëċงǰ2ǰeV 
ëċงจąđĀöćąกĆïกćøìĈđðŨîìøćîซĉÿđêĂøŤÿîćöĕôôŜćǰ (Field Effect Transistor ĀøČĂǰFET) ĀøČĂĂčðกøèŤĂĂðēê

ĂĉđúĘกìøĂîĉกÿŤêŠćงėǰĔîïøøéćǰTDMs ìĆĚงĀöéǰēöúĉïéĊîĆöĕéซĆúĕôéŤĕéšøĆïคüćöÿîĔจđîČęĂงจćกöĊคčèÿöïĆêĉชŠĂงüŠćง

ĒëïóúĆงงćîìĊęöĊìĆĚงĒïïชŠĂงüŠćงĒëïóúĆงงćîĒïïêøงกĆîǰ (direct band gap)ǰĒúąĕöŠêøงกĆîǰ(indirect band 
gap) ขċĚîĂ÷ĎŠกĆïคüćöĀîćǰจćกกćøคĈîüèéšü÷ìùþฎĊôŦงกŤชĆîîĂúคüćöĀîćĒîŠîǰ (Density Functional Theory 
ĀøČĂǰDFT) đóČęĂéĎēคøงÿøšćงĂĉđúĘกìøĂîĉกÿŤขĂงēöúĉïéĊîĆöĕéซĆúĕôéŤǰชŠĂงüŠćงĒëïóúĆงงćîĒïïĕöŠêøงกĆîĂ÷ĎŠøąĀüŠćง

จčéǰΓ ëċง Γ-KǰĔî first brillouine zoneǰöĊคŠćðøąöćèǰ1.2ǰeV ĔîขèąìĊęชŠĂงüŠćงĒëïóúĆงงćîĒïïêøงกĆîĂ÷ĎŠĔî

จčéǰKǰคŠćðøąöćèǰ1.8-1.9ǰeV ĒÿéงüŠćชŠĂงüŠćงĒëïóúĆงงćîĒïïĕöŠêøงกĆîจąĔĀญŠขċĚîêćöจĈîüîชĆĚîìĊęúéúง

đîČęĂงöćจćกǰquantum confinement effectǰéĆงîĆĚîĔîĀîċęงชĆĚîขĂงēöúĉïéĊîĆöĕéซĆúĕôéŤจąöĊชŠĂงüŠćงĒëïóúĆงงćî

ĒïïĕöŠêøงกĆîìĊęĔĀญŠöćกėจîกúć÷đðŨîชŠĂงüŠćงĒëïóúĆงงćîĒïïêøงกĆîǰđĂกúĆกþèŤชŠĂงüŠćงĒëïóúĆงงćîîĊĚ đĂงìĊę

ÿćöćøëîĈĕðÿĎŠกćøðøą÷čกêŤĔชšĔîóüกĂčðกøèŤêŠćงė 

 
รูปที่ 5ǰĒÿéงชŠĂงüŠćงĒëïóúĆงงćîขĂงñúċกēöúĉïéĊîĆöĕéซĆúĕôéŤĒúąēöúĉïéĊîĆöĕéซĆúĕôéŤĒïïชĆĚîđéĊ÷ü 

ìĊęöćǰhttps://physics.stackexchange.com/questions/530341/interpretation-of-electronic-band-structure-
diagram 
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2.4 Raman spectra [8] 

ǰǰǰǰǰǰǰǰǰǰRaman spectroscopy đðŨîđคøČęĂงöČĂüĉđคøćąĀŤìĊęĂćýĆ÷ðøćกฏกćøèŤกćøกøąđจĉงĒÿงĒïïøćöćîǰ(Ramanǰ
scattering)ǰìĊęđกĉéจćกĂîčõćคĒÿงđขšćชîēöđúกčúขĂงÿćøǰÿööêĉĔĀšĒÿงǰđúđซĂøŤคüćö÷ćüคúČęîĀîċęงñŠćîÿÿćøìĊęēðøŠง

ĒÿงǰจąöĊĂîčõćคĒÿงจĈîüîĀîċęงìąúčñŠćîĕðǰขèąìĊęïćงÿŠüîจąชîđขšćกĆïēöđúกčúขĂงÿćøĒúšüđðúĊę÷îìĉýìćงĔîกćø

ชîกĆîîĆĚîǰēé÷ÿŠüîĔĀญŠóúĆงงćîĀúĆงจćกกćøชîจąĕöŠđðúĊę÷îĒðúงǰđðŨîกćøชîĒïï÷ČéĀ÷čŠîìĊęđøĊ÷กüŠćǰRayleigh 
scatteringǰĒêŠกĘจą÷ĆงöĊĂîčõćคĀúĆงกćøชîÿŠüîîšĂ÷ìĊęöĊóúĆงงćîĀúĆงกćøชîđðúĊę÷îĒðúงĕðǰđîČ ęĂงจćกöĊกćø

ĒúกđðúĊę÷îóúĆงงćîกĆïēöđúกčúขĂงÿćøǰĀøČĂìĊęđøĊ÷กüŠćกćøชîĒïïĕöŠ÷ČéĀ÷čŠîǰēé÷ĒÿงจąöĊคüćöëĊęöćกขċĚîĀøČĂ

îšĂ÷úงกĘĕéšǰกćøđðúĊę÷îĒðúงĀúĆงกćøชîîĊĚđĂงìĊęđøĊ÷กüŠćǰ Raman scatteringǰĀćกĂîčõćคĒÿงđขšćชîēöđúกčúĔî

ÿõćüąóČĚîǰคüćöëĊęĀúĆงกćøชîจąúéúงǰđøĊ÷กüŠćǰ Stokes RamanǰscatteringǰĒêŠĀćกĂîčõćคĒÿงđขšćชîēöđúกčúĔî

ÿõćüąกøąêčšîคüćöëĊęĀúĆงกćøชîจąđóĉęöขċĚîǰđøĊ÷กüŠćǰAnti-stokes Raman scatteringǰēé÷ìĆęüĕðĒúšüîĉ÷öüĆéกćø

đกĉéǰStokes Raman scatteringǰđîČęĂงจćกÿćøจąĂ÷ĎŠĔîÿõćüąóČĚîǰîĂกจćกîĊĚÿćøĒêŠúąชîĉéจąđðúĊę÷îคüćöëĊęขĂง

ĒÿงĕéšĒêกêŠćงกĆîǰĒúą÷ĆงĔĀšคüćöđขšöขĂงĒÿงìĊęกøąđจĉงĂĂกöćĕöŠđìŠćกĆîĂĊกéšü÷ǰจċงÿćöćøëîĞćüĉíĊǰRamanǰ
spectroscopy öćĔชšĔîกćøýċกþćēคøงÿøšćงขĂงÿćøĕéš 

 
รูปที่ 6 đðøĊ÷ïđìĊ÷ïกćøđðúĊę÷îøąéĆïóúĆงงćîขĂงǰelectron ĔîðøćกฏกćøèŤêŠćงǰė 

ìĊęöćǰSensors 2014, 14, 17275-17303; doi:10.3390/s140917275 
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ǰǰǰǰǰǰǰǰǰǰĔîชŠüงêšîðŘǰ2010ǰĕéšöĊกćøจĈĒîกēöúĉïéĊîĆöĕéซĆúĕôéŤĀîċęงชĆĚîĒúąÿĂงëċงÿćöชĆĚîĕéšéšü÷øćöćîÿđðกêøĆöǰ

ēé÷ìĆęüĕðĒúšüจąöĊ÷ĂéขĂงóĊคøćöćîìĆęüĕðǰ2ǰóĊคǰคČĂǰE1
2g Ēúą A1g ìĊęëĎกÿąìšĂîจćกēคøงÿøšćงñúċกขĂงēöúĉïéĊîĆö

ĕéซĆúĕôéŤǰซċęงìĆĚงÿĂงóĊคîĊĚจąđðŨîêĆüïŠงïĂกüŠćēĀöéกćøÿĆęîĔîøąîćïĒúąîĂกøąîćïขĂงĂąêĂöǰS đðŨîĂ÷Šćงĕø

êćöúĈéĆïǰจćกñúċกēöúĉïéĊîĆöĕéซĆúĕôéŤđðúĊę÷îđðŨîēöúĉïéĊîĆöĕéซĆúĕôéŤĒïïชĆĚîđéĊ÷üöĊกćøđðúĊę÷îĒðúงÿćöĂ÷Šćง

éšü÷กĆîǰคČĂǰðøąกćøĒøกǰE1
2gǰจąĒÿéงǰblue-shiftedǰĔîขèąìĊęǰA1gǰĒÿéงǰred-shiftedǰĔîìĉýêøงกĆîขšćöǰÿĈĀøĆï

ēöúĉïéĊîĆöĕéซĆúĕôéŤĒïïชĆĚîđéĊ÷üǰE1
2g Ēúą A1gǰจąĂ÷ĎŠìĊęðøąöćèǰ384ǰcm-1 Ēúąǰ405 cm-1 êćöúĈéĆïǰðøąกćøìĊę

ÿĂงǰคüćöĒêกêŠćงøąĀüŠćงóĊคǰE1
2g Ēúą A1gǰĒÿéงĔĀšđĀĘîĕéšจćกกćøúéúงขĂงจĈîüîชĆĚîขĂงēöúĉïéĊîĆöĕéซĆúĕôéŤǰ

ēé÷øą÷ąĀŠćงคüćöëĊęǰ25ǰcm-1 ÿĈĀøĆïēöúĉïéĊîĆöĕéซĆúĕôéŤจĈîüîĀúć÷ชĆĚîǰĒúąǰ19ǰcm-1 ÿĈĀøĆïēöúĉïéĊîĆöĕé

ซĆúĕôéŤจĈîüîชĆĚîđéĊ÷üǰðøąกćøìĊęÿćöǰคüćöđขšöÿĎงÿčéขĂงóĊคìĆĚงÿĂงǰE1
2g Ēúą A1gǰจąđóĉęöขċĚîđøČęĂ÷ėēé÷đøĊ÷งจćก

ĒïïชĆĚîïćงėǰจîëċงÿĊęชĆĚîขĂงēöúĉïéĊîĆöĕéüĆúĕôéŤǰĒúšüจąúéúงđøČęĂ÷ėÿĈĀøĆïชĆĚîìĊęĀîćกüŠćîĆĚî 

 

 
 

 

 

รูปที่ 7ǰกćøกøąจĆéขĂงĂąêĂöĔîøćöćîēĀöéǰactive ขĂงĀîŠü÷đซúúŤēöúĉïéĊîĆöĕéซĆúĕôéŤǰ(ซšć÷)ǰøćöćîÿđðกêøĆöขĂงēöúĉïéĊîĆö

ĕéซĆúĕôéŤìĊęจĈîüîชĆĚîêŠćงėĒúąìĊęđðŨîñúċกǰ(ขüć) 

ìĊęöćǰACS Nano 2010, 4, 5, 2695ı2700 
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2.5 กล้Ăงจุลทรรýน์แรงĂะตĂม (Atomic Force Microscope ĀรืĂ AFM)[9] 

ǰǰǰǰǰǰǰǰǰǰกúšĂงจčúìøøýîŤĒøงĂąêĂöǰđðŨîกúšĂงจčúìøøýîŤĒïïĀĆüÿĒกîǰ(Scanning Probe Microscopy ĀøČĂǰ

SPM) ðøąđõìĀîċęงìĊęÿćöćøëĔชšĔîกćøëŠć÷õćóüĆêëčìĊęöĊขîćéđúĘกĔîøąéĆïîćēîđöêøǰĀøČĂëŠć÷õćóĂąêĂöขĂง

ÿÿćøĕéšǰēé÷ìĊęกúšĂงǰAFM จąöĊúĆกþèąกćøìĈงćîìĊęóĉđýþđฉóćąêĆüคČĂจąĔชšĀĆüĂŠćîขîćéđúĘกüĆéĒøงñúĆกĒúąĒøง

éĎéìĊęđกĉéขċĚîøąĀüŠćงĀĆüđขĘöกĆïóČĚîñĉüขĂงüĆêëčǰđóČęĂöćÿøšćงđðŨîõćóขĂงóČĚîñĉüขĂงüĆêëčîĆĚîĕéšǰēé÷ìĊęกúšĂงǰAFM 
ÿćöćøëîĈöćĔชšĔîกćøëŠć÷õćóข÷ć÷ĔîøąéĆïîćēîđöêøขĂงüĆêëčìĊęîĈĕôôŜćĒúąüĆêëčìĊęĕöŠîĈĕôôŜć 

ǰǰǰǰǰǰǰǰǰAFM ĔชšĔîกćøêøüจóČĚîñĉüขĂงüĆêëčēé÷ĂćýĆ÷ÿŠüîĒขîǰ(cantilever) ìĊęöĊđขĘöขîćéđúĘกǰ(tip) êĉéĂ÷ĎŠđคúČęĂîìĊę

ĕðêćöóČĚîñĉüขĂงüĆêëčขèąìĊęöĊกćø÷ĉงĒÿงđúđซĂøŤĔĀšêกกøąìïïîÿŠüîðúć÷ขĂงĒขîǰĒÿงđúđซĂøŤจąÿąìšĂîđขšćÿĎŠ

đคøČęĂงêøüจüĆéคüćöđขšöĒÿงǰéĆงîĆĚîëšćóČĚîñĉüขĂงüĆêëčöĊคüćöขøčขøąจąìĞćĔĀšĒขîđคúČęĂîìĊęขċĚîúงĒúąÿŠงñúĔĀšคüćö

đขšöĒÿงขĂงĒÿงđúđซĂøŤđðúĊę÷îĒðúงĕðéšü÷ǰขšĂöĎúกćøđðúĊę÷îĒðúงคüćöđขšöĒÿงîĊĚจąëĎกðøąöüúēé÷คĂöóĉüđêĂøŤ

đóČęĂĒÿéงñúđðŨîõćóóČĚîñĉüขĂงüĆêëčìĊęìĞćกćøüĉđคøćąĀŤêŠĂĕð 

 
รูปที่ 8ǰĀúĆกกćøìĈงćîขĂงǰAFM 

ǰǰǰǰǰǰǰǰǰúĆกþèąชĉĚîงćîìĊęĔชšĔîกćøìéÿĂïǰĕéšĒกŠǰĒñŠîôŗúöŤïćงǰคĂúúĂ÷éŤǰĂîčõćคîćēîĔîđคøČęĂงÿĈĂćงǰđซúúŤ

ĒïคìĊđøĊ÷ǰǰชĉĚîงćîìĊęđðŨîñงøąéĆïîćēîǰēé÷öĊขîćéชĉĚîงćîĕöŠđกĉîǰ2ǰx 2ǰcmǰĀîćĕöŠđกĉîǰ1ǰcmǰคüćöขøčขøąǰĕöŠ

đกĉîǰ4ǰĕöคøĂîǰĒúąขîćéõćóÿĒกîĔĀญŠĕöŠđกĉîǰ100ǰx 100ǰx 4ǰcm3ǰ(กüšćงǰ÷ćüǰÿĎง)ǰēé÷ÿćöćøëïĂกคüćöÿĎงǰ

êęĈขĂงóČĚîñĉüĔîøĎðĒïïǰ2ǰöĉêĉǰĀøČĂǰ3ǰöĉêĉǰซċęงชĉĚîงćîขĂงđøćจąđðŨîēöúĉïéĊîĆöĕéซĆúĕôéŤìĊęĀîćðøąöćèǰ0.65ǰîćēî

đöêøǰ 
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2.6 Single-layer MoS2 transistors [10]  

ǰǰǰǰǰǰǰǰǰǰēöúĉïéĊîĆöĕéซĆúĕôéŤชĆĚîđéĊ÷üìĊęöĊชŠĂงüŠćงĒëïóúĆงงćîขîćéǰ1.8ǰeV đĀöćąÿĈĀøĆïìĈĀîšćìĊęđðŨîĂčðกøèŤ

ĂĉđúĘกìøĂîĉกÿŤêŠćงėǰĔîðŘǰ2018ǰĕéšöĊกćøýċกþćĒúąÿøšćงìøćîซĉđêĂøŤēöúĉïéĊîĆöĕéซĆúĕôéŤĒïïชĆĚîđéĊ÷üēé÷Ĕชš  
halfnium oxideǰđðŨîǰgate dielectricǰซċęงคŠćǰmobilityǰขĂงēöúĉïéĊîĆöĕéซĆúĕôéŤÿćöćøëüĆéĕéšĂćจÿĎงëċงǰ200ǰ

cm2/(V.s) ìĊęĂčèĀõĎöĉĀšĂงēé÷öĊĂĆêøćÿŠüîกćøđðŗé/ðŗéกøąĒÿǰ1x108 ēé÷ìĆęüĕðìøćîซĉđêĂøŤìĊęĔชšēöúĉïéĊîĆöĕé

ซĆúĕôéŤจąđðŨîĒïïðøąđõìǰn  

 

           รูปที่ 9 ýċกþćคčèúĆกþèąขĂงēöúĉïéĊîĆöĕéซĆúĕôéŤĀîċęงชĆĚîìĊęĂčèõĎöĉĀšĂงǰēé÷đÿšîÿĊĒéงคČĂกøćôøąĀüŠćงǰIsd ĒúąǰVbg ìĊęǰǰǰǰǰǰǰǰǰǰǰǰǰ

Vsd = 10 mV ĒúąđÿšîÿĊéĈคČĂกøćôøąĀüŠćงǰIsd ĒúąǰVsdǰìĊęǰVbgǰ= 0, 1 Ēúąǰ5 V 

ìĊęöćǰNature Nanotechnology volume 6, pages147ı150(2011) 

 

2.7 üิธีการÿังเคราะĀ์[11] 

üĉíĊกćøĔîกćøÿĆงđคøćąĀŤüĆÿéčÿĂงöĉêĉöĊĀúć÷üĉíĊéšü÷กĆîǰÿĈĀøĆïēöúĉïéĊîĆöĕéซĆúĕôéŤüĉíĊìĊęĕéšøĆïคüćöîĉ÷ööĊÿĂงüĉíĊคČĂ 

ǰ2.7.1ǰกćøúĂกจćกñúċกēöúĉïéĊîĆöĕéซĆúĕôéŤēé÷ĔชšÿกŢĂêđìðēé÷êøงǰ(Mechanical Exfoliation) 

ǰ2.7.2ǰüĉíĊêกđคúČĂïĕĂøąđĀ÷ìćงđคöĊǰ(Chemical Vapor Deposition ĀøČĂǰCVD)  
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2.7.1ǰการลĂกจากผลึกโมลิบดีนัมไดซัลไฟด์ (Mechanical Exfoliation) 

        üĉíĊกćøúĂกชĆĚîēöúĉïéĊîĆöĕéซĆúĕôéŤĂĂกจćกñúċกจąđðŨîüĉíĊกćøđéĊ÷üกĆïìĊęĔชšĔîกøćôŘîǰēé÷ĔชšÿกŢĂê

đìðêĉéกĆïñúċกđóČęĂúĂกēöúĉïéĊîĆöĕéซĆúĕôéŤĂĂกöćกđðŨîชĆĚîėǰซċęงđðŨîüĉíĊĒøกėìĊęöĆกจąĔชšĔîกćøìéúĂง

đóČ ęĂĒ÷กชĆ ĚîขĂงüĆÿéčÿĂงöĉêĉĒúąúĂกซĚĈėจîđĀúČĂชĆ ĚîđéĊ÷üǰĀøČĂÿĂงëċงÿćöชĆ ĚîǰüĉíĊกćøîĊ ĚจąìĈĔĀš

ēöúĉïéĊîĆöĕéซĆúĕôéŤìĊ ęĕéšöĊคčèõćóÿĎงǰĒêŠüĉíĊกćøîĊĚจąĕöŠÿćöćøëคüïคčöขîćéĒúąจĈî üîชĆ ĚîขĂง

ēöúĉïéĊîĆöĕéซĆúĕôéŤĕéš 
 
2.7.2 üิธีตกเคลืĂบไĂระเĀยทางเคมี (Chemical Vapor Deposition ĀรืĂ CVD)  
ǰǰǰǰǰǰǰǰüĉíĊกćøÿĆงđคøćąĀŤēöúĉïéĊîĆöĕéซĆúĕôéŤéšü÷ǰCVD đðŨîกćøÿĆงđคøćąĀŤìĊęĂčèõĎöĉĔîชŠüงǰ750-1000ǰ

ĂงýćđซúđซĊ÷ÿǰúงïîóüกēúĀąìøćîซĉชĆîǰđชŠîǰFe, Ru, Co, Ir, Ni, Pd ĒúąǰCu đðŨîêšîǰüĉí Ċกćø

ÿĆงđคøćąĀŤēöúĉïéĊîĆöĕéซĆúĕôéŤïîēúĀąìøćîซĉชĆîéšü÷üĉíĊǰCVD จąđกĊę÷üขšĂงกĆïüĉíĊกćøìćงđคöĊǰēé÷

กøąïüîกćøîĊĚđกĉéจćกกćøĔĀšคüćöøšĂîĒกŠēöđúกčúขĂงĒกŢÿĀøČĂขĂงđĀúüìĊęđðŨîĒĀúŠงกĈđîĉéǰMoO3ǰĒúą 
sulfurǰìĈĔĀšēöđúกčúđกĉéกćøđðúĊę÷îđðŨîĒกŢÿìĊęđðŨîÿćøêĆĚงêšîǰēöđúกčúĒกŢÿĀøČĂĕĂøąđĀ÷ขĂงđĀúüîĊĚจą

đกĉéðฏĉกĉøĉ÷ćđöČęĂđขšćĔกúšĒñŠîøĂงøĆïìĊęöĊคüćöøšĂîĒúąđกĉéกćøĒêกêĆüĒúąøüöêĆüĔĀöŠđðŨîüĆÿéčìĊęđðŨî

ขĂงĒขĘงĔîøĎðĒïïôŗúŤöïćงïîĒñŠîøĂงøĆïǰ 
 

ǰǰǰǰǰǰǰǰǰǰǰ ǰǰǰǰǰǰǰǰ 
ǰǰǰǰǰǰǰǰǰǰรูปที่ 10ǰüĉíĊกćøúĂกชĆĚîēöúĉïéĊîĆöĕéซĆúĕôéŤĂĂกจćกñúċกĔîกøćôŘîēé÷ĔชšÿกŢĂêđìðǰ(éšćîซšć÷) ĒúąüĉíĊกćøÿĆงđคøćąĀŤǰǰǰ

ēöúĉïéĊîĆöĕéซĆúĕôéŤéšü÷üĉíĊêกđคúČĂïĕĂøąđĀ÷ìćงđคöĊǰ(Chemical Vapor Deposition ĀøČĂǰCVD)ǰ(éšćîขüć) 

ìĊęöćǰhttp://epgp.inflibnet.ac.in/epgpdata/uploads/epgp_content/S000831ME/P001861/ 

M030620/ET/15265416288_TMDs_AnchalSrivastava_nanoscieneandtechnologyII-contentoftheunit.pdf 
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2.8 Dry transfer Methods [12] 

ǰǰǰǰǰǰǰǰǰǰจćกกćøýċกþćüĉíĊกćøđคúČęĂî÷šć÷éšü÷ĒøงĒüîđéĂøŤüćúÿŤǰ(van der Waals pick-up transfer Method) 
คČĂกćøĔชšĂĆîêøกĉøĉ÷ćĒøงĒüîđéĂøŤüćúÿŤìĊęĒêกêŠćงกĆîขĂงÿĂงóČĚîñĉüđóČęĂëŠć÷ēĂîชĉĚîüĆÿéčÿĂงöĉêĉēé÷ĕöŠêšĂงÿĆöñĆÿ

กĆïüĆÿéčÿĂงöĉêĉîĆĚîēé÷êøงǰĒêŠจąĔชšóĂúĉđöĂøŤöćชŠü÷ĔîกćøëŠć÷ēĂîĒìîǰîĂกจćกîĊĚïćงคøĆĚง÷ĆงÿćöćøëชŠü÷úéÿĉęง

ÿกðøกìĊęêĉéĂ÷ĎŠïîñĉüüĆÿéčÿĂงöĉêĉĕéšĂĊกéšü÷ǰǰüĉíĊกćøคČĂǰĔชšǰPDMS ìĊęëĎกคúčöéšü÷ชĆĚîôŗúŤöขĂงǰpolypropylene 
carbonateǰĀøČĂǰPPCǰกĆïēïøĂîĕîĕêøéŤĀกđĀúĊę÷öǰ(hexagonal boron nitride flake) Ă÷ĎŠéšćîïîĔîกćøéċงĒúą

ëŠć÷ēĂîüĆÿéčÿĂงöĉêĉìĊęĂ÷ĎŠïîĒñŠîซĉúĉกĂîǰซċęงจąöĊüĉíĊกćøéĆงîĊĚ 

1) îĈĒñŠîกøąจกìĊęöĊǰPCC polymer stack ĕð÷ċéกĆïǰmicro manipulator đóČęĂĔĀšÿćöćøëคüïคčöĒúą

จĆéêĈĒĀîŠงĕéšǰ 
2) đúČęĂîǰPCC polymer stackǰúงĂ÷ŠćงชšćėจîกøąìĆĚงชĉĚîǰBNǰìĊęĂ÷ĎŠïîǰPCC polymer stackǰÿĆöñĆÿกĆï

ชĉĚîüĆÿéčÿĂงöĉêĉìĊęêšĂงกćø 
3) đîČęĂงจćกǰBN ĒúąüĆÿéčÿĂงöĉêĉìĊęêšĂงกćøöĊóČĚîñĉüìĊęđøĊ÷ïĒúąÿąĂćéǰìĈĔĀšöĊĒøงĒüîđéĂøŤüćúÿŤ÷ċéđกćą

ìĊęđ÷ĂąöćกǰจċงÿćöćøëéċงüĆÿéčÿĂงöĉêĉìĊęêšĂงกćøĂĂกöćĕéšēé÷กćø÷กǰPCC polymer stackǰขċĚîจćก

ĒñŠîøĂงøĆï 
4) îĈǰPCC polymer stackǰìĊęöĊǰBN กĆïüĆÿéčÿĂงöĉêĉîĆĚîĕðüćงïîĒñŠîøĂงøĆïìĊęêšĂงกćø 

 
รูปที่ 11 üĉíĊกćøđคúČęĂî÷šć÷éšü÷ĒøงĒüîđéĂøŤüćúÿŤǰ(van der Waals pick-up transfer Method) 

ìĊęöćǰChemical Society Reviews 47(1)ǰ(2017) 
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ǰǰǰǰǰǰǰǰจćกกćøýċกþćüĉíĊกćøđคúČęĂî÷šć÷éšü÷ǰPDMS (polydimethylsiloxane)ǰēé÷จąêšĂงđêøĊ÷öชĉĚîขĂงüĆÿéčÿĂง

öĉêĉกŠĂîǰēé÷ĔชšüĉíĊกćøǰexfoliationǰéšü÷ÿกŢĂêđìðÿĊôŜćúงïîǰPDMS stampǰจąìĈĔĀšĕéšชĉĚîüĆÿéčÿĂงöĉêĉìĊęêšĂงกćø

êĉéĂ÷ĎŠïîǰPDMS îĆĚîǰจćกîĆĚîîĈëŠć÷ēĂîĒúąจąöĊüĉíĊกćøéĆงîĊĚ 

1) PDMS stampǰìĊęöĊüĆÿéčÿĂงöĉêĉǰจąëĎกîĈĕðüćงïîǰglass slideǰĒúšüëĎกîĈĕð÷ċéกĆïǰmicro manipulator 
2) éĎñŠćîกúšĂงจčúìøøýîŤđóČęĂéĎêĈĒĀîŠงขĂงüĆÿéčÿĂงöĉêĉìĊęêšĂงกćøìĊęĂ÷ĎŠïîǰPDMS ĔĀšêøงกĆïêĈĒĀîŠงĒñŠî

øĂงøĆïìĊęêšĂงกćøĂ÷ŠćงĒöŠî÷Ĉ 
3) Āöčîǰmicro manipulatorǰúงĔĀšñĉüขĂงüĆÿéčÿĂงöĉêĉìĊęĂ÷ĎŠïîǰPDMS stampĒúąñĉüขĂงĒñŠîซĉúĉกĂî

ÿĆöñĆÿกĆîจîÿčéǰ 
4) ÷กǰglass slideǰขċĚîĂ÷ŠćงชšćėĔîúĆกþèąìĊęĔĀšǰPDMS คŠĂ÷ėĀúčéĂĂกöćĂ÷ŠćงîčŠöîüúจćกĒñŠîøĂงøĆïđóČęĂ

ĕöŠĔĀšđกĉéôĂงĂćกćý 

 
รูปที่ 12 üĉíĊกćøđคúČęĂî÷šć÷éšü÷ǰPDMS 

ìĊęöćǰChemical Society Reviews 47(1)ǰ(2017) 
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2.9 Wet transfer [13] 

        จćกกćøýċกþćกćøĔชšüĉíĊกćøìĊęđøĊ÷กüŠćǰwater-assisted deterministic transfer óïüŠćÿćöćøëđคúČęĂî÷šć÷

ēöúĉïéĊîĆöĕéซĆúĕôéŤìĊęĕéšจćกกćøÿĆงđคøćąĀŤéšü÷üĉíĊêกđคúČĂïĕĂøąđĀ÷ìćงđคöĊǰ(CVD) ĕéšđðŨîĂ÷ŠćงéĊǰēé÷จąìĈĔĀš

ēöúĉïéĊîĆöĕéซĆúĕôéŤĕðĂ÷ĎŠïîǰPDMS ēé÷ĔชšîĈĀ÷éúงĕðøąĀüŠćงñĉüÿĆöñĆÿǰPDMS กĆïñĉüÿĆöñĆÿขĂงĒñŠîøĂงøĆïìĊęöĊ

ēöúĉïéĊîĆöĕéซĆúĕôéŤจćกüĉíĊกćøǰCVD กŠĂîìĊęจąîĈĕð PDMS ìĊęöĊēöúĉïéĊîĆöĕéซĆúĕôéŤîĊĚĕðüćงชšćėǰïîĒñŠîøĂงøĆïìĊę

đðŨîซĉúĉกĂîìĊęöĊǰhBN Ă÷ĎŠǰ 

รูปที่ 13ǰüĉíĊกćøđคúČęĂî÷šć÷éšü÷îĚĈ 
ìĊęöćǰNature Communications 11, Article number: 2391ǰ(2020) 
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2.10 electron beam lithography (EBL)[14] 

ǰǰǰǰǰǰǰǰelectron beam lithography (EBL) đðŨîüĉíĊกćøÿøšćงēคøงÿøšćงøąéĆïîćēîēé÷กćøĔชšúĈĂîčõćคĂĉđúĘกêøĂî

จćกกúšĂงจčúìøøýîŤĂĉđúĘกêøĂîǰđóČęĂÿøšćงĒïïĒñîđฉóćąขĂงēคøงÿøšćงĂ÷ŠćงúąđĂĊ÷éïîóČĚîñĉüüĆêëčêĆĚงêšîǰซċęง

üĉíĊกćøîĊĚëĎกîĈöćĔชšöćกĔîĂčêÿćĀกøøöกćøÿøšćงĒñงüงจøĕôôŜćĔîðŦจจčïĆî 

  ǰǰǰǰǰǰǰǰǰ  
รูปที่ 14ǰกúšĂงจčúìøøýîŤĂĉđúĘกêøĂîìĊęëĎกîĈöćĔชšĔîกćøÿøšćงēคøงÿøšćงîćēîēé÷üĉíĊกćøǰEBLǰìĊęöćǰhttps://il.mahidol.ac.th/e-

media/nano/Page/Unit4-4.html 

ǰǰǰǰǰǰǰǰǰǰĀúĆกกćøìĈงćîǰคČĂǰĔชšคĂöóĉüđêĂøŤĔîกćøคüïคčöกćøðúŠĂ÷úĈĂĉđúĘกêøĂîǰ(ēé÷êšĂงĔĀšĒคïúงĔîøąéĆïîć

ēîđöêø)ǰúงÿĎŠóČĚîñĉüขĂงüĆêëčǰǰซċęงđðŨîóČĚîñĉüìĊęëĎกđคúČĂïéšü÷ôŗúŤöïćงêćöĒïïĒñîìĊęĕéšĂĂกĒïïĕüšǰ(ĂćจจąđðŨî

óČĚîñĉüขĂงóĂúĉđöĂøŤ)ǰìĈĔĀšđกĉéøŠĂงøĂ÷กćøđðúĊę÷îĒðúงïîóČĚîñĉüìĊęĕéšđคúČĂïĕüšǰǰจćกîĆĚîกĘìĈกćøøąđĀ÷ĂîčõćคìĊę

êšĂงกćøđóČęĂđคúČĂïĒúąĔชšđðŨîēคøงÿøšćงîćēîǰǰจćกîĆĚîกĘจąîĈìĆĚงÿŠüîìĊęøąđĀ÷ĕðđคúČĂïĒúšüกĈจĆéÿŠüîìĊęđคúČĂï

éšü÷ôŗúŤöïćงĂĂกǰǰÿčéìšć÷กĘจąĕéšēคøงÿøšćงîćēîêćöĒïïìĊęĕéšกĈĀîéĕüšēé÷úĈĂîčõćคĂĉđúĘกêøĂîǰǰซċęงกćøÿøšćง

ēคøงÿøšćงîćēîìĊęđกĉéขċĚîîĊĚจąöĊคüćöĒöŠî÷ĈÿĎงǰĒúąüĉíĊกćøîĊĚÿćöćøëîĈĕðĔชšĕéšกĆïĀúćกĀúć÷óČĚîñĉüüĆÿéčĂĊกéšü÷ 

 
รูปที่ 15ǰขĆĚîêĂîกćøìĈงćîêćöüĉíĊกćøขĂงǰEBL ìĊęöćǰhttps://il.mahidol.ac.th/e-media/nano/Page/Unit4-4.html 
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บทที่ 3 
üิธีการทดลĂง 

3.1 üัÿดุĂุปกรณ์  

-ǰĒñŠîซĉúĉกĂîǰ(Silicon wafer)                                 
-ǰñúċกēöúĉïéĊîĆöĕéซĆúĕôéŤíøøöชćêĉǰ(Natural MoS2) ĒúąǰMoS2ǰCVD                             
-ǰđăกซąēกîĂúēïøĂîĕîĕêøéŤǰ(Hexagonal boron nitride: BN) 
-ǰđìðÿĊôŜćÿĈĀøĆïúĂกüĆÿéčÿĂงöĉêĉǰ(Blue tape) 
-ǰTweezers (ðúć÷đðŨî÷ćงĒúąóúćÿêĉก),ǰGlass slide ĒúąǰPlastic petri dish 
-ǰôĂøŤđซðǰ(forceps) 
-ǰกúšĂงจčúìøøýîŤđชĉงĒÿงǰ(Optical microscope) ÿĈĀøĆïกćøÿŠĂงĀćǰMoS2 ĒúąǰBN 
-ǰPDMS mold (pre-polymer Ēúąǰcuring agent)  
-ǰPolypropylene carbonate (PCC) in anisole 
-ǰPlasma cleaning ĒúąǰHeating plate 
-ǰกúšĂงจčúìøøýîŤđชĉงĒÿงǰ(Optical microscope) ÿĈĀøĆïǰtransfer 
-ǰXYR-stage, micro manipulator Ēúąǰtemperature controller 
-ǰAnisole, Acetone Ēúą IPA alcohol 
-ǰSpin coating machineǰĒúąđคøČęĂงðŦūöĂćกćýǰ( Air pump ) 

 

3.2 ขั้นตĂนการทดลĂง  

ขั้นตĂนที่ 1ǰกćøúĂกǰ(exfoliation) ēöúĉïéĊîĆöĕéซĆúĕôéŤ 

- กćøúĂกǰ(exfoliation) ēöúĉïéĊîĆöĕéซĆúĕôéŤĔĀšĕéšชĆĚîïćงėǰēé÷กćøĔชšĒñŠîÿกĘĂêđìðóĆïĕðöćǰĒúšüîĈöćëŠć÷

ēĂîúงïîĒñŠîซĉúĉกĂîìĊęöĊขîćéðøąöćèǰ1ǰêćøćงđซîêĉđöêø 
- ýċกþćēคøงÿøšćงēöúĉïéĊîĆöĕéซĆúĕôéŤคøŠćüėǰēé÷ĔชšกúšĂงจčúìøøýîŤĒïïĔชšĒÿงǰøüöìĆĚงïĆîìċกêĈĒĀîŠงขĂง

ēöúĉïéĊîĆöĕéซĆúĕôéŤđðŨîóĉกĆéǰ2ǰöĉêĉ 
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ขั้นตĂนที่ 2ǰกćøǰtransfer đóČęĂÿøšćงชĉĚîงćîĒúąÿøšćงǰtwisted bilayer MoS2 îĈēöúĉïéĊîĆöĕéซĆúĕôéŤǰ2 ĒñŠîǰöć
ðøąกïกĆîēé÷Ĕชš PC polymer stackingǰéšü÷üĉíĊกćø ĶPick-upǰmethodķǰĒúąǰēé÷üĉíĊกćøëŠć÷ēĂîĒïïĒĀšงǰ

(dry transfer method) ĒúąĔชšǰPDMS éšü÷üĉíĊกćøëŠć÷ēĂîĒïïđðŘ÷กǰ(wet transfer method) 

ขั้นตĂนที่ 3ǰýċกþćคčèÿöïĆêĉขĂงēöúĉïéĊîĆöĕéซĆúĕôéŤ ēé÷Ĕชš 

- Atomic Force Microscope (AFM) đóČęĂéĎคüćöĀîćĒúąóČĚîñĉüขĂงēöúĉïéĊîĆöĕéซĆúĕôéŤ 
- Raman SpectroscopyǰขĂงǰsingle layer, Bilayer Ēúą twisted bilayerǰMoS2 
- กćøĂĂกĒïïĒúąกćøüĆéคŠćìćงĕôôŜćǰ( Electrical measurement ) 

 

3.2.1  การลĂก (exfoliation) โมลิบดีนัมไดซัลไฟด ์

การลĂก (exfoliation) โมลิบดีนัมไดซัลไฟด ์

1. ĔชšǰtweezersǰĀ÷ĉïñúċกēöúĉïéĊîĆöĕéซĆúĕôéŤíøøöชćêĉēé÷đúČĂกéšćîìĊęöĊคüćöđงćìĆĚงĒñŠîĕðüćงĕüšïî

đìðÿĊôŜćìĊęöĊคüćöกüšćงðøąöćèǰ2-3ǰซö.ǰจćกîĆĚîĔชšôĂøŤđซðกéđïćėđóČęĂñúċกĔĀšêĉéกĆïđìðÿîĉìǰēé÷

đìคîĉคคČĂǰĀúĆงจćกĒðąñúċกēöúĉïéĊîĆöĕéซĆúĕôéŤíøøöชćêĉúงĕðĒúšüǰĔĀšđúČęĂîđìðñŠćîขĂïēêŢąชšćėǰ

đóČęĂĔĀšชĆĚîขĂงēöúĉïéĊîĆöĕéซĆúĕôéŤúĂกĂĂกจćกñúċก จćกîĆĚîĔชšôĂđซðคĊïñúċกēöúĉïéĊîĆöĕéซĆúĕôéŤÿŠüî

ìĊęĕöŠêĉéกĆïđìðđกĘïĕüšĔชšคøĆĚงêŠĂĕðǰ 

 
รูปที่ 16ǰĒÿéงđìคîĉคกćøĔชšขĂïēêŢąĔîกćøชŠü÷úĂกñúċกēöúĉïéĊîĆöĕéซĆúĕôéŤ 

 
2. óĆïđìððøąกïกĆîĕðöćēé÷ó÷ć÷ćöĂ÷ŠćĔĀšìĆïïøĉđüèđéĉöจîēöúĉïéĊîĆöĕéซĆúĕôéŤĒñŠìĆęüĕðïîđìðǰซċęง

จąĔชšđìðîĊĚđðŨîǰmother tapeǰÿĈĀøĆïกćøúĂกĔîĒêŠúąคøĆĚง 

Blue tape 
MoS2 bulk 
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3. ǰĔชšđìðÿĊôŜćìĊęöĊคüćöกüšćงðøąöćèǰ2-3ǰซö.ǰĂĊกĂĆîöćúĂกēöúĉïéĊîĆöĕéซĆúĕôéŤจćกǰmother tape 
ēé÷คŠĂ÷ėĒðąđìðúงĕðชšćėĔĀšđøĊ÷ïÿîĉìĒúąĕöŠĔĀšđกĉéôĂงĂćกćýǰĒúšüคŠĂ÷ėúĂกđìðĂĂกจćกกĆîชšćė

éšü÷คüćöđøĘüคงìĊęǰจćกîĆĚîóĆกĕüšđóČęĂĕðđêøĊ÷öĒñŠîøĂงøĆïǰĔîìĊęîĊĚคČĂĒñŠîซĉúĉกĂî ĒúąǰPDMS 

รูปที่ 17ǰñúċกēöúĉïéĊîĆöĕéซĆúĕôéŤíøøöชćêĉǰ(ซšć÷) ĒñŠîซĉúĉกĂî (กúćง)ǰĒúą PDMS mold (ขüć) 
 

4. üĉíĊกćøđêøĊ÷öĒñŠîøĂงøĆïöĊǰ2ǰĒïïคČĂĒñŠîซĉúĉกĂî ĒúąǰPDMS 
4.1 ĒñŠîซĉúĉกĂî: îĈĒñŠîซĉúĉกĂîìĊęêĆéđðŨîĒñŠîøĎðøŠćงÿĊęđĀúĊę÷öจĆêčøĆÿขîćéǰ1 x 1 cm2 ĕðđðśćĕúŠ

òčśîìĊęñĉüĀîšćขĂงĒñŠîซĉúĉกĂîéšü÷ðŚîúöĕîēêøđจîǰจćกîĆĚîîĈĕðìĈคüćöÿąĂćééšü÷ǰO2 
Plasma đðŨîđüúć 10ǰîćìĊ 

4.2 PDMS: îĈǰPDMS mold ìĊęđêøĊ÷öĕüšöćêĆéđðŨîÿĊęđĀúĊę÷öจĆêčøĆÿขîćéǰ1 x 1 cm2ǰจćกîĆĚîîĈĕð

üćงïîกøąจกǰGlass slide 
5. úĂกđìðĔîขšĂǰ3.ǰĂĂกจćกǰmother tape จćกîĆĚîđìðìĊęöĊñúċกēöúĉïéĊîĆöĕéซĆúĕôéŤíøøöชćêĉĒñŠĂ÷ĎŠìĆęü

îĊĚĕðĒðąúงïîĒñŠîøĂงøĆïìĊęđêøĊ÷öĕüšĔîขšĂ 4.ǰēé÷กćøîĈǰtweezers ðúć÷óúćÿêĉกĒêąđïćėจîìĆęü

ĒñŠîǰจćกîĆĚîĔชš÷ćงúïกéđìðìĊęĒðąïîĒñŠîซĉúĉกĂîēé÷ìĉĚงîĚĈĀîĆกúงĕðìĊęขšĂöČĂĀøČĂðúć÷îĉĚüìĊęĔชšกé

đóČęĂĕúŠôĂงĂćกćýđðŨîđüúćǰ1ǰîćìĊǰ 
6. îĈđìðìĊęĒðąïîĒñŠîøĂงøĆïîĊĚĕðĔĀšคüćöøšĂîǰ100ǰ˚C đðŨîđüúćǰ2ǰîćìĊǰĒúšüìĉĚงĕüšĔĀšđ÷Ęîǰ5ǰîćìĊǰ

จćกîĆĚîจċงคŠĂ÷ėǰìĈกćøéċงđìðĂĂกǰēé÷กćøéċงจąêšĂงìĈĂ÷ŠćงชšćėǰĒúąคüćöđøĘüÿöęĈđÿöĂ 
7. îĈĒñŠîøĂงøĆïìĊęöĊชĉĚîēöúĉïéĊîĆöĕéซĆúĕôéŤĕðđกĘïĔîǰpetri dish ĒúąêĆĚงชČęĂǰMOS2ǰ(01), MOS2 (02),ļ.ǰ

จćกîĆĚîîĈĕðđกĘïĔîêĎšéĎéคüćöชČĚî 
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Āöć÷đĀêčǰ 

-ǰÿĈĀøĆïกćøúĂกǰBN ïîĒñŠîซĉúĉกĂîกĘĔชšüĉíĊกćøคúšć÷กćøúĂกēöúĉïéĊîĆöĕéซĆúĕôéŤïîĒñŠîซĉúĉกĂîǰĒêŠจą

êŠćงกĆîêøงขĆĚîêĂîǰ3ǰจąîĈĒñŠîซĉúĉกĂîìĊęêĆéđðŨîĒñŠîøĎðøŠćงÿĊęđĀúĊę÷öจĆêčøĆÿขîćéǰ1 x 1 cm2 ĕðđðśćĕúŠòčśî

ìĊęñĉüĀîšćขĂงĒñŠîซĉúĉกĂîจćกîĆĚîîĈĕðìĈคüćöÿąĂćééšü÷กćøĔĀšคüćöøšĂî100ǰ˚C đðŨîđüúć 10ǰîćìĊ

ĒìîกćøĔชšǰO2ǰPlasma cleaningǰ 

-ǰÿĈĀøĆïǰmother tape ĒêŠúąĂĆîÿćöćøëîĈĕðĔชšêŠĂจîกüŠćēöúĉïéĊîĆöĕéซĆúĕôéŤïîđìðจąจćงǰซċęงĔชšĕéš

ðøąöćèǰ3ǰคøĆĚง 

 
รูปที่ 18ǰขĆĚîêĂîกćøúĂกǰ(exfoliation) ēöúĉïéĊîĆöĕéซĆúĕôéŤéšü÷ÿกŢĂêđìðǰ(1) êĆéđìðÿĊôŜćìĊęöĊคüćöกüšćงðøąöćèǰ2-3ǰซö.(2) 

îĈñúċกēöúĉïéĊîĆöĕéซĆúĕôéŤíøøöชćêĉĕðüćงĕüšïîđìðÿĊôŜćǰ(3) óĆïđìððøąกïกĆîĕðöćēé÷ó÷ć÷ćöĂ÷ŠćĔĀšìĆïìĊęđéĉö (4) จî
ēöúĉïéĊîĆöĕéซĆúĕôéŤĒñŠìĆęüđìðÿĊôŜćǰ(5) îĈđìðìĊęöĊñúċกēöúĉïéĊîĆöĕéซĆúĕôéŤĒñŠĂ÷ĎŠìĆęüĕðĒðąúงïîĒñŠîøĂงøĆïǰ(6) îĈđìðìĊęĒðąïî

ĒñŠîซĉúĉกĂîîĊĚĕðĔĀšคüćöøšĂîǰ100ǰ˚C đðŨîđüúćǰ2ǰîćìĊǰ(7) คŠĂ÷ėǰìĈกćøéċงđìðĂĂกจąöĊชĉĚîïćงėขĂงñúċกēöúĉïéĊîĆöĕéซĆúĕôéŤĂ÷ĎŠ

ïîĒñŠîøĂงøĆïǰǰ 

1 

� � � 

4 3 2 
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การÿ่ĂงĀาโดยใช้กล้Ăงจุลทรรýน์เชิงแÿง (Optical microscope) 

1. îĈซĉúĉกĂîĀøČĂǰPDMS ĕðüćงïîǰstage ขĂงกúšĂงจčúìøøýîŤđชĉงĒÿงǰจćกîĆĚîìĈกćøïĆîìċกคŠćêĈĒĀîŠง

đøĉęöêšîǰ(set origin) ìĊęöčöúŠćงซšć÷ขĂงĒñŠî 
2. ðøĆïกĈúĆงข÷ć÷ĕðìĊęǰ200 đìŠć ĒúąìĈกćøÿŠĂงĀćǰจćกซšć÷ĕðขüćจîÿčéĒúšüข÷ĆïïîขċĚîîĉéĀîċęงĒúąÿŠĂง

จćกขüćĕðซšć÷ĕúŠĕðđøČęĂ÷ǰėǰจîđจĂชĉĚî MoS2ǰĀøČĂǰBN ìĊęđĀöćąÿöǰ 
3. đöČęĂìĈกćøđจĂชĉĚî MoS2ǰĀøČĂǰBN ìĊęđĀöćąÿöĔĀšðøĆïกĈúĆงข÷ć÷ขĂงđúîÿŤĔกúšüĆêëčĕðìĊęǰ1000 đìŠćǰđóČęĂ

éĎøć÷úąđĂĊ÷éĔĀšđ÷ĂąขċĚî จćกîĆĚîìĈกćøëŠć÷øĎðชĉĚîǰMoS2ǰĀøČĂǰBN éšü÷กĈúĆงข÷ć÷ǰ1000,ǰ500,ǰ200,ǰ
100,ǰ50ǰđìŠćêćöúĈéĆïǰóøšĂöêĆĚงชČęĂøĎðìĊęëŠć÷ǰĒúąïĆîìċกǰcoordinates ขĂงชĉĚîǰMoS2ĀøČĂ BN  

4. ÿŠĂงจîìĆęüĒñŠîซĉúĉกĂîĀøČĂǰPDMS 
5. îĈคŠćêĈĒĀîŠงìĊęĕéšĕðÿøšćงกøćôêĈĒĀîŠงïîซĉúĉกĂîđóČęĂĔĀšงŠć÷êŠĂกćøđúČĂกชĉĚî  MoS2ǰĀøČĂǰBNǰìĊę

đĀöćąÿö 

Āöć÷đĀêčǰ 

กćøÿŠĂงïîǰPDMS จąÿŠĂงìĊęกĈúĆงข÷ć÷ǰ500ǰđìŠćĒìîǰđîČęĂงจćกĒñŠîøĂงøĆïöĊกćøēðøŠงĒÿงĒúąǰMoS2ǰ

คüćöĀîćĀîċęงชĆĚîïćงöćกĒúąöĊคüćöēðøŠงĒÿง 
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3.2.2  การ transfer เพื่Ăÿร้าง twisted bilayer MoS2  

การทำ PC polymer stacking 

1. กćøđêøĊ÷öǰPDMS mold ìĈĕéšēé÷กćøîĈǰPDMS pre-polymer ซċ ęงđðŨîขĂงđĀúüǰñÿöกĆîกĆïǰ

curing agent ĔîĂĆêøćÿŠüîǰ10:1ǰĔÿŠĕüšĔîจćîđóćąđชČĚĂǰ (petri dish ) ìĊęúšćงÿąĂćééšü÷ acetone 
ĒúąǰIPAǰĔĀšÿąĂćéìĊęÿčéจîĕöŠđĀúČĂคøćïĂąĕøðøćกฏĂ÷ĎŠǰĀúĆงจćกîĆĚîóĆกǰPDMS mold ìĉĚงĕüšĔĀš

ĒขĘงêĆüǰ2ǰคČîǰĔîêĎ šÿ čญญćกćýǰ(ĔîขèąóĆกจąìĈกćøðŦ ūöĂćกćýĂĂกêúĂéđüúćđóČ ęĂĕöŠĔĀšđกĉé

ôĂงĂćกćýĀúĆงจćกกćøĒขĘงêĆüĒúšü) 
2. กćøđêøĊ÷öǰPCǰìĈĕéšēé÷กćøĔÿŠ chloroformǰĔî PC éšü÷ĂĆêøćÿŠüîǰ6% ขĂงÿćøúąúć÷ēé÷öüúĀøČĂ

ñÿö PC : chloroformǰéšü÷ĂĆêøćÿŠüîǰ1ǰ: 0.064 ĕüšĔîïĊกđกĂøŤǰจćกîĆĚîĔชšĒöŠđĀúĘกคîÿćøēé÷Ĕชš

ðøąöćèคüćöđøĘüǰ200-250ǰrpm (ðŗééšü÷óćøćôŗúŤöđóČęĂĕöŠĕéšÿćøøąđĀ÷)ǰจćกîĆĚîคîìĉĚงĕüšขšćöคČî

ĀøČĂจîกüŠćจąúąúć÷đขšćกĆîĀöéǰĒúšüîĈĕðđกĘïĕüšĔĀšขüéÿĊชć 
3. îĈǰPDMS mold ìĊęđêøĊ÷öĕüšĔîขšĂǰ1.ǰöćêĆéđðŨîÿĊęđĀúĊę÷öจĆêčøĆÿขîćéǰ0.4 x 0.4 cm2ǰจćกîĆĚîîĈĕð

üćงïîกøąจกǰGlass slideǰìĊęöĊđ÷ČęĂกćüÿĂงĀîšćขîćéǰ1.5 x 1.5 cm2ǰซċęงöĊøĎêøงกúćงขîćéðøąöćèǰ

0.7 x 0.7 cm2ǰ(ขîćéĔĀญŠกüŠćǰPDMS) 

รูปที่ 19ǰĒÿéงขĆĚîêĂîกćøêĆéđ÷ČęĂกćüÿĂงĀîšćขîćéðøąöćèǰ1.5x1.5 cm2 ĒúąêĆéชŠĂงêøงกúćงขîćéðøąöćèǰ

0.7x0.7 cm2  ĕðüćงïîǰglass slide จćกîĆĚîüćงǰPDMS ĕüšêøงกúćง 
 

4. Ā÷éǰPCǰĔîขšĂǰ2. ðøąöćèǰ2ǰĀ÷éǰïîǰglass slide đðúŠćėĒúšüĔชšǰglass slideǰĂĊกĒñŠîðćéĔĀšĒïî

ĒúąđøĊ÷ïìĊęÿčéìĊęจąđðŨîĕðĕéšǰ(đðŨîôŗúŤöïćงǰPC)ǰđóČęĂĕöŠĔĀšđกĉéðŦญĀćจćกกćøĀĆกđĀขĂงĒÿงñŠćîกúšĂง

จčúìøøýîŤขèąÿøšćงชĉĚîงćîǰĒúąìĉĚงĕüšĔĀšĒĀšงðøąöćèǰ15ǰîćìĊ 

ÁยºÉอกµ้วสองหนµ้ Glass slide  

PDMS 

0.7 cm 

1.5 cm 
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5. îĈÿêĉกđกĂøŤĔÿìĊęêĆéđðŨîÿĊęđĀúĊę÷öขîćéǰ1.5 x 1.5 cm2ǰซċęงöĊøĎêøงกúćงขîćéðøąöćèǰ0.8 x 0.8 cm2 
(ĔĀญŠกüŠćǰPDMS)ǰĕðêĉéôŗúöŤïćงǰPCǰïîǰglass slide ĔîขšĂìĊęǰ4ǰจćกîĆĚîĔชšคĆêđêĂøŤกøĊéêćöøĂ÷ÿêĉก

đกĂøŤǰúĂกĂĂกöćĒคŠÿŠüîขĂงôŗúŤöïćงìĊęêĉéกĆ÷ÿêĉđกĂøŤĔÿĂ÷ŠćงชšćėǰĂ÷ŠćĔĀšôŗúŤöขćé 

รูปที่ 20ǰĒÿéงขĆĚîêĂîกćøêĆéÿêĉกđกĂøŤĔÿขîćéðøąöćèǰ1.5x1.5 cm2 ĒúąêĆéชŠĂงêøงกúćงขîćéðøąöćèǰ

0.8x0.8 mm2  ĕðüćงïîôŗúŤöïćงǰPC 
 

6. จćกîĆĚîîĈôŗúöŤïćงǰPCìĊęéċงéšü÷ÿêĉกđกĂøŤĔÿĕðüćงïîǰPDMSǰìĊęĂ÷ĎŠïîǰglass slideǰó÷ć÷ćöĂ÷ŠćĔĀš

ôŗúŤö÷ĆïǰĒúąúงõć÷ĔîคøĆĚงđéĊ÷üจąĕéšǰPC polymer stackingǰ 

รูปที่ 21ǰĒÿéงøĎðéšćîขšćงขĂงǰPC polymer stack 
 

Āöć÷đĀêčǰ 
-ǰคüøêøüจÿĂïĔĀšĒîŠĔจüŠćêĎšÿčญญćกćýìĊęĔชšüćงǰPDMS moldǰขîćîกĆïóČĚîđóČęĂìĊęจąĕéšǰPDMSǰìĊęöĊคüćö

ĀîćÿöęĈđÿöĂ 
-ǰìčกขĆĚîêĂîđóČęĂคüćööĆęîĔจüŠćจąĕöŠöĊòčśîñงĕðêĉéìĊęǰPDMS mold ÿćöćøëđðśćéšü÷ðŚîúöĕîēêøđจîĕéš 
-ǰกćøìĈǰPDMS mold คüøจąĒîŠĔจüŠćĒขĘงêĆüÿîĉìกŠĂîìĊęจąêĆéǰ 

สต·กÁกอรÄ์ส Glass slide  

PC thin film 

0.8 cm 

1.5 cm 

รอยตด́ 

0.8 cm 

4 mm 

0.7 cm 

1.5 cm 

PC thin film 

สต·กÁกอรÄ์ส 

Glass slide  

ÁยºÉอกµ้วสองหนµ้ 

PDMS 
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üิธีการถ่ายโĂนแบบแĀ้ง (dry transfer method)  

        ÿำĀรับลĂก MoS2 บนแผ่นรĂงรับที่เปŨนซิลิกĂน 

1. îĈĒñŠîซĉúĉกĂîìĊęöĊชĉĚîǰBN ĕðüćงïîǰtransfer stage 
2. đúČęĂîêĈĒĀîŠงขĂงชĉĚîǰBN ìĊęêšĂงกćøจćกǰcoordinate ìĊęïĆîìċกĕüšĔĀšǰđöČęĂđจĂðøĆïจîõćóĔîกúšĂง

จčúìøøýîŤđชĉงĒÿงชĆéìĊęÿčéǰĒúąĂ÷ĎêøงกúćงóĂéĊ 
3. îĈĒñŠîกøąจกǰ(glass slide) ìĊęĕéšìĈǰPC polymer stackǰĕüšĕð÷ċéกĆïǰmicro manipulator  
4. ðøĆïĂčèĀõĎöĉǰstage ēé÷Ĕชšǰtemperature controller ĕðìĊęǰ100ǰĂงýćđซúđซĊ÷ÿ 
5. Ĕชšǰmicro manipulator đúČ ęĂîĔĀšǰPC úงĕðïîĒñŠîซĉúĉกĂîïøĉđüèชĉĚîǰBN (Top BN) Ă÷Šćงชšćǰėǰ

đóČęĂĔĀšǰBN ÷ċéêĉéกĆïǰPC  
6. đöČęĂǰPC ìĆïจîìĆęüǰBN ĔĀšĔชšǰmicro manipulator đúČęĂîǰPC ขċĚîจćกĒñŠîซĉúĉกĂîĂ÷ŠćงøüéđøĘüǰ(ĕöŠĔĀš

đกĉéôĂงĂćกćýขèąéċงขċĚîĒúąđóČęĂđóĉęöĒøงกøąชćก)ǰจąìĈĔĀšชĉĚîǰBN  êĉéกĆïǰPC ขċĚîöćǰǰ(จąÿĆงđกêđĀĘî

üŠćชĉĚîǰBN  êĉéขċĚîöćกĆïǰPC จćกกúšĂงǰēé÷จąđĀĘîüŠćชĉĚîǰBN  îĆĚîĀć÷ĕðจćกĒñŠîซĉúĉกĂîĒúšü) 
7. îĈ PC ĕðÿŠĂงกúšĂงจčúìøøýîŤđóČęĂéĎúĆกþèąǰBN ìĊęêĉéขċĚîöćĒúąคüćöđÿĊ÷Āć÷ขĂงǰPC 
8. ÷šć÷ĒñŠîซĉúĉกĂîĂĆîđéĉöĂĂกǰจćกîĆĚîîĈĒñŠîซĉúĉกĂîìĊęöĊชĉĚîǰMoS2ǰöćüćงïîǰstage Ēìî 
9. đúČęĂîêĈĒĀîŠงขĂงชĉĚî MoS2ǰĔĀšĕðขċĚîĔîกúćงõćóขĂงกúšĂงจčúìøøýîŤđชĉงĒÿง 
10. đúĘงêĈĒĀîŠงขĂงǰBN ïîǰPC ĔĀšêøงกĆï MoS2 ïîĒñŠîซĉúĉกĂî 
11. Ĕชšǰmicro manipulator đúČęĂîǰBN ïîǰPC ĔĀšìĆïúงĕðïîĒñŠîซĉúĉกĂîขĂงǰMoS2ǰĂ÷Šćงชšćǰėǰ(คüøĔĀš

ôĂงĂćกćýĀöéกŠĂîìĊęจąđúČęĂîúงêŠĂĕð)ǰ 
12. Ĕชšǰmicro manipulator đúČ ęĂîĔĀšชĉ ĚîǰBN ïîǰPC ขċ ĚîจćกĒñŠîซĉúĉกĂîĂ÷ŠćงøüéđøĘüǰ(ĕöŠĔĀšđกĉé

ôĂงĂćกćýขèąéċงขċĚîĒúąĔĀšđóĉęöĒøงกøąชćก)ǰđóČęĂĔĀšชĉĚî MoS2ǰêĉéกĆïǰPC ขċĚîöćǰǰ(จąÿĆงđกêđĀĘîüŠćǰ

ชĉĚî MoS2ǰขċĚîöćกĆïǰPC จćกกúšĂงǰēé÷กćøéĎüŠćชĉĚî MoS2ǰîĆĚîĀć÷ĕðจćกĒñŠîซĉúĉกĂîĒúšü) ĒÿéงüŠć
êĂîîĊĚöĊǰMoS2/BN Ă÷ĎŠïîǰPC 

13. ÷šć÷ĒñŠîซĉúĉกĂîĂĆîđéĉöĂĂกǰจćกîĆĚîîĈĒñŠîซĉúĉกĂîìĊęöĊชĉĚîǰBN (Bottom BN)ǰöćüćงïîǰstage Ēìî 
14. đúĘงêĈĒĀîŠงขĂงǰMoS2/BN ïîǰPC ĔĀšêøงกĆï BN (Bottom BN) ïîĒñŠîซĉúĉกĂî 
15. Ĕชšǰmicro manipulator đúČęĂîǰMoS2/BN ïîǰPC ìĆïúงïîĒñŠîซĉúĉกĂîขĂงǰBN (Bottom BN)ǰĂ÷Šćง

ชšćǰėǰóĂĔกúšïøĉđüèìĊęđðŨî MoS2ǰǰĔĀšคŠĂ÷ėđóĉęöĂčèĀõĎöĉจîëċงǰ180ǰĂงýćǰĒúąคŠĂ÷ėđúČęĂî  micro 
manipulator ĔĀšชšćìĊęÿčéđóČęĂĔĀšǰPC úąúć÷êĉéĂ÷ĎŠกĆïĒñŠîซĉúĉกĂîǰĒÿéงüŠćêĂîîĊĚöĊǰBN/MoS2/BN Ă÷ĎŠ
ïîĒñŠîซĉúĉกĂî 



24 
 

16. จćกîĆĚîîĈĒñŠîซĉúĉกĂîĕðĒชŠǰanisole Ēúšüúšćงéšü÷ǰacetone ĒúąǰIPA êćöúĈéĆïǰ 
ÿำĀรับการลĂก MoS2 บนแผ่นรĂงรับที่เปŨน PDMS 

1. îĈĒñŠîซĉúĉกĂîìĊęöĊชĉĚîǰBN ĕðüćงïîǰtransfer stage 
2. đúČęĂîêĈĒĀîŠงขĂงชĉĚîǰBN ĔĀšĕðขċĚîĔîกúćงõćóขĂงกúšĂงจčúìøøýîŤđชĉงĒÿง 
3. êĆéǰPDMS ìĊęìĈกćøúĂกǰMoS2ǰĕüšขîćéðøąöćèǰ0.4 x 0.4 cm2ǰēé÷ĔĀšđúČĂกêĆéĒคŠïøĉđüèìĊęöĊǰsingle 

layerǰMoS2 ìĊęêšĂงกćøǰจćกîĆĚîîĈĕðüćงïîǰglass slideǰ 
4. îĈǰMoS2/PDMS ïîǰglass slideǰìĊęđêøĊ÷öĕüšĔîขšĂǰ3.ǰĕð÷ċéกĆïǰmicro manipulator 
5. ðøĆïĂčèĀõĎöĉǰstage ēé÷Ĕชšǰtemperature controller ĕðìĊęǰ70ǰĂงýćđซúđซĊ÷ÿ 
6. đúĘงêĈĒĀîŠงขĂงǰMoS2 ïîǰPDMS ĔĀšêøงกĆïǰBN ïîĒñŠîซĉúĉกĂî 
7. Ĕชšǰmicro manipulator đúČęĂî PDMS úงïîĒñŠîซĉúĉกĂîïøĉđüèชĉĚîǰBN Ă÷ŠćงชšćǰėǰđóČęĂĔĀšǰMoS2 êĉé

กĆïǰBN ïîĒñŠîซĉúĉกĂî 
8. ìĉĚงĕüšðøąöćèǰ1ǰîćìĊคŠĂ÷đúČęĂîǰPDMS ขċĚîöćชšćėǰéšü÷คüćöđøĘüคงìĊęจąĕéšǰMoS2/BNǰĂ÷ĎŠïîĒñŠî

ซĉúĉกĂî 
9. îĈǰPDMS ïîǰglass slideǰìĊęđêøĊ÷öĕüšĔîขšĂǰ3.ǰĂĊกชĉĚîîċงĕð÷ċéกĆïǰmicro manipulator 
10. đúĘงêĈĒĀîŠงขĂงǰMoS2 ïîǰPDMS ĔĀšêøงกĆïǰMoS2ǰ/BN ïîĒñŠîซĉúĉกĂî 
11. Āöčîǰstage ĔĀšขĂïéšćîĔééšćîĀîċęงขĂงǰMoS2ǰìĊęĂ÷ĎŠïîซĉúĉกĂîêøงกĆïขĂïขĂงǰMoS2ǰïîǰPDMS  
12. Āöčîǰstage ĕðĂĊกǰ3.5ǰĂงýćđóČęĂĔĀšĕéšǰtwisted ìĊęöčöîšĂ÷ė 
13. Ĕชšǰmicro manipulator đúČęĂîǰPDMS úงïîĒñŠîซĉúĉกĂîïøĉđüèìĊęöĊชĉĚîǰMoS2/BN Ă÷ŠćงชšćǰėǰđóČęĂĔĀšǰ

MoS2 êĉéกĆïǰMoS2/BN ïîĒñŠîซĉúĉกĂî 
14. ìĉĚงĕüšðøąöćèǰ1ǰîćìĊคŠĂ÷đúČęĂîǰPDMS ขċĚîöćชšćėǰéšü÷คüćöđøĘüคงìĊęǰจąĕéšǰtwisted MoS2/BNǰĂ÷ĎŠ

ïîĒñŠîซĉúĉกĂî 
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üิธีการถ่ายโĂนแบบเปียก (wet transfer method) 

üĉíĊกćøîĊĚจąđĀöćąกĆïüĉíĊêกđคúČĂïĕĂøąđĀ÷ìćงđคöĊǰ(Chemical Vapor Deposition ĀøČĂǰCVD) 

1. êĆéǰPDMSǰmold ขîćéðøąöćèǰ0.4 x 0.4 cm2ǰĕðüćงïîǰglass slideǰ 
2. Ā÷éîĚĈǰDI 1ǰĀ÷éïîǰPDMS ìĊęĂ÷ĎŠïîǰglass slideǰ( Ā÷éîĚĈจąđกćąĂ÷ĎŠïîǰPDMS )  

 
รูปที่ 22ǰĒÿéงĀ÷éîĚĈìĊęđกćąĂ÷ĎŠïîǰPDMS 

 

3. îĈǰPDMS ïîǰglass slideǰìĊęöĊĀ÷éîĚĈđกćąĕð÷ċéกĆïǰmicro manipulator 
4. îĈĒñŠîซĉúĉกĂî MoS2 ìĊęðúĎกéšü÷üĉíĊǰCVD ĕðüćงïîǰtransfer stage 
5. đúČęĂîêĈĒĀîŠงขĂงǰMoS2 ĔĀšĕðขċĚîĔîกúćงõćóขĂงกúšĂงจčúìøøýîŤđชĉงĒÿง 
6. đúĘงêĈĒĀîŠงขĂงĀ÷éîĚĈĔĀšĂ÷ĎŠïøĉđüèìĊęêšĂงกćøĔĀšǰMoS2ǰïîĒñŠîซĉúĉกĂîêĉéกĆïǰPDMS ขċĚîöć 
7. Ĕชšǰmicro manipulator đúČęĂîĔĀšǰPDMS úงïîĒñŠîซĉúĉกĂîĂ÷ŠćงชšćǰėǰจîÿčéìĊęจąúงĕðĕéšǰจćกîĆĚîจċง

คŠĂ÷ėđúČęĂîขċĚîéšü÷คüćöđøĘüđìŠćกĆïêĂîúงǰจąđĀĘîüŠćöĊǰMoS2 êĉéǰPDMS ขċĚîöć 
8. îĈǰPDMS ìĊęöĊ MoS2 ĕðüćงúงïîĒñŠîซĉúĉกĂîđðúŠćėìĊęǰ70ǰĂงýć 
9. ĔชšǰPDMS ìĈซĚĈขšĂǰ2.-7.ǰĂĊกชĉĚîǰจćกîĆĚîîĈĕðđúĘงĔĀšêøงกĆï MoS2ǰìĊęĂ÷ĎŠïîซĉúĉกĂîĔîขšĂǰ8. 
10. Āöčîǰstage ĔĀšขĂïéšćîĔééšćîĀîċęงขĂงǰMoS2ǰìĊęĂ÷ĎŠïîซĉúĉกĂîêøงกĆïขĂïขĂงǰMoS2ǰïîǰPDMS  
11. Āöčîǰstage ĕðĂĊกǰ3.5ǰĂงýćđóČęĂĔĀšĕéšǰtwisted ìĊęöčöîšĂ÷ė 
12. Ĕชšǰmicro manipulator đúČęĂîĔĀšǰPDMS úงïîĒñŠîซĉúĉกĂîïøĉđüèìĊęöĊชĉĚîǰMoS2 Ă÷ŠćงชšćǰėǰđóČęĂĔĀšǰ

MoS2 êĉéกĆïǰMoS2 ïîĒñŠîซĉúĉกĂî 
13. ìĉĚงĕüšðøąöćèǰ1ǰîćìĊคŠĂ÷đúČęĂîǰPDMS ขċĚîöćชšćėǰéšü÷คüćöđøĘüคงìĊęǰจąĕéšǰtwisted MoS2ǰĂ÷ĎŠïî

ĒñŠîซĉúĉกĂî 

Glass slide 

PDMS 

DI water drop 



26 
 

3.2.3 ýึกþาคุณÿมบัติโมลิบดีนัมไดซัลไฟล์ และการüิเคราะĀ์ข้Ăมูล ( Data Analysis ) 

Atomic Force Microscope (AFM)  

           ÿćöćøëĔชšĔîกćøüĉđคøćąĀŤคüćöđøĊ÷ïĒúąคüćöĀîćขĂงóČĚîñĉüขĂงēöúĉïéĊîĆöĕéซĆúĕôéŤǰîĂกจćกîĊĚđóČęĂĔĀš

งŠć÷êŠĂกćøĂĂกĒïïǰetch mask ĒúąคĂîĒìคĒúąĀúĊกđúĊę÷งïøĉđüèìĊęöĊôĂงĂćกćýĀøČĂÿĉęงÿกðøกÿĈĀøĆïĔî

ขĆĚîêĂîกćøĔÿŠคĂîĒìค 

Raman Spectroscopy  

ǰǰǰǰǰǰǰǰǰǰǰđøćĔชšกćøüĆéคŠćøćöćîĔîกćøüĉđคøćąĀŤจĈîüîชĆĚîซċęงöĊขĆĚîêĂîéĆงîĊĚ 

1. üćงĒñŠîซĉúĉกĂîìĊęöĊชĉĚîงćîìĊęêšĂงกćøüĆéúงïîǰglass slide ìĊęĂ÷ĎŠïîǰstage 
2. ðøĆïēôกĆÿõćóĀ÷ćïìĊęกĈúĆงข÷ć÷đúîÿŤĔกúšüĆêëčǰ10x ìĊęขĂïúŠćงซšć÷ĔĀšชĆéǰ(đøćจąĔชšขĂïúŠćงซšć÷đðŨî

จčéĂšćงĂĉงđĀöČĂîกćøÿŠĂงชĉĚîēöúĉïéĊîĆöĕéซĆúĕôéŤĔîกúšĂงจčúìøøýîŤđชĉงĒÿง ) จćกîĆĚîกéǰset zero 
đóČęĂĔĀšêĈĒĀîŠงขĂïúŠćงซšć÷îĊĚđðŨîêĈĒĀîŠงǰ(0,0) 

3. ĔÿŠóĉกĆéขĂงชĉĚîงćîìĊęđค÷ïĆîìċกĕüšĔîขĆĚîêĂîกćøÿŠĂงชĉĚîēöúĉïéĊîĆöĕéซĆúĕôéŤĔîกúšĂงจčúìøøýîŤđชĉงĒÿงǰ

จćกîĆĚîðøĆïกĈúĆงข÷ć÷đúîÿŤĔกúšüĆêëčđðŨîǰ100xǰĒúąðøĆïēôกĆÿõćóúąđĂĊ÷éĔĀšĕéšõćóìĊęöĊคüćöชĆé

öćกìĊęÿčé 
4. đúČęĂîĔĀšจčéìĊęêšĂงกćøจąüĆéĂ÷ĎŠêøงกúćงขĂงกćกïćìซċęงđðŨîđúđซĂøŤÿĊđขĊ÷üǰจćกîĆĚîìĈกćøïĆîìċกõćó

ĀîšćจĂđóČęĂĔĀšđøćìøćïêĈĒĀîŠงìĊęđøćĔชšüĆéìĊęĒîŠîĂîĀúĆงจćกüĆéคŠćÿđðกêøĆöøćöćîĂĂกöćǰêšĂงøąüĆง

êĂîðøĆïēôกĆÿõćóúąđĂĊ÷éđóøćąđúîÿŤĔกúšüĆêëčจąĂ÷ĎŠĔกúšชĉĚîงćîขĂงđøćđðŨîĂ÷ŠćงöćกจċงคüøคŠĂ÷ė

ĀöčîìĊúąîĉé 
5. đðúĊę÷îēĀöéจćกǰvisualizing mode (ðŗéĒÿงจćกกúšĂง) ĕðìĊęǰRaman mode (đðŗéúĈĒÿงđúđซĂøŤ) 

ēé÷đøćจąĔชšđúđซĂøŤÿ Ċđข Ċ÷üซċ ęงö Ċคüćö÷ćüคúČ ęîǰ532ǰîćēîđöêøìĊ ęö ĊคüćöđขšöÿĎงÿ čéǰĔÿ ŠคŠćǰ

accumulation times Ēúąǰค Šćǰrepeating count ìĊ ę đĀöćąÿöđóČ ęĂĔĀ šĕé šข šĂö ĎúìĊ ęö Ċคüćöđขšöǰ

(intensity) ĕöŠÿĎงđกĉîĕð 
6. ìĈซĚĈขšĂǰ4.-5.ǰĒêŠđðúĊę÷îđðŨîóĉกĆéĂČęîĔกúšėกĆîǰđóČęĂđðøĊ÷ïđìĊ÷ïüŠćขšĂöĎúìĊęĕéšǰซċęงĕöŠคüøêŠćงกĆîöćก

ĀćกöĊจĈîüîชĆĚîđìŠćกĆîĒúąđðŨîĒïïđéĊ÷üกĆî 
7. îĈขšĂöĎúĂĂกöćđðŨîĕôúŤîćöÿกčúêŠćงėǰìĊęจĈđðŨîöćกคČĂǰtext file ìĊęจąîĈĕðóúĂêกøćôĔîēðøĒกøöǰ

IGOR 
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การüัดค่าทางไฟฟ้า ( Electrical measurement ) 

รูปที่ 23ǰĒÿéงĔĀšđĀĘîกćøêŠĂüงจøĂ÷ŠćงงŠć÷ขĂงìøćîซĉÿđêĂøŤÿîćöĕôôŜćจćกēöúĉïéĊîĆöĕéซĆúĕôéŤ 

กŠĂîìĊęจąîĈĕðĔÿŠคĂîĒìคđóČęĂüĆéคŠćìćงĕôôŜćǰจĈđðŨîêšĂงìĈĔĀšñĉüขĂงชĉĚîงćîìĊęจąüĆéöĊคüćöđøĊ÷ïǰĀøČĂ

đúČĂกĒคŠïøĉđüèìĊęđøĊ÷ïöćĔชšĔîกćøüĆéจąëċงขĆĚîêĂîกćøüĆéöĊüĉíĊกćøìĈชĉĚîงćîĀîċęงชĉĚîǰđðŨîขĆĚîêĂîéĆงîĊĚ 

1.) Spin PMMA đêøĊ÷öóČĚîñĉüกŠĂîĔชšǰEBL 
2.) Electron Beam Lithography (EBL)ǰÿøšćงúüéúć÷ขĂงǰMarker Field 
3.) DevelopǰđðŨîขĆĚîêĂîìĊęđĂćǰPMMA ÿŠüîìĊęđðŨîúüéúć÷ขĂงǰMarker FieldǰĂĂก 
4.) Maker Deposition and sputtering MoǰĔÿŠǰMo ĕðĒìîìĊęÿŠüîìĊęēéîǰDevelop ĂĂก 
5.) Lift-off đĂćǰPMMA ĒúąǰMo ÿŠüîìĊęĕöŠĔชŠúüéúć÷ขĂงǰMarker FieldǰĂĂก 
6.) Design etch maskǰđóČęĂĂĂกĒïïïøĉđüèìĊęêšĂงกćøĔชšงćîĒúąïøĉđüèìĊęêšĂงกćøกĈจĆé 
7.) Spin PMMA đêøĊ÷öóČĚîñĉüกŠĂîĔชšǰEBL 
8.) Electron Beam Lithography (EBL)ǰúüéúć÷ขĂงǰEtch mask ìĊęĂĂกĒïïĕüšขšĂǰ5 
9.) DevelopǰđðŨîขĆ ĚîêĂîìĊ ęđĂćǰPMMA ÿŠüîìĊę đðŨîúüéúć÷ขĂงǰEtch mask ĂĂกซċ ęงคČĂÿŠüîขĂง

ēöúĉïéĊîĆöĕéซĆúĕôéŤìĊęđøćĕöŠêšĂงกćøđกĘïĕüš 
10.) Etching with plasmaǰกĈจĆéÿŠüîขĂงēöúĉïéĊîĆöĕéซĆúĕôéŤìĊęđøćĕöŠêšĂงกćøđกĘïĕüš 
11.) ĒชŠǰacetone ĒúąǰIPA đĂćǰPMMA ìĊęđĀúČĂìĆĚงĀöéĂĂก 
12.) Design contact đóČęĂĂĂกĒïïคĂîĒìคĔîกćøüĆéêćöêšĂงกćøǰ 
13.) Spin PMMA đêøĊ÷öóČĚîñĉüกŠĂîĔชšǰEBL 
14.) Electron Beam Lithography (EBL)ǰúüéúć÷ขĂงǰcontact ìĊęĂĂกĒïïĕüšขšĂǰ12 
15.) DevelopǰđðŨîขĆĚîêĂîìĊęđĂćǰPMMA ÿŠüîìĊęđðŨîúüéúć÷ขĂงǰcontact ĂĂก 
16.) Maker Deposition and sputtering MoǰĔÿŠǰMo ĕðĒìîìĊęÿŠüîìĊęēéîǰDevelop ĂĂก 
17.) Lift-off đĂćǰPMMA ĒúąǰMo ÿŠüîìĊęĕöŠĔชŠúüéúć÷ขĂงǰcontact ĂĂก 
18.) üĆéคŠćìćงĕôôŜć 

Mo Mo 
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Spin PMMA  

ǰǰǰǰǰǰǰǰǰǰกćøđคúČĂïóĂúĉđöĂøŤจĈóüกóĂúĉđöìĉúđöìćคøĉđúêǰ(Poly Methyl Methacrylate ,PMMA) úงïîĒñŠî

øĂงøĆïìĊęöĊชĉĚîงćîĂ÷ĎŠđóČęĂชŠü÷ĔîกćøøĆกþćïøĉđüèìĊęêšĂงกćøüĆéǰĒúąกĈจĆéïøĉđüèìĊęĕöŠêšĂงกćøøüöëċงกćøÿøšćงđðŨî

คĂîĒìคēé÷ lithographyǰĒúąกćøǰsputtering Mo 

- ĔĀšคüćöøšĂîĒñŠîซĉúĉกĂîìĊęöĊชĉĚîงćîìĊęจąüĆéĂ÷ĎŠìĊęĂčèĀõĎöĉǰ180ǰĂงýćđซúđซĊ÷ÿǰđðŨîđüúćǰ5ǰîćìĊđóČęĂĕúŠîĚĈĒúą

ēöđúกčúขĂงĒกŢÿìĊęĂ÷ĎŠïîñĉüขĂงĒñŠîซĉúĉกĂî 
- đöČęĂคøïǰ5ǰîćìĊĔĀšøĊïîĈĒñŠîซĉúĉกĂîöćüćงĒìŠîüćงïîđคøČęĂงÿðŗîǰđðŗéđคøČęĂงðŦūöđóČęĂéĎéĒñŠîซĉúĉกĂîĕüšกĆïĒìŠî

üćงǰจćกîĆĚîîĈðŗđðêêŤóúćÿêĉกĀ÷éǰPMMA ขîćéǰ600K ,A4 ĔĀšìĆęüĒñŠîซĉúĉกĂîǰøĊïกéÿðŗîđðŨîÿĂงชŠüงìĊęǰ

500ǰRPM đðŨîđüúćǰ5ǰüĉîćìĊǰĒúąêćöéšü÷ǰ4000ǰRPM đðŨîđüúćǰ60ǰüĉîćìĊǰĀćกÿĆงđกêกćøđðúĊę÷îÿĊจąóïüŠćǰ

PMMA จąöĊกćøđðúĊę÷îÿĊĔîชŠüงüĉîćìĊìĊęǰ40ǰขĂงกćøÿðŗîชŠüงìĊęǰ2 
- ĔĀšคüćöøšĂîĒñŠîซĉúĉกĂîìĊęöĊชĉĚîงćîìĊęจąüĆéĂ÷ĎŠìĊęĂčèĀõĎöĉǰ180ǰĂงýćđซúđซĊ÷ÿǰđðŨîđüúćǰ5ǰîćìĊđóČęĂøąđĀ÷êĆü

ìĈúąúć÷ĔîôŗúŤöǰPMMA ĒúąđóĉęöĒøง÷ċéêĉéøąĀüŠćงôŗúŤöǰPMMA กĆïĒñŠîซĉúĉกĂî 
- đöČęĂคøïǰ5ǰîćìĊĔĀšøĊïîĈĒñŠîซĉúĉกĂîöćüćงĒìŠîüćงïîđคøČęĂงÿðŗîǰđðŗéđคøČęĂงðŦūöđóČęĂéĎéĒñŠîซĉúĉกĂîĕüšกĆïĒìŠî

üćงǰจćกîĆĚîîĈðŗđðêêŤóúćÿêĉกĀ÷éǰPMMA ขîćéǰ900K ,A4.5 ĔĀšìĆęüĒñŠîซĉúĉกĂîǰøĊïกéÿðŗîđðŨîÿĂงชŠüงìĊęǰ

500ǰRPM đðŨîđüúćǰ5ǰüĉîćìĊǰĒúąêćöéšü÷ǰ6000ǰRPM đðŨîđüúćǰ60ǰüĉîćìĊǰĀćกÿĆงđกêกćøđðúĊę÷îÿĊจąóïüŠćǰ

PMMA จąöĊกćøđðúĊę÷îÿĊĔîชŠüงüĉîćìĊìĊęǰ42ǰขĂงกćøÿðŗîชŠüงìĊęǰ2 

 

รูปที่ 24ǰĒÿéงชĆĚîขĂงǰPMMA ìĊęÿðŗîúงïîĒñŠîซĉúĉกĂî 
 

- ĔĀšคüćöøšĂîĒñŠîซĉúĉกĂîìĊęöĊชĉĚîงćîìĊęจąüĆéĂ÷ĎŠìĊęĂčèĀõĎöĉǰ180ǰĂงýćđซúđซĊ÷ÿǰđðŨîđüúćǰ5ǰîćìĊđóČęĂøąđĀ÷êĆü

ìĈúąúć÷ĔîôŗúŤöǰPMMA ĒúąđóĉęöĒøง÷ċéêĉéøąĀüŠćงôŗúŤöǰPMMA กĆïĒñŠîซĉúĉกĂî 
- ìĉĚงĕüšĔĀšđ÷ĘîĒúšüîĈĕðÿŠĂงกúšĂงđóČęĂéĎคüćöđøĊ÷ïǰëšćĀćกôŗúŤöǰPMMA ĕöŠđøĊ÷ïēé÷đฉóćąïøĉđüøìĊęöĊชĉĚîงćîǰคüø

úšćงǰPMMA ĂĂกĒúšüìĈĔĀöŠ 

PMMA 900K, A4.5 

PMMA 600K, A4 

Silicon wafer 

Spin stage 
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Design etches mask and contact 

          ēðøĒกøöìĊęจąĔชšÿĈĀøĆïกćøĂĂกĒïïǰetch mask ĒúąคĂîĒìคคČĂǰDesign CAD ēé÷üĉíĊกćøคČĂđøćจąîĈ
øĎðìčกกĈúĆงข÷ć÷öćüćงซšĂîกĆîĒúąìĈกćøðøĆïøĎðìčกกĈúĆงข÷ć÷ǰ50 ,100 ,200 ,500 Ēúąǰ1000ǰđìŠćĔĀšÿđกúขĂงǰ

maker field ขĂงøĎðจćกกúšĂงจčúìøøýîŤđชĉงĒÿงêøงกĆïÿđกúขĂงǰmaker field ìĊęĂĂกĒïïĕüšĔîēðøĒกøöĔĀšĕéš

öćกìĊęÿčéǰจćกîĆĚîจċงìĈกćøĂĂกĒïïïøĉđüèìĊęêšĂงกćø÷ĉงéšü÷úĈĒÿงĂĉđúĘกêøĂîǰĒúąìĈกćøǰoutput ขšĂöĎúĂĂกöć
éšü÷ēðøĒกøöǰlayout editor đóČęĂĔĀšÿćöćøëîĈขšĂöĎúĕðĔชšĔîขĆĚîêĂîǰEBL ĕéš 

 
รูปที่ 25ǰĒÿéงêĆüĂ÷ŠćงกćøĂĂกĒïïคĂîĒìคĔîēðøöĒกøöǰDesign CAD 

 
รูปที่ 26 ĒÿéงêĆüĂ÷Šćงกćøǰoutput ขšĂöĎúéšü÷ēðøĒกøöǰlayout editor 
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Electron Beam Lithography (EBL) 

ǰǰǰǰǰǰǰǰǰǰกćøÿøšćงúüéúć÷éšü÷đìคîĉคǰElectron Beam Lithography (EBL) úงïîĒñŠîซĉúĉกĂîìĊęđคúČĂïéšü÷ôŗúŤöǰ

PMMA đóČęĂกćøÿøšćงǰĂĂกĒïïǰĒúąñúĉêชĉĚîงćîìĊęöĊēคøงÿøšćงĔîøąéĆïîćēîđöêø  ซċęงúüéúć÷ìĊęđกĉéขċĚîจąđðŨîĕð

êćöìĊęđøćĕéšĂĂกĒïïĕüšĔîǰDesign CAD  

  
รูปที่ 27ǰúüéúć÷ขĂงคĂîĒìคǰ(ซšć÷)ǰĒúąขĂงǰetch mask (ขüć) ĀúĆงจćกกćøĔชšúĈĂĉđúĘกêøĂî÷ĉง 

Develop 

ǰǰǰǰǰǰǰǰǰǰēé÷ðกêĉกćøǰdevelop จąöĊĂ÷ĎŠǰ2ǰüĉíĊคČĂìĊęĂčèĀõĎöĉĀšĂงĒúąìĊęĂčèĀõĎöĉêęĈǰĔîìĊęîĊĚđøćจtĔชšกćøǰdevelop ìĊę

ĂčèĀõĎöĉêęĈǰēé÷üĉíĊกćøคČĂ 

1. ñÿöÿćøìĊęđøĊ÷กüŠćǰdeveloper คČĂǰDI water : IPA = 1 : 3 ēé÷จąĔÿŠîĚĈǰDI 20ǰöĉúúĉúĉêøǰจćกîĆĚîđêĉöǰIPA 
ĂĊกǰ60ǰöĉúúĉúĉêøǰøüöđðŨîǰ80ǰöĉúúĉúĉêøúงĔîïĊกđกĂøŤǰĒúšüîĈกøąéćþôøĂ÷öćðŗéïĊกđกĂøŤĕüš 

2. îĈïĊกđกĂøŤจćกขšĂǰ1.ǰĕðĒชŠĔĀšđ÷ĘîจĆéĔîîĚĈĒขĘงðøąöćèǰ30ǰîćìĊ 

 
รูปที่ 28ǰขĆĚîêĂîกćøđêøĊ÷öǰdeveloper 
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3. đöČęĂคøïđüúćđðŗéกøąéćþôøĂ÷ĂĂกēé÷ìĊęïĊกđกĂøŤ÷ĆงคงĒชŠĂ÷ĎŠĔîîĚĈĒขĘงǰจćกîĆĚîîĈǰtweezer คĊïซĉúĉกĂî

ìĊęöĊชĉĚîงćîúงĕðĒชŠĒúąđข÷ŠćđïćėǰĂ÷ŠćĔĀšĒñŠîซĉúĉกĂîĀúčéĂĂกจćกǰtweezer ðøąöćèǰ1ǰîćìĊǰ(ó÷ć÷ćö

øĆกþćđüúćĔĀšóĂéĊǰëšćĀćกîćîđกĉîĕðĂćจìĈĔĀšǰPMMA ÿŠüîĂČęîìĊęđøćêšĂงกćøĔĀšĀúčéĂĂกöćéšü÷) 

 
รูปที่ 29ǰüĉíĊกćøđข÷Šćǰtweezer ĔîïĊกđกĂøŤìĊęöĊǰdeveloper  

4. îĈĕðĒชŠĔîǰIPA ĂĊกïĊกđกĂøŤǰ1îćìĊǰ(øąĀüŠćงกćøđðúĊę÷îïĊกđกĂøŤĂ÷ŠćðúŠĂ÷ĔĀšĒñŠîซĉúĉกĂîĒĀšงĒúą

ó÷ć÷ćöĂ÷ŠćĔĀšซĉúĉกĂîĀúčéĂĂกจćกǰtweezer đóøćąจąคĊïขċĚîöć÷ćก 
5. คøïǰ1ǰîćìĊîĈöćđðśćéšü÷ðŚîúöĕîēêøđจîจîĒĀšง 

 
รูปที่ 30ǰïøĉđüèขĂงคĂîĒìคǰ(ซšć÷)ǰĒúąขĂงǰetch mask (ขüć)ǰĀúĆงจćกกćøǰDevelop 
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Etching with plasma 

ǰǰǰǰǰǰǰǰǰǰĀúĆงจćกกćøǰDevelop ขĂงǰetch mask đøćจąĔชšóúćÿöćēé÷ĔชšĒกŢÿǰCHF3 ñÿöกĆïǰO2 ēé÷ขĆĚîĒøกคČĂ

đøćêšĂงĀćĂĆêøćกćøÿúć÷êĆüìĊęคüćöĀîćêŠćงėขĂงēöúĉïéĊîĆöĕéซĆúĕôéŤǰđóČęĂìĊęจąกĈจĆéÿŠüîìĊęĕöŠêšĂงกćøĕéšĀöéĒúą

ĕöŠÿŠงñúêŠĂïøĉđüèìĊęêšĂงกćø  

ēé÷จćกกćøìéúĂงđงČęĂîĕขคüćöéĆîìĊęĔชšÿĈĀøĆïชĉĚîงćîคøĆĚงîĊĚ 

Pressure  O2(gas)   : 150 mtorr 

  O2+CHF3(gas)  : 300 mtorr 

  O2+CHF3(plasma) : 333 mtorr 

đüúćìĊęĔชšìĆĚงĀöéǰ17ǰîćìĊ 

 
รูปที่ 31ǰĒÿéงกŠĂîǰ(ซšć÷)ǰĒúąĀúĆงǰ(ขüć)ǰกćøìĈǰPlasma etching 

Lift-off 

          ĀúĆงจćกกćøǰMaker Deposition and sputtering MoǰคČĂĔÿŠǰMo ĕðĒìîìĊęÿŠüîìĊęēéîǰDevelop ĂĂกǰ
đøćêšĂงìĈกćøđĂćǰPMMA ĒúąǰMo ÿŠüîđกĉîĂĂกìĆĚงĀöéǰēé÷öĊüĉíĊกćøéĆงîĊĚ 

1. îĈĒñŠîซĉúĉกĂîจćกกćøǰsputtering Mo ĕðĒชŠĕüšĔîĂąซĉēêîขšćöคČîǰĀøČĂĂ÷ŠćงîšĂ÷ǰ6ǰชĆęüēöงǰ(ðŗéïĊกđกĂøŤ

éšü÷กøąéćþôøĂ÷ðŜĂงกĆîกćøøąđĀ÷ขĂงĂąซĉēêî) 
2. îĈซĉúĉกĂîจćกïĊกđกĂøŤĔîขšĂǰ1.ǰĕðĒชŠĔîĂąซĉēêîìĊęĂ÷ĎŠĂĊกïĊกđกĂøŤĀîċęง 
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3. คĊïĒñŠîซĉúĉกĂîขċĚîöćéšü÷ǰtweezer Ēúšü÷กขċĚîöćĔกúšñĉüîĚĈĒêŠĂ÷ŠćĔĀšñĉüĀîšćขĂงĒñŠîซĉúĉกĂîĒĀšงēé÷

đéĘéขćéǰจćกîĆĚîฉĊéĂąซĉēซîĕðìĊęñĉüĀîšćĒñŠîซĉúĉกĂîđóČęĂชąúšćงǰMo ĂĂกจîĀöé 

รูปที่ 32ǰĒÿéงüĉíĊกćøฉĊéĂąซĉēêîìĊęñĉüĀîšćขĂงĒñŠîซĉúĉกĂîìĊęïøĉđüèñĉüîĚĈ 

4. îĈĒñŠîซĉúĉกĂîĕðĒชŠĔîïĊกđกĂøŤǰIPA  
5. îĈïĊกđกĂøŤจćกขšĂǰ4.ǰĕðÿŠĂงกúšĂงđóČęĂéĎñĉüขĂงซĉúĉกĂîüŠćǰMo ìĊęĕöŠêšĂงกćøĂĂกĀöéĀøČĂĕöŠéšü÷กúšĂง

จčúìøøýîŤđชĉงĒÿงĒïïคøŠćüėǰēé÷÷ĆงคงĒชŠซĉúĉกĂîĔîǰ IPA êúĂéđüúćǰđîČęĂงจćกĀćกñĉüĀîšćขĂงซĉúĉกĂî

ĒĀšงจąĕöŠÿćöćøëúšćงÿĉęงêŠćงėìĊęĂ÷ĎŠïîซĉúĉกĂîĕéšĂĊกđóøćąจąêĉéกĆïซĉúĉกĂîĒîŠîขċĚîǰëšćǰMo ĂĂกĕöŠĀöéĔĀš

ìĈêćöขšĂǰ3.-5.ǰĂĊกøĂïǰ 
6. đöČęĂĂĂกĀöéĒúšüĔĀšîĈĂĂกจćกǰIPA ĒúąøĊïđðśćéšü÷ðŚîúöĕîēêøđจî 

 
รูปที่ 33ǰïøĉđüèìĊęëĎกĒìîìĊęĀúĆงจćกǰsputtering Mo ĒúšüîĈöćǰLift-off ขĂงคĂîĒìคǰ(ซšć÷)ǰĒúąǰMarker fieldǰ(ขüć) 

tweezer 

Silicon wafer 

Acetone 
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บทที่ 4  
ผลการทดลĂง 

 
4.1 การĀา ชิ้น MoS2  

จćกกćøìéúĂงúĂกǰ(exfoliate)ǰMoS2ǰúงïîĒñŠîซĉúĉกĂîñúðøćกฏüŠćĕéšชĉĚîǰMoS2ǰéĆงĔîêćøćงéĆงîĊĚ 

ชČęĂ Ăíĉïć÷ øĎðõćóǰ 
MoS2(si04) _02_100x -a few layer  

-ขîćéðøąöćèǰ2x4ǰµm2ǰ 
-ĕöŠđĀöćąÿĈĀøĆïìĈǰtwisted 
bilayer  

 
MoS2(si04) _04_100x -single layer (ĔชšüĉíĊéĎǰcontrast 

đìĊ÷ïกĆïชĉĚîìĊęìĈøćöćî) 
-ขîćéðøąöćèǰ2x2ǰµm2 
-ĕöŠđĀöćąÿĈĀøĆïìĈǰtwisted 
bilayer 
  

MoS2(si05) _03_100x -a few layer 
-ขîćéðøąöćèǰ5x10ǰµm2ǰ 
-ĕöŠđĀöćąÿĈĀøĆïìĈǰtwisted 
bilayer 

 
MoS2(si05) _05_100x -single layer (ĔชšøćöćîìéÿĂï) 

-ขîćéðøąöćèǰ2x10ǰµm2ǰ 
-ĕöŠđĀöćąÿĈĀøĆïìĈǰtwisted 
bilayer 
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ðŦญĀćจćกกćøǰexfoliate úงïîĒñŠîซĉúĉกĂîคČĂชĉĚîǰMoS2ǰìĊęĕéšöĊĀúć÷ชĆĚîĒúąǰsingle layer ìĊęĕéšöĊขîćé

đúĘกöćกĕöŠđĀöćąĒกŠกćøìĈǰtwisted bilayerǰéĆงîĆĚîจċงêšĂงĀćüĉíĊกćøúĂกǰMoS2ǰĔĀöŠǰĔĀšĕéšǰsingle layerǰìĊęöĊ

ขîćéĔĀญŠขċĚîǰüĉíĊกćøĒกšðŦญĀćคČĂđðúĊę÷îǰsubstrate จćกกćøǰexfoliate úงïîĒñŠîซĉúĉกĂîǰĕðđðŨî exfoliate úง
ïîĒñŠîǰPDMS ĒìîซċęงĕéšđðŨî single layerǰìĊęöĊขîćéĔĀญŠขċĚîǰéĆงêćøćง 

ชČęĂ Ăíĉïć÷ øĎðõćóǰ 
MoS2(PDMS01) _04_100x -single layer (ĔชšøćöćîìéÿĂï) 

-ขîćéðøąöćèǰ10x15ǰµm2ǰ 
-ĕöŠđĀöćąÿĈĀøĆïìĈǰtwisted 
bilayer ĒêŠĂćจìĈǰ

Heterostructure ĕéš 

 
MoS2(PDMS01) _05_100x -single layerǰ(ĔชšüĉíĊéĎǰcontrast 

đìĊ÷ïกĆïชĉĚîìĊęìĈøćöćî) 
-ขîćéðøąöćèǰ5x5 µm2ǰ 
-ĕöŠđĀöćąÿĈĀøĆïìĈǰtwisted 
bilayer 
  

MoS2(PDMS05) _08_100x -Ăćจจąǰsingle layer (ĔชšüĉíĊéĎǰ
contrast đìĊ÷ïกĆïชĉĚîìĊęìĈøćöćî) 
-ขîćéðøąöćèǰ10x10ǰµm2 
-ĕöŠđĀöćąÿĈĀøĆïìĈǰtwisted 
bilayerǰĒêŠĂćจìĈ

Heterostructure ĕéš  
MoS2(PDMS05) _03_100x -Ăćจจąǰsingle layer (ĔชšüĉíĊéĎǰ

contrast đìĊ÷ïกĆïชĉĚîìĊęìĈøćöćî) 
-ขîćéðøąöćèǰ20x60ǰµm2 
-ĂćจจąìĈǰtwisted bilayerǰĕéš 
 
  

 



36 
 

ðŦญĀćจćกกćøǰexfoliate úงïîǰPDMS คČĂđöČęĂĔชšǰPDMS mold ìĊęìĈĕüšđðŨîđüúćîćîǰðøąÿĉìíĉõćóĔî

กćøúĂกจąúéúงîŠćจąđðŨîñúöćจćกคüćöđĀîĊ÷üขĂงǰPDMS úงúéđöČęĂêĆĚงĕüšîćîėǰéĆงîĆĚîจċงìĈกćøìĈǰPDMS 
mold ขċĚîöćĔĀöŠǰñúคČĂÿćöćøëúĂกĕéšǰsingle layerǰìĊęöĊขîćéĔĀญŠóĂĕéšöćกขċĚîǰéĆงêĆüĂ÷ŠćงêŠĂĕðîĊĚ 

ชČęĂ Ăíĉïć÷ øĎðõćóǰ 
MoS2(PDMS10) _05_100x -single layer (ĔชšüĉíĊéĎǰcontrast 

đìĊ÷ïกĆïชĉĚîìĊęìĈøćöćî) 
-ขîćéðøąöćèǰ15x30 µm2ǰ 
-ÿćöćøëǰtwisted bilayer Ēúąǰ
Heterostructure ĕéš 

 
MoS2(PDMS01) _06_100x -single layerǰ(ĔชšüĉíĊéĎǰcontrast 

đìĊ÷ïกĆïชĉĚîìĊęìĈøćöćî) 
-ขîćéðøąöćèǰ15x15 µm2ǰ 
-ÿćöćøëǰtwisted bilayer Ēúąǰ
Heterostructure ĕéš 

 
MoS2(PDMS05) _08_100x -Ăćจจąǰsingle layerǰ(ĔชšüĉíĊéĎǰ

contrast đìĊ÷ïกĆïชĉĚîìĊęìĈøćöćî) 
-ขîćéðøąöćèǰ5x50 µm2 
-Ăćจจąǰtwisted bilayer Ēúąǰ
Heterostructure ĕéš 

  
MoS2(PDMS13) _01_100x -Ăćจจąǰsingle layerǰ(ĔชšüĉíĊéĎǰ

contrast đìĊ÷ïกĆïชĉĚîìĊęìĈøćöćî) 
-ขîćéðøąöćèǰ15x15 µm2 
-ÿćöćøëǰtwisted bilayer Ēúąǰ
Heterostructure ĕéš 
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 จćกøĎðêĆüĂ÷ŠćงขĂงøĎðēöúĉïéĊîĆöĕéซĆúĕôéŤขšćงêšîǰđøćÿćöćøëìøćïจĈîüîชĆĚîขĂงēöúĉïéĊîĆöĕéซĆúĕôéŤĕéš

จćกกćøđìĊ÷ïÿĊĒúąéĎǰcontrast ขĂงøĎðจćกกúšĂงจčúìøøýîŤđชĉงĒÿงđìĊ÷ïกĆïøĎðìĊęĕéšîĈêĆüĂ÷ŠćงēöúĉïéĊîĆöĕéซĆúĕôéŤ

ĕðüĆéคŠćÿđðกêøĆöøćöćîจîìøćïจĈîüîชĆĚîìĊęĒîŠîĂîĒúšüǰซċęงกøćôøćöćîìĊęĕéšöĊéĆงîĊĚ

 
รูปที่ 34ǰĒÿéงøćöćîÿđðกêøĆöขĂงēöúĉïéĊîĆöĕéซĆúĕôéŤจćกกćøúĂกǰ(exfoliation) úงïîǰPDMS ìĊęöĊóĊคǰE1

2g Ēúą A1g Ă÷ĎŠìĊę

ðøąöćèǰ384ǰcm-1 Ēúąǰ409 cm-1ǰøą÷ąĀŠćงøąĀüŠćงÿĂงóĊคđðŨîǰ25ǰcm-1ǰĒÿéงĔĀšđĀĘîüŠćđðŨîēöúĉïéĊîĆöĕéซĆúĕôéŤĒïïĀúć÷ชĆĚîǰ

(multilayer) (ซšć÷) ĒúąøĎðïøĉđüèìĊęìĈกćøüĆéคŠćÿđðกêøĆöøćöćîซċęงคČĂêøงìĊęđðŨîจčéÿĊđขĊ÷üǰ(ขüć) 

 
รูปที่ 35ǰĒÿéงøćöćîÿđðกêøĆöขĂงēöúĉïéĊîĆöĕéซĆúĕôéŤจćกกćøúĂกǰ(exfoliation) úงïîǰPDMS ìĊęöĊóĊคǰE1

2g Ēúą A1g Ă÷ĎŠìĊę

ðøąöćèǰ385ǰcm-1 Ēúąǰ405 cm-1ǰøą÷ąĀŠćงøąĀüŠćงÿĂงóĊคđðŨîǰ20ǰcm-1ǰĒÿéงĔĀšđĀĘîüŠćđðŨîēöúĉïéĊîĆöĕéซĆúĕôéŤĒïïชĆĚîđéĊ÷üǰ

(single layer) (ซšć÷) ĒúąøĎðïøĉđüèìĊęìĈกćøüĆéคŠćÿđðกêøĆöøćöćîซċęงคČĂêøงìĊęđðŨîจčéÿĊđขĊ÷üǰ(ขüć) 
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จćกøĎðđðŨîïøĉđüèìĊęüĆéคŠćÿđðกêøĆöøćöćîđìĊ÷ïกĆïđĂกÿćøĂšćงĂĉงĔîïììĊęÿĂงǰðøćกฏüŠćđðŨîēöúĉïéĊîĆöĕé

ซĆúĕôéŤชĆĚîđéĊ÷üǰ(single layer)ǰđöČęĂîĈĕðđðøĊ÷ïđìĊ÷ïǰcontrast กĆïøĎðìĊęĕéšจćกกúšĂงจčúìøøýîŤđชĉงĒÿงขĂงชĉĚî

ēöúĉïéĊîĆöĕéšซĆúĕôéŤชĉĚîĂČęîìĊęöĊǰcontrast đĀöČĂîกĆîĒÿéงüŠćđðŨîēöúĉïéĊîĆöĕéšซĆúĕôéŤชĆĚîđéĊ÷üđĀöČĂîกĆîéšü÷ǰ

êĆüĂ÷ŠćงđชŠî 

ǰ  
รูปที่ 36ǰĒÿéงøĎðขĂงชĉĚîēöúĉïéĊîĆöĕéซĆúĕôéŤชĆĚîđéĊ÷üìĊęĕéšìĈกćøüĆéคŠćÿđðกêøĆöøćöćî (ซšć÷) กĆïชĉĚîขĂงēöúĉïéĊîĆöìĊęîĈöćđìĊ÷ïǰ

contrast óïüŠćöĊǰcontrast đĀöČĂîกĆîǰÿćöćøëîĈĀúĆกกćøîĊĚöćĔชšĔîกćøĀćชĉĚîēöúĉïéĊîĆöìĊęđĀöćąÿöĔîกćøîĈöćĔชšงćîêŠĂĕð 

 

โมลิบดีนัมไดซัลไฟด์จากüธิีการ CVD 

 đîČęĂงจćกēöúĉïéĊîĆöĕéซĆúĕôéŤจćกüĉíĊกćøǰCVDǰîĊĚëĎกÿøšćงขċĚîĔîĀšĂงüĉจĆ÷ĒúąìéúĂงĂČęîìĊęÿøšćงĂĂกöćđðŨî

ēöúĉïéĊîĆöĕéซĆúĕôéŤĒïïชĆĚîđéĊ÷üđøĊ÷ïøšĂ÷ĒúšüǰéĆงîĆĚîđøćจċงîĈöćüĆéคŠćÿđðกêøĆöøćöćîĒúąîĈĕðÿøšćงđðŨîชĉĚîงćî

ìĊęêšĂงกćøĕéšđú÷ 

 
รูปที่ 37ǰêĆüĂ÷ŠćงēöúĉïéĊîĆöĕéซĆúĕôéŤìĊęëŠć÷จćกกúšĂงจčúìøøýîŤđชĉงĒÿงìĊęĕéšจćกüĉíĊกćøǰCVD 
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4.2 üิธีการถ่ายโĂนแบบแĀ้ง (dry transfer method)  
4.2.1 üิธีการเคลื่Ăนย้ายด้üยแรงแüนเดĂร์üาลÿ์ (van der Waals pick-up transfer Method) 

đîČęĂงจćกชĉĚîǰMoS2ǰìĊęĕéšจćกกćøǰexfoliate ïîĒñŠîซĉúĉกĂîöĊขîćéđúĘกđกĉîĕðĕöŠÿćöćøëÿøšćงđðŨî 
twisted bilayerǰĕéšǰจċงĕéšúĂงǰBN pick-up ēé÷ĔชšǰPC polymer stackǰđðŨîชĆĚîĒïïǰBN/MoS2/BN đóČęĂéĎüŠć

คüćö÷ćกงŠć÷ĔîกćøéċงชĉĚîǰMoS2ǰĂĂกöćจćกóČĚîñĉüìĊęđðŨîซĉúĉกĂîñúðøćกฏüŠćÿćöćøëéċงขċĚîöćĕéšǰĒêŠ÷ĆงĕöŠĕéšúĂง

ฉĊกชĉĚîǰMoS2ǰđîČęĂงจćกขîćéìĊęđúĘกđกĉîĕðǰĂ÷ŠćงĕøกĘêćöüĉíĊกćøǰexfoliate ïîĒñŠîซĉúĉกĂîกĘ÷ĆงĕöŠĔชŠüĉíĊìĊęéĊđìŠćìĊęคüø

đîČęĂงจćกēĂกćÿĔîกćøđจĂǰMoS2ǰĒïïชĆĚîđéĊ÷üöĊîšĂ÷öćกĒúąöĊขîćéđúĘกöćกǰ 

 
รูปที่ 38ǰBN/MoS2/BNǰHeterostructure 

  đöČęĂîĈöćüĆéคŠćøćöćîðøćกฏüŠćöĊÿŠüîìĊęđðŨîĒïïĀîċęงชĆĚîǰ(single layer)  

 
รูปที่ 39ǰøćöćîÿđðกêøĆöขĂงǰBN/MoS2/BNǰHeterostructureǰซċęงđðŨîēöúĉïéĊîĆöĕéซĆúĕôéŤจćกกćøúĂกǰ(exfoliation) ïîĒñŠî

ซĉúĉกĂîìĊęöĊóĊคǰE1
2g Ēúą A1g Ă÷ĎŠìĊęðøąöćèǰ387ǰcm-1 Ēúąǰ407 cm-1ǰøą÷ąĀŠćงøąĀüŠćงÿĂงóĊคđðŨîǰ20ǰcm-1ǰĒÿéงĔĀšđĀĘîüŠćđðŨî

ēöúĉïéĊîĆöĕéซĆúĕôéŤĒïïชĆĚîđéĊ÷üǰ(single layer) (ซšć÷) ĒúąøĎðïøĉđüèìĊęüĆéคŠćÿđðกêøĆöøćöćîซċęงคČĂêøงìĊęđðŨîจčéÿĊđขĊ÷üǰ(ขüć) 
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4.2.2 üิธีการเคลื่Ăนย้ายด้üย PDMS 

ชĉĚîǰMoS2ǰìĊęĕéšจćกกćøǰexfoliate ïîǰPDMS öĊขîćéĔĀญŠóĂìĊęจąÿćöćøëÿøšćงđðŨî twisted bilayerǰĕéšǰ
จċงĕéšúĂงîĈǰPDMS ēé÷จąêĆéĒคŠÿŠüîìĊęöĊชĉĚîǰMoS2ǰĒúšüîĈĕðüćงúงïîซĉúĉกĂîđðúŠćกŠĂîìĊęจąĔชšüĉíĊกćøǰTear and 
stacking éšü÷ǰBNǰĒêŠđกĉéðŦญĀćǰ2ǰĂ÷ŠćงคČĂǰ 

ðøąกćøĒøกǰøąĀüŠćงกćøêĆéǰPDMSǰขîćéǰ0.4x0.4 cm2 ĔîïøĉđüèìĊęöĊชĉĚîǰMoS2ǰñúðøćกฏüŠćĀćกêĆé

ĒøงĕðǰĔïöĊéĕöŠคöǰĀøČĂúงĔïöĊéñĉéüĉíĊ ĂćจจąìĈĔĀšชĉĚîǰMoS2ǰđกĉéกćø÷ŠîĒúąฉĊกขćéđÿĊ÷Āć÷ǰüĉíĊĒกšĕขคČĂĂćจจą

êĆéĔĀšöĊขîćéĔĀญŠขċĚîđúĘกîšĂ÷ǰĒêŠĀšćöĔĀญŠđกĉîĕðǰĔชšĔïöĊéìĊęคöĂ÷ĎŠđÿöĂǰĒúąúงîĚĈĀîĆกĔĀšÿöęĈđÿöĂĔîกćøêĆé 

 
รูปที่ 40ǰĒÿéงชĉĚîǰMoS2ǰïîǰPDMS กŠĂîǰ(ซšć÷)ǰĒúąĀúĆงǰ(ขüć)ǰกćøêĆééšü÷ĔïöĊé 

ðøąกćøìĊęÿĂงǰøąĀüŠćงìĈกćøëŠć÷ēĂîชĉĚîǰMoS2ǰïîǰPDMS ĕð÷ĆงĒñŠîซĉúĉกĂîđðúŠćėจąöĊïćงÿŠüîขĂงชĉĚîǰ

MoS2ǰ÷ĆงคงêĉéĂ÷ĎŠïîǰPDMS ĀøČĂöĊกćø÷Ćïǰēé÷đฉóćąïøĉđüèìĊęđðŨîĒïïĀîċęงชĆĚîจą÷ċéêĉéǰPDMS ĕéšéĊöćก  

 
รูปที่ 41ǰĒÿéงชĉĚîǰMoS2ǰกŠĂîǰ(ïîǰPDMS)ǰ(ซšć÷)ǰĒúąĀúĆง(ïîĒñŠîซĉúĉกĂî)ǰ(ขüć)ǰกćøđคúČęĂî÷šć÷úงïîĒñŠîซĉúĉกĂîñúðøćกฏüŠć

öĊøĂ÷÷ĆïđกĉéขċĚîĕöŠÿćöćøëîĈĕðĔชšêŠĂĕéš 
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ĒúąđöČ ęĂúĂงฉĊกĒúąéċงชĉ Ěî MoS2ǰéšü÷ǰBN/PC polymer stacking ñúðøćกฏüŠćĕöŠÿćöćøëฉĊกชĉ ĚîǰMoS2ǰĕéš

đîČęĂงจćกǰMoS2ǰ÷ċéêĉéกĆïóČĚîñĉüĕéšéĊöćกǰจċงĒกšðŦญĀćēé÷กćøĔชšøĎðĒïïขĂงชĉĚîǰMoS2ǰìĊęđøćĀćđจĂǰจąÿĆงđกêđĀĘî

üŠćขĂïจąêøงĒúąöčöìĊęđกĉéขċĚîöĆกจąđðŨîǰ60ǰĂงýćǰĀøČĂǰ120ǰĂงýćđÿöĂǰจċงđðúĊę÷îöćìĈǰ twisted จćกกćøîĈชĉĚîǰ
MoS2ǰÿĂงชĉĚîöćซšĂîกĆîǰđìĊ÷ïēé÷กćøüćงขĂïėĀîċęงĔĀšêøงกĆîกŠĂîĀöčîđðŨîöčöǰ3.5ǰĂงýćǰēé÷จąîĈĕðüćงïîǰ

BN ìĊúąชĉĚîđîČęĂงจćกชĉĚîǰMoS2 ÷ċéêĉéกĆïǰBN ĕéšéĊกüŠćǰPDMS ĒúąöĊคüćöÿąĂćéกüŠćĒñŠîซĉúĉกĂî 

 
รูปที่ 42ǰĒÿéงĔĀšđĀĘîขĂïขĂงēöúĉïéĊîĆöĕéซĆúĕôéŤïćงéšćîìĊęจąđðŨîđÿšîêøงǰĒúąöčöขĂงēöúĉïéĊîĆöĕéซĆúĕôéŤìĊęจąöĊïćงöčöđðŨîǰ60ǰ

ĀøČĂǰ120ǰĂงýć 

 
รูปที่ 43ǰtwisted bilayer MoS2ǰìĊęĕéšจćกüĉíĊกćøđคúČęĂî÷šć÷éšü÷ǰPDMSǰĕðüćงïîǰBN 

120˚ 

60˚ 

Bilayer 

Twisted bilayer 

BN 

Bottom MoS2 

Top MoS2 
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รูปที่ 44ǰøćöćîÿđðกêøĆöēöúĉïéĊîĆöĕéซĆúĕôéŤชĆĚîđéĊ÷üจćกกćøúĂกǰ(exfoliation) ïî PDMS ìĊęöĊóĊคǰE1

2g Ēúą A1g Ă÷ĎŠìĊęðøąöćèǰ

385ǰcm-1 Ēúąǰ405 cm-1ǰøą÷ąĀŠćงøąĀüŠćงÿĂงóĊคđðŨîǰ20ǰcm-1ǰ(ซšć÷) ĒúąøĎðïøĉđüèìĊęüĆéคŠćÿđðกêøĆöøćöćîซċęงคČĂêøงìĊęđðŨîจčé

ÿĊđขĊ÷üǰ(ขüć) 

 
รูปที่ 45 øćöćîÿđðกêøĆöēöúĉïéĊîĆöĕéซĆúĕôéŤÿĂงชĆĚîจćกกćøúĂกǰ(exfoliation) ïî PDMS ìĊęöĊóĊคǰE1

2g Ēúą A1g Ă÷ĎŠìĊęðøąöćèǰ

385ǰcm-1 Ēúąǰ407 cm-1ǰøą÷ąĀŠćงøąĀüŠćงÿĂงóĊคđðŨîǰ22ǰcm-1ǰ(ซšć÷) ĒúąøĎðïøĉđüèìĊęüĆéคŠćÿđðกêøĆöøćöćîซċęงคČĂêøงìĊęđðŨîจčé

ÿĊđขĊ÷üǰ(ขüć) 

 
รูปที่ 46 øćöćîÿđðกêøĆöขĂงǰtMoS2/BNǰซċęงđðŨîēöúĉïéĊîĆöĕéซĆúĕôéŤจćกกćøúĂกǰ(exfoliation) ïî PDMS ìĊęöĊóĊคǰE1

2g Ēúą A1g 
Ă÷ĎŠìĊęðøąöćèǰ385ǰcm-1 Ēúąǰ406 cm-1ǰøą÷ąĀŠćงøąĀüŠćงÿĂงóĊคđðŨîǰ21ǰcm-1ǰ(ซšć÷) ĒúąøĎðïøĉđüèìĊęüĆéคŠćÿđðกêøĆöøćöćîซċęง

คČĂêøงìĊęđðŨîจčéÿĊđขĊ÷üǰ(ขüć) 

Single layer 

Bilayer 

Twisted bilayer 
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4.3 üิธีการถ่ายโĂนแบบเปียก (wet transfer method) 

üĉíĊกćøîĊĚจąîĈöćĔชšĔîēöúĉïéĊîĆöĕéซĆúĕôéŤชĆĚîđéĊ÷üìĊęĕéšจćกüĉíĊกćøÿøšćงĒïïǰCVD đîČęĂงöćจćกกŠĂîĀîšćîĊĚ

đöČęĂúĂงĔชšüĉíĊกćøđคúČęĂî÷šć÷éšü÷ĒøงĒüîđéĂøŤüćúÿŤēé÷úĂงǰBN pick-up ēé÷ĔชšǰPC polymer stackǰĒêŠđîČęĂงจćก
üĉíĊกćøǰCVD จąìĈĔĀšēöúĉïéĊîĆöĕéซĆúĕôéŤ÷ċéêĉéกĆïซĉúĉกĂîĕéšéĊöćกǰñúìĊęĕéšคČĂöĊēöúĉïéĊîĆöĕéซĆúĕôéŤïćงÿŠüî

đìŠćîĆĚîìĊęêĉéขċĚîöćǰĕöŠĕéšêĉéขċĚîöćìĆĚงĒñŠîจċงĕöŠÿćöćøëîĈĕðĔชšĔîกćøìĈǰtwisted bilayer ĕéš 

  

รูปที่ 47ǰĒÿéงǰBN/PC polymer stackǰกŠĂîǰ(ซšć÷)ǰĒúąĀúĆงǰ(ขüć)ǰกćø pick-up éšü÷üĉíĊกćøđคúČęĂî÷šć÷éšü÷ĒøงĒüîđéĂøŤüćúÿŤ 

 จċงĒกšðŦญĀćēé÷กćøúéĒøงøąĀüŠćงēöúĉïéĊîĆöĕéซĆúĕôéŤกĆïĒñŠîซĉúĉกĂîéšü÷กćøĔชšîĚĈǰĀøČĂüĉíĊกćøëŠć÷ēĂî

ĒïïđðŘ÷กǰ(wet transfer method)ǰจćกîĆĚîîĈĕðüćงïîǰBN ĒêŠĕöŠÿćöćøëüćงúงĕðĕéšđîČęĂงจćกēöúĉïéĊîĆöĕöŠêĉé

กĆïǰBN จċงêšĂงîĈĕðüćงïîĒñŠîซĉúĉกĂîđðúŠćĒìî 

 
รูปที่ 48ǰtwisted bilayer MoS2ǰïîĒñŠîซĉúĉกĂî 

Twisted bilayer 
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รูปที่ 49 øćöćîÿđðกêøĆöขĂงēöúĉïéĊîĆöĕéซĆúĕôéŤชĆĚîđéĊ÷üจćกüĉíĊกćøǰCVD ìĊęöĊóĊคǰE1

2g Ēúą A1g Ă÷ĎŠìĊęðøąöćèǰ386ǰcm-1 Ēúąǰ
405 cm-1ǰøą÷ąĀŠćงøąĀüŠćงÿĂงóĊคđðŨîǰ19ǰcm-1ǰ(ซšć÷) ĒúąøĎðïøĉđüèìĊęüĆéคŠćÿđðกêøĆöøćöćîซċęงคČĂêøงìĊęđðŨîจčéÿĊđขĊ÷üǰ(ขüć) 

 
รูปที่ 50 øćöćîÿđðกêøĆöขĂงēöúĉïéĊîĆöĕéซĆúĕôéŤĒïïǰtwisted bilayer จćกüĉíĊกćøǰCVD ìĊęöĊóĊคǰE1

2g Ēúą A1g Ă÷ĎŠìĊęðøąöćèǰ

386ǰcm-1 Ēúąǰ404 cm-1ǰøą÷ąĀŠćงøąĀüŠćงÿĂงóĊคđðŨîǰ18ǰcm-1ǰ(ซšć÷) ĒúąøĎðïøĉđüèìĊęüĆéคŠćÿđðกêøĆöøćöćîซċęงคČĂêøงìĊęđðŨîจčé

ÿĊđขĊ÷üǰ(ขüć) 

 

 จćกîĆĚîîĈคŠćÿđðกêøĆöขĂงēöúĉïéĊîĆöĕéซĆúĕôéŤìĊęüĆéคŠćĕéšìĆĚงìĊęđðŨîชĆĚîđéĊ÷üǰ(single layer) ìĊęđðŨîÿĂงชĆĚîǰ

(Bilayer)ǰĒúąìĊęîĈöćüćงซšĂîกĆîđðŨîÿĂงชĆĚîìĊęöčöïĉéǰ3.5ǰĂงýćǰขĂงìĆĚงìĊęĕéšจćกüĉíĊกćøúĂกǰ(exfoliation) Ēúą
üĉíĊกćøǰCVD öćǰnormalize đìĊ÷ïกĆïóĊคขĂงซĉúĉกĂîǰจćกîĆĚîîĈöćüĉđคøćąĀŤĒîüēîšöจćกกøćôǰúĆกþèąกćøđúČęĂî

ซšć÷ขüćĒúąคüćöđขšöขĂงóĊคüŠćđðŨîñúöćจćกĂąĕøǰñúìĊęĕéšöĊéĆงêŠĂĕðîĊĚ 

Single layer 

Twisted bilayer 
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รูปที่ 51 øćöćîÿđðกêøĆöขĂงēöúĉïéĊîĆöĕéซĆúĕôéŤđðŨîชĆĚîđéĊ÷üǰ(single layer) ìĊęđðŨîÿĂงชĆĚîǰ(Bilayer) ĒúąìĊęîĈöćüćงซšĂîกĆîđðŨî

ÿĂงชĆĚîìĊęöčöïĉéǰ3.5ǰĂงýćǰขĂงìĆĚงìĊęĕéšจćกüĉíĊกćøúĂกǰ(exfoliation) ĒúąüĉíĊกćøǰCVD  

 จćกกćøüĉđคøćąĀŤóïüŠćจąđĀĘîüŠćóĊคขĂงǰtwisted bilayer MoS2 ìĊęĕéšจćกกćøúĂกǰ(exfoliation) จąöĊ
คŠćĂ÷ĎŠøąĀüŠćงóĊคขĂงǰsingle layer Ēúą Bilayer ēöúĉïéĊîĆöĕéซĆúĕôéŤǰĒêŠจąüĆéคŠćคüćöđขšöĕéšöćกกüŠćìĊęđðŨîǰ

Bilayer ðกêĉǰĔîขèąìĊęóĊคขĂงtwisted bilayer MoS2 ìĊęĕéšจćกüĉíĊกćøǰCVD จąöĊóĊคĔกúšđคĊ÷งกĆïìĊęđðŨîǰsingle 
layer  
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4.4 การüัดค่าทางไฟฟ้า (Electrical measurement) 

đøćจąìĈกćøÿøšćงüĆÿéčđชĉงĒüîđéĂøŤüćúÿŤìĊęðøąกĂïจćกēöúĉïéĊîĆöĕéซĆúĕôéŤìĊęüćงĂ÷ĎŠïîđăกซąēกîĂú

ēïøĂîĕîĕêøéŤǰēé÷ĔชšǰMoS2ǰìĊęĕéšจćกกćøǰexfoliate ïîǰPDMS Ēúšüǰtransfer úงïîǰBN ìĊęĂ÷ĎŠïîĒñŠîซĉúĉกĂîǰ

จćกîĆĚîîĈöćǰetch ĔĀšđĀúČĂĒคŠïøĉđüèìĊęêšĂงกćøüĆéĒúąĔÿŠคĂîĒìคđóČęĂüĆéคŠćìćงĕôôŜć 

 
รูปที่ 52ǰMoS2/BNǰHeterostructureǰกŠĂîìĊęจąìĈกćøǰetchǰĒúąĔÿŠคĂîĒìค 

 ðŦญĀćขĂงกćøĔÿŠคĂîĒìคǰðøąกćøĒøกĂ÷ĎŠìĊ ęขĆ ĚîêĂîǰEBL ìĊęêšĂงĔชšคüćöđขšöขĂงúĈĂĉđúĘกêøĂîĔĀš

đĀöćąÿöกĆïēöúĉïéĊîĆöĕéซĆúĕôéŤǰëšćĔชšคüćöđขšöìĊęĕöŠđĀöćąÿöจąđกĉéðŦญĀćêŠĂĔîขĆĚîêĂîกćøǰdevelop ìĊęจąìĈ

ĔĀšǰPMMA ÿŠüîìĊęđøć÷ĆงêšĂงกćøĀúčéĂĂกöćéšü÷ǰĒúąðøąกćøìĊęÿĂงĂ÷ĎŠìĊęขĆĚîêĂîกćøǰetch éšü÷óúćÿöćìĊęđøćêšĂง

ĒîŠĔจüŠćēöúĉïéĊîĆöĕéซĆúĕôéŤÿŠüîìĊęĕöŠêšĂงกćøîĆĚîëĎกกĈจĆéĕðĀöéĒúšüǰêøüจÿĂïēé÷กćøîĈĕðüĆéคŠćøćöćîǰïøĉđüè

ìĊęĕöŠêšĂงกćøจąêšĂงĕöŠöĊóĊคขĂงÿđðกêøĆöēöúĉïéĊîĆöĕéซĆúĕôéŤđกĉéขċĚîöć 

 
รูปที่ 53 ĒÿéงǰProb ìĊęĔชšüĆéคŠćìćงĕôôŜćǰ(ซšć÷)ǰĒúąĒÿéงชĉĚîงćîĀúĆงจćกกćøĔÿŠคĂîĒìคđÿøĘจđøĊ÷ïøšĂ÷ǰ(ขüć) 
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 ðŦญĀćขĂงกćøĔÿŠคĂîĒìคǰðøąกćøìĊęÿćöĂ÷ĎŠìĊęĀúĆงจćกกćøĔÿŠคĂîĒìคđÿøĘจđøĊ÷ïøšĂ÷ จćกøĎðǰ53ǰ

ëšćÿĆงđกêจąđĀĘîüŠćจćกđกêĀöć÷đúขǰ4ǰĒúą6ǰìĊęøąïčïîøĎðǰöĊǰMo ĕöŠêĉéกĆïēöúĉïéĊîĆöĕéซĆúĕôéŤǰซċęงđðŨîÿĆญญćèïŠง

ïĂกüŠćǰMo ÷ċéêĉéกĆïēöúĉïéĊîĆöĕéซĆúĕôéŤĕéšĕöŠéĊĒúąĂćจจąéĎđĀöČĂîöĊǰMo ïćงđกêêĉéกĆïēöúĉïéĊîĆöĕéซĆúĕôéŤĕéš

ĒêŠđöČęĂÿĆงđกêñŠćîกúšĂงǰoptical microscope öĆîจąéĎđĀöČĂîǰMo úĂ÷ขċĚîöćจćกēöúĉïéĊîĆöĕéซĆúĕôéŤ 

ǰǰǰǰǰǰǰǰǰǰǰǰǰǰǰǰǰǰǰđöČęĂìĈกćøüĆéคŠćìćงĕôôŜćēé÷จąüĆéคŠćขĂงกøąĒÿǰIsdǰìĊęคüćöêŠćงýĆก÷ŤǰVsdǰêŠćงėǰēé÷đðúĊę÷îคüćö

êŠćงýĆก÷ŤǰVbg คøĆĚงúąǰ0.05ǰēüúúŤǰêĆĚงĒêŠǰ-40ǰëċงǰ80ǰēüúúŤǰĕéšกøćôéĆงîĊĚ 

 

รูปที่ 54ǰĒÿéงคüćöÿĆöóĆîíŤøąĀüŠćงขĂงกøąĒÿǰIsd ,Vsd Ēúą VbgǰขĂงēöúĉïéĊîĆöĕéซĆúĕôéŤ 
 
 

 จćกîĆĚîĕéšìĈกćøđúČĂกöćĀîċęงจčéđóČęĂĀćคŠćǰmobility ขĂงēöúĉïéĊîĆöĕéซĆúĕôéŤĒïïชĆĚî

đéĊ÷üîĊĚǰēé÷จčéìĊęđúČĂกจąđðŨîจčéìĊęกøćôöĊชčéขšĂöĎúกćøüĆéìĊęĕöŠĒðøðøüîöćกǰđîČęĂงจćกđøćจĈđðŨîêšĂงǰ

fitting กøćôđóČęĂĀćคüćöชĆîกŠĂîìĊęจąîĈĕðคĈîüèคŠćǰmobility ēé÷จčéìĊęđúČĂกîĈöćคĈîüèคČĂǰìĊęǰVsdǰ

đìŠćกĆïǰ900 îćēîēüúúŤǰǰĒúąǰVbgǰđìŠćกĆïǰ50ǰēüúúŤǰéĆงกøćôêŠĂĕðîĊĚ 

V sd
 (m

V)
 

Backgate voltage (V) 
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รูปที่ 55ǰกøćôคüćöÿĆöóĆîíŤøąĀüŠćงǰIsd กĆïǰVsdǰìĊęĂčèĀõĎöĉĀšĂงǰēé÷ĔÿŠǰVbgǰđðŨîǰ50ǰēüúúŤ 

 

 
 

   รูปที่ 56ǰกøćôคüćöÿĆöóĆîíŤøąĀüŠćงǰIsd กĆïǰVbgǰìĊęĂčèĀõĎöĉĀšĂงǰēé÷ĔÿŠǰVsdǰđðŨîǰ900ǰîćēîēüúúŤ 
  

Backgate voltage (V) 

Vsd (mV) 
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 จćกøĎðìĊęǰ56ǰÿćöćøëîĈöćǰfitting คüćöชĆîขĂงกøćôĔîชŠüงìĊęöĊคŠćǰVbgǰêĆĚงĒêŠǰ45ǰëċงǰ
65ǰēüúúŤǰ(đîČęĂงจćกกøćôìĊęĕéšîĆĚîöĊคüćöĒðøðøüîจċงĕöŠÿćöćøëĔชšǰdifferentiate ĔîกćøĀćĕéšǰจċงêšĂง

đúČĂกคŠćöćĒคŠชŠüงìĊęöĊคüćöĒðøðøüîîšĂ÷ǰöćคĈîüèĀćคüćöชĆîĒìî ) ซċęงคŠćคüćöชĆîìĊęĕéšðøąöćèǰ

8.67×10-9 A/V  
 ĒúąกćøĀćคŠć gateǰcapacitance per unit area ขĂงǰtwo parallel plate ขĂงĒñŠî
ซĉúĉกĂîìĊęöĊคüćöĀîćǰ285ǰîćēîđöêøǰöĊคŠćคงìĊęǰdielectricǰ đìŠćกĆïǰ3.7ǰจćกÿöกćø 
 

𝐶 ൌ
𝐾𝐸
𝐷

 

 
ēé÷ìĊęǰ Cg คČĂǰgateǰcapacitance per unit areaǰ(F/m2) 
 E0 คČĂǰpermittivity of free space öĊคŠćđìŠćกĆïǰ8.854×10-12ǰF/m 
 K คČĂǰdielectric constant ขĂงĒêŠúąüĆÿéčǰซċęงขĂงĒñŠîซĉúĉกĂîöĊคŠćđìŠćกĆïǰ3.7 
 D คČĂǰøą÷ąìćงøąĀüŠćงǰplate (m2) 
ĕéšคŠćǰgateǰcapacitance per unit areaǰđìŠćกĆïǰ1.15×10-4ǰF/m2ǰ 
 จćกîĆĚîîĈคŠćคüćöชĆîĒúąคŠćǰgateǰcapacitance per unit areaǰĕðĀćคŠćǰmobilityǰ
ĔîìøćîซĉÿđêĂøŤÿîćöĕôôŜćขĂงคĂîĒìคขîćéǰ1.6×4.3ǰµm2 ìĊęĔĀšคüćöêŠćงýĆก÷ŤøąĀüŠćงǰsource Ēúąǰ
drain đìŠćกĆïǰ900ǰmV จćกÿöกćø 
 

µ ൌ 𝑠𝑙𝑜𝑝𝑒 ൈ
𝐿
𝑊

ൈ
1
𝑉௦ௗ

ൈ
1
𝐶

 

 
ēé÷ìĊęǰ µǰคČĂǰคŠćǰmobilityǰ(m2/V.s) 
 L คČĂǰคüćö÷ćüขĂงคĂîĒìคǰ(µm)  
 W คČĂǰคüćöกüšćงขĂงคĂîĒìคǰ(µm) 
 Vsd คČĂǰsource drain bias (V) 
จąĕéšคŠćǰmobilityǰđìŠćกĆïǰ2.25ǰcm2/V.s ซċ ęงîšĂ÷öćกđöČ ęĂđìĊ÷ïกĆïคŠćìĊ ęĕéšìĈกćøýċกþćĔîïììĊęǰ2ǰ

đîČęĂงöćจćกǰmobilityǰจąขċĚîĂ÷ĎŠกĆïคŠćǰconductivity ขĂงøąïïéšü÷üŠćéĊĀøČĂĕöŠǰîĆęîĒÿéงüŠćกćøìĊęคĂî

ĒìคǰMo ÷ċéêĉéกĆïēöúĉïéĊîĆöĕéซĆúĕôéŤĕéšĕöŠéĊจąìĈĔĀšคŠćǰconductivity úéúงĕðđ÷ĂąกüŠćðกêĉǰÿŠงñúĔĀš

คŠćǰmobilityǰìĊęĕéšîĆĚîîšĂ÷êćöĕðéšü÷ 
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บทที่ 5 

ÿรุปและĂภิปรายผลการทดลĂง 

ǰǰǰǰǰǰǰǰǰǰǰǰกćøÿøšćงĒúąกćøýċกþćคčèúĆกþèąขĂงüĆÿéčđชĉงĒüîđéĂøŤüćúÿŤìĊęðøąกĂïจćกēöúĉïéĊîĆöĕéซĆúĕôéŤĔîคøĆĚง

îĊĚöĊðŦญĀćđกĉéขċĚîĔîĀúć÷ขĆĚîêĂîìĊęจĈđðŨîêšĂงĒกšðŦญĀćĕðìĊúąขĆĚî 

 đøĉęöêĆĚงĒêŠขĆĚîêĂîกćøÿøšćงēöúĉïéĊîĆöĕéซĆúĕôéŤđðŨîชĆĚîđéĊ÷üǰ (single layer) ēé÷กćøúĂกǰ(exfoliation) 
ขċ ĚîöćĔĀšöĊขîćéìĊęÿćöćøëîĈĕðĔชšงćîĕéš ซċ ęงêšĂงĒกšðŦญĀćēé÷กćøĀćĒñŠîøĂงøĆïìĊ ęđĀöćąìĊęจąÿćöćøë÷ċé

ēöúĉïéĊîĆöĕéซĆúĕôéŤĔĀšêĉéกĆïóČĚîñĉüขĂงĒñŠîøĂงøĆïîĆĚîĕéšǰîĆęîĒÿéงüŠćจąêšĂงöĊđðŨîĒøง÷ċéêĉéøąĀüŠćงñĉüขĂงĒñŠî

øĂงøĆïกĆïóČĚîñĉüขĂงēöúĉïéĊîĆöéŤซĆúĕôéŤìĊęöćกกüŠćĒøงĒüîđéĂøŤüćúÿŤǰ(Van der Waals)ǰìĊę÷ċéêĉéøąĀüŠćงชĆĚîขĂง

ēöúĉïéĊîĆöĕéซĆúĕôéŤéšü÷กĆîđĂงǰซċęงĒñŠîøĂงøĆïìĊęđĀöćąÿöคČĂ polydimethylsiloxane ĀøČĂǰPDMS 

 ðŦญĀćìĊęÿĂงคČĂĔîขĆĚîêĂîëŠć÷ēĂîǰ(transfer) คČĂจĈđðŨîêšĂงëŠć÷ēĂîēöúĉïéĊîĆöĕéซĆúĕôéŤชĆĚîđéĊ÷üìĊęĕéšจćก

กćøúĂกúงïîĒñŠîǰPDMS úงĕðïîĒñŠîซĉúĉกĂîÿąĂćéĒêŠĕöŠđðŨîñúÿĈđøĘจǰîŠćจąđîČęĂงöćจćกēöúĉïéĊîĆöĕéซĆúĕôéŤ

ÿćöćøë÷ċéêĉéกĆïǰPDMS ĕéšéĊกüŠćĒñŠîซĉúĉกĂîǰéĆงîĆĚîđøćจċงĀćüĆÿéčìĊęöĊĒøง÷ċéêĉéøąĀüŠćงóČĚîñĉüĕéšéĊกüŠćǰPDMS 
đóČęĂìĊęจąÿćöćøëëŠć÷ēĂîēöúĉïéĊîĆöĕéซĆúĕôéŤĕéšǰüĆÿéčîĆĚîกĘคČĂ Hexagonal boron nitride ĀøČĂǰBNǰìĊęúĂกïîĒñŠî

ซĉúĉกĂîǰìĈĔĀšÿćöćøëëŠć÷ēĂîēöúĉïéĊîĆöĕéซĆúĕôéŤđóČęĂìĈđðŨîǰtwisted bilayer ĒúąìøćîซĉÿđêĂøŤĔîกćøüĆéคŠć

ìćงĕôôŜćêŠĂĕð 

 ĂĊกðŦญĀćคČĂǰēöúĉïéĊîĆöĕéซĆúĕôéŤชĆ ĚîđéĊ÷üïîĒñŠîซĉúĉกĂîìĊę ĕéšจćกüĉíĊêกđคúČĂïĕĂøąđĀ÷ìćงđคöĊǰ

(Chemical Vapor Deposition ĀøČĂǰCVD)ǰìĊęĕöŠÿćöćøëĔชšǰ PC polymer stackǰĔîกćøëŠć÷ēĂîĒïïĒĀšงǰ(dry 
transfer)  ĕéšđîČęĂงจćกēöúĉïéĊîĆöĕéซĆúĕôéŤìĊęĕéšจćกกćøÿøšćงéšü÷üĉíĊกćøîĊĚöĊĒøง÷ċéêĉéกĆïĒñŠîøĂงøĆïìĊęđðŨîซĉúĉกĂî

ĕéšéĊöćกǰจċงó÷ć÷ćöĀćüĉíĊìĊęงŠć÷ìĊęÿčéĔîกćøúéĒøง÷ċéêĉéøąĀüŠćงñĉüขĂงēöúĉïéĊîĆöĕéซĆúĕôéŤกĆïĒñŠîซĉúĉกĂîĔĀš

úéúงǰจćกกćøýċกþćóïüŠćîĚĈÿćöćøëúéĒøงøąĀüŠćงñĉüîĊĚĕéšéĆงîĆ ĚîđøćจąĔชšüĉíĊกćøëŠć÷ēĂîĒïïđðŘ÷กǰ (wet 
transfer) ĔîกćøëŠć÷ēĂîĒìî 

 đöČęĂÿćöćøëÿøšćงđðŨîชĉĚîงćîêćöêšĂงกćøĕéšĒúšüđøćกĘîĈชĉĚîงćîđĀúŠćîĊĚĕðüĆéคŠćÿđðกêøĆöøćöćîéšü÷đคøČęĂงǰ

Raman spectroscopy ìĆĚงจćกüĉíĊกćøÿøšćงéšü÷กćøúĂกĒúąüĉíĊกćøǰCVD ĕöŠüŠćจąđðŨîĒïïชĆĚîđéĊ÷üǰ (single 
layer) ,ÿĂงชĆĚîǰ(bilayer) ,ÿĂงชĆĚîìĊęüćงซšĂîกĆîđðŨîöčöïĉéǰ(twisted bilayer)ǰìĊę÷ċéêĉéกćøéšü÷ĒøงĒüîđéĂøŤüćúÿŤ 
ĒúąĀúć÷ชĆĚî (multilayer) จćกîĆĚîîĈöćǰnormalize ĒúąđðøĊ÷ïđìĊ÷ïคŠćĒêŠúąóĊคìĆĚงǰE1

2g Ēúą A1gǰñúðøćกฎüŠć

óĊคขĂงǰtwisted bilayer ìĊęĕéšจćกกćøúĂกǰ(exfoliation) úงïîǰPDMS จąöĊคŠćĂ÷ĎŠøąĀüŠćงóĊคขĂงǰsingle layer 
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ĒúąǰBilayer ēöúĉïéĊîĆöĕéซĆúĕôéŤǰĒêŠจąüĆéคŠćคüćöđขšöĕéšîšĂ÷กüŠćìĊęđðŨîǰBilayer ĒÿéงĔĀšđĀĘîüŠćëċงĒöšจąöĊÿĂงชĆĚî

đĀöČĂîกĆîĒêŠกćøüćงซšĂîกĆîขĂงēคøงÿøšćงìĊęêŠćงกĆîîĊĚĒúąกćøðøĆïđðúĊę÷îöčöǰจąðøĆïđðúĊę÷îøĎðĒïïúüéúć÷ǰ

(Moiréǰpattern) ซċęงจąÿŠงñúêŠĂคčèÿöïĆêĉขĂงēôîĂîìĊęđðŨîĂงคŤðøąกĂïขĂงēöúĉïéĊîĆöĕéซĆúĕôéŤìĈĔĀšคčèÿöïĆêĉ

ïćงðøąกćøĂćจđðúĊę÷îêćöĕðéšü÷ ĔîขèąìĊęóĊคขĂงǰtwisted bilayerǰìĊęĕéšจćกüĉíĊกćøǰCVD öĊคŠćĔกúšđคĊ÷งกĆïǰ

single layer öćกǰÿćđĀêčìĊęคŠćขĂงóĊคขĂง twisted bilayerǰìĊęĕéšĕöŠđðúĊę÷îĒðúงĀøČĂđðúĊę÷îĒðúงĒคŠđúĘกîšĂ÷

îŠćจąđกĉéจćกกćøìĊęöĊǰimpurities ïîóČĚîñĉüขĂงēöúĉïéĊîĆöĕéซĆúĕôéŤจćกüĉíĊกćøǰCVDǰìĈĔĀšกćøจĆéđøĊ÷งêĆüขĂงìĆĚง

ÿĂงชĆĚîĕöŠ÷ċéêĉéđðŨîǰbilayer ĒêŠđðŨîĒïïǰmonolayer ÿĂงĒñŠîìĊęđðŨîĂĉÿøąêŠĂกĆîöćซšĂîกĆîĒìî 

 จćกîĆĚîđøćêšĂงกćøìøćïคčèÿöïĆêĉĂĊกĂ÷ŠćงĀîċęงขĂงüĆÿéčđชĉงĒüîđéĂøŤüćúÿŤìĊęðøąกĂïจćกēöúĉïéĊîĆöĕé

ซĆúĕôéŤกĆïđăกซąēกîĂúēïøĂîĕîĕêøéŤǰคČĂǰคŠćìćงĕôôŜćǰซċęงจĈđðŨîêšĂงÿøšćงđðŨîìøćîซĉÿđêĂøŤÿîćöĕôôŜćĔĀšĕéš

กŠĂîìĊęจąîĈĕðüĆéǰđîČęĂงจćกชĉĚîงćîขĂงđøćöĊขîćéđúĘกöćกจĈđðŨîจąêšĂงúąđĂĊ÷éĒúąøąöĆéøąüĆงĂ÷ŠćงöćกĔîìčก

ขĆĚîêĂîǰđöČęĂÿćöćøëÿøšćงđðŨîìøćîซĉÿđêĂøŤÿîćöĕôôŜćĕéšĒúšüจċงîĈĕðüĆéคŠćìćงĕôôŜćĒïï đðŨîǰgate dielectric 
ซċęงคŠćǰmobility ขĂงēöúĉïéĊîĆöĕéซĆúĕôéŤÿćöćøëüĆéĕéšðøąöćèǰ2.25 cm2/(V.s) ìĊęĂčèĀõĎöĉĀšĂงซċęงêŠćงจćกคŠćìĊęĕéš

ýċกþćจćกงćîüĉจĆ÷ĂČęîđðŨîĂ÷ŠćงöćกǰĂćจจąđกĉéจćกกćøìĊęคĂîĒìคǰ(contact) ìĊęđðŨîēöúĉïéĊîĆö (Mo) ÷ċéêĉéกĆï
ēöúĉïéĊîĆöĕéซĆúĕôéŤĕéšĕöŠéĊจċงìĈĔĀšคĂîĒìคïćงÿŠüîĕöŠĕéšêĉéกĆïēöúĉïéĊîĆöĕéซĆúĕôéŤ ǰจąìĈĔĀšคŠćǰconductivity 
úéúงĕðđ÷ĂąกüŠćðกêĉǰÿŠงñúĔĀšöĊกćøđคúČęĂîìĊęขĂงĂĉđúĘกêøĂîîĆĚîîšĂ÷ĒúąÿŠงñúĔĀšคŠćǰmobilityǰìĊęĕéšîĆĚîĕöŠéĊêćöĕð

éšü÷ǰǰéĆงîĆĚîขĂđÿîĂĒîąĔîกćøìĈคøĆĚงêŠĂĕðคČĂกćøđðúĊę÷îüĆÿéčìĊęîĈöćìĈđðŨîคĂîĒìค 
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