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Single-Electron Transistors and Applications

Sutee Sampan-a-pai* and Supachai Ritjareonwattu

ABSTRACT

The state-of-the-art technology can be used to fabricate nanoscale electronic devices.
The nanoscale electronic device does not show the same behavior as a traditional electronic
device, but exhibits the quantum phenomena. In the nanostructure, an isolated part, so-called
çislandé, is connected to an external electrode via a tunneling junction. With this nanostructure
and connection, the discreteness of electron states leads to the coulomb blockade phenomenon.
This quantum phenomenon can be used to control a single electron in various single-electron
devices, such as single-electron boxes and single-electron transistors.

To produce the coulomb blockade effect, the structure of single-electron devices
must be consisted of tunneling junctions, capacitive junctions, islands and electrodes which are
connected to external leads. The voltage is applied to the gate electrode to control the increase or
decrease of a single electron in the island. A single-electron box has the simplest structure among
these devices. However, the structure of single-electron boxes is impractical for utilization.
In contrary to the box, the simple structure of single-electron transistors does not trap the
electron inside their island. With its passable structure, the transistor can be used in practice.
This article therefore focuses on the mechanism of single-electron transistors, as well as their
main applications. The single-electron transistor not only consumes low energy, but also has
high sensitivity to the electric field. They are thus used in various applications, such as
supersensitive electrometers and single-electron logic gates. However, some further research and
development are needed to commercialize these single-electron devices.

Keywords: Single-electron box, Single-electron transistor, Coulomb blockade, Supersensitive
electrometer, Single-electron logic gate
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∫∑π”
Õÿª°√≥åÕ‘‡≈Á°∑√Õπ‘° å®“°Õ¥’μ∂÷ßªí®®ÿ∫—π ¡’∫∑∫“∑ ”§—≠μàÕ°“√æ—≤π“∑—Èß∑“ß¥â“π«‘∑¬“»“ μ√å

‡∑§‚π‚≈¬’·≈–™’«‘μ§«“¡‡ªìπÕ¬Ÿà¢Õß¡πÿ…¬å ®÷ß‰¥â√—∫§«“¡ π„®Õ¬à“ß°«â“ß¢«“ß„π°“√«‘®—¬‡æ◊ËÕæ—≤π“
ª√– ‘∑∏‘¿“æμ≈Õ¥®π§«“¡ “¡“√∂¢ÕßÕÿª°√≥åμà“ßÊ „Àâ‡æ‘Ë¡¢÷Èπ ´÷Ëß°“√æ—≤π“„πÕ¥’μ∑’Ëºà“π¡“®–‡πâπ°“√
≈¥¢π“¥∑“ß°“¬¿“æ‡æ◊ËÕ‡æ‘Ë¡ª√– ‘∑∏‘¿“æ·≈–§«“¡‡√Á«„π°“√∑”ß“π¢ÕßÕÿª°√≥åÕ‘‡≈Á°∑√Õπ‘° å Õ¬à“ß‰√
°Áμ“¡ ªí®®ÿ∫—π·π«∑“ß¥—ß°≈à“«∂÷ß¢’¥®”°—¥„π°“√æ—≤π“ ‡π◊ËÕß®“°Õÿª°√≥åÕ‘‡≈Á°∑√Õπ‘° å„πªí®®ÿ∫—π¡’¢π“¥
∑“ß°“¬¿“æ„π√–¥—∫π“‚π‡¡μ√ ¥—ßπ—Èπ °“√≈¥¢π“¥®– àßº≈„Àâ§ÿ≥ ¡∫—μ‘∑“ß‰øøÑ“¢ÕßÕÿª°√≥å
Õ‘‡≈Á°∑√Õπ‘° å¥—ß°≈à“«‡ª≈’Ë¬π·ª≈ß‰ª·≈–· ¥ßæƒμ‘°√√¡∑“ß‰øøÑ“∑’Ë‡ªìπº≈®“°ª√“°Ø°“√≥å∑“ß§«Õπμ—¡
„πÕ¥’μ °“√ª√–¬ÿ°μå„™âª√“°Ø°“√≥å∑“ß§«Õπμ—¡„π«ß®√Õ‘‡≈Á°∑√Õπ‘° åª√– ∫ªí≠À“·≈–Õÿª √√§À≈“¬
ª√–°“√ ‡™àπ §«“¡·¡àπ¬”„π°“√ √â“ßÕÿª°√≥å∑’Ë¡’¢π“¥„π√–¥—∫π“‚π‡¡μ√ ·≈–§«“¡°â“«Àπâ“∑“ß¥â“π«— ¥ÿ-
»“ μ√å∑’Ë¡’®”°—¥ ·μà„πªí®®ÿ∫—πªí≠À“‡À≈à“π’È‰¥â√—∫°“√æ—≤π“·≈–·°â‰¢ ®÷ß∑”„Àâ‡∑§‚π‚≈¬’„πªí®®ÿ∫—π¡’
»—°¬¿“æ·≈–§«“¡æ√âÕ¡„π°“√ª√–¬ÿ°μå„™âª√“°Ø°“√≥å∑“ß§«Õπμ—¡μà“ßÊ „πß“π∑“ß¥â“πÕ‘‡≈Á°∑√Õπ‘° å

™à«ßμâπ»μ«√√…∑’Ë 19 ¡‘≈≈‘·°π (Millikan) ‰¥â§âπæ∫≈—°…≥–§«“¡‰¡àμàÕ‡π◊ËÕß¢Õßª√–®ÿ ‚¥¬
°“√§âπæ∫¥—ß°≈à“« π—∫«à“‡ªìπ®ÿ¥‡√‘Ë¡μâπ°“√»÷°…“·≈–«‘®—¬∑“ß¥â“π°“√æ—≤π“Õÿª°√≥åÕ‘‡≈Á°∑√Õπ‘° å ·μà
§«“¡√Ÿâ·≈–‡∑§π‘§μà“ßÊ ∑“ß¥â“πøî ‘° å¬—ß‰¡àª√– ∫º≈ ”‡√Á®„π°“√§«∫§ÿ¡Õ‘‡≈Á°μ√Õπ∑’≈– 1 μ—« ‡π◊ËÕß®“°
‚¥¬¡“°§«“¡√Ÿâ·≈–‡∑§π‘§‡À≈à“π—Èπ≈–‡≈¬°“√æ‘®“√≥“º≈¢Õßª√“°Ø°“√≥å∑“ß§«Õπμ—¡ ·μàÕ¬à“ß‰√°Áμ“¡
„πªí®®ÿ∫—πÀ≈—°°“√∑“ß§«Õπμ—¡‰¥â∂Ÿ°π”¡“„™â»÷°…“ª√“°Ø°“√≥åμà“ßÊ „πÕÿª°√≥å∑’Ë¡’¢π“¥„π√–¥—∫π“‚π‡¡μ√
´÷Ëß®“°§«“¡ ”‡√Á®„π°“√Õ∏‘∫“¬·≈–∑”π“¬æƒμ‘°√√¡μà“ßÊ ¢ÕßÕ‘‡≈Á°μ√Õπ„πÕÿª°√≥å¢π“¥‡≈Á° ∑”„Àâ‡°‘¥
·π«§‘¥„π°“√æ—≤π“Õÿª°√≥åÕ‘‡≈Á°∑√Õπ‘° å„Àâ “¡“√∂§«∫§ÿ¡Õ‘‡≈Á°μ√Õπ‰¥â∑’≈– 1 μ—« ‚¥¬‡√’¬°Õÿª°√≥å
‡À≈à“π’È«à“ Õÿª°√≥åÕ‘‡≈Á°μ√Õπ‡¥’Ë¬« (Single-electron devices) [1] ÷́ËßÕÿª°√≥åÕ‘‡≈Á°μ√Õπ‡¥’Ë¬«∑’Ë “¡“√∂
π”¡“ª√–¬ÿ°μå„™âß“π‰¥â„πªí®®ÿ∫—π ‰¥â·°à ∑√“π ‘́ ‡μÕ√åÕ‘‡≈Á°μ√Õπ‡¥’Ë¬« (Single-electron transistors)
[1, 2] ‡π◊ËÕß®“°∑√“π ‘́ ‡μÕ√åÕ‘‡≈Á°μ√Õπ‡¥’Ë¬«¡’‚§√ß √â“ß‰¡à´—∫´âÕπ  “¡“√∂ √â“ß‰¥âßà“¬ ·μà„π¢≥–
‡¥’¬«°—πÕÿª°√≥å™π‘¥π’È¡’§ÿ≥ ¡∫—μ‘‚¥¥‡¥àπ∑’Ë·μ°μà“ß®“°∑√“π´‘ ‡μÕ√å·∫∫¥—Èß‡¥‘¡ (Traditional transistor)
∑”„Àâ∑√“π ‘́ ‡μÕ√åÕ‘‡≈Á°μ√Õπ‡¥’Ë¬« “¡“√∂π”‰ª„™âß“π‰¥âÀ≈“°À≈“¬ ‡™àπ ‡´π‡´Õ√å§«“¡‰« Ÿß (Supersensitive
sensors) [3-5]  ‘Ëßª√–¥‘…∞å‡™‘ßμ√√°– (Logic devices) [6, 7] ·≈–§«Õπμ—¡§Õ¡æ‘«‡μÕ√å (Quantum
computers) [8]

∫∑§«“¡π’È‡πâπÕ∏‘∫“¬À≈—°°“√∑”ß“π·≈–°“√ª√–¬ÿ°μå„™â∑√“π´‘ ‡μÕ√åÕ‘‡≈Á°μ√Õπ‡¥’Ë¬«™π‘¥‚≈À–
(Metallic single-electron transistors) ‚¥¬‡√‘Ë¡®“°æ◊Èπ∞“π„π°“√§«∫§ÿ¡Õ‘‡≈Á°μ√Õπ∑’≈– 1 μ—« √«¡∂÷ß
ª√“°Ø°“√≥å∑“ß°“¬¿“æ∑’Ë‡°‘¥¢÷Èπ„πÕÿª°√≥åÕ‘‡≈Á°μ√Õπ‡¥’Ë¬« ®“°π—Èπ ®–°≈à“«∂÷ß°≈àÕßÕ‘‡≈Á°μ√Õπ‡¥’Ë¬«
(Single-electron boxes) ∑’Ë¡’‚§√ß √â“ßÕ¬à“ßßà“¬∑’Ë ÿ¥ μ≈Õ¥®π·π«§‘¥„π°“√ª√–¬ÿ°μå°≈àÕßÕ‘‡≈Á°μ√Õπ
‡¥’Ë¬«¡“‡ªìπ∑√“π´‘ ‡μÕ√åÕ‘‡≈Á°μ√Õπ‡¥’Ë¬« μÕπ∑â“¬®–°≈à“«∂÷ß°“√ª√–¬ÿ°μå„™â∑√“π´‘ ‡μÕ√åÕ‘‡≈Á°μ√Õπ
‡¥’Ë¬«∑’Ë ”§—≠„π 2 ≈—°…≥– ‰¥â·°à °“√ª√–¬ÿ°μå∑√“π´‘ ‡μÕ√åÕ‘‡≈Á°μ√Õπ‡¥’Ë¬«„π°“√ √â“ß¡‘‡μÕ√å π“¡
‰øøÑ“§«“¡‰« Ÿß (Supersensitive electrometers) ·≈–°“√ª√–¬ÿ°μå∑√“π ‘́ ‡μÕ√åÕ‘‡≈Á°μ√Õπ‡¥’Ë¬«„π°“√
 √â“ß‡°μμ√√°–Õ‘‡≈Á°μ√Õπ‡¥’Ë¬« (Single-electron logic gates)
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°≈àÕßÕ‘‡≈Á°μ√Õπ‡¥’Ë¬«
„πªí®®ÿ∫—πÕÿª°√≥åÕ‘‡≈Á°μ√Õπ‡¥’Ë¬«¡’À≈“¬™π‘¥∑—Èß™π‘¥‚≈À–·≈– “√°÷Ëßμ—«π” [1, 9] ·μà

Õ¬à“ß‰√°Áμ“¡°“√»÷°…“ª√“°Ø°“√≥å∑“ßøî ‘° å∑’Ë‡°‘¥¢÷Èπ„πÕÿª°√≥åÕ‘‡≈Á°μ√Õπ‡¥’Ë¬« ®”‡ªìπμâÕß‡¢â“„®À≈—°
°“√æ◊Èπ∞“π¢Õß ‘Ëßª√–¥‘…∞å∑’Ë¡’‚§√ß √â“ßÕ¬à“ßßà“¬ ‰¥â·°à °≈àÕßÕ‘‡≈Á°μ√Õπ‡¥’Ë¬« ‚¥¬Õÿª°√≥åπ’È “¡“√∂
· ¥ßª√“°Ø°“√≥å∑’Ë ”§—≠„πÕÿª°√≥åÕ‘‡≈Á°μ√Õπ‡¥’Ë¬« ‡√’¬°«à“ ª√“°Ø°“√≥å°“√¢—¥¢«“ß·∫∫§Ÿ≈Õ¡∫å
(Coulomb blockade effect) [10] ÷́Ëß‡ªìπª√“°Ø°“√≥å∑’Ë∑”„ÀâÕÿª°√≥åÕ‘‡≈Á°μ√Õπ‡¥’Ë¬« “¡“√∂
§«∫§ÿ¡Õ‘‡≈Á°μ√Õπ‰¥â∑’≈– 1 μ—« °≈àÕßÕ‘‡≈Á°μ√Õπ‡¥’Ë¬«ª√–°Õ∫¥â«¬√Õ¬μàÕ°“√∑–≈ÿºà“π (Tunneling
junction) 1 √Õ¬μàÕ [11] ‡ªìπ√Õ¬μàÕ∑’ËÕ‘‡≈Á°μ√Õπ “¡“√∂∑–≈ÿºà“π‰ª¬—ß∫√‘‡«≥∑’Ë°—°‡°Á∫Õ‘‡≈Á°μ√Õπ‰¥â
‡√’¬°«à“ ‡°“– (Island) ∂—¥®“°‡°“–®–‡ªìπ√Õ¬μàÕμ—«‡°Á∫ª√–®ÿ (Capacitive junction) ´÷Ëß°—π‰¡à„Àâ
Õ‘‡≈Á°μ√Õπ∑–≈ÿºà“π‰ª‰¥â πÕ°®“°π’È √Õ¬μàÕ°“√∑–≈ÿºà“π®–§—ËπÕ¬Ÿà√–À«à“ß¢—È«‰øøÑ“°—∫‡°“–·≈–√Õ¬μàÕμ—«
‡°Á∫ª√–®ÿ®–§—ËπÕ¬Ÿà√–À«à“ß‡°“–°—∫¢—È«‰øøÑ“∑’Ë‡√’¬°«à“ ¢—È«‡°μ (Gate electrode) ‚¥¬¢—È«‡°μ∑”Àπâ“∑’Ë‡Àπ’Ë¬«
π”ª√–®ÿÕ‘‡≈Á°μ√Õπ®“°¢—È«‰øøÑ“Ωíòßμ√ß¢â“¡‡¢â“¡“¬—ß‡°“– ‚§√ß √â“ß≈—°…≥–π’È®–¡’∑“ß‡¢â“ / ÕÕ°¢Õß
Õ‘‡≈Á°μ√Õπ‡æ’¬ß 1 ™àÕß∑“ßºà“π√Õ¬μàÕ°“√∑–≈ÿºà“π‡∑à“π—Èπ ®÷ß∂Ÿ°‡√’¬°«à“ °≈àÕßÕ‘‡≈Á°μ√Õπ‡¥’Ë¬«

°“√§«∫§ÿ¡Õ‘‡≈Á°μ√Õπ„Àâ‡¢â“¡“¿“¬„π‡°“–  “¡“√∂∑”‰¥â‚¥¬®à“¬·√ß¥—π‰øøÑ“‡¢â“∑’Ë¢—È«‡°μ
¢Õß°≈àÕßÕ‘‡≈Á°μ√Õπ‡¥’Ë¬« ÷́Ëß‰¥âÕ∏‘∫“¬¥—ß√Ÿª∑’Ë 1 ®“°√Ÿª‡¡◊ËÕ„Àâ·√ß¥—π‰øøÑ“∑’Ë¢—È«‡°μ Õ‘‡≈Á°μ√Õπ®–∂Ÿ°
‡Àπ’Ë¬«π”„Àâ∑–≈ÿºà“π√Õ¬μàÕ°“√∑–≈ÿºà“π‡¢â“‰ª¬—ß‡°“– °≈à“«§◊Õ ®”π«πÕ‘‡≈Á°μ√Õπ„π‡°“–®–‡æ‘Ë¡¢÷Èπ®“°
n ‡ªìπ n + 1 ·≈–®”π«πÕ‘‡≈Á°μ√Õπ®–‡æ‘Ë¡¢÷ÈπÕ’°‡ªìπ n + 2 ‡¡◊ËÕ·√ß¥—π‰øøÑ“∑’Ë¢—È«‡°μ¡’§à“‡æ‘Ë¡¢÷Èπ

√Ÿª∑’Ë 1 ·ºπ¿“æ°“√§«∫§ÿ¡Õ‘‡≈Á°μ√Õπ¢Õß°≈àÕßÕ‘‡≈Á°μ√Õπ‡¥’Ë¬«¢≥–∑’Ë®à“¬·√ß¥—π‰øøÑ“∑’Ë¢—È«‡°μ
‡¡◊ËÕ Eg §◊Õ √–¥—∫æ≈—ßß“π¢ÕßÕ‘‡≈Á°μ√Õπ∑’Ë¢—È«‡°μ Eext §◊Õ √–¥—∫æ≈—ßß“π¢ÕßÕ‘‡≈Á°μ√Õπ∑’ËÕ¬Ÿà
¿“¬πÕ°‡°“– ·≈– En, En+1 §◊Õ √–¥—∫æ≈—ßß“π¢ÕßÕ‘‡≈Á°μ√Õπ∑’ËÕ¬Ÿà¿“¬„π‡°“–

Eext

Eg

E

eV

n+1

Ec

En
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®“°√Ÿª∑’Ë 1 °“√‡æ‘Ë¡Õ‘‡≈Á°μ√Õπ‡¢â“‰ª¿“¬„π‡°“–μâÕß„Àâæ≈—ßß“π§à“Àπ÷Ëß∑’Ë‡√’¬°«à“ æ≈—ßß“π°“√
‡æ‘Ë¡ª√–®ÿ (Charging energy, EC) [2] ‚¥¬‡ªìπæ≈—ßß“π∑’Ë¡’§à“πâÕ¬∑’Ë ÿ¥„π°“√‡æ‘Ë¡Õ‘‡≈Á°μ√Õπ 1 μ—«‡¢â“‰ª
„π‡°“– ‚¥¬∑’Ëæ≈—ßß“π°“√‡æ‘Ë¡ª√–®ÿ “¡“√∂Õ∏‘∫“¬‰¥â®“°∑ƒ…Æ’·¡à‡À≈Á°‰øøÑ“ ÷́Ëß‡ªìπ‰ªμ“¡ ¡°“√
EC 

= e2/2CΣ ‡¡◊ËÕ CΣ 
= Ct 

+ Cg §◊Õ§«“¡®ÿ√«¡¢Õß°≈àÕßÕ‘‡≈Á°μ√Õπ‡¥’Ë¬« „π°“√‡æ‘Ë¡Õ‘‡≈Á°μ√Õπ‡¢â“‰ª„π
‡°“–®–∑”„Àâæ≈—ßß“π√«¡¢Õß√–∫∫‡°‘¥°“√‡ª≈’Ë¬π·ª≈ß ‚¥¬ “¡“√∂§”π«≥°“√‡ª≈’Ë¬π·ª≈ßæ≈—ßß“π√«¡
‰¥â®“° ¡°“√ ΔE = EC(n - CgVg/e)2 ‡¡◊ËÕ n = (Qt 

- Qg)/(-e) [1] §◊Õ ®”π«πÕ‘‡≈Á°μ√Õπ à«π‡°‘π (Excess
electrons) ¿“¬„π‡°“– °“√ √â“ßÕÿª°√≥å„Àâ¡’≈—°…≥– ¡∫—μ‘∑“ß‰øøÑ“‡À¡◊Õπ°—∫·ºπ¿“æ„π√Ÿª∑’Ë 1 ®”‡ªìπ
μâÕß¡’‚§√ß √â“ßμ—«‡°Á∫ª√–®ÿ Õß‚§√ß √â“ß§◊Õ √Õ¬μàÕ¢π“¥‡≈Á° (√Õ¬μàÕ°“√∑–≈ÿºà“π, Ct) ·≈–√Õ¬μàÕ
¢π“¥„À≠à (μ—«‡°Á∫ª√–®ÿ, Cg) ¡“μàÕÕπÿ°√¡°—π¥—ß· ¥ß„π√Ÿª∑’Ë 2 (°) ‚¥¬¿“¬„π‚§√ß √â“ß¢Õß°≈àÕß
Õ‘‡≈Á°μ√Õπ‡¥’Ë¬«≈—°…≥–π’È ‡°“–®–∂Ÿ°·¬°ÕÕ°®“°¢—È«‰øøÑ“¥â«¬√Õ¬μàÕ∑—Èß Õß ÷́ËßÕß§åª√–°Õ∫∑—ÈßÀ¡¥∂Ÿ°
«“ßÕ¬Ÿà∫π·ºàπ©π«π‡æ◊ËÕ‰¡à„Àâ‡°‘¥°“√√—Ë«¢ÕßÕ‘‡≈Á°μ√Õπ®“°‡°“–‰ª¬—ß¢—È«‰øøÑ“

®“°≈—°…≥–∑“ß°“¬¿“æ ∑”„Àâ‚§√ß √â“ß¢Õß√Õ¬μàÕ Ct ·≈– Cg ¡’ ¡∫—μ‘‡ªìπμ—«‡°Á∫ª√–®ÿ
´÷Ëß‚§√ß √â“ß¥—ß°≈à“«¢Õß°≈àÕßÕ‘‡≈Á°μ√Õπ‡¥’Ë¬«„π√Ÿª∑’Ë 2 (°)  “¡“√∂‡¢’¬π«ß®√ ¡¡Ÿ≈‰¥â¥—ß√Ÿª∑’Ë 2 (¢) ·μà
Õ¬à“ß‰√°Áμ“¡ √Õ¬μàÕ°“√∑–≈ÿºà“π Ct ®–‡ªìπμ—«‡°Á∫ª√–®ÿ∑’ËÕ‘‡≈Á°μ√Õπ “¡“√∂∑–≈ÿºà“π‰¥â „π¢≥–∑’Ë√Õ¬μàÕ
Cg ‡ªìπ√Õ¬μàÕ∑’Ë¡’§«“¡°«â“ß‡æ’¬ßæÕ∑’Ë®–°—π‰¡à„ÀâÕ‘‡≈Á°μ√Õπ “¡“√∂∑–≈ÿºà“π‰¥â ¥—ßπ—Èπ ‡¡◊ËÕ‡°“–∂Ÿ°«“ß
Õ¬Ÿàμ√ß°≈“ß√–À«à“ß√Õ¬μàÕ Ct ·≈– Cg ®÷ß∑”„Àâ “¡“√∂‡°Á∫Õ‘‡≈Á°μ√Õπ‰«â¿“¬„π‡°“–‰¥â ´÷ËßÕ‘‡≈Á°μ√Õπ®–
 “¡“√∂∑–≈ÿºà“π‡¢â“¡“∑’Ë‡°“–‰¥â‚¥¬ºà“π√Õ¬μàÕ Ct ·μà®–‰¡à “¡“√∂ÕÕ°®“°‡°“–‰¥â „π°“√‡æ‘Ë¡À√◊Õ≈¥
®”π«πÕ‘‡≈Á°μ√Õπ¿“¬„π‡°“– ®– “¡“√∂∑”‰¥â‚¥¬°“√„Àâæ≈—ßß“π»—°¬åºà“π°“√‡™◊ËÕ¡‚¬ß (Coupling) ®“°
¿“¬πÕ°‡°“–¥â«¬ π“¡‰øøÑ“∑’Ë‡°‘¥®“°·√ß¥—π‰øøÑ“ Vg ¥—ß„π√Ÿª∑’Ë 2 (¢) °“√‡æ‘Ë¡À√◊Õ≈¥Õ‘‡≈Á°μ√Õπμ—«
·√°¿“¬„π‡°“–∑”‰¥â‚¥¬°“√‡æ‘Ë¡À√◊Õ≈¥·√ß¥—π‰øøÑ“ Vg ¥â«¬¢π“¥ ΔVg = e/2Cg „π¢≥–∑’Ë°“√‡æ‘Ë¡À√◊Õ
≈¥Õ‘‡≈Á°μ√Õπμ—«μàÕ‰ªμâÕß‡æ‘Ë¡À√◊Õ≈¥·√ß¥—π‰øøÑ“¥â«¬¢π“¥ ΔVg = e/Cg

√Ÿª∑’Ë 2 (°) ‚§√ß √â“ß¢Õß°≈àÕßÕ‘‡≈Á°μ√Õπ‡¥’Ë¬«ª√–°Õ∫¥â«¬√Õ¬μàÕ°“√∑–≈ÿºà“π √Õ¬μàÕμ—«‡°Á∫ª√–®ÿ
‡°“–·≈–¢—È«‰øøÑ“ (¢) «ß®√ ¡¡Ÿ≈¢Õß°≈àÕßÕ‘‡≈Á°μ√Õπ‡¥’Ë¬«
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‚¥¬ª°μ‘ ªí®®—¬À≈—°„π°“√§«∫§ÿ¡Õ‘‡≈Á°μ√Õπ¿“¬„π‡°“–¢Õß°≈àÕßÕ‘‡≈Á°μ√Õπ‡¥’Ë¬« §◊Õ  π“¡
‰øøÑ“®“°¿“¬πÕ° ´÷Ëß®–§«∫§ÿ¡æ≈—ßß“π»—°¬å¢ÕßÕ‘‡≈Á°μ√Õπ¿“¬„π√–∫∫ ·μàÕ¬à“ß‰√°Áμ“¡ „π∫“ß ¿“«–
æ≈—ßß“π®≈πå¢ÕßÕ‘‡≈Á°μ√Õπ®–¡’Õ‘∑∏‘æ≈μàÕ°“√‡§≈◊ËÕπ∑’Ë¢ÕßÕ‘‡≈Á°μ√Õπ ∑”„Àâ„π ¿“«–¥—ß°≈à“«
°“√æ‘®“√≥“æ≈—ßß“π»—°¬å¢ÕßÕ‘‡≈Á°μ√Õπ‡æ’¬ßÕ¬à“ß‡¥’¬«‰¡à “¡“√∂Õ∏‘∫“¬æƒμ‘°√√¡°“√‡§≈◊ËÕπ∑’Ë¢Õß
Õ‘‡≈Á°μ√Õπ„π°≈àÕßÕ‘‡≈Á°μ√Õπ‡¥’Ë¬«‰¥âÕ¬à“ß∂Ÿ°μâÕß ¥—ßπ—Èπ ®÷ßμâÕßæ‘®“√≥“æ≈—ßß“π√«¡¢ÕßÕ‘‡≈Á°μ√Õπ
´÷Ëß‡ªìπº≈√«¡¢Õßæ≈—ßß“π®≈πå (Ek) ·≈–æ≈—ßß“π°“√‡æ‘Ë¡ª√–®ÿ (EC) ´÷Ëß‡ªìπæ≈—ßß“π»—°¬å∑’Ë∂Ÿ°§«∫§ÿ¡
‚¥¬·√ß¥—π‰øøÑ“∑’Ë„Àâ®“°¢—È«‡°μ (EC 

∝ Vg ) „π¢≥–∑’Ëæ≈—ßß“π®≈πå¢ÕßÕ‘‡≈Á°μ√Õπ·ª√º—πμ√ß°—∫Õÿ≥À¿Ÿ¡‘
(Ek 

∝ kBT) ·μà·ª√º°º—π°—∫¢π“¥¢Õß‡°“– d ¥—ß‡ âπ®ÿ¥„π√Ÿª∑’Ë 3 (Ek 
∝ d-1)  ¿“«–∑’Ëæ≈—ßß“π®≈πå¡’

Õ‘∑∏‘æ≈μàÕæƒμ‘°√√¡¢Õß°≈àÕßÕ‘‡≈Á°μ√Õπ‡¥’Ë¬« ·∫àß‰¥â 2 °√≥’§◊Õ

√Ÿª∑’Ë 3 °“√‡ª√’¬∫‡∑’¬∫æ≈—ßß“π°“√‡æ‘Ë¡Õ‘‡≈Á°μ√Õπ‡¢â“‰ª„π‡°“–∑’Ë¡’¢π“¥μà“ßÊ ‡¡◊ËÕæ≈—ßß“π°“√‡æ‘Ë¡
ª√–®ÿ∂Ÿ°·∑π¥â«¬ EC (‡ âπª√–) æ≈—ßß“π®≈πå¢ÕßÕ‘‡≈Á°μ√Õπ„π‡°“–·∑π¥â«¬ Ek (‡ âπ®ÿ¥)
¥—ßπ—Èπ æ≈—ßß“π√«¡ ÿ∑∏‘¢ÕßÕ‘‡≈Á°μ√Õπ∑’Ë∂Ÿ°‡æ‘Ë¡‡¢â“‰ª„π√–∫∫ (‡ âπ∑÷∫) Ea = EC + Ek [1]

1. °√≥’∑’Ë√–∫∫¡’Õÿ≥À¿Ÿ¡‘ Ÿß „π ¿“«–π’Èæ≈—ßß“π§«“¡√âÕπ®–∑”„Àâæ≈—ßß“π®≈πå¢ÕßÕ‘‡≈Á°μ√Õπ
¡’§à“¡“°°«à“æ≈—ßß“π°“√‡æ‘Ë¡ª√–®ÿ (Ek = kB T > EC) „π°√≥’π’È·√ß¥—π‰øøÑ“¿“¬πÕ°®–‰¡à “¡“√∂§«∫§ÿ¡°“√
‡æ‘Ë¡ / ≈¥®”π«πÕ‘‡≈Á°μ√Õπ¿“¬„π‡°“–‰¥â ‡π◊ËÕß®“°æ≈—ßß“π√«¡¢ÕßÕ‘‡≈Á°μ√Õπ®–¡’§à“¡“°°«à“æ≈—ßß“π°“√
‡æ‘Ë¡ª√–®ÿ ∑”„ÀâÕ‘‡≈Á°μ√Õπ¡’æ≈—ßß“π¡“°æÕ∑’Ë®–‡§≈◊ËÕπ∑’Ë‡¢â“ / ÕÕ°®“°‡°“–‰¥âÕ¬à“ßÕ‘ √– „π ¿“«–π’È
®÷ß‰¡à “¡“√∂ —ß‡°μæ∫ª√“°Ø°“√≥å°“√¢—¥¢«“ß·∫∫§Ÿ≈Õ¡∫å‰¥â [11] ≈—°…≥–°√“øÕ‘‡≈Á°μ√Õπ‡©≈’Ë¬ 〈n〉
¡’≈—°…≥–‡ªìπ°√“ø∑’ËμàÕ‡π◊ËÕß‡À¡◊Õπμ—«μâ“π∑“π·∫∫ª°μ‘ (common resistors) ·μà„π ¿“«–∑’Ë√–∫∫¡’
Õÿ≥À¿Ÿ¡‘μË” æ≈—ßß“π®≈πå®–¡’§à“πâÕ¬ æ≈—ßß“π§«“¡√âÕπ∑’Ë‡°‘¥¢÷Èπ®÷ß‰¡à‡æ’¬ßæÕ∑’Ë®–∑”„Àâæ≈—ßß“π√«¡¢Õß
Õ‘‡≈Á°μ√Õπ¡’§à“¡“°°«à“æ≈—ßß“π°“√‡æ‘Ë¡ª√–®ÿ æƒμ‘°√√¡¢Õß°≈àÕßÕ‘‡≈Á°μ√Õπ‡¥’Ë¬«®÷ß “¡“√∂∂Ÿ°§«∫§ÿ¡
¥â«¬·√ß¥—π‰øøÑ“¿“¬πÕ° ‚¥¬°“√‡æ‘Ë¡ / ≈¥·√ß¥—π‰øøÑ“¥—ß°≈à“«Õ¬à“ß‡À¡“– ¡ ®–∑”„Àâ§à“ª√–®ÿ‰øøÑ“¢Õß
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‡°“–‡æ‘Ë¡ / ≈¥‡ªìπ®”π«π‡∑à“¢ÕßÕ‘‡≈Á°μ√Õπ ª√“°Ø°“√≥å°“√¢—¥¢«“ß·∫∫§Ÿ≈Õ¡∫å∑’Ë‡°‘¥¢÷Èπ„π ¿“«–‡™àππ’È
∑”„Àâ°√“øÕ‘‡≈Á°μ√Õπ‡©≈’Ë¬®–¡’≈—°…≥–‡ªìπ¢—Èπ∫—π‰¥ (‰¡àμàÕ‡π◊ËÕß)

√Ÿª∑’Ë 4 ‡ªìπ°√“ø· ¥ß§«“¡ —¡æ—π∏å√–À«à“ß·√ß¥—π‰øøÑ“∑’Ë¢—È«‡°μ°—∫§à“‡©≈’Ë¬¢Õß®”π«πÕ‘‡≈Á°μ√Õπ
 à«π‡°‘π„π‡°“– ‚¥¬‡ âπ∑÷∫´÷Ëß‡ªìπ°√“ø∑’ËÕÿ≥À¿Ÿ¡‘¿“¬„π√–∫∫μË” ¥—ßπ—Èπ ‡¡◊ËÕμâÕß°“√„ÀâÕ‘‡≈Á°μ√Õπ‡¢â“‰ª
∑’Ë‡°“–®–μâÕß„Àâæ≈—ßß“π°—∫Õ‘‡≈Á°μ√ÕπÕ¬à“ßπâÕ¬‡∑à“°—∫æ≈—ßß“π°“√‡æ‘Ë¡ª√–®ÿ Õ‘‡≈Á°μ√Õπ®÷ß®– “¡“√∂
∑–≈ÿºà“π√Õ¬μàÕ°“√∑–≈ÿºà“π‡¢â“‰ª¬—ß‡°“–‰¥â ·μàÕ¬à“ß‰√°Áμ“¡ ‡¡◊ËÕÕ‘‡≈Á°μ√Õπμ—«∑’Ë 1 ‡¢â“‰ª„π‡°“– Õ‘‡≈Á°μ√Õπ
μ—«∑’Ë 2 ®–‰¡à “¡“√∂‡¢â“‰ª„π‡°“–‰¥â ‡π◊ËÕß®“°Õ‘‡≈Á°μ√Õπ∑’Ë‡¢â“‰ª„π‡°“–®–¡’Õ—πμ√°‘√‘¬“∑“ß‰øøÑ“°—∫
Õ‘‡≈Á°μ√Õπ∑’ËÕ¬Ÿà¿“¬πÕ°‡°“– ∑”„Àâ‡°‘¥°“√¢—¥¢«“ßÕ‘‡≈Á°μ√Õπ∑’ËÕ¬Ÿà¿“¬πÕ°‡π◊ËÕß®“°·√ß§Ÿ≈Õ¡∫å (Coulomb
force) [12] „π ¿“«–∑’Ë·√ß¥—π‰øøÑ“∑’Ë¢—È«‡°μ‡ªìπ∫«°®–∑”„Àâ√–¥—∫æ≈—ßß“π¢ÕßÕ‘‡≈Á°μ√Õπ¿“¬„π‡°“–≈¥≈ß
Õ‘‡≈Á°μ√Õπ®“°¿“¬πÕ°®÷ß “¡“√∂∑–≈ÿºà“π‡¢â“¡“¿“¬„π‡°“–∑”„Àâ®”π«πÕ‘‡≈Á°μ√Õπ à«π‡°‘π‡ªìπ∫«°
„π¢≥–∑’Ë‡¡◊ËÕ·√ß¥—π‰øøÑ“∑’Ë¢—È«‡°μ‡ªìπ≈∫®–∑”„Àâ√–¥—∫æ≈—ßß“π¢ÕßÕ‘‡≈Á°μ√Õπ„π‡°“–‡æ‘Ë¡¢÷Èπ Õ‘‡≈Á°μ√Õπ
¿“¬„π‡°“–®÷ß∑–≈ÿºà“π√Õ¬μàÕ°“√∑–≈ÿºà“πÕÕ°‰ªπÕ°‡°“– ∑”„Àâ®”π«πÕ‘‡≈Á°μ√Õπ à«π‡°‘π¿“¬„π‡°“–‡ªìπ≈∫

°√≥’‡ âπª√–‡ªìπ°√≥’∑’Ë√–∫∫¡’Õÿ≥À¿Ÿ¡‘‡æ‘Ë¡¢÷Èπ ∑”„Àâæ≈—ßß“π®≈πå¢ÕßÕ‘‡≈Á°μ√Õπ‡°‘¥°“√
°«—¥·°«àß‡æ‘Ë¡¢÷Èπ®“°°“√°«—¥·°«àß∑“ß§«“¡√âÕπ (Thermal fluctuation) ¥—ßπ—Èπ æ≈—ßß“π√«¡¢Õß
Õ‘‡≈Á°μ√Õπ¿“¬„π√–∫∫®÷ß¡’§«“¡·ª√ª√«π Ÿß ∑”„Àâ‰¥â°√“ø∑’Ë¡’≈—°…≥–‡ªìπ¢—Èπ∫—π‰¥∑’Ë‰¡à§¡‡À¡◊Õπ°√“ø
∑’Ë ¿“«–Õÿ≥À¿Ÿ¡‘μË” À“°Õÿ≥À¿Ÿ¡‘¢Õß√–∫∫‡æ‘Ë¡¢÷Èπ®π°√–∑—Ëßæ≈—ßß“π®≈πå¢ÕßÕ‘‡≈Á°μ√Õπ¡’§à“¡“°°«à“
æ≈—ßß“π°“√‡æ‘Ë¡ª√–®ÿ ®–∑”„Àâ°√“ø¡’≈—°…≥–‡ªìπ‡ âπμ√ß

√Ÿª∑’Ë 4 §«“¡ —¡æ—π∏å·∫∫¢—Èπ∫—π‰¥¢Õß·√ß¥—π‰øøÑ“∑’Ë¢—È«‡°μ Vg = Q/Cg °—∫®”π«πÕ‘‡≈Á°μ√Õπ‡©≈’Ë¬¢Õß
°≈àÕßÕ‘‡≈Á°μ√Õπ‡¥’Ë¬« ‡¡◊ËÕ (‡ âπ®ÿ¥) T = 27.5 K, (‡ âπª√–) T = 2.75 K ·≈– (‡ âπ∑÷∫)
T = 2.75 K [5]
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2. °√≥’∑’Ë‡°“–¡’¢π“¥‡≈Á° ª√–°Õ∫°—∫°≈àÕßÕ‘‡≈Á°μ√Õπ‡¥’Ë¬«∑”ß“π„π¬à“πÕÿ≥À¿Ÿ¡‘μË” ∑”„Àâ
√–¬–‡©≈’Ë¬‡ √’ª≈Õ¥°“√™π (Mean free path, λ) ¡’§à“¡“° ¥—ßπ—Èπ ‡¡◊ËÕ‡°“–¡’¢π“¥„π√–¥—∫‡¥’¬«°—∫√–¬–
¥—ß°≈à“« Õ‘‡≈Á°μ√Õπ∫“ß à«π®– “¡“√∂‡§≈◊ËÕπ∑’Ë‰ª∂÷ß√Õ¬μàÕ°“√∑–≈ÿºà“π‰¥â‚¥¬ª√“»®“°°“√™π Õ¬à“ß‰√°Áμ“¡
Õ‘‡≈Á°μ√Õπ®–‰¥â√—∫æ≈—ßß“π§«“¡√âÕπ‡ªìπ‰ªμ“¡øíß°å™—π°“√°√–®“¬μ—«¢Õß·¡Á°‡«≈ (Maxwell distribution
function) [13] ‚¥¬Õ‘‡≈Á°μ√Õπ®–‰¥â√—∫æ≈—ßß“π„π™à«ß 0 eV ∂÷ß Õπ—πμå ¿“¬„μâ ¿“«–∑’ËÕ‘‡≈Á°μ√Õπ
 “¡“√∂‡§≈◊ËÕπ∑’Ë‰ª¬—ß√Õ¬μàÕ°“√∑–≈ÿºà“π‰¥â‚¥¬ª√“»®“°°“√™π ®÷ß∑”„Àâ‰¡à‡°‘¥°“√·≈°‡ª≈’Ë¬πæ≈—ßß“π
√–À«à“ß°“√‡§≈◊ËÕπ∑’Ë¢ÕßÕ‘‡≈Á°μ√Õπ¿“¬„π‡°“– Õ‘‡≈Á°μ√Õπ·μà≈–μ—«®÷ß§√Õ∫§√Õßæ≈—ßß“π®≈πå∑’Ë·μ°μà“ß°—π
„π ¿“«–π’ÈÕ‘‡≈Á°μ√Õπ¿“¬„π‡°“–®÷ß¡’æ≈—ßß“π®≈πå‰¡àμàÕ‡π◊ËÕß [14] ‚¥¬øíß°å™—π°“√°√–®“¬μ—«¢Õß
·¡Á°‡«≈· ¥ß„Àâ‡ÀÁπ«à“ Õ‘‡≈Á°μ√Õπ∫“ß à«π®–¡’§à“æ≈—ßß“π®≈πå Ÿß°«à“§à“æ≈—ßß“π°“√‡æ‘Ë¡ª√–®ÿ (kBT>>EC)
(·¡â«à“§à“æ≈—ßß“π§«“¡√âÕπ‡©≈’Ë¬®–¡’§à“μË”°«à“§à“æ≈—ßß“π°“√‡æ‘Ë¡ª√–®ÿ¡“°) ¥—ßπ—Èπ ‡¡◊ËÕÕ‘‡≈Á°μ√Õπ∑’Ë¡’
æ≈—ßß“π Ÿß‡À≈à“π’È‡§≈◊ËÕπ∑’Ë∂÷ß√Õ¬μàÕ°“√∑–≈ÿºà“π ®– “¡“√∂∑–≈ÿºà“π√Õ¬μàÕ¥—ß°≈à“«ÕÕ°®“°‡°“–‰ª‰¥â
‚¥¬‰¡àμâÕßÕ“»—¬æ≈—ßß“π®“°·À≈àß®à“¬·√ß¥—π‰øøÑ“¿“¬πÕ° „π ¿“«–π’È Õ‘‡≈Á°μ√Õπ®–‡§≈◊ËÕπ∑’Ë‡¢â“ /
ÕÕ°®“°‡°“–·∫∫ ÿà¡ ®÷ß∑”„Àâ‰¡à “¡“√∂§«∫§ÿ¡„ÀâÕ‘‡≈Á°μ√Õπ‡§≈◊ËÕπ∑’Ë‡¢â“ / ÕÕ°®“°‡°“–‰¥â °≈àÕß
Õ‘‡≈Á°μ√Õπ‡¥’Ë¬«®÷ß Ÿ≠‡ ’¬§«“¡ “¡“√∂„π°“√§«∫§ÿ¡Õ‘‡≈Á°μ√Õπ∑’≈– 1 μ—«

„π°√≥’∑’Ë‡°“–¡’¢π“¥„À≠à Õ‘‡≈Á°μ√Õπ¿“¬„π‡°“–®–‡°‘¥°“√™π·∫∫¬◊¥À¬ÿàπ (Elastic collision)
[15] À≈“¬§√—Èß„π√–À«à“ß°“√‡§≈◊ËÕπ∑’Ë‰ª¬—ß√Õ¬μàÕ°“√∑–≈ÿºà“π Õ‘‡≈Á°μ√Õπ„π ¿“«–π’È®÷ß‡°‘¥°“√·≈°
‡ª≈’Ë¬πæ≈—ßß“π„π√–À«à“ß°“√‡§≈◊ËÕπ∑’Ë·≈–∑”„Àâ¡’§à“æ≈—ßß“π®≈πå·∫∫μàÕ‡π◊ËÕß‡∑à“°—∫§à“‡©≈’Ë¬¢Õßæ≈—ßß“π
§«“¡√âÕπ‡©≈’Ë¬ (kBT) ¥—ßπ—Èπ Õ‘‡≈Á°μ√Õπ∑’Ë‰ª∂÷ß√Õ¬μàÕ°“√∑–≈ÿºà“π®÷ß¡’§à“æ≈—ßß“π√«¡‰¡à‡æ’¬ßæÕ∑’Ë®–
∑–≈ÿºà“π√Õ¬μàÕ „π°“√‡§≈◊ËÕπ∑’Ë‡¢â“ / ÕÕ°®“°‡°“–¢ÕßÕ‘‡≈Á°μ√Õπ®÷ß®”‡ªìπμâÕß‰¥â√—∫æ≈—ßß“π®“°·À≈àß
®à“¬·√ß¥—π‰øøÑ“¿“¬πÕ° „π ¿“«–π’È ®÷ß “¡“√∂§«∫§ÿ¡Õ‘‡≈Á°μ√Õπ„Àâ‡§≈◊ËÕπ∑’Ë‰¥â∑’≈– 1 μ—« ®“°°√“ø„π
√Ÿª∑’Ë 3 ¢π“¥¢Õß‡°“–∑’Ë‡≈Á°∑’Ë ÿ¥∑’Ë∑”„Àâæ≈—ßß“π®≈πå¢ÕßÕ‘‡≈Á°μ√Õπ‰¡à àßº≈μàÕª√“°Ø°“√≥å¢—¥¢«“ß
·∫∫§Ÿ≈Õ¡∫å¡’¢π“¥ª√–¡“≥ 10 nm

∑√“π ‘́ ‡μÕ√åÕ‘‡≈Á°μ√Õπ‡¥’Ë¬«
®“°‚§√ß √â“ß¢Õß°≈àÕßÕ‘‡≈Á°μ√Õπ‡¥’Ë¬«„πÀ—«¢âÕ∑’Ëºà“π¡“ · ¥ß„Àâ‡ÀÁπ∂÷ß§«“¡‡ªìπ‰ª‰¥â„π

°“√§«∫§ÿ¡°“√‡§≈◊ËÕπ∑’Ë¢ÕßÕ‘‡≈Á°μ√Õπ∑’≈– 1 μ—« ·μàÕ¬à“ß‰√°Áμ“¡ ‚§√ß √â“ß¥—ß°≈à“«¬—ß¡’¢âÕ®”°—¥„π
°“√π”‡Õ“Õ‘‡≈Á°μ√Õπ∑’Ë‡°Á∫‰«â¿“¬„π°≈àÕßÕ‘‡≈Á°μ√Õπ‡¥’Ë¬«‰ª„™âß“π®√‘ß ‡π◊ËÕß®“°„™â√Õ¬μàÕ°“√∑–≈ÿºà“π
‡æ’¬ß√Õ¬μàÕ‡¥’¬«‡ªìπ∑“ß‡¢â“·≈–∑“ßÕÕ°¢ÕßÕ‘‡≈Á°μ√Õπ ¥—ßπ—Èπ ®÷ß‡°‘¥·π«§‘¥∑’Ë®–ª√—∫‚§√ß √â“ß∑“ß
°“¬¿“æ¢Õß°≈àÕßÕ‘‡≈Á°μ√Õπ‡¥’Ë¬«„Àâ “¡“√∂§«∫§ÿ¡°“√‡§≈◊ËÕπ∑’Ë¢ÕßÕ‘‡≈Á°μ√Õπ„Àâºà“π‡°“–∑’≈– 1 μ—«
´÷Ëß “¡“√∂∑”‰¥â‚¥¬°“√‡æ‘Ë¡√Õ¬μàÕ°“√∑–≈ÿºà“πÕ’° 1 √Õ¬μàÕ ∑”„Àâ‰¥â‚§√ß √â“ß¢Õß‡°“–∑’Ë¡’∑“ß‡¢â“·≈–
∑“ßÕÕ°¢ÕßÕ‘‡≈Á°μ√Õπ·¬°®“°°—π¥—ß√Ÿª∑’Ë 5 ‚§√ß √â“ß∑’Ë‰¥âª√–°Õ∫¥â«¬‡°“– 1 ‡°“– ∑’Ë∂Ÿ°‡™◊ËÕ¡‚¬ß°—∫
¿“¬πÕ°ºà“π∑“ß¢—È«´Õ√å  (Source) ¢—È«‡¥√π (Drain) ·≈–¢—È«‡°μ ‚¥¬√Õ¬μàÕ√–À«à“ß‡°“–°—∫¢—È«´Õ√å 
·≈–¢—È«‡¥√π‡ªìπ√Õ¬μàÕ°“√∑–≈ÿºà“π „π¢≥–∑’Ë√Õ¬μàÕ√–À«à“ß‡°“–°—∫¢—È«‡°μ‡ªìπ√Õ¬μàÕμ—«‡°Á∫ª√–®ÿ ´÷Ëß¡’
°”·æß»—°¬å Ÿß·≈–Àπ“æÕ∑’Ë®–°—°Õ‘‡≈Á°μ√Õπ‰¡à„Àâ√—Ë«ºà“π¢—È«‡°μÕÕ°®“°‡°“– Õÿª°√≥åÕ‘‡≈Á°μ√Õπ‡¥’Ë¬«∑’Ë¡’
‚§√ß √â“ß≈—°…≥–π’È ‡√’¬°«à“ ∑√“π ‘́ ‡μÕ√åÕ‘‡≈Á°μ√Õπ‡¥’Ë¬« [16]
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√Ÿª∑’Ë 5 μ—«Õ¬à“ß«ß®√¢Õß∑√“π´‘ ‡μÕ√åÕ‘‡≈Á°μ√Õπ‡¥’Ë¬«∑’Ëª√–°Õ∫¥â«¬√Õ¬μàÕ°“√∑–≈ÿºà“π
2 √Õ¬μàÕ √Õ¬μàÕμ—«‡°Á∫ª√–®ÿ ‡°“– ¢—È«´Õ√å  ¢—È«‡¥√π·≈–¢—È«‡°μ

√Õ¬μàÕ°“√∑–≈ÿºà“π∑—Èß 2 √Õ¬μàÕ ¿“¬„π‚§√ß √â“ß∑√“π´‘ ‡μÕ√åÕ‘‡≈Á°μ√Õπ‡¥’Ë¬«‰¡à “¡“√∂
°—°Õ‘‡≈Á°μ√Õπ∑’Ë®–∑–≈ÿºà“π‰¥â ¥—ßπ—Èπ „π°“√§«∫§ÿ¡„ÀâÕ‘‡≈Á°μ√Õπ‰À≈ºà“π‡°“–∑’≈– 1 μ—« ®÷ßμâÕßÕ“»—¬
°“√„ à·√ß¥—π‰øøÑ“®“°¿“¬πÕ°‡¢â“∑’Ë¢—È«‡°μ ¢—È«‡¥√π·≈–¢—È«´Õ√å  ®“°π—Èπ„π°“√§«∫§ÿ¡°“√‡§≈◊ËÕπ∑’Ë¢Õß
Õ‘‡≈Á°μ√Õπ„Àâºà“π®“°¢—È«´Õ√å ‰ª¬—ß‡°“– ·≈–ÕÕ°®“°‡°“–‰ª¬—ß¢—È«‡¥√π∑’≈– 1 μ—« ®”‡ªìπμâÕß„ à·√ß¥—π
‰øøÑ“∑’Ë¢—È«‡°μ·≈–¢—È«‡¥√π„Àâ¡’¢π“¥·≈–®—ßÀ«–∑’Ë‡À¡“– ¡ ‡æ◊ËÕ„Àâ‡°‘¥ª√“°Ø°“√≥å°“√¢—¥¢«“ß·∫∫
§Ÿ≈Õ¡∫å¢÷Èπ¿“¬„π‡°“–´÷Ëß®–∑”„Àâ “¡“√∂§«∫§ÿ¡°“√‡§≈◊ËÕπ∑’Ë¢ÕßÕ‘‡≈Á°μ√Õπºà“π‡°“–‰¥â∑’≈– 1 μ—« ‚¥¬
≈—°…≥–°“√‡§≈◊ËÕπ∑’Ë∑’Ë‡°‘¥¢÷Èπ Õ‘‡≈Á°μ√Õπ®–‡§≈◊ËÕπ∑’ËÕÕ°®“°¢—È«´Õ√å ‰ª¬—ß‡°“– „π¢≥–∑’Ë¢—È«‡¥√π®–∑”
Àπâ“∑’Ë√—∫Õ‘‡≈Á°μ√Õπ®“°‡°“– ·≈–„™â°“√‡™◊ËÕ¡‚¬ß¥â«¬ π“¡‰øøÑ“®“°¢—È«‡°μ„π°“√§«∫§ÿ¡®—ßÀ«–°“√‰À≈
¢ÕßÕ‘‡≈Á°μ√Õπ ∑”„ÀâÕÿª°√≥å∑’Ë‰¥â¡’≈—°…≥–°“√∑”ß“π§≈â“¬°—∫∑√“π´‘ ‡μÕ√å·∫∫¥—Èß‡¥‘¡∑’Ë„™â π“¡‰øøÑ“
„π°“√§«∫§ÿ¡°“√‰À≈¢ÕßÕ‘‡≈Á°μ√Õπ®“°¢—È«´Õ√å ‰ª¬—ß¢—È«‡¥√π Õ¬à“ß‰√°Áμ“¡ ¢âÕ·μ°μà“ß ”§—≠ §◊Õ
∑√“π´‘ ‡μÕ√åÕ‘‡≈Á°μ√Õπ‡¥’Ë¬« “¡“√∂§«∫§ÿ¡Õ‘‡≈Á°μ√Õπ‰¥â∑’≈– 1 μ—« ∑”„Àâ∑√“π´‘ ‡μÕ√åÕ‘‡≈Á°μ√Õπ
‡¥’Ë¬«„™âæ≈—ßß“πμË”°«à“∑√“π´‘ ‡μÕ√å·∫∫¥—Èß‡¥‘¡¡“° πÕ°®“°π’È §«“¡ “¡“√∂„π°“√§«∫§ÿ¡Õ‘‡≈Á°μ√Õπ∑’≈–
1 μ—« ∑”„Àâ∑√“π ‘́ ‡μÕ√åÕ‘‡≈Á°μ√Õπ‡¥’Ë¬«¡’§«“¡‰«„π°“√μÕ∫ πÕßμàÕª√‘¡“≥∑“ß°“¬¿“æμà“ßÊ  Ÿß°«à“
∑√“π ‘́ ‡μÕ√å·∫∫¥—Èß‡¥‘¡¡“°

∑√“π´‘ ‡μÕ√åÕ‘‡≈Á°μ√Õπ‡¥’Ë¬«‚¥¬∑—Ë«‰ª°”Àπ¥°“√‡§≈◊ËÕπ∑’Ë¢ÕßÕ‘‡≈Á°μ√Õπ„Àâ‡§≈◊ËÕπ∑’Ë®“°
¢—È«´Õ√å ‰ª¬—ß¢—È«‡¥√π ‚¥¬°“√„Àâ·√ß¥—π‰øøÑ“∑’Ë¢—È«‰øøÑ“∑—Èß 3 ¢—È« §◊Õ ¢—È«‡°μ ¢—È«´Õ√å ·≈–¢—È«‡¥√π ∑”„Àâ
Õ‘‡≈Á°μ√Õπ∑’Ë à«πμà“ßÊ ¢Õß∑√“π ‘́ ‡μÕ√åÕ‘‡≈Á°μ√Õπ‡¥’Ë¬«¡’√–¥—∫æ≈—ßß“π·μ°μà“ß°—π ®“°‚§√ß √â“ß¥—ß∑’Ë
°≈à“«‰«â¢â“ßμâπ„π√Ÿª∑’Ë 5 √Õ¬μàÕ∑’Ë¢—È«‡°μ‡ªìπ√Õ¬μàÕ∑’Ë¡’§«“¡°«â“ß∑’ËÕ‘‡≈Á°μ√Õπ‰¡à “¡“√∂∑–≈ÿºà“π‰¥â
·μà√–¥—∫æ≈—ßß“π¢ÕßÕ‘‡≈Á°μ√Õπ¿“¬„π‡°“– “¡“√∂∂Ÿ°ª√—∫§à“‰¥â‚¥¬°“√‡™◊ËÕ¡‚¬ß¥â«¬ π“¡‰øøÑ“®“°¢—È«‡°μ
¥—ßπ—Èπ ¢—È«‡°μ®÷ß∑”Àπâ“∑’Ë‡ ¡◊Õπ‡ªìπª√–μŸ‡ªî¥ / ªî¥„ÀâÕ‘‡≈Á°μ√Õπ‰À≈ºà“π‡°“–®“°¢—È«´Õ√å ‰ª¬—ß¢—È«‡¥√π‰¥â
‚¥¬°“√®à“¬·√ß¥—π‰øøÑ“∑’Ë¢—È«μà“ßÊ ¥—ß√Ÿª∑’Ë 5 ®–∑”„Àâ»—°¬å‰øøÑ“∑’Ë¢—È«‡¥√π‡ªìπ»—°¬å∫«°·≈–»—°¬å‰øøÑ“∑’Ë
¢—È«´Õ√å ‡ªìπ»—°¬å≈∫‡¡◊ËÕ‡∑’¬∫°—∫»—°¬å‰øøÑ“Õâ“ßÕ‘ß (Ground) ∑’Ë¢—È«‡°μ ‡¡◊ËÕ«—¥≈—°…≥– ¡∫—μ‘®–‰¥â
·ºπ¿“æ∑’Ë· ¥ß°“√§«∫§ÿ¡Õ‘‡≈Á°μ√Õπ¥—ß√Ÿª∑’Ë 6 ´÷Ëß‡ªìπ°√“ø≈—°…≥– ¡∫—μ‘¢Õß∑√“π ‘́ ‡μÕ√åÕ‘‡≈Á°μ√Õπ
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‡¥’Ë¬«∑’ËÕÿ≥À¿Ÿ¡‘μË” (kBT = 0.1 EC) ·≈–‡°“–¡’¢π“¥„À≠à‡æ’¬ßæÕ∑’Ë®–≈–‡≈¬º≈¢Õß§«“¡‰¡àμàÕ‡π◊ËÕß¢Õß
æ≈—ßß“π®≈πå ¥—ßπ—Èπ æ≈—ßß“π√«¡¢ÕßÕ‘‡≈Á°μ√Õπ®÷ßª√–¡“≥‡∑à“°—∫§à“æ≈—ßß“π°“√‡æ‘Ë¡ª√–®ÿ ®“°°√“ø
≈—°…≥– ¡∫—μ‘„π√Ÿª∑’Ë 6  “¡“√∂·∫àß°“√∑”ß“π¢Õß∑√“π´‘ ‡μÕ√åÕ‘‡≈Á°μ√Õπ‡¥’Ë¬«ÕÕ°‡ªìπ 4 ™à«ß°“√∑”ß“π
[16] §◊Õ

1. „π ¿“«–∑’Ë·√ß¥—π‰øøÑ“∑—Èß 3 ¢—È« ¡’§à“‡∑à“°—π (Vs = Vd = Vg = 0) ·¡â«à“√Õ¬μàÕ°“√∑–≈ÿºà“π
∑—Èß 2 √Õ¬μàÕ√–À«à“ß¢—È«´Õ√å ·≈–¢—È«‡¥√π®–‰¡à “¡“√∂À¬ÿ¥°“√‰À≈¢ÕßÕ‘‡≈Á°μ√Õπ‰¥â ·μà„π‚§√ß √â“ß∑’Ë¡’
‡°“–§—Ëπ°≈“ß√–À«à“ß¢—È«∑—Èß Õß®–∑”„ÀâÕ‘‡≈Á°μ√Õπ‰¡à “¡“√∂∑–≈ÿºà“π√Õ¬μàÕ‰¥â ‡π◊ËÕß®“°¢—È«∑—Èß Õß¡’√–¬–
Àà“ß¡“° ∑”„ÀâÕ‘‡≈Á°μ√Õπ‰¡à “¡“√∂∑–≈ÿºà“π®“°¢—È«´Õ√å ‰ª¬—ß¢—È«‡¥√π‰¥â‚¥¬μ√ß ®÷ß®”‡ªìπμâÕß‡°‘¥
°“√∑–≈ÿºà“π®“°¢—È«´Õ√å ‰ª¬—ß‡°“–·≈–®“°‡°“–‰ª¬—ß¢—È«‡¥√π ·μàÕ¬à“ß‰√°Áμ“¡ „π ¿“«–π’È‰¡à¡’√–¥—∫
æ≈—ßß“π«à“ß¿“¬„π‡°“–∑’ËÕ‘‡≈Á°μ√Õπ®“°¿“¬πÕ°®– “¡“√∂§√Õ∫§√Õß‰¥â ‡æ√“–√–¥—∫æ≈—ßß“π«à“ß E n+1 ∑’Ë
¡’¿“¬„π‡°“–¡’æ≈—ßß“π Ÿß°«à“Õ‘‡≈Á°μ√Õπ∑’ËÕ¬ŸàπÕ°‡°“–ª√–¡“≥ EC ¥—ßπ—Èπ Õ‘‡≈Á°μ√Õπ¿“¬πÕ°‡°“–®÷ß¡’
æ≈—ßß“π‰¡à‡æ’¬ßæÕ∑’Ë®–∑–≈ÿºà“π√Õ¬μàÕ‰ª¬—ß‡°“–‰¥â ∑”„Àâ‰¡à‡°‘¥°√–· ‰À≈„π√–∫∫ ¥—ß√Ÿª∑’Ë 6 (°)

2. „π ¿“«–∑’Ë·√ß¥—π‰øøÑ“∑’Ëμ°§√àÕ¡¢—È«‡¥√π·≈–¢—È«´Õ√å ‡æ‘Ë¡¢÷Èπ·μàπâÕ¬°«à“·√ß¥—π‰øøÑ“
¢’¥‡√‘Ë¡ (Threshold voltage) (0 < Vds < Vth) ´÷Ëß·√ß¥—π‰øøÑ“∑’Ëμ°§√àÕ¡¢—È«‡°μ·≈–¢—È«´Õ√å  (Vgs) ®–‡æ‘Ë¡
¢÷Èπ ∑”„Àâ√–¥—∫æ≈—ßß“π¢ÕßÕ‘‡≈Á°μ√Õπ∑’Ë¢—È«´Õ√å ‡æ‘Ë¡¢÷Èπ ·μàæ≈—ßß“π¢ÕßÕ‘‡≈Á°μ√Õπ¿“¬„π‡°“–·≈–
∑’Ë¢—È«‡¥√π≈¥≈ß ·μàÕ‘‡≈Á°μ√Õπ∑’Ë¢—È«´Õ√å ¡’æ≈—ßß“π√«¡πâÕ¬°«à“√–¥—∫æ≈—ßß“π«à“ß¿“¬„π‡°“– (E < En+1)
‡π◊ËÕß®“°æ≈—ßß“π∑’Ë„ÀâÕ‘‡≈Á°μ√Õπ∑’Ë¢—È«´Õ√å πâÕ¬°«à“æ≈—ßß“π∑’ËμâÕß„™â„π°“√‡æ‘Ë¡ª√–®ÿ (EC) Õ‘‡≈Á°μ√Õπ∑’Ë
¢—È«´Õ√å ®÷ß¡’æ≈—ßß“π√«¡‰¡à‡æ’¬ßæÕ∑’Ë®–∑–≈ÿºà“π‰ª¬—ß‡°“–‰¥â¥—ß·ºπ¿“æ„π√Ÿª∑’Ë 6 (¢) ´÷Ëß„π™à«ß°“√
∑”ß“ππ’È°√–· ®–‰¡à “¡“√∂‰À≈ºà“π∑√“π ‘́ ‡μÕ√åÕ‘‡≈Á°μ√Õπ‡¥’Ë¬«‰¥â (I/I0 

= 0) ‡¡◊ËÕ§à“ I0 §◊Õ°√–· ¢Õß
Õ‘‡≈Á°μ√Õπ 1 μ—«∑’Ë‰À≈ºà“π√Õ¬μàÕ°“√∑–≈ÿºà“π¡’§à“‡∑à“°—∫ e/RtCt [17]

3. „π ¿“«–∑’Ë ·√ß¥—π‰øøÑ“∑’Ëμ°§√àÕ¡¢—È«‡¥√π·≈–¢—È«´Õ√å ‡∑à“°—∫·√ß¥—π‰øøÑ“¢’¥‡√‘Ë¡ (Vds 
= Vth)

®–∑”„Àâ Vgs 
= e/2CΣ æ≈—ßß“π¢ÕßÕ‘‡≈Á°μ√Õπ∑’Ë¢—È«´Õ√å ®÷ß¡’æ≈—ßß“π‡∑à“°—∫√–¥—∫æ≈—ßß“π«à“ß¢Õß‡°“–

(Es 
= En+1) ¥—ß√Ÿª∑’Ë 6 (§) „π ¿“«–π’È Õ‘‡≈Á°μ√Õπ∑’Ë¢—È«´Õ√å ®– “¡“√∂∑–≈ÿºà“π√Õ¬μàÕ‰ª§√Õ∫§√Õß

√–¥—∫æ≈—ßß“π«à“ß¢Õß‡°“–‰¥â °“√®à“¬·√ß¥—π‰øøÑ“≈—°…≥–π’È®–∑”„Àâ√–¥—∫æ≈—ßß“π¢ÕßÕ‘‡≈Á°μ√Õπ∑’Ë¢—È«
‡¥√πμË”°«à“∑’Ë¢—È«´Õ√å ·≈–‡°“– Õ¬à“ß‰√°Áμ“¡ Õ‘‡≈Á°μ√Õπ®“°‡°“–®–¬—ß‰¡à “¡“√∂∑–≈ÿ¡“¬—ß¢—È«‡¥√π‰¥â
‡π◊ËÕß®“°‡¡◊ËÕÕ‘‡≈Á°μ√Õπ‡¢â“‰ª¬—ß‡°“– ∑”„ÀâÕ‘‡≈Á°μ√Õπ„π√–¥—∫æ≈—ßß“π En+1 ®–¡’æ≈—ßß“π‡æ‘Ë¡¢÷Èπ „π
¢≥–∑’Ë√–¥—∫æ≈—ßß“π∑’Ë¢—È«´Õ√å §ß∑’Ë Õ‘‡≈Á°μ√Õπ¥—ß°≈à“«®÷ß‰¡à “¡“√∂‡§≈◊ËÕπ∑’Ëºà“π‰ª¬—ß√Õ¬μàÕ°“√∑–≈ÿ
ºà“π√–À«à“ß‡°“–°—∫¢—È«‡¥√π‰¥â ·μà®–∑–≈ÿ°≈—∫‰ª¡“√–À«à“ß¢—È«´Õ√å °—∫‡°“– ¥—ßπ—Èπ °“√®à“¬·√ß¥—π‰øøÑ“„π
≈—°…≥–π’È®–∑”„Àâ°√–· ‰øøÑ“‡©≈’Ë¬¢ÕßÕ‘‡≈Á°μ√Õπ∑’Ë‰À≈ºà“π∑√“π ‘́ ‡μÕ√åÕ‘‡≈Á°μ√Õπ‡¥’Ë¬«‡ªìπ»Ÿπ¬å

4. „π ¿“«–∑’Ë ·√ß¥—π‰øøÑ“∑’Ëμ°§√àÕ¡¢—È«‡¥√π·≈–¢—È«´Õ√å ¡“°°«à“·√ß¥—π‰øøÑ“¢’¥‡√‘Ë¡
(Vds 

> Vth) ®–∑”„Àâ Vgs 
> e/2CΣ Õ‘‡≈Á°μ√Õπ∑’Ë¢—È«´Õ√å ®÷ß¡’æ≈—ßß“π¡“°°«à“√–¥—∫æ≈—ßß“π«à“ß¿“¬„π‡°“–

(Es > En+1)  àßº≈„ÀâÕ‘‡≈Á°μ√Õπ “¡“√∂∑–≈ÿºà“π√Õ¬μàÕ®“°¢—È«´Õ√å ‰ª¬—ß‡°“–·≈–®“°‡°“–∑–≈ÿ‰ª¬—ß¢—È«‡¥√π‰¥â
∑”„Àâ‡°‘¥°√–· ‰À≈ºà“π∑√“π´‘ ‡μÕ√åÕ‘‡≈Á°μ√Õπ‡¥’Ë¬«‰¥â (I/I0 

≠ 0) ´÷Ëß°√–· ∑’Ë‡°‘¥¢÷Èπ‡ªìπº≈®“°
ª√“°Ø°“√≥å°“√∑–≈ÿºà“π  ª√–°Õ∫°—∫¿“¬„π‡°“–¡’√–¥—∫æ≈—ßß“π«à“ß∑’Ë “¡“√∂„ÀâÕ‘‡≈Á°μ√Õπ®“°¿“¬πÕ°‡¢â“‰ª
§√Õ∫§√Õß‰¥â‡æ’¬ß 1 μ—«‡∑à“π—Èπ ∑”„Àâ°“√‰À≈¢Õß°√–· „π∑√“π´‘ ‡μÕ√åÕ‘‡≈Á°μ√Õπ‡¥’Ë¬«π’È‡ªìπ°√–· ¢Õß
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Õ‘‡≈Á°μ√Õπ‡æ’¬ß 1 μ—« ‡¡◊ËÕÕ‘‡≈Á°μ√Õπμ—«∑’Ë 1 ‡¢â“‰ª„π‡°“– Õ‘‡≈Á°μ√Õπμ—«∑’Ë 2 ®–¬—ß‰¡à “¡“√∂‡¢â“‰ª
¿“¬„π‡°“–‰¥â®π°«à“Õ‘‡≈Á°μ√Õπμ—«∑’Ë 1 ®–∑–≈ÿºà“π‰ª¬—ß¢—È«‡¥√π Õ‘‡≈Á°μ√Õπμ—«∑’Ë 2 ®÷ß®– “¡“√∂‡¢â“‰ª
¿“¬„π‡°“–‰¥â ´÷Ëß‡ªìπº≈®“°ª√“°Ø°“√≥å°“√¢—¥¢«“ß·∫∫§Ÿ≈Õ¡∫å ≈—°…≥–°“√∑”ß“π¥—ß°≈à“«∑”„Àâ
∑√“π ‘́ ‡μÕ√åÕ‘‡≈Á°μ√Õπ‡¥’Ë¬« “¡“√∂§«∫§ÿ¡°“√‡§≈◊ËÕπ∑’Ë¢ÕßÕ‘‡≈Á°μ√Õπ¿“¬„π√–∫∫‰¥â∑’≈– 1 μ—«
¥—ß√Ÿª∑’Ë 6 (ß)

√Ÿª∑’Ë 6 ·ºπ¿“æ°“√§«∫§ÿ¡Õ‘‡≈Á°μ√Õπ¢Õß∑√“π´‘ ‡μÕ√åÕ‘‡≈Á°μ√Õπ‡¥’Ë¬«‡¡◊ËÕ¡’°“√ª√—∫§à“·√ß¥—π‰øøÑ“∑’Ë
μ°§√àÕ¡√–À«à“ß¢—È«´Õ√å ·≈–¢—È«‡¥√π (°)  ¿“«–∑’Ë‰¡à¡’°“√®à“¬·√ß¥—π‰øøÑ“ (Vs = Vd = Vg = 0)
(¢)  ¿“«–∑’Ë®à“¬·√ß¥—π‰øøÑ“πâÕ¬°«à“·√ß¥—π‰øøÑ“¢’¥‡√‘Ë¡ (0 < Vds < Vts) (§)  ¿“«–∑’Ë®à“¬·√ß¥—π
‰øøÑ“∑’Ë‡∑à“°—∫·√ß¥—π‰øøÑ“¢’¥‡√‘Ë¡ (Vds = Vth) (ß)  ¿“«–∑’Ë®à“¬·√ß¥—π‰øøÑ“¡“°°«à“·√ß¥—π‰øøÑ“¢’¥‡√‘Ë¡
(Vds > Vth) ´÷Ëß∑”„Àâ‡°‘¥°√–· ‰À≈ºà“π∑√“π ‘́ ‡μÕ√åÕ‘‡≈Á°μ√Õπ‡¥’Ë¬« [16]

®“°À≈—°°“√∑”ß“π¢Õß∑√“π´‘ ‡μÕ√åÕ‘‡≈Á°μ√Õπ‡¥’Ë¬«∑’Ë ‰¥â°≈à“«¡“ · ¥ß„Àâ‡ÀÁπ∂÷ß°“√
ª√–¬ÿ°μå„™âª√“°Ø°“√≥å°“√¢—¥¢«“ß·∫∫§Ÿ≈Õ¡∫å„π°“√§«∫§ÿ¡°“√‰À≈¢ÕßÕ‘‡≈Á°μ√Õπ∑’≈– 1 μ—« ¿“¬„π
∑√“π ‘́ ‡μÕ√åÕ‘‡≈Á°μ√Õπ‡¥’Ë¬« °√–· ∑’Ë«—¥‰¥â®“°∑√“π ‘́ ‡μÕ√åÕ‘‡≈Á°μ√Õπ‡¥’Ë¬«®÷ß·μ°μà“ß®“°°√–· ∑’Ë
‰À≈ºà“π∑√“π´‘ ‡μÕ√å·∫∫¥—Èß‡¥‘¡ ·≈–‰¡à‡ªìπ‰ªμ“¡°Æ¢Õß‚ÕÀå¡ (Ohmûs law) °≈à“«§◊Õ °√–· ∑’Ë‡°‘¥¢÷Èπ
¡’≈—°…≥–‡ªìπ¢—Èπ∫—π‰¥∑’Ë‰¡àμàÕ‡π◊ËÕß ·μàÕ¬à“ß‰√°Áμ“¡ª√“°Ø°“√≥å°“√¢—¥¢«“ß·∫∫§Ÿ≈Õ¡∫å®–∂Ÿ°∑”≈“¬≈ß
¥â«¬º≈®“°°“√°«—¥·°«àß∑“ß§«“¡√âÕπ °≈à“«§◊Õ ‡¡◊ËÕÕÿ≥À¿Ÿ¡‘ Ÿß¢÷Èπ §«“¡·μ°μà“ß√–À«à“ßæ≈—ßß“π√«¡
¢ÕßÕ‘‡≈Á°μ√Õπ¿“¬πÕ°‡°“–·≈–√–¥—∫æ≈—ßß“π«à“ß¿“¬„π‡°“–®–≈¥≈ß ∑”„Àâ‚Õ°“ ¢Õß°“√∑–≈ÿºà“π®“°
¢—È«´Õ√å ‰ª¬—ß‡°“–‡æ‘Ë¡ Ÿß¢÷Èπ ®÷ß∑”„Àâ‡°‘¥°√–· √—Ë«„π ¿“«–∑’Ë Vds < Vth ¥—ß√Ÿª∑’Ë 7 ‡¡◊ËÕ kBT = 1.0 EC °√–· 
®– “¡“√∂‰À≈ºà“π∑√“π´‘ ‡μÕ√åÕ‘‡≈Á°μ√Õπ‡¥’Ë¬«‰¥â ‡¡◊ËÕ Vds = Vth/2 ·≈–°√–· ‡æ‘Ë¡¢÷ÈπÕ¬à“ß√«¥‡√Á«‡¡◊ËÕ
Vds > Vth Õ¬à“ß‰√°Áμ“¡ ‡¡◊ËÕ√–∫∫∑”ß“π∑’ËÕÿ≥À¿Ÿ¡‘ Ÿß (kBT >> EC) æ≈—ßß“π√«¡¢ÕßÕ‘‡≈Á°μ√Õπ¿“¬„π
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∑√“π´‘ ‡μÕ√åÕ‘‡≈Á°μ√Õπ‡¥’Ë¬«®–¡’§à“¡“° ∑”„ÀâÕ‘‡≈Á°μ√Õπ¿“¬„π‡°“–‰¡à “¡“√∂· ¥ßª√“°Ø°“√≥å°“√
¢—¥¢«“ß·∫∫§Ÿ≈Õ¡∫å‰¥â °√“ø≈—°…≥– ¡∫—μ‘¢Õß∑√“π´‘ ‡μÕ√åÕ‘‡≈Á°μ√Õπ‡¥’Ë¬«®÷ß¡’≈—°…≥–‡À¡◊Õπ°—∫
¢Õß∑√“π ‘́ ‡μÕ√å·∫∫ª°μ‘ ‚¥¬°√“ø≈—°…≥– ¡∫—μ‘¢Õß∑√“π ‘́ ‡μÕ√åÕ‘‡≈Á°μ√Õπ‡¥’Ë¬«„π√Ÿª∑’Ë 7 ®–≈Ÿà‡¢â“
·≈–°≈“¬‡ªìπ°√“ø‡ âπμ√ß ‡¡◊ËÕ kBT = 10 EC

√Ÿª∑’Ë 7 º≈¢ÕßÕÿ≥À¿Ÿ¡‘μàÕª√“°Ø°“√≥å°“√¢—¥¢«“ß·∫∫§Ÿ≈Õ¡∫å∑’Ë‡°‘¥¢÷Èπ„π∑√“π´‘ ‡μÕ√åÕ‘‡≈Á°μ√Õπ‡¥’Ë¬«
‚¥¬· ¥ß‰¥â®“°§à“°√–· ∑’Ë‰À≈√–À«à“ß¢—È«‡¥√π·≈–¢—È«´Õ√å  [16]

®“°≈—°…≥– ¡∫—μ‘¢Õß∑√“π ‘́ ‡μÕ√åÕ‘‡≈Á°μ√Õπ‡¥’Ë¬«∑’Ë°≈à“«¡“¢â“ßμâπ °√–· ®– “¡“√∂‰À≈
ºà“π®“°¢—È«‡¥√π‰ª¬—ß¢—È«´Õ√å ‰¥â ‡¡◊ËÕ·√ß¥—π‰øøÑ“∑’Ë¢—È«‡°μ¡’§à“¡“°°«à“·√ß¥—π‰øøÑ“¢’¥‡√‘Ë¡ ´÷Ëß„π ¿“«–π’È
∑√“π´‘ ‡μÕ√åÕ‘‡≈Á°μ√Õπ‡¥’Ë¬«®–Õ¬Ÿà„π‚À¡¥°“√∑”ß“π·∫∫ «‘μ™åÕÕπ (Switch on) „π¢≥–∑’Ë°√–· 
‰øøÑ“®–‰¡à “¡“√∂‰À≈ºà“π∑√“π´‘ ‡μÕ√å‰¥â ‡¡◊ËÕ·√ß¥—π‰øøÑ“∑’Ë¢—È«‡°μ¡’§à“πâÕ¬°«à“·√ß¥—π‰øøÑ“¢’¥‡√‘Ë¡
‡√’¬°‚À¡¥°“√∑”ß“ππ’È«à“  «‘μ™åÕÕø (Switch off) ¥—ßπ—Èπ Õÿª°√≥åÕ‘‡≈Á°μ√Õπ‡¥’Ë¬«≈—°…≥–π’È®÷ß¡’‚À¡¥
°“√∑”ß“π§≈â“¬°—∫∑√“π ‘́ ‡μÕ√å π“¡‰øøÑ“™π‘¥‡ÕÁπ (n-type MOSFET) ÷́Ëß„™â·√ß¥—π‰øøÑ“∑’Ë¢—È«‡°μ„π
°“√§«∫§ÿ¡°“√‰À≈¢Õß°√–· ®“°¢—È«‡¥√π‰ª¢—È«´Õ√å 

°“√ª√–¬ÿ°μå∑√“π ‘́ ‡μÕ√åÕ‘‡≈Á°μ√Õπ‡¥’Ë¬«
Õÿª°√≥åÕ‘‡≈Á°μ√Õπ‡¥’Ë¬«∑’Ë “¡“√∂π”¡“ª√–¬ÿ°μå„™â‰¥â®√‘ßμâÕß¡’√Õ¬μàÕ ”À√—∫Õ‘‡≈Á°μ√Õπ‡¢â“

·≈–ÕÕ°·¬°®“°°—π ¥—ßπ—Èπ ®÷ßμâÕßª√–°Õ∫¥â«¬√Õ¬μàÕ°“√∑–≈ÿºà“πÕ¬à“ßπâÕ¬ 2 √Õ¬μàÕ ´÷Ëß®–∑”„Àâ
 “¡“√∂«—¥°“√μÕ∫ πÕß∑“ß‰øøÑ“¢ÕßÕÿª°√≥åÕ‘‡≈Á°μ√Õπ‡¥’Ë¬«μàÕª√‘¡“≥μà“ßÊ ‰¥â ‚§√ß √â“ß∑’Ëßà“¬∑’Ë ÿ¥
¢ÕßÕÿª°√≥åÕ‘‡≈Á°μ√Õπ‡¥’Ë¬«∑’Ë “¡“√∂«—¥ª√‘¡“≥∑“ß‰øøÑ“‰¥âª√–°Õ∫¥â«¬√Õ¬μàÕ°“√∑–≈ÿºà“π 2 √Õ¬μàÕ
‰¥â·°à ∑√“π ‘́ ‡μÕ√åÕ‘‡≈Á°μ√Õπ‡¥’Ë¬« „π¬ÿ§·√° °“√ √â“ß∑√“π ‘́ ‡μÕ√åÕ‘‡≈Á°μ√Õπ‡¥’Ë¬«®–ª√– ∫ªí≠À“„π
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°“√ª≈Ÿ°‡°“–·≈–™—Èπ©π«π„π√–¥—∫π“‚π‡¡μ√ ·μà‡∑§‚π‚≈¬’ªí®®ÿ∫—π‰¥â√—∫°“√æ—≤π“„Àâ “¡“√∂ª≈Ÿ°øî≈å¡
§ÿ≥¿“æ Ÿß„π√–¥—∫π“‚π‡¡μ√‰¥â ¥—ßπ—Èπ ∑√“π ‘́ ‡μÕ√åÕ‘‡≈Á°μ√Õπ‡¥’Ë¬« μ≈Õ¥®π°“√ª√–¬ÿ°μå„™âß“πμà“ßÊ
‰¥â∂Ÿ°»÷°…“ æ—≤π“ ·≈–«‘®—¬Õ¬à“ß°«â“ß¢«“ß Õ¬à“ß‰√°Áμ“¡ „πªí®®ÿ∫—πÕÿª°√≥åÕ‘‡≈Á°μ√Õπ‡¥’Ë¬«∑’Ë¡’√Õ¬μàÕ
°“√∑–≈ÿºà“π 3 √Õ¬μàÕ ¢÷Èπ‰ª ·¡â®– “¡“√∂ √â“ß‰¥âÀ≈“¬‚§√ß √â“ß ‚¥¬·μà≈–‚§√ß √â“ßμà“ß¡’®ÿ¥‡¥àπ∑’Ëπà“
 π„®·μ°μà“ß°—π ·μàÕÿª°√≥å‡À≈à“π—Èπ¬—ßª√– ∫ªí≠À“„π°“√ √â“ß È́”„ÀâÕÿª°√≥å∑ÿ°μ—«¡’§ÿ≥ ¡∫—μ‘‡À¡◊Õπ°—π
(Reproducible fabrication) [18] ÷́Ëß‡ªìπÕÿª √√§ ”§—≠„π°“√º≈‘μ„π‡™‘ßæ“≥‘™¬å ∑”„Àâ‰¡à‰¥â√—∫§«“¡
π‘¬¡„π°“√»÷°…“«‘®—¬

„πªí®®ÿ∫—π Õÿª°√≥åÕ‘‡≈Á°μ√Õπ‡¥’Ë¬«μà“ßÊ √«¡∂÷ß∑√“π ‘́ ‡μÕ√åÕ‘‡≈Á°μ√Õπ‡¥’Ë¬«·¡â‰¡à¡’°“√
º≈‘μ„π‡™‘ßæ“≥‘™¬å ·μà¡’°“√«‘®—¬·≈–æ—≤π“·π«∑“ß°“√ª√–¬ÿ°μå„™âß“π¢ÕßÕÿª°√≥å‡À≈à“π’ÈÕ¬à“ß·æ√àÀ≈“¬
‡π◊ËÕß®“°‡ªìπÕÿª°√≥å∑’Ë∂Ÿ°§“¥À«—ß«à“®– “¡“√∂·°â‰¢¢’¥®”°—¥μà“ßÊ ¢ÕßÕÿª°√≥åÕ‘‡≈Á°∑√Õπ‘° å∑’Ë„™âß“π„πªí®®ÿ∫—π
ª√–°Õ∫°—∫∑√“π´‘ ‡μÕ√åÕ‘‡≈Á°μ√Õπ‡¥’Ë¬«‡ªìπÕÿª°√≥å∑’Ë¡’»—°¬¿“æ Ÿß„π°“√º≈‘μ¢“¬„π‡™‘ßæ“≥‘™¬å ©–π—Èπ
„π∫∑§«“¡π’È®–‡πâπ°“√π”∑√“π ‘́ ‡μÕ√åÕ‘‡≈Á°μ√Õπ‡¥’Ë¬«‰ªª√–¬ÿ°μå„™âß“π„π¥â“πμà“ßÊ ‚¥¬≈—°…≥–‡¥àπ
¢ÕßÕÿª°√≥åÕ‘‡≈Á°μ√Õπ‡¥’Ë¬«™π‘¥π’È §◊Õ °“√„™âæ≈—ßß“π„π°“√∑”ß“πμË” πÕ°®“°π’È ¬—ß “¡“√∂π”‰ª √â“ß
Õÿª°√≥å∑’Ë¡’§«“¡‰« Ÿß„π°“√μÕ∫ πÕßμàÕª√‘¡“≥∑“ß°“¬¿“æμà“ßÊ √«¡∂÷ß»—°¬¿“æ„π°“√ª√–¬ÿ°μå„™â √â“ß
«ß®√μ√√°– (Logic circuits) μà“ßÊ ·μà∑√“π´‘ ‡μÕ√åÕ‘‡≈Á°μ√Õπ‡¥’Ë¬«¡’¢âÕ®”°—¥ ”§—≠ §◊Õ μâÕß∑”ß“π„π
™à«ßÕÿ≥À¿Ÿ¡‘μË” [19, 20] ‡æ◊ËÕ„ÀâÕÿª°√≥åπ’È “¡“√∂· ¥ßª√“°Ø°“√≥å°“√¢—¥¢«“ß·∫∫§Ÿ≈Õ¡∫å‰¥â

1. ‡´π‡´Õ√å§«“¡‰« Ÿß
®“°‚§√ß √â“ß·≈–À≈—°°“√∑”ß“π¢Õß∑√“π´‘ ‡μÕ√åÕ‘‡≈Á°μ√Õπ‡¥’Ë¬«„π√Ÿª∑’Ë 6 · ¥ß„Àâ‡ÀÁπ«à“

Õÿª°√≥å™π‘¥π’È¡’§«“¡‰«μàÕ°“√‡ª≈’Ë¬π·ª≈ß§à“ π“¡‰øøÑ“∑’Ë¢—È«‡°μ °“√‡ª≈’Ë¬π·ª≈ß¢Õß π“¡‰øøÑ“∑’Ë‡°‘¥
®“°ª√–®ÿ„π√–¥—∫∑’ËπâÕ¬°«à“ 1 ª√–®ÿÕ‘‡≈Á°μ√Õπ [1] (e = 1.6 Ó 10-19 C) ®– àßº≈Õ¬à“ß¡’π—¬ ”§—≠μàÕ
ª√‘¡“≥°“√‰À≈¢Õß°√–· ∑’Ë ‰À≈√–À«à“ß¢—È«´Õ√å ·≈–¢—È«‡¥√π ∑”„Àâ‡°‘¥·π«§‘¥∑’Ë®–ª√–¬ÿ°μå„™â
∑√“π ‘́ ‡μÕ√åÕ‘‡≈Á°μ√Õπ‡¥’Ë¬«„π°“√«—¥ π“¡‰øøÑ“¢π“¥‡≈Á° √«¡∂÷ß°“√«—¥ª√–®ÿ„π√–¥—∫ 1 ª√–®ÿÕ‘‡≈Á°μ√Õπ
Õÿª°√≥å∑’Ë„™â‚§√ß √â“ß∑√“π ‘́ ‡μÕ√åÕ‘‡≈Á°μ√Õπ‡¥’Ë¬«„π°“√«—¥≈—°…≥–π’È ‡√’¬°«à“ ÿ́ª‡ªÕ√å‡´π ‘́∑’øÕ‘‡≈Á°
∑√Õ¡‘‡μÕ√å [1]

°“√ª√–¬ÿ°μå„™âß“π∑√“π´‘ ‡μÕ√åÕ‘‡≈Á°μ√Õπ‡¥’Ë¬«„Àâ¡’§«“¡‰«„π°“√μÕ∫ πÕßμàÕ π“¡‰øøÑ“
À√◊Õª√–®ÿ‰øøÑ“®“°¿“¬πÕ°  “¡“√∂∑”‰¥â‚¥¬°“√‡æ‘Ë¡¢—È«‡°μ¢Õß∑√“π ‘́ ‡μÕ√åÕ‘‡≈Á°μ√Õπ‡¥’Ë¬«‡ªìπ 2 ¢—È«
‚¥¬∑—Èß 2 ¢—È«®–‡™◊ËÕ¡‚¬ß‡¢â“°—∫‡°“–ºà“π√Õ¬μàÕμ—«‡°Á∫ª√–®ÿ [21] ‡æ◊ËÕ‰¡à„Àâª√–®ÿ¿“¬„π‡°“–√—Ë«ÕÕ°®“°
‡°“–ºà“π‰ª¬—ß¢—È«‡°μ∑—Èß 2 ¢—È«‰¥â¥—ß√Ÿª∑’Ë 8 (°) ¢—È«‡°μ∑’Ë 1 ®–μàÕ‡¢â“°—∫·À≈àß®à“¬·√ß¥—π‰øøÑ“®“°¿“¬πÕ°
‡æ◊ËÕ∑”Àπâ“∑’Ë°”Àπ¥®ÿ¥∑”ß“π¢Õß∑√“π ‘́ ‡μÕ√åÕ‘‡≈Á°μ√Õπ‡¥’Ë¬« „π¢≥–∑’Ë¢—È«‡°μ∑’Ë 2 ®–‡™◊ËÕ¡μàÕ‡¢â“°—∫
Õÿª°√≥åÀ√◊Õ∫√‘‡«≥∑’ËμâÕß°“√«—¥§à“ π“¡‰øøÑ“À√◊Õª√–®ÿ‰øøÑ“

°“√∑”ß“π¢Õß∑√“π ‘́ ‡μÕ√åÕ‘‡≈Á°μ√Õπ‡¥’Ë¬«∑’Ë¡’‚§√ß √â“ß≈—°…≥–¥—ß°≈à“« ¡’≈—°…≥–°“√
∑”ß“π∑’Ë§≈â“¬§≈÷ß°—∫∑√“π ‘́ ‡μÕ√åÕ‘‡≈Á°μ√Õπ‡¥’Ë¬«∑—Ë«‰ª Õ‘‡≈Á°μ√Õπ∑’Ë‰À≈ºà“π®“°¢—È«´Õ√å ‰ª¬—ß¢—È«‡¥√π
®–∂Ÿ°§«∫§ÿ¡¥â«¬ π“¡‰øøÑ“∑’Ë‡™◊ËÕ¡‚¬ß¡“®“°¢—È«‡°μ∑—Èß 2 ¢—È« ‚¥¬ª°μ‘ ·√ß¥—π‰øøÑ“∑’Ë¢—È«‡°μ∑’Ë 1 ®–∂Ÿ°„™â
°”Àπ¥§à“√–¥—∫æ≈—ßß“π«à“ß¢ÕßÕ‘‡≈Á°μ√Õπ¿“¬„π‡°“– ´÷Ëß®–∂Ÿ°°”Àπ¥„Àâ¡’§à“§ß∑’Ë (Vg1) „π¢≥–∑’Ë·√ß¥—π
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‰øøÑ“∑’Ëμ°§√àÕ¡¢—È«´Õ√å ·≈–¢—È«‡¥√π®–∂Ÿ°°”Àπ¥„Àâ¡’§à“ª√–¡“≥·√ß¥—π‰øøÑ“¢’¥‡√‘Ë¡ (Vds ≈ Vth) „π ¿“«–π’È
Õ‘‡≈Á°μ√Õπ∑’Ë¢—È«´Õ√å ¢Õß∑√“π´‘ ‡μÕ√åÕ‘‡≈Á°μ√Õπ‡¥’Ë¬«®–Õ¬Ÿà„π ¿“«–∑’Ëæ√âÕ¡®–∑–≈ÿºà“π‡°“–‰ª¬—ß¢—È«‡¥√π
‡π◊ËÕß®“°√–¥—∫æ≈—ßß“π√«¡¢ÕßÕ‘‡≈Á°μ√Õπ∑’Ë¢—È«´Õ√å ¡’§à“‡∑à“°—∫√–¥—∫æ≈—ßß“π«à“ß¿“¬„π‡°“– (Es = En+1)
¥—ß√Ÿª∑’Ë 9 ´÷Ëß°“√§«∫§ÿ¡∑√“π´‘ ‡μÕ√åÕ‘‡≈Á°μ√Õπ‡¥’Ë¬«„π≈—°…≥–¥—ß°≈à“« ∑”„Àâ∑√“π ‘́ ‡μÕ√åÕ‘‡≈Á°μ√Õπ
‡¥’Ë¬«¡’§«“¡‰«μàÕ°“√‡ª≈’Ë¬π·ª≈ß π“¡‰øøÑ“®“°¿“¬πÕ°∑’Ë¢—È«‡°μ∑’Ë 2 (Vg2) Õ¬à“ß¡“° ‡¡◊ËÕ π“¡‰øøÑ“∑’Ë
¢—È«‡°μ∑’Ë 2 ¡’°“√‡ª≈’Ë¬π·ª≈ß °≈à“«§◊Õ ‡¡◊ËÕ π“¡‰øøÑ“∑’Ë¢—È«‡°μ∑’Ë 2 ∑”„Àâ√–¥—∫æ≈—ßß“π«à“ß¿“¬„π‡°“–¡’
§à“≈¥≈ß Õ‘‡≈Á°μ√Õπ®“°¢—È«´Õ√å ®– “¡“√∂∑–≈ÿ‡¢â“‰ª„π‡°“–·≈–∑–≈ÿ®“°‡°“–‰ª¬—ß¢—È«‡¥√π‰¥â ∑”„Àâ‡°‘¥
°“√‰À≈¢Õß°√–·  ·μà‡¡◊ËÕ π“¡‰øøÑ“∑’Ë¢—È«‡°μ∑’Ë 2 ∑”„Àâ√–¥—∫æ≈—ßß“π«à“ß¿“¬„π‡°“–¡’§à“‡æ‘Ë¡¢÷Èπ Õ‘‡≈Á°μ√Õπ
®“°¢—È«´Õ√å ®–‰¡à “¡“√∂∑–≈ÿ‡¢â“‰ª¬—ß‡°“–·≈–ÕÕ°‰ª¬—ß¢—È«‡¥√π‰¥â ∑”„Àâ‰¡à‡°‘¥°“√‰À≈¢Õß°√–· 
°“√‡ª≈’Ë¬π·ª≈ß π“¡‰øøÑ“∑’Ë àßº≈μàÕ√–¥—∫æ≈—ßß“π«à“ß¿“¬„π‡°“–„Àâ Ÿß¢÷ÈπÀ√◊ÕμË”≈ß®–∑”„Àâ‡°‘¥°“√‰À≈
À√◊ÕÀ¬ÿ¥‰À≈¢Õß°√–· ∑’Ëºà“π∑√“π´‘ ‡μÕ√åÕ‘‡≈Á°μ√Õπ‡¥’Ë¬«μ“¡®—ßÀ«–°“√‡ª≈’Ë¬π·ª≈ß∑’Ë‡°‘¥¢÷Èπ ‚¥¬°“√
‰À≈¢Õß°√–· ¥—ß°≈à“«∂Ÿ°π”‰ª§”π«≥‡ªìπ¢π“¥¢Õß π“¡‰øøÑ“¢ÕßÕÿª°√≥åÀ√◊Õ∫√‘‡«≥∑’ËμàÕ‡¢â“°—∫¢—È«‡°μ

√Ÿª∑’Ë 8 (°) ´ÿª‡ªÕ√å‡´π´‘∑’øÕ‘‡≈Á°∑√Õ¡‘‡μÕ√åª√–°Õ∫¥â«¬√Õ¬μàÕ°“√∑–≈ÿºà“π 2 √Õ¬μàÕ √Õ¬μàÕ
μ—«‡°Á∫ª√–®ÿ ‡°“– ¢—È«´Õ√å  ¢—È«‡¥√π·≈–¢—È«‡°μ 2 ¢—È« (¢) ¿“æ∂à“¬¥â«¬°≈âÕßÕ‘‡≈Á°μ√Õπ·∫∫
 àÕß°√“¥ (SEM) ¢Õß‚§√ß √â“ß´ÿª‡ªÕ√å‡´π´‘∑’øÕ‘‡≈Á°∑√Õ¡‘‡μÕ√å [21]



«“√ “√«‘∑¬“»“ μ√å ¡»« ªï∑’Ë 30 ©∫—∫∑’Ë 2 (2557) 237

√Ÿª∑’Ë 9 ·ºπ¿“æ°“√§«∫§ÿ¡·√ß¥—π‰øøÑ“∑’Ëμ°§√àÕ¡¢—È«´Õ√å ·≈–¢—È«‡¥√π¢Õß ÿ́ª‡ªÕ√å‡´π ‘́∑’øÕ‘‡≈Á°∑√Õ-
¡‘‡μÕ√å ‡æ◊ËÕ„ÀâÕ¬Ÿà„π ¿“«–∑’Ëæ√âÕ¡„™âß“π (¥—¥·ª≈ß®“°‡Õ° “√Õâ“ßÕ‘ß [16])

®“°‚§√ß √â“ß·≈–À≈—°°“√∑”ß“π¢Õß ÿ́ª‡ªÕ√å‡´π ‘́∑’øÕ‘‡≈Á°∑√Õ¡‘‡μÕ√å ∑”„Àâ‡°‘¥¢âÕ®”°—¥„π
°“√ª√–¬ÿ°μå„™âß“π ‡π◊ËÕß®“°Õÿª°√≥å™π‘¥π’È¡’‚§√ß √â“ß„π√–¥—∫π“‚π‡¡μ√ ∑”„Àâ “¡“√∂«—¥ π“¡‰øøÑ“‰¥â
®“°æ◊Èπ∑’Ë¢π“¥‡≈Á°‡∑à“π—Èπ ®÷ß‰¡à “¡“√∂‡™◊ËÕ¡μàÕ°—∫Õÿª°√≥å¢π“¥„À≠à‰¥â ª√–°Õ∫°—∫°“√μÕ∫ πÕß∑’Ë‰«μàÕ
 π“¡‰øøÑ“ ∑”„ÀâÕÿª°√≥å™π‘¥π’È “¡“√∂«—¥ π“¡‰øøÑ“∑’Ë‡°‘¥®“°ª√–®ÿ¢π“¥‡≈Á° ·μà‰¡à “¡“√∂«—¥ π“¡
¢π“¥„À≠à‰¥â °“√ª√–¬ÿ°μå„™âß“π‚¥¬¡“°®–‡ªìπ°“√‡™◊ËÕ¡μàÕ‡¢â“°—∫Õÿª°√≥åÀ√◊Õ‡§√◊ËÕß¡◊Õ«—¥·∫∫®ÿ≈¿“§
(Microscopic) ‡™àπ °“√ª√–¬ÿ°μå„™â„π°“√«—¥ª√“°Ø°“√≥å°“√¢—¥¢«“ß·∫∫§Ÿ≈Õ¡∫å„π°≈àÕßÕ‘‡≈Á°μ√Õπ‡¥’Ë¬«
[5] ·≈–°“√ª√–¬ÿ°μå„™âß“π√à«¡°—∫À—««—¥¢Õß°≈âÕß®ÿ≈∑√√»πåÕ‘‡≈Á°μ√Õπ·∫∫ àÕß°√“¥ [3, 4]

√Ÿª∑’Ë 10 °“√ª√–¬ÿ°μå„™â∑√“π´‘ ‡μÕ√åÕ‘‡≈Á°μ√Õπ‡¥’Ë¬«‡ªìπ´ÿª‡ªÕ√å‡´π´‘∑’øÕ‘‡≈Á°∑√Õ¡‘‡μÕ√å (°) ‚§√ß √â“ß
¢Õß´ÿª‡ªÕ√å‡´π´‘∑’øÕ‘‡≈Á°∑√Õ¡‘‡μÕ√å (¢) «ß®√ ¡¡Ÿ≈¢Õß‚§√ß √â“ß´ÿª‡ªÕ√å‡´π ‘́∑’øÕ‘‡≈Á°∑√Õ-
¡‘‡μÕ√å·≈– (§) º≈°“√«—¥ª√–®ÿ„π‡°“–¢Õß°≈àÕßÕ‘‡≈Á°μ√Õπ‡¥’Ë¬«¥â«¬ ÿ́ª‡ªÕ√å‡´π´‘∑’øÕ‘‡≈Á°-
∑√Õ¡‘‡μÕ√å [5]
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√Ÿª∑’Ë 10 (°) · ¥ßμ—«Õ¬à“ß°“√ª√–¬ÿ°μå„™â∑√“π´‘ ‡μÕ√åÕ‘‡≈Á°μ√Õπ‡¥’Ë¬«‡ªìπ´ÿª‡ªÕ√å
‡´π ‘́∑’øÕ‘‡≈Á°∑√Õ¡‘‡μÕ√å ”À√—∫«—¥ª√–®ÿ∑’Ë‡ª≈’Ë¬π·ª≈ß¿“¬„π‡°“–¢Õß°≈àÕßÕ‘‡≈Á°μ√Õπ‡¥’Ë¬« ≈“ø“√å°·≈–§≥–
(Lafarge et al) [5] ª√–¬ÿ°μå„™â‡∑§π‘§π“‚π≈‘‚∑°√“øï¥â«¬≈”Õ‘‡≈Á°μ√Õπ (E-beam nanolithography) [22]
√à«¡°—∫™“‚¥«åÕ’«“æÕ‡√™—π (Shadow evaporation) [23] „π°“√ √â“ßÕÿª°√≥åÕ‘‡≈Á°μ√Õπ‡¥’Ë¬«¥—ß√Ÿª∑’Ë 10
(°) ‚¥¬ “¡“√∂‡¢’¬π«ß®√ ¡¡Ÿ≈¢Õß‚§√ß √â“ß¥—ß°≈à“«‰¥â¥—ß√Ÿª∑’Ë 10 (¢) Õÿª°√≥å∑’Ë∂Ÿ° √â“ß¢÷Èππ’Èª√–°Õ∫
¥â«¬∑√“π´‘ ‡μÕ√åÕ‘‡≈Á°μ√Õπ‡¥’Ë¬«∑’Ë‡À¡◊Õπ°—π 2 μ—«¡“‡™◊ËÕ¡‚¬ß°—πºà“π¢—È«‡°μ¢Õß‡°“– b ·≈–‡°“– m
∑”„Àâ‡°‘¥√Õ¬μàÕμ—«‡°Á∫ª√–®ÿ (CC) √–À«à“ß¢—È«‡°μ¥—ß°≈à“« ¥—ßπ—Èπ ‡¡◊ËÕÕ‘‡≈Á°μ√Õπ∑–≈ÿºà“πÕÕ°‰ª®“°
‡°“– b ®–∑”„Àâ‡°‘¥ π“¡‰øøÑ“‡™◊ËÕ¡‚¬ß‰ª¬—ß‡°“– m ·≈â« àßº≈„Àâ√–¥—∫æ≈—ßß“π«à“ß¿“¬„π‡°“– m ≈¥≈ß
∑”„Àâ°√–· ¢Õß´ÿª‡ªÕ√å‡´π´‘∑’øÕ‘‡≈Á°∑√Õ¡‘‡μÕ√å‰À≈®“°¢—È«‡¥√π‰ª¬—ß¢—È«´Õ√å  °√–· ∑’Ë‡°‘¥¢÷Èπ®–¢÷Èπ
Õ¬Ÿà°—∫®”π«πª√–®ÿ¿“¬„π‡°“– b ∑”„Àâ “¡“√∂§”π«≥®”π«πª√–®ÿ¿“¬„π°≈àÕßÕ‘‡≈Á°μ√Õπ‡¥’Ë¬«®“°
°√–· ∑’Ë‰À≈ºà“π´ÿª‡ªÕ√å‡´π´‘∑’øÕ‘‡≈Á°∑√Õ¡‘‡μÕ√å ¥—ßº≈∑’Ë· ¥ß„π√Ÿª∑’Ë 10 (§)

√Ÿª∑’Ë 11 μ—«Õ¬à“ß°“√ª√–¬ÿ°μå„™â∑√“π ‘́ ‡μÕ√åÕ‘‡≈Á°μ√Õπ‡¥’Ë¬«√à«¡°—∫°≈âÕß®ÿ≈∑√√»πåÕ‘‡≈Á°μ√Õπ·∫∫
 àÕß°√“¥ [3]
(°) À—««—¥¢Õß°≈âÕß®ÿ≈∑√√»πåÕ‘‡≈Á°μ√Õπ∑’Ë¡’‚§√ß √â“ß¢Õß∑√“π ‘́ ‡μÕ√åÕ‘‡≈Á°μ√Õπ‡¥’Ë¬«∫π

ª≈“¬À—««—¥
(¢) ≈—°…≥–°“√®à“¬·√ß¥—π‰øøÑ“®“°¿“¬πÕ°‡æ◊ËÕ§«∫§ÿ¡∑√“π´‘ ‡μÕ√åÕ‘‡≈Á°μ√Õπ‡¥’Ë¬«∫π

ª≈“¬À—««—¥
(§) μ—«Õ¬à“ß¿“æ∂à“¬°“√°√–®“¬μ—«¢Õßª√–®ÿ∫π™‘Èπμ—«Õ¬à“ß “√°÷Ëßμ—«π”∑’Ë∂Ÿ°‡®◊Õ‚¥¬„™â°≈âÕß

®ÿ≈∑√√»πåÕ‘‡≈Á°μ√Õπ∑’Ë¡’∑√“π´‘ ‡μÕ√åÕ‘‡≈Á°μ√Õπ‡¥’Ë¬«∫πª≈“¬À—««—¥ ®ÿ¥¡◊¥· ¥ßª√–®ÿ≈∫
„π¢≥–∑’Ë®ÿ¥ «à“ß·∑πª√–®ÿ∫«°



«“√ “√«‘∑¬“»“ μ√å ¡»« ªï∑’Ë 30 ©∫—∫∑’Ë 2 (2557) 239

μ—«Õ¬à“ß°“√ª√–¬ÿ°μå„™â∑√“π ‘́ ‡μÕ√åÕ‘‡≈Á°μ√Õπ‡¥’Ë¬«√à«¡°—∫°≈âÕß®ÿ≈∑√√»πåÕ‘‡≈Á°μ√Õπ·∫∫
 àÕß°√“¥· ¥ß¥—ß√Ÿª∑’Ë 11 ‚¥¬‡ªìπ°“√ √â“ß∑√“π´‘ ‡μÕ√åÕ‘‡≈Á°μ√Õπ‡¥’Ë¬«∫πª≈“¬À—««—¥ (Probe) ‡æ◊ËÕ
‡æ‘Ë¡»—°¬¿“æ„π°“√«—¥¢Õß°≈âÕß®ÿ≈∑√√»πåÕ‘‡≈Á°μ√Õπ ‡π◊ËÕß®“°‚§√ß √â“ß∑“ß°“¬¿“æ¢Õß∑√“π´‘ ‡μÕ√å
Õ‘‡≈Á°μ√Õπ‡¥’Ë¬«‰¡à´—∫´âÕπ ¬Ÿ ·≈–§≥– (Yoo et al) [3] ®÷ßª√–¬ÿ°μå„™â‡∑§π‘§°“√Õ’«“æÕ‡√™—π„π°“√
 √â“ß™—Èπøî≈å¡∫“ßÕ≈Ÿ¡‘‡π’¬¡≈ß∫πª≈“¬„¬·°â« (Glass fiber) ∑—Èß Õß¢â“ß‡æ◊ËÕ„™â‡ªìπ¢—È«´Õ√å ·≈–¢—È«‡¥√π¥—ß
√Ÿª∑’Ë 11 (°) ®“°π—Èπ‡§≈◊Õ∫™—Èπ©π«π√Ÿª√à“ß·ºàπ®“π≈ß∫πª≈“¬„¬·°â« ·≈â«‡§≈◊Õ∫™—Èπøî≈å¡∫“ßÕ≈Ÿ¡‘‡π’¬¡
≈ß∫π™—Èπ©π«π¥—ß°≈à“« ∑”„Àâ‰¥â‚§√ß √â“ß¢Õß∑√“π´‘ ‡μÕ√åÕ‘‡≈Á°μ√Õπ‡¥’Ë¬«∫πª≈“¬À—««—¥ ”À√—∫
°≈âÕß®ÿ≈∑√√»πåÕ‘‡≈Á°μ√Õπ

À—««—¥∑’Ë √â“ß¢÷Èπ¡’¢π“¥‡ âπºà“π»Ÿπ¬å°≈“ß 100 π“‚π‡¡μ√ ®÷ß∑”„Àâ “¡“√∂∂à“¬¿“ææ◊Èπº‘«¢Õß
™‘Èπ “√μ—«Õ¬à“ß‰¥â¥â«¬§«“¡≈–‡Õ’¬¥ Ÿß πÕ°®“°π’È≈—°…≥– ¡∫—μ‘¢Õß∑√“π´‘ ‡μÕ√åÕ‘‡≈Á°μ√Õπ‡¥’Ë¬«∑’ËμÕ∫
 πÕßμàÕ π“¡‰øøÑ“®“°¿“¬πÕ° ∑”„Àâ “¡“√∂«—¥ π“¡‰øøÑ“®“°ª√–®ÿ∑’Ëº‘«·≈–„μâº‘«¢Õß™‘Èπ “√μ—«Õ¬à“ß‰¥â
„π¢≥–„™âß“π ¢—È«‡¥√π·≈–¢—È«´Õ√å ®–‡™◊ËÕ¡‚¬ß‡¢â“°—∫·À≈àß®à“¬·√ß¥—π‰øøÑ“®“°¿“¬πÕ° æ√âÕ¡∑—Èß®à“¬·√ß-
¥—π‰øøÑ“„Àâ°—∫™‘Èπ “√μ—«Õ¬à“ß¥—ß√Ÿª∑’Ë 11 (¢) ‡æ◊ËÕ„ÀâÀ—««—¥∑’Ë √â“ß¢÷Èπ®–Õ¬Ÿà„π ¿“«–æ√âÕ¡„™âß“π ‡π◊ËÕß®“°
À—««—¥Õ¬Ÿà„°≈â°—∫æ◊Èπº‘«¢Õß™‘Èπ “√μ—«Õ¬à“ß °≈âÕß®ÿ≈∑√√»πåÕ‘‡≈Á°μ√Õπ∑’Ë„™âÀ—««—¥≈—°…≥–π’È®÷ß “¡“√∂
∂à“¬¿“æ°“√°√–®“¬μ—«¢Õßª√–®ÿ¢Õß “√‡®◊Õ∫πº‘«¢Õß “√°÷Ëßμ—«π”‰¥â¥—ß√Ÿª∑’Ë 11 (§) ®ÿ¥ «à“ß„π√Ÿª§◊Õ
μ”·Àπàß¢Õßª√–®ÿ∫«° „π¢≥–∑’Ë®ÿ¥¡◊¥§◊Õ μ”·Àπàß¢Õßª√–®ÿ≈∫

2. ‡°μμ√√°–Õ‘‡≈Á°μ√Õπ‡¥’Ë¬«
‡°μμ√√°–Õ‘‡≈Á°μ√Õπ‡¥’Ë¬«‡ªìπ‡°μμ√√°–·∫∫À≈“¬√–¥—∫ (Multi-value logic gates) [6]

´÷Ëß‡ªìπÕÿª°√≥å∑’Ë “¡“√∂‡æ‘Ë¡§«“¡‡√Á«„π°“√∑”ß“π¢ÕßÕÿª°√≥å¥‘®‘μÕ≈ (Digital) „πªí®®ÿ∫—π ‡π◊ËÕß®“° 1 ∫‘μ
¢âÕ¡Ÿ≈¢Õß‡°μμ√√°–·∫∫À≈“¬√–¥—∫®–‡∑à“°—∫¢âÕ¡Ÿ≈·∫∫‰∫π“√’ (Binary) À≈“¬∫‘μ [12] °“√„™â‡°μ™π‘¥
π’È®÷ß∑”„Àâ “¡“√∂ª√–¡«≈º≈¢âÕ¡Ÿ≈·∫∫‰∫π“√’‰¥âÀ≈“¬∫‘μæ√âÕ¡°—π §«“¡‡√Á«„π°“√∑”ß“π®÷ß‡æ‘Ë¡¢÷Èπ ∑”„Àâ
 “¡“√∂®—¥°“√¢âÕ¡Ÿ≈ª√‘¡“≥¡“°¥â«¬§«“¡‡√Á«ª√–¡«≈º≈ Ÿß π—∫‡ªìπ·π«∑“ß°“√·°âªí≠À“§«“¡‡√Á«„π°“√
μÕ∫ πÕß¢Õß‡°μμ√√°–·∫∫‰∫π“√’∑’Ë∂Ÿ° √â“ß®“°¡Õ ‡øμ (MOSFET) ÷́Ëß·π«∑“ß°“√æ—≤π“∑’Ëºà“π¡“
∑”‰¥â‚¥¬≈¥¢π“¥∑“ß°“¬¿“æ¢Õß¡Õ ‡øμ‡æ◊ËÕ‡æ‘Ë¡§«“¡‡√Á«„π°“√μÕ∫ πÕßμàÕ —≠≠“≥¢Õß‡°μμ√√°–
·∫∫‰∫π“√’ ·μà«‘∏’°“√‡æ‘Ë¡§«“¡‡√Á«¥—ß°≈à“«π’È‰¥â∂÷ß¢’¥®”°—¥ ‡π◊ËÕß®“°°“√≈¥¢π“¥¢Õß¡Õ ‡øμ„Àâ‡≈Á°≈ß
°«à“¢π“¥„πªí®®ÿ∫—π®–∑”„ÀâÕÿª°√≥å· ¥ßæƒμ‘°√√¡∑“ß«ß®√·μ°μà“ß®“°¡Õ ‡øμª°μ‘ Õ—π‡ªìπº≈®“°
ª√“°Ø°“√≥å∑“ß§«Õπμ—¡

∑√“π´‘ ‡μÕ√åÕ‘‡≈Á°μ√Õπ‡¥’Ë¬«¡’≈—°…≥–§«“¡ —¡æ—π∏å√–À«à“ß·√ß¥—π‰øøÑ“∑’Ë¢—È«‡°μ·≈–°√–· 
‡¥√π·∫∫§“∫¥—ß√Ÿª∑’Ë 12 ≈—°…≥– ¡∫—μ‘°“√ àßºà“π (Transfer characteristics) ∑’Ë‡ªìπ§“∫π’È ∑”„Àâ‡°‘¥®ÿ¥
·∫àß∑’Ë¡’‡ ∂’¬√¿“æ (Stability points) [7] À≈“¬®ÿ¥ ®÷ß “¡“√∂·∫àß°√“ø≈—°…≥– ¡∫—μ‘¢Õß∑√“π ‘́ ‡μÕ√å
Õ‘‡≈Á°μ√Õπ‡¥’Ë¬«ÕÕ°‰¥âÀ≈“¬™à«ß ´÷Ëß„π·μà≈–™à«ß®–∂Ÿ°°”Àπ¥„Àâ‡ªìπ√–¥—∫μ√√°–∑’Ë·μ°μà“ß°—π Õÿª°√≥å∑’Ë
 √â“ß¢÷Èπ®÷ß¡’√–¥—∫μ√√°–μ—Èß·μà 2 √–¥—∫ ∂÷ß Õπ—πμå ®”π«π√–¥—∫μ√√°–®–¢÷Èπ°—∫™à«ß¢Õß·√ß¥—π‰øøÑ“¢“‡¢â“
∑’Ë®à“¬„Àâ¢—È«‡°μ¢Õß∑√“π ‘́ ‡μÕ√åÕ‘‡≈Á°μ√Õπ‡¥’Ë¬«



SWU Sci. J. Vol. 30 No. 2 (2014)240

√Ÿª∑’Ë 12 °√“ø≈—°…≥– ¡∫—μ‘°“√ àßºà“π¢Õß§«“¡ —¡æ—π∏å√–À«à“ß·√ß¥—π‰øøÑ“∑’Ë¢—È«‡°μ·≈–
°√–· ‡¥√π∑’Ë‡°‘¥¢÷Èπ„π‡°μμ√√°–Õ‘‡≈Á°μ√Õπ‡¥’Ë¬«·∫∫∑—Ë«‰ª [6]

≈—°…≥–√“¬§“∫„π°√“ø≈—°…≥– ¡∫—μ‘¢Õß∑√“π´‘ ‡μÕ√åÕ‘‡≈Á°μ√Õπ‡¥’Ë¬«‡°‘¥®“°°“√∑–≈ÿºà“π
¢ÕßÕ‘‡≈Á°μ√Õπ‡¥’Ë¬«®“°¢—È«´Õ√å ‰ª‡°“–·≈–®“°‡°“–‰ª¢—È«‡¥√π ·√ß¥—π‰øøÑ“¢“ÕÕ°∑’Ë¢—È«‡¥√π¢Õß
∑√“π ‘́ ‡μÕ√åÕ‘‡≈Á°μ√Õπ‡¥’Ë¬«∂Ÿ°®”°—¥„Àâ¡’¢π“¥‡≈Á°‡æ◊ËÕ„Àâ‡°‘¥ª√“°Ø°“√≥å°“√¢—¥¢«“ß·∫∫§Ÿ≈Õ¡∫å ´÷Ëß
®– àßº≈„Àâ°√–· ‡¥√π¡’≈—°…≥–‡ªìπ§“∫ Õ¬à“ß‰√°Áμ“¡ ·√ß¥—π¢“ÕÕ°¢π“¥‡≈Á°∑’Ë¢—È«‡¥√π‰¡à‡À¡“–°—∫°“√
„™âß“π®√‘ß ∑”„ÀâμâÕßμàÕ¡Õ ‡øμ·∫∫§“ ‚§¥ (Cascode) ‡æ◊ËÕ‡æ‘Ë¡§«“¡μâ“π∑“π¢“ÕÕ°·≈–·√ß¥—π‰øøÑ“
¢“ÕÕ°„Àâ¡’§à“ Ÿß„π√–¥—∫∑’Ë “¡“√∂„™âß“π√à«¡°—∫Õÿª°√≥åÕ‘‡≈Á°∑√Õπ‘° åμà“ßÊ ‰¥â ≈—°…≥–°“√μàÕ¡Õ ‡øμ
°—∫¢—È«‡¥√π¢Õß∑√“π´‘ ‡μÕ√åÕ‘‡≈Á°μ√Õπ‡¥’Ë¬«· ¥ß¥—ß√Ÿª∑’Ë 13 (°) ´÷Ëß‡ªìπÀπà«¬«ß®√æ◊Èπ∞“π ”À√—∫°“√
 √â“ß‡°μμ√√°–Õ‘‡≈Á°μ√Õπ‡¥’Ë¬«·∫∫μà“ßÊ

√Ÿª∑’Ë 13 °“√ª√–¬ÿ°μå„™â∑√“π´‘ ‡μÕ√åÕ‘‡≈Á°μ√Õπ‡¥’Ë¬«‡ªìπ‡°μμ√√°–Õ‘‡≈Á°μ√Õπ‡¥’Ë¬« (°) «ß ¡¡Ÿ≈¢Õß
‡°μμ√√°–Õ‘‡≈Á°μ√Õπ‡¥’Ë¬«·∫∫∑—Ë«‰ª (¢) «ß®√ ¡¡Ÿ≈¢Õß‡°μμ√√°–Õ‘‡≈Á°μ√Õπ‡¥’Ë¬«™π‘¥·Õπ¥å
(§) «ß®√ ¡¡Ÿ≈‡™‘ßμ√√°–¢Õß‡°μμ√√°–Õ‘‡≈Á°μ√Õπ‡¥’Ë¬«™π‘¥·Õπ¥å [6]
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μ—«Õ¬à“ß‡°μμ√√°–Õ‘‡≈Á°μ√Õπ‡¥’Ë¬«™π‘¥·Õπ¥å (AND single-electron logic gates) · ¥ß¥—ß
√Ÿª∑’Ë 13 (¢) ‡°μμ√√°–¥—ß°≈à“« √â“ß®“°∑√“π´‘ ‡μÕ√åÕ‘‡≈Á°μ√Õπ‡¥’Ë¬« 2 μ—« μàÕ¢π“π°—π‡æ◊ËÕ √â“ß¢—È«¢“
‡¢â“ 2 ¢—È«  ”À√—∫„™â¥”‡π‘π°“√∑“ßμ√√°–·∫∫·Õπ¥å ´÷Ëß·ºπ¿“æ«ß®√ ¡¡Ÿ≈‡™‘ßμ√√°–· ¥ß¥—ß√Ÿª∑’Ë 13 (§)
‡°μ™π‘¥π’È®–™à«¬≈¥§«“¡´—∫´âÕπ¢Õß«ß®√μ√√°– ‡π◊ËÕß®“°°“√∑”ß“π 1 ∫‘μ ¢Õß‡°μ™π‘¥π’È®–‡ ¡◊Õπ
‡ªìπ°“√∑”ß“π¢Õß‡°μ·∫∫‰∫π“√’À≈“¬∫‘μæ√âÕ¡°—π ®÷ß∑”„Àâ®”π«πÕÿª°√≥å∑’Ë®”‡ªìπ„π°“√ √â“ß«ß®√≈¥≈ß

‡°μμ√√°–Õ‘‡≈Á°μ√Õπ‡¥’Ë¬« “¡“√∂≈¥°”≈—ßß“π‰øøÑ“·≈–§«“¡´—∫´âÕπ¢Õß«ß®√ „π¢≥–∑’Ë
§«“¡‡√Á«„π°“√∑”ß“π¢Õß«ß®√‡æ‘Ë¡¢÷ÈπÕ¬à“ß¡“° ·μàÕ¬à“ß‰√°Áμ“¡ °“√ √â“ß„Àâ∑√“π´‘ ‡μÕ√åÕ‘‡≈Á°μ√Õπ
‡¥’Ë¬«∑”ß“π∑’ËÕÿ≥À¿Ÿ¡‘ÀâÕß (Room temperature) ¬—ßæ∫Õÿª √√§∑’ËμâÕß‰¥â√—∫°“√»÷°…“ ª√–°Õ∫°—∫ªí≠À“
°“√ √â“ß∑√“π´‘ ‡μÕ√åÕ‘‡≈Á°μ√Õπ‡¥’Ë¬«´È”„Àâ¡’≈—°…≥– ¡∫—μ‘‡À¡◊Õπ°—π¬—ß§ß‡ªìπ§«“¡∑â“∑“¬¢Õß°“√
æ—≤π“‡∑§‚π‚≈¬’π“‚π≈‘‚∑°√“øï ¥—ßπ—Èπ °“√»÷°…“«‘®—¬∑“ß¥â“π‡°μμ√√°–Õ‘‡≈Á°μ√Õπ‡¥’Ë¬«„πªí®®ÿ∫—π®÷ß¬—ß
‡ªìπ°“√æ—≤π“‡™‘ßÀ≈—°°“√·≈–·π«§‘¥‚¥¬„™â«ß®√ ¡¡Ÿ≈¢Õß∑√“π ‘́ ‡μÕ√åÕ‘‡≈Á°μ√Õπ‡¥’Ë¬«„π°“√ÕÕ°·∫∫
·≈–®”≈Õßº≈μÕ∫ πÕß·≈– —≠≠“≥¢“ÕÕ°¢Õß«ß®√‡∑à“π—Èπ

 √ÿª
Õÿª°√≥åÕ‘‡≈Á°μ√Õπ‡¥’Ë¬«‡ªìπÕÿª°√≥å∑’ËÕ“»—¬ª√“°Ø°“√≥å§«“¡‰¡àμàÕ‡π◊ËÕß¢Õßª√–®ÿÕ‘‡≈Á°μ√Õπ

´÷Ëß≈—°…≥–¥—ß°≈à“«®– “¡“√∂æ∫„πª√“°Ø°“√≥å°“√∑–≈ÿºà“π°”·æß»—°¬å¢ÕßÕ‘‡≈Á°μ√Õπ ¥—ßπ—Èπ „π°“√
ª√–¬ÿ°μå„™âß“πª√“°Ø°“√≥å≈—°…≥–π’È®”‡ªìπμâÕß„ÀâÕ‘‡≈Á°μ√Õπ‡§≈◊ËÕπ∑’Ëºà“π√Õ¬μàÕ°“√∑–≈ÿºà“π¿“¬„μâ°“√
§«∫§ÿ¡®“°¿“¬πÕ° °≈àÕßÕ‘‡≈Á°μ√Õπ‡¥’Ë¬«®÷ß‡ªìπ‚§√ß √â“ßæ◊Èπ∞“π∑’Ë “¡“√∂· ¥ßæƒμ‘°√√¡¢ÕßÕ‘‡≈Á°μ√Õπ
‡¥’Ë¬«‰¥â ‚¥¬¡’‡°“–¢π“¥‡≈Á°∑’Ë∂Ÿ°μ—¥¢“¥®“° ‘Ëß·«¥≈âÕ¡ ·μà‡™◊ËÕ¡μàÕ°—∫¿“¬πÕ°¥â«¬√Õ¬μàÕ°“√∑–≈ÿºà“π
·≈–√Õ¬μàÕμ—«‡°Á∫ª√–®ÿ ‚§√ß √â“ß≈—°…≥–π’È®–∑”„Àâ‡°‘¥√–¥—∫æ≈—ßß“π¢ÕßÕ‘‡≈Á°μ√Õπ∑’Ë‰¡àμàÕ‡π◊ËÕß¿“¬„π‡°“–
 àßº≈„Àâ‡°‘¥ª√“°Ø°“√≥å°“√¢—¥¢«“ß·∫∫§Ÿ≈Õ¡∫å ¿“¬„μâ‡ß◊ËÕπ‰¢∑’Ë‡À¡“– ¡ Õ‘‡≈Á°μ√Õπ®–∂Ÿ°§«∫§ÿ¡„Àâ
‡§≈◊ËÕπ∑’Ë‡¢â“ / ÕÕ°∑’≈– 1 μ—« Õ¬à“ß‰√°Áμ“¡ °≈àÕßÕ‘‡≈Á°μ√Õπ‡¥’Ë¬«‰¡à “¡“√∂π”‰ª„™âß“π‰¥â®√‘ß ‡æ√“–
Õ‘‡≈Á°μ√Õπ®–∂Ÿ°°—°Õ¬Ÿà¿“¬„π‡°“–¢Õß°≈àÕßÕ‘‡≈Á°μ√Õπ‡¥’Ë¬« ‡æ◊ËÕ„Àâ “¡“√∂„™âß“πÕ‘‡≈Á°μ√Õπ∑’Ë∂Ÿ°
°—°Õ¬Ÿà¿“¬„π‡°“– ®÷ßμâÕß‡æ‘Ë¡√Õ¬μàÕ°“√∑–≈ÿºà“π ”À√—∫‡ªìπ∑“ßÕÕ°¢ÕßÕ‘‡≈Á°μ√Õπ ‚§√ß √â“ß∑’Ë‰¥â
‡√’¬°«à“ ∑√“π´‘ ‡μÕ√åÕ‘‡≈Á°μ√Õπ‡¥’Ë¬« ´÷Ëßª√–°Õ∫¥â«¬√Õ¬μàÕ°“√∑–≈ÿºà“π 2 √Õ¬μàÕ ·≈–√Õ¬μàÕμ—«‡°Á∫
ª√–®ÿ 1 √Õ¬μàÕ

°“√§«∫§ÿ¡°“√‰À≈¢ÕßÕ‘‡≈Á°μ√Õπ¿“¬„π∑√“π ‘́ ‡μÕ√åÕ‘‡≈Á°μ√Õπ‡¥’Ë¬«∑”‰¥â‚¥¬°“√®à“¬·√ß
¥—π‰øøÑ“®“°¿“¬πÕ°ºà“π¢—È«‡°μ ‡æ◊ËÕ§«∫§ÿ¡√–¥—∫æ≈—ßß“π«à“ß¿“¬„π‡°“– °“√‡æ‘Ë¡À√◊Õ≈¥√–¥—∫æ≈—ßß“π
¥—ß°≈à“«Õ¬à“ßπâÕ¬‡∑à“°—∫æ≈—ßß“π°“√‡æ‘Ë¡ª√–®ÿ ®–‡ªìπ°“√§«∫§ÿ¡„ÀâÕ‘‡≈Á°μ√Õπ “¡“√∂‡§≈◊ËÕπ∑’Ëºà“π√Õ¬
μàÕ°“√∑–≈ÿºà“π¢Õß∑√“π´‘ ‡μÕ√åÕ‘‡≈Á°μ√Õπ‡¥’Ë¬« °“√‡ª≈’Ë¬π·ª≈ß√–¥—∫æ≈—ßß“πÕ‘‡≈Á°μ√Õπ¿“¬„π‡°“–
‡æ’¬ß‡≈Á°πâÕ¬®– àßº≈μàÕ°√–· ∑’Ë‡°‘¥®“°°“√∑–≈ÿºà“π¢ÕßÕ‘‡≈Á°μ√Õπ‡¥’Ë¬«Õ¬à“ß¡’π—¬ ”§—≠ ¥—ßπ—Èπ
∑√“π ‘́ ‡μÕ√åÕ‘‡≈Á°μ√Õπ‡¥’Ë¬«®÷ß∂Ÿ°ª√–¬ÿ°μå„™â‡ªìπ¡‘‡μÕ√å«—¥ π“¡‰øøÑ“∑’Ë¡’§«“¡‰« ŸßÀ√◊Õ´Ÿª‡ªÕ√å‡´Áπ´‘∑’ø
Õ‘‡≈Á°∑√Õ¡‘‡μÕ√å πÕ°®“°π’È ≈—°…≥– ¡∫—μ‘·√ß¥—π°√–·  (Vg-Id) ∑’Ë‡ªìπ√“¬§“∫∑”„Àâ°“√∑”ß“π¢Õß
∑√“π ‘́ ‡μÕ√åÕ‘‡≈Á°μ√Õπ‡¥’Ë¬«¡’¬à“π‡ ∂’¬√À≈“¬™à«ß ¥—ßπ—Èπ Õÿª°√≥å™π‘¥π’È®÷ß‡À¡“–°—∫°“√ª√–¬ÿ°μå„™â
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