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1. ≠–

ˆÎÁ∏°≠æ≠¬–˙˚¨∏–fl”∏ΔœÛ, Í˜ˆÂ˙

«– –fl Ó°≠ ŸÁœ‘ ÃÎ«Ì ÷Ÿ. Ø˜ pH æ≠¬ ˆ˙

¯§, Œº˜◊¯§, º˜ËÁ, ≠’∞¶∂Ó°≈Ïfl‰œ‘

ÁÎ«Ì÷Ÿ. ◊°˚Û§–˚¯§[1], Ã¬¿‰∫¸Ëø˙

Æ£ˆ∫Õ(Ion-Selective Field Effect Transistor; ISFET) Êƒ

[2]Ã™Ì–⁄[3, 4], ́ ‚∞[5] Ó«¯§∞˙ªÁÎœ¬Ó«Ÿ

Á— æ˘« pHæ≠ÈÃ ¶¤«Ì ÷Ÿ. ◊Ø™ ÃØ— Ê˝ª

ÃÎœ¬pHæ≠¬¶¤°Ù∫¯§π‚μ°Œ°«Ì, fl°˚Œ

∏Œ™Œ°Â°ÓÃ ‰œ©¸¶˚ŒŒ«�“°Ó¡Úª°

¯Ÿ. ˚Û≠, œ›°§Ã™¿fi«·ˆÂ°≠£ÌœÌ¸£‘

ˆÂ ÀÁ(Point-of-Care Testing; POCT)¶ ¯‡œ‚ ßÿ≠¬

“¸≠ÕÁÎÎÃ∫ªÆ·æ≠«≥flÃ›Â√ ‰œŸ. ◊°

˚Û ™Î ‚˙Èª ¢Ò— ŸÁ— pH æ≠° ¨∏ «Ì ÷∏Á,

Ø˜¯§�ˆ∞˙Œ™Î·§[6]Ã™∫“™Î∞ [̇7]ÓªÃÎ

œ©∫…‚Ûª√μœÌ÷Ÿ. ◊Ø™ÃØ—Ê˝Èμ™Î∞

˙¶∂⁄º°Ó¡ÚÃ÷Ÿ¬Õ˙—§»¯§¸ßÕ∑∫ÿ

Ûμ¶°¯Ÿ¬—Ë°÷Ÿ.

ª¨∏°≠¬’°≠¶√—‚∏« pH æ≠ÈÃ°ˆ¬Æ¶

°Èªÿ·œÌ, «¶ˆÂÀÁ°˚Î°…∫Ã÷¬æ≠¶≥

flœ¥Ÿ. œ›˚Œ  “¸‚¸¯– (MEMS) ¯§Èª ∞Îœ©

ŒÁ¸ ¸ÿ(suspended type electrodes)ª ¶¤œÌ, ◊ ÁÃ°

∫“™Î©Í(Carbon Nanotube; CNT)¶ ™Î√Æ ¸¬Œ ¸∫

√—, »§∫˙ÿÛμ°Ù∫ pH æ≠¶ ¶¤œ¥Ÿ. «—, ∏§

˝ªÃÎœ©¶¤»æ≠È£«›¿˜Ã¶ŸÃÌ, «¶ÁÎ

°…∫ªÆŒœ¥Ÿ.
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Fabrication and Calibration of pH Sensor Using Suspended CNT Nanosheet

Hyobong Ryu1, WooSeok Choi1, Taechang An2, Joonseong Heo1, and Geunbae Lim1,3,+

Abstract

In this research, the pH sensor was developed using CNT nanosheet with Nafion coating for the advanced medical sensor such as a
blood gas analyzer. The CNT nanosheet was formed by dielectrophoresis and water-meniscus between cantilever-type electrodes. Then,
the process of the heat annealing and the Nafion coating was conducted for reducing contact resistance and giving proton selectivity
respectively. We measured the response of the pH sensor as the electrolyte-gated CNT-nanosheet field effect transistor. The sensor
showed a linear current ratio in a similar range of the normal blood pH. A calibration method for decreasing of the response variation
among sensors has also been introduced. Coefficient of variance of the pH sensor was decreased by applying the calibration method. A
linear relation between the calibrated response of the sensors and pH variance was also obtained. Finally, the pH sensor with a high
resolution was fabricated and we verify the feasibility of the sensor by applying the calibration method. 
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2.1 æ≠«¶¤

ª¨∏°≠ÁÎ—æ≠«¶¤Ê˝∫ Fig. 1«¯§μ°™∏

™ ÷Ÿ. ’˙ Si ‚«° SiN¶ ˙– ≠– ‚Û ı¯(Low-

Pressure Chemical Vapor Deposition; LPCVD) Ê˝ª ÃÎœ

© 1 ≠¶√∞Ÿ. ◊ß°Cr/Au¸ÿª 20/200 ̈ «ÙÃŒ¸∫

—Ÿ. ◊ƒ°›¿∫Ã¬ƒ¢(Reactive Ion Etching; RIE) Ê˝

ªÃÎÿ SiN¶–œƒ¢—ƒ°, RSE200Î◊ªÃÎÿ Siªƒ

¢œ©‹»∏(cantilever)¶∏ÁŸ.

≠Íª ÃÎœ© ›μº¸ CNT Î◊« •È ≥ÆÕ Î◊ ”

CNT£« –Íª ø√° ¯‡œ¥Ÿ[8]. ≤Í˙ ˙Í(H2SO4/

HNO3)ªŒ«Ò 3:1Œ•’—Î◊°›μº¸ CNT 1∑ª÷Ì,

6 √£ø» Ωƒ¯ø≥ÆflŸ. ◊Ãƒ°ªÃ¬ (̂Deionized

water; DI water)Œfl≠√∞Ì, ̄ …–Æ‚¶ÃÎœ©ß¸√≤

Ÿ. ß¸» CNT¶ Ÿ√ �ª ªÃ¬ˆŒ Î◊« pH° fl∫Ã …

ßÓˆ©Ø˜ fl≠√∞‚¶›π—Ÿ.

ÿÒ» CNT Î◊ª ‹»∏ ¸ÿ ÁÃ° √ÆÌ, ‘ˆfl˝‚

(function generator)¶ ÃÎœ© 1 MHz« ≥˘¶ 6-10 VŒ ¸

ÿ Á‹° …Ó ÿŸ. CNT° ¸ÿ ÁÃ° §ƒ«È, ≤∫ Î◊ª

¶≈œ© ∞« fiœ∫ø∫(water meniscus)¶ ¸∫√≤ Û¬Œ

ŒÁ¸¸ÿÁÃ° ≤∫ CNT¶≠≠˜–¯√∞‘»Ÿ[8, 9].

◊ƒ°¸≠‚¶ÃÎœ© 200…°≠ 10-15–« CNT ≠≥Æ˙

§ª ≈£Ÿ. PDMS (Polydimethylsiloxane)¶ ÃÎœ© ¶¤—

∂Ã©Œ §Œª ŸÃ∫ ß° ·’œÌ, ◊ §Œª Îœ©

Nafion Î◊ª÷‘√≤Ÿ. ◊∏‘‘∏Œ·§Œ©‚∏≠«’œ

—“Æ«Á∏÷‘«Ó CNT°⁄√…ˆ÷μœœ¥Ÿ.  ◊ƒ

° PDMS¶Ÿ√¶≈œÌ, Nafion ⁄√ªßœ©¸≠‚°≠ 95

…°≠ 5–£≠≥Æ¶¯‡—Ÿ. 

2.2 ̄ §ÂÒ

Ø¸¸‚μø˚ª fl˝√∞‚ ßœ©, ¸ÿ Á‹° ‘ˆfl˝‚

(Tektronix AFG3101)¶ÃÎœ¥Ÿ. «—, pH æ≠«¸‚˚Ø

∫∫›μº–Æ‚(HP 4156A) ÂÒ¶ÃÎœ©¯§œ¥Ÿ. ŒÁ

¸ ¸ÿ ÁÃ° ¸∫» CNTÕ ⁄√» Nafion∫ ¸⁄ˆÃÊ

(Hitachi SU6600)ª ÃÎœ© ◊ ¸Ûª ÆŒœ¥Ì, Energy

Dispersive Spectrometry (EDS) –Æª Îÿ Nafion ⁄√ ©Œ

¶ÆŒœ¥Ÿ.

3. ·˙◊Ì˚

3.1 æ≠«¸Û

Fig. 2(a)-(d) °≠ ∏©ˆÌÃ pHæ≠ ¶¤ ‹Ë« ¢ ˙§ª

¸⁄ˆÃÊªÎœ©¸˚œ¥Ÿ. Fig. 2(a)°≠ŒÁ¸¸ÿÁÃ

° CNT°’œœ‘¨·»ÕªÆŒ“ˆ÷Ÿ. Fig. 2(b)°≠¬

¸ÿÁÃ°¸‚ÂÊ‚∏Œ CNT°fl§ƒ«Ó÷¬Õªºˆ

÷Ÿ. ◊Ãƒ°¸ÿ˙CNT£«¢À˙◊ª∑flÌ, Î◊°˜‘

…ˆ÷¬Ø‚“¯∞Èª¶≈œ‚ßœ©≠≥Æ˙§ª≈°Ì

™È Fig. 2(e)°≠≥≥¸μμ(conductance)°©‘ı°œ¬Õ

ªÀˆ÷Ÿ. 
Fig. 1. Schematic process flow of making pH sensor with CNT

nanosheet coated with proton permeable membrane.

Fig. 2. SEM images of (a) the suspended CNT nanosheet, (b) the
magnified center of the CNT nanosheet, (c) after heat
annealing and (d) Nafion coating. (e) I-V graph of CNT
nanosheet and after heat annealing. (f) EDS analysis of
CNT coated with Nafion.
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◊ƒ° Fig. 2(d)°≠≥≥ Nafion ⁄√ª≈°‘«¬•, Fig.

2(f)°≠ Nafion° ˜‘«Ó ÷¬ ““(F) ∫–Ã À‚ ∏Œ·

Nafion ⁄√ÃflÃÁÓ≥Ÿ¬ÕªÆŒ“ˆ÷˙Ÿ. Ã¸¨

∏°Òœ©CNT ™Î√Æ¸∫ƒ°¯˜˚∏ŒNafionª⁄√‘

∏Œ· CNT-¸ÿ, CNT-CNT£«¸‚˚¢’ªÊÿœˆ Ì,

¯§ÎÛ Î◊”°≠pH ¯§° μ‚ª ÷¬Á∫⁄∏ª¯§œ

¬ÕÃ°…ÿ¯Ÿ. Ã˙§ªÎœ©≈£Î‚ΩÒÒ≤ªı°

√≥ˆ÷Ì, ̄ §�μ¶‚Û√≥ˆ÷˙Ÿ[10].

3.2 pH ̄ §

ª¨∏°≠¶¤— pH æ≠¶Ã¸«¨∏°≠≥flœ¥¯Ê

˝ª ‚ª∏Œ pH Ø≠° ˚• æ≠« ›¿ª ¯§œ¥Ÿ[10].

CNT°¨·»¸ÿÁ‹° 0.6 V«¸–ªœ§œ‘…Ó÷Ì, ‘

ÃÆ(gate)Î¸ÿªÃÎœ©‘ÃÆ¸–ª 0°≠ 1 VŒØ≠√

∞Á ÂπŒ-“∫(drain-source)̧ ˘¶ ¯§—Ÿ. ÂπŒ-“∫

¸˘™°≠‘ÃÆ¸–ÃVg = 0 V œß«‚Ô‚¶, ¢¢« pH

™°≠∏—Ÿ. ◊™∫Fig. 3«·˙≥≥§Û˜◊« pH ŒŸ¸

ß(‡ pH 7.4)°≠, pH°˚Û±¸˚∏Œ™ÃØ≠œ¥Ÿ. Ã¸

¨∏°Òœ©›μº¸CNT¶ÃÎœ¥Ì, ̧ ÿÁÃ°™Î√Æ

¸¬Œ CNT¶¨·œ©¯§•È˚ªı°√◊∏Á, fl°˚∏Œ

CNT≠≥Æ ˙§˙ ∂Ã©Œ §Œª Î— œ§— “Æ« Nafion

⁄√Ê˝ªμ‘‘∏Œ·, pH æ≠«ÿÛμ‚ÛªÃ¯Óª˙

Ÿ.

3.3 ∏§Ê˝μ‘

’°≠« pH¯§ªÎœ© pH Ø≠°˚Ûæ≠«±¸˚Œ›

¿·˙¶Úªˆ÷˙Ÿ. ◊Ø™©Ø¯§«¬¯§Û«ÃØŒ

¶¤»æ≠∂ŸŸ“Ì˜°fl˝“ˆ°÷‘»Ÿ.  ◊°˚Û

∏§ (̋calibration method)ª μ‘‘∏Œ·, ◊ ˜Ã¶ Ÿœ ˆ

÷‘∏œ“ˆ÷Ÿ. ª¨∏°≠¶¤— pH æ≠¬¸Ëø˙Æ

£ˆ∫ÕØ∫ª∏ÃÁ[8], ◊°˚ÛŸΩ˙∞Ã•ˆ»Ÿ[11].

©‚≠ Ids¬ÂπŒ-“∫¸˘ÃÌ, ÷¬¸‚“Æ, Ï¬ŸÃ

∫°≠« Ãøμ, Â¬ ¯¯« Ø¸≤, Âr∫ ˝¨˛« Ø¸≤, A¬

§Œ« È ,̊ d¬ ≥–√Õ« £›, Vds¬ ÂπŒ-“∫ ¸–, L∫

§Œ« ÊÃ, Vg¬ ‘ÃÆ ¸–, VT¬ ÆŒ ¸–(threshold

voltage) ™ÃŸ. ©‚≠ ¯§ Î◊ ”« Á∫⁄° CNT ™Î√Æ

°‘ÃÆ¸–∏Œμ‚ªÃ°¬ÕªƒVÛÌŒÌ, ƒ (1)ª§

ÆœÈŸ√ŸΩ˙∞∫ƒªÚªˆ÷Ÿ.

©‚≠ƒI¬ pH Î◊∏ŒŒ— Ids«Ø≠ÆÃŸ. ·π«Ë˚

∏Œ¿• ◊ª∏œÌ◊™ÈªÎ‘œÈƒ (2)«ƒV™ª∏

“ˆ÷Ÿ. 

Fig. 3. Response of the pH sensor.

Fig. 4. Response distribution of (a) using previous method and (b)
calibrated method at pH 7.2. Dotted line is the mean value
of each result.

(1)

(2)
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◊™Ã pH°«—æ≠«≈£Ø≠§μÛÌ˝¢œ©, ıŒÓ

∏§›¿™ª˝¢“ˆ÷Ÿ.

Ã∏‘μ‘—∏§™(calibrated response)̇ Ã¸¯§Ê˝ª

ÃÎœ©∏—©Øæ≠£«›¿™˜Ã–˜¶ Fig. 4°≠Ò

≥œ¥Ÿ. ¢¢« Ê˝∏Œ pH 7.2°≠« Øø Ëˆ ™

(Coefficient of Variance; CV)ª ∏œÈ, Ã¸ ¯§ Ê˝°≠¬

CV= ‡ 33% Ã˙∏™∏§˝ª˚ÎœÈ◊™Ã‡ 9%Œ�“—

·˙¶ Úª ˆ ÷˙Ÿ. Ã¶ Îœ© æ≠£« Ì˜¶ ∫¯˚∏Œ

Ÿœˆ÷¬ÕªÆŒœ¥Ÿ.

ÃØ— Ê˝∏Œ §Û ˜◊ pH« ŒŸ°≠, ¶¤— pH æ≠«

•ÿÓ±(standard curve)ª∏œ¥Ÿ. Fig. 5°≠™∏≠Õ≥≥

pHØ≠°˚Û±¸˚∏Œ◊™ÃØœ¬Õ∏Œ™∏μŸ.

4. ·–

ª ¨∏°≠¬ ŒÁ¸ ¸ÿ ÁÃ° CNT ™Î√Æ¶ ¸∫œÌ

Nafionª⁄√‘∏Œ·, ÿÛμÕ»§∫ÃÙ∫ pH æ≠¶≥fl

œ¥Ÿ. «Æ‹‚«ß°›”ı¯˙˙©ƒ¢Ê˝ªÃÎœ©

ŒÁ¸¸ÿª¶¤œÌ, Ø¸¸‚μø˙Î◊¶≈√˝‚¬fiœ

∫ø∫¶ÃÎœ©CNT ™Î√Æ¶∏ÁŸ. ¶¤»™Î√Æ°≠

≥Æ ˙§ª ≈ƒ “¯∞ª ¶≈œÌ CNTÕ ¸ÿ ÁÃ« ¨·ª

‚Û√◊Ÿ. ◊ÆÌæ≠«›¿±√∫‚Ûªßœ© Nafion ª

⁄√œ¬•÷Ó, PDMS∂Ã©Œ§Œª¶¤œÌ◊ÕªÃÎœ

©’œ—“Æ«ÁÃ⁄√°ÁÎ…ˆ÷μœœ¥Ÿ. Ã∏‘¶

¤»æ≠¬§Û˜◊« pH ̧ ßŒ pH 7.4 ŒŸ°≠±¸˚Œ›

¿ª∏¥∏Á, μ‘—∏§˝ªÎœ©æ≠£«Ì˜μÊ–˜�

“√≥ˆ÷˙Ÿ. ◊°˚Û¶¤Áˆ∫˙ÁÎ°…∫ªŒÆ

Œ—“¸≠» pH æ≠¶¶¤œ¥Ÿ. 

�Á«¤
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