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(Ü�$L|�A¬N+ÚÅ����n, ïÄ
Äu�/�»�$L����¬N+ (RCT) �pªÅ�&

Ò��Ö��{. |^Å��l{¼���$L, JÑ
�«Äu�¡Eâ�ì����{, ¿¢y
»�Ú»°

©O� 1 µm ��/�» RCT. ¢�(JL², 3¿§e RCT ���ªÇ��� 57.5—88.25 MHz. ïÄ(Jé\�

�$LB�Å>XÚÚpª$D(ì��A^kX��^.

'�c: �$L, ����¬N+, B�Å>XÚ

PACS: 07.10.Cm, 85.40.–e, 85.35.–p

1 Ú ó

2004 c, Geim � [1] 3{I�Æ,�Äg��

�$L (Graphene)(ü�f��$) äkþf Hall

�A, ¤�8cU%B�+ (CNT) �B�ì�+�
�9�á� [2−4]. du�$LB�?�Ônº�!
`D�>5UÚÅ�5U, ¦Ù�~·^uB�Å
>XÚ (NEMS), �2�A^up(¯Ý�þ!A
åÚ)ÔDaì, ±9Ã�Ï&XÚ¥�p Q ì
�.2007 c, xG��Æ Bunch � [4] ��
Ä��
$LÅ���ì, ¿æ^1Æ�{Ö���Ù�
�ªÇ3 MHz ªã. ,du NEMS ì��Å�
&Ò�>&Ò��Uìº�?�Ú �, �Å�
&ÒÖ��5
]Ô. 8cÌ��Ö��{k1Æ
{ [4]!Å�{ [5]!^å�^{ [6]!ü>f¬N+
{ [7] Úþf:�>{ [8] �. ,ù
�{duI
�AÏ��½öE,�ì�(�, Ø·Ü¢S>´
A^.2004 c, xG��Æ Sazonova � [9] |^ CNT

�ª�A5Ú·ªEâ¢y
�>ÆÖ��{, �

�{z
 NEMS Å�&Ò�Ö�. 2009 c, xÔ'
æ�Æ Chen � [10] æ^��»(�Å���ìÚ
·ªEâ¢y
�>ÆÖ��$LÅ���ì, ¿
ïÄ
�$LÅ���ì3�þDaìþ�A^,

Ð«
�$LÅ���ì3Daì+��A^d
å.

{ü!¯��>ÆÖ�XÚ´�$L NEMS

A^�¢S>´XÚ�Ä:, |^·ª�{Ø=
Ö��Ý�ú, �duJ±¼�O(�ÌÝÚ
� &EÃ{A^u¢Spªì�Ú>´ (X
ÈÅì!��ì�).2010 c Xu � [11] æ^��
�lEâ{¼���/�»�$L����¬N
+ (RCT), 3$§e¢y
�>ÆÖ��$L��
ìpªÅ�&Ò. ,du|^���lEâ¼�
ì��¤¬Ç�$, ¿�ì�¥��$LÏ~�ü
�±þ, ¦�ì�ª��$, ±��U3pÝý�
Ú$§eâUÿ�Å���&Ò. �©æ^Å��
lEâ¼��ü��$L, ÏL=£EâÚ�¡{
��
ü��$L�/�» RCT, 3¿§e¢y
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�>ÆpªÅ�&ÒÖ�.

2 � n

2.1 ÅÅÅ>>>���AAA©©©ÛÛÛ

�/�» RCT �î�¡Xã 1(a) ¤«, Ù»
4 u�$L��e�, !¦>4���$L
�| . �$LÚ| >4�m�� van der Waals

åáN. ì�-yæ^»4�ª (RF) &Ò V RF
g =

vincos(ωt)(ω=2πf �Ñ\ RF &Ò��ªÇ) é�
$Lù¤�)�±Ï5·>å¢y. 3�½»4�
6 (DC)  � (Vgs0) e (Xã 1(b) ¤«), �$L¤
É�·>å�±L«�

Fel = 1/2
∂Cg

∂z
(Vgs0 + vincos(ωt))2

∼=
ε0A

2z2
0

V 2
gs0 +

ε0A

z2
0

Vgs0vincos(ωt)

= Fs + Fdcos(ωt), (1)

Ù¥ z = z0–∆z �»4��$L (��) �m�å
l, z0 ��$Lù²ï��»4����mål,

∆z ��$Lù�LÝ, Cg �»4���/¤�>
N, ε0 �gd�m0>~ê, A �»4�����
¡ÝK¡È, Fs Ú Fdcos(ωt) ©OL«·�Ú�C
·>å©þ. ·�·>å^uN!�$Lù�·�
Üå, �C·>åK���C°Ä&Ò, l¦�
�$Lù3ØÓ�Üåe�±Ï5�Ä.

ã 1 (a) �$L RCT î�¡«¿ã; (b) ì�ó��nµã

{��Äe, �$Lù�LÝ�±{üL«�

∆z =
Fd/K

1 − ω2/ω2
r + jω/(Qωr)

, (2)

Ù¥ K ����5Xê, ωr = 2πfr �Å����
ªÇ, Q �Å���ì�¬�Ï�. 3�½Üå (T )

e�$L�|ù��ÄªÇ� [4]

fr =

√√√√(
a

(
E

ρ

)1/2
d

L2

)2

+
0.57a2T

ρL2wd
, (3)

Ù¥ E �¼�þ, ρ, d, w Ú L ©O��$L�
�þ�Ý!þÝ!°ÝÚ�Ý, �|~ê a = 1.03.

�Ä�

fr =
1
2π

√
K

meff
, (4)

�¦����5Xê� [12]

K = 0.735Lwdρω2
r . (5)

2.2 RCT ������ììì���nnn

ã 2 ��$L RCT ��ìó��n«¿ã.

� RCT  �>Ø� (Vgs0, Vds0) �, 3»4�ªÑ\
�u>Ø (V RF

in ) �-ye, RCT ¦>6 (Ids) �
ÌÝ�¥y�uCz, UC�Ì� (δIds) � V RF

in �
Ì�k'. 3K1 RL �½��¹e, ÑÑ RF >Ø
� Vout = δIdsRL. � V RF

in �ªÇ��$L�|ù
��ªÇ�C�, �$Lùm©��, d� Ids �U
CÌÝd�5� δIds C� δIdsMR(δIdsMR > δIds),

ÏdÑÑ>Ø�AC� VoutMR = δIdsMRRL. ��,

duÅ����K�, �$L RCT �ÑÑ&Ò�
��, Ïd�©¡T�{���ì�n.

ã 2 �$L RCT ��ìó��n«¿ã

�»4Ñ\>Ø Vg = Vgs0+V RF
g �, -»4

�¦>4�moÍÜ>N C = Cgs+Cgd+Cg(Cgs

Ú Cgd ©O�»Ú»¦�m�M)>N), K¦
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àoÑÑ RF >6 I = Igc+Ids, Ù¥ Igc L«»4Í
Ü>N C �)� RF >6, Ids L«du�$L¬
N+�A�)� RF >6. Ù¥ Igc �±L«�

Igc = dQ/dt

∼= CdV RF
g /dt + V DC

g dCg/dt. (6)

- C ′
g=dCg/dz, K

Igc = C
(
dV RF

g /dt
)

+ Vg (dCg/dz) · (dz/dt)

= C
(
dV RF

g /dt
)

+ VgC
′
g (dz/dt) , (7)

(7) ª�1���»4>NÍÜ RF >6, 1��
��$Lù±Ï5�ÄL§¦�>N�u)±Ï
5Cz�)� RF >6, T��DÚ�Å>X
Ú (MEMS) Ö��{¤J��&Ò. ,3 NEMS

XÚ¥du�UìÔnº�?�Ú~�, ¦�ÑÑ
Å�&ÒÌÝ��A~�, ±��J|^>NÍÜ
Eâ��Ö�Å�&Ò [11]. Ïd�©�'%du
�$L¬N+�A�)� RF >6 Ids, �±L«�

IRF
ds = vgsgmexp(jωτ) + vgsVg

∆z

z0
gmexp(jωτ), (8)

Ù¥ gm � RCT �ª�, r (2) Ú (5) ª�\ (8) ª
��

IRF
ds = vgsgmexp(jωτ)

[
1 +

V 2
g ε0A

0.735Lwdρ(2πfr)2z3
0

× 1(
1 −

(
f

fr

)2

+ j 1
Q

f

fr

)
 . (9)

éu�½�K1 ZL, 3¬N+�)�>6��u
�µD(>6e, Å���&ÒOÃ�±½Â�

G = 20log

∣∣∣∣∣ V 2
g ε0A

0.735Lwdρ(2πfr)2z3
0

× 1

(1 − (
f

fr
)2 + j 1

Q

f

fr
)

∣∣∣∣∣∣∣∣ , (10)

� f=fr �, ì�äk�pOÃ

Gmax = 20log

∣∣∣∣∣ V 2
g ε0AQ

0.735Lwdρ(2πfr)2z3
0

∣∣∣∣∣ . (11)

d (11) ª��, éu�½º�Ú(�� RCT, Å�
��&Ò�pOÃ�Å���ªÇ¤�', � Q �

Ú» Ø¤�'.

3 ì���

æ^���lEâ¼��ì�, �,�¼�
Ã z Æ � ¬ À / � � $ L RCT, � Ù ¤ ¬ Ç �
$ [11,13]. �¢y1þ��, �©ïÄ
Äu�¡
{���/�» RCT ��{. 3��»(� RCT

���L§¥, �$L�±��3 Si/SiO2 �.þ
Å��l¼�, ,�ÏL��¦>4Ú�¡�$
Le� SiO2 ¼�ì�. �/�»(�ì�KI
r�$L]�3»4��þ�, ÏdI�r»4î
3 SiO2 p¡, ¿éÅ��l¼���$L?1=
£. d	, duÅ��l¼���$L/GÏ~Ø
5K, ¦�Å�����3õ�y�, Ø|uì�
A5©Û, Ïd�©é�$L?1
�/.

�¡{���/�» RCT �Ì�Ú½k: 1)

»>4��; 2) �$L��9Ù=£; 3) �$L�
/; 4) !¦>4��Ú�$L�]�. äNÚ½
Xã 3 ¤«. »>4��æ^IO�1�Eâ, =
3 SiO2(100 nm)/Si �.þk^æ��1�� (PR),

,�rì��3<k¤I»>4	/�ù�e
Í1, wK�æ^9�u�þ� (Cr) 1 nm/7 (Au)

20 nm, ©l (lift-off) �=�¤I»>4. 3»>4
���¤�, ÏL9)� 200 nm SiO2 r»>4î
3 SiO2 ¥m, ¼��� RCT ��/�»�.. �
X, ÏL=£Eâr�$Ll SiO2/Si �.=£�
�/�»�., ¿�u�/�»�þ�. ��, ÏL
�$L�/!��¦>4Ú SiO2 �¡J (BOE)

�¡���$L RCT.

duÅ��l{����$L¡È��, Ïd
XÛ°(=£��/�»�þ�´�� RCT �
�Ú½. �$L=£Eâ�Ì�6§� (Xã 4 ¤
«):

1) 3®���$L��¡þ^æ��>få
1� (PMMA);

2) r�¡�\��za (KOH) M�p¡�
¡ SiO2, �¡��Ëk�$L� PMMA ò2u�
NL¡;

3) ^Àær PMMA l KOH p¡=£��Y
p¡;
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4) |^�/�»�¡r PMMA lYpMå,

¿3w�ºe|^Àæ�éÄ PMMA(Ú�$L),

���$L u�/»�þ���.

ã 3 �¡{���$L RCT 6§

ã 4 �$L=£6§

ã 5(a) �3 SiO2 L¡ÏLÅ��l{¼��
�$L31Æw�ºe�ì¡. ��ü��$L�
Ù¥�>��� 23 µm, du SiO2 þÝ¿�O(
� 300 µm, ±9Y!PMMA �,��K�, Ùü�
�$LôÚØ¥®ùÚ, �E�±ÏLØÓ�ÚÝ
©EÑü��$L. ã 5(b) �|^þã=£Eâr
�$Ll SiO2/Si �.þ=£�»>4�.��1
Æw�ºì¡. ���©�=£EâU��°(/
r�$L=£�¤I� �. ã 6 �|^�¡{�

���$L RCT �fåw�º (AFM) ã¡, Ù¥
]���$LXã¥¤«.

ã 5 Å��l���$L1Æw�ºì¡ (a) ÊÏ� SiO2/

Si �.þ�ü��$L; (b) =£�»>4�.���$L

ã 6 �¡{����/�»�$L RCT AFM ã¡

4 ì�ÿÁ�(J©Û

�~�	ÜM)ëê (�¡1N!Ó¶��
�) �K�, JpÑÑ&Ò�&D', �©é�/�
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»�$L RCT æ^ý�1¡ÿÁ� (vacuum probe

station) ÿþ. DC ÿÁ�nµãXã 7(a) ¤«, £
½��ìæ^ SR830. RF ÿÁ�nXã 7(b) ¤«.

RCT �-yÚÖ�ÑÏL¥þ�ä©Û¤ (VNA)

¢y, l{z
ÿÁ>´.

ã 7 �/�» RCT ÿÁ�n (a) DC ÿÁ; (b)RF ÿÁ

ã 8 ��/�»�$L RCT �»Ø (VDC
g )

� ' DC ÿ Á ( J,  ! ¦ m ü � � $ L º �
� 1 µm×1 µm. d ã 8(a) � �, � » Ø l 0 V

C � 10 V �, ì � � > � (G) l 0.156 mS C
� 0.232 mS; �»Øl 0 V C� –10 V, ì��>
�l 0.156 mS C� 0.252 mS, ��ì�¥yV4A
5. �$LV4DÑA5´dÙá���ÕA�U
�(�û½, =��Úd���u1� Brillouin «
� 6 �º:þ, �3 Dirac :NC, �$L¥>f�
Uþ E �Å¥ k ¤�5'XµE(k) = ±vF~k, Ù
¥ vF � Fermi �Ý, ~ � Boltzmann ~ê. Ïd, Ï
L ØN!�$L¥ Fermi U? (EF) � �=�
¼�ØÓ�DÑA5. b�ì�¥�$L� Dirac

:3»Ø�"?, K�»Ø���, ì��16f
�>f, »Ø�K�, ì��16f��Ç, �1
6fßÝ� |V DC

g | �O\O�. du�$L�>
�Ç σ = q2vFleN2D, Ù¥ q �ü >Ö, le ���
²þgd§, N2D ��$L¥16fßÝ, Ïdì
��>��ÏL»Ø?1N�, ¿�¥yV4A5.

ì��>��»Ø�CzÇ (dG/dVg) Xã 8 (b) ¤
«, dã��ì� dG/dVg ���� 0.15 mS·V−1,

��ü��$L RCT äk�p�ª�, 3¬N+

��ì�¡k���A^då.

ã 8 �/�» RCT DC ÿÁ(J (a) »Ø�'>�A5; (b)

>�CzÇ�»Ø�'X

ã 9  �>Ø� VDC
g = 7 V Ú VDC

d = –0.3 V ��/�»ì
� RF ÿÁ(J

� © é T ì � ? 1 RF ÿ Á � ^ � � µ ¿
§ 300 K, ý�Ý� 10−2 Torr (1 Torr = 133.322 Pa).

ã 9 �Tì�3 DC  � V DC
g = −7 V Ú V DC

d =

−0.3 V, ¥ þ � ä © Û ¤ (VNA) Ñ Ñ õ Ç � –

10 dBm �� RF ÿÁ(J, Ù¥ VNA �ÿÁ�
�� 50 MHz � 100 MHz (æ�:ê N = 401). d
ã�� RCT Å���ªÇ� 69 MHz, ÿ���
A (S21) ÌÝ��µ&ÒÌÝm���� 1.3 dBc.

du°ÄõÇ��, ì����G����5��,

,	duÉý�Ý�$!§Ý�p�Ï��K�,

ì���� Q ��$.
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ã 10 VDC
d = –0.3 V eÅ���ªÇ�»ØN�A5

d (1) Ú (3) ª��, ì����ªÇ��$
Lù�Üå�', ·�Üå�±ÏL»Ø?1
N!, Ïd�$LÅ���ì�ªÇ�±ÏL»
Ø?1N�. ã 10 ��$L RCT �»ØN�A
5 (V DC

d = –0.3 V), ��ì����ªÇ3 –2 V

� –8 V �m�N���� 57.5—88.25 MHz, N�
���u 40%. æ^®��$ëê ρ = 2200 kg/m3

Ú E = 1.0 TPa, ±9ì�¥�$L�Ônº� d =

0.3 nm, L = 1 µm Ú w=1 µm O����Üå��
� 3.8—9 nN, ���©��ì�¥�$Lùäk
���SïÜå [4].

5 ( Ø

ïÄ
�/�»�$L RCT ì���!ó�
ÅnÚÿÁEâ, |^�¡{��
�$L RCT,

��$L NEMS �1þ��Jø
Eâ�Y. 3¿
§e¢y
�$LÅ���ì�pªÅ�&Ò�
��>ÆÖ�, ��$L NEMS 3¢S>´¥�A
^C½
ûÐ�Ä:. d	, duü��$Läk
4p�ª�, ±9Å���ìp Q ��A5, �^
uï��$D(pª��ì.

a�{IxÔ'æ�Æ James Hone �ÇÚ Philip Kim

�Çé�©ó���Ï.
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Electrical read out of nano-electromechanical system
signal by using graphene resonant channel transistor∗
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Abstract

The direct radio frequency read out method based on local back-gate graphene resonant channel transistor (RCT) is studied by

combining the operation principles of graphene field-effect transistor and mechanical resonator. A novel method of fabricating local

gate graphene RCT is proposed, and a graphene RCT with 1 µm×1 µm dimension channel is realized based on exfoliation graphene.

The measured resonant frequency of graphene RCT is in a range of 57.5–88.25 MHz at room temperature. This work is useful to pave

the way of graphene application to Nano-eletromechanical system and high frequency low-noise amplifier.

Keywords: graphene, resonant channel transistor, nano-eletromechanical system
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