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B b2 {7 88075 (1 F P B Rk U2 AR T
BIGLEABRNR B SR, N TN A )
RV, R A =, WM FET
(ke 2013 £, Wang %5 115] 78 47 88445 2 11 U AR
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M S804 FET, F TRV W i) pH. Hg T
SiOo R AT HLUH B, 5 B0UF 28 0 4% R A5 1 R U
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BEXF DA bl j, AR SCHRIE T — R B A SR A
WU PR DNA AR W) A% KSR A 2, R A
W HOE 1 AlbOs(e = 5.6), 767 584 2 1H Ui R
HfO5/ Al O3 HME M A 525 FET, /it 44
EX A S FET M5, Jik— B8R R T DA
B FET E N DNA 1% R 28 (1 g

2.1 B|/HEFIELIE

THMEA 8200 3 OB AE (O A 2380 FET), H4h
a1 (a) Broas, B 1 (b) N AF i 44 i1 Bl
i (SEM) B, #8 A IL VR K. 40 0 i /R i 72
T 1) 7E 300 nm AR A T A TR TR FH A D
DURAift-off T ZHI4E 5 nm/30 nm Ti/AufE NI
PRANYPEAR; 2) LAk 2 SR AR ) 5% 1) 4] 6 0 28
AR B AR, SR e i 3R FR 26 DA A TR P I
(5 vk M e fe 0 BB 3) A BIEHE R &R
W 5, F A B TR A S50 R O6 2 78
(R 7 Z) o, BH R B SRR VA I, AT S 0 VA I 1)
KA 240 pm, %980 pm; 4) YA 2 nm/20 nm [
HfO,/Al,03 #4844 )2; 5) H BOE (buffer oxide etch)
10 : 1 40%NH,F : 49%HF, ¥ il /b4 1AL 1)
24 2% 5 i R AN 2R X

HE S AT R R D IR VIR A 5 . &
I b B EDTR VA R B h S0 5 A A
TR e 1 1), AN e 24 B TR 2B oY B A
FFAS AT BEAE A7 2R b 9 N B B IS BRI AR R
TR R AME SR P NE R4 % R S A

BRI T IERE R TR F 530 cm?/(V-s), HEAER
TP EE. SCHR [16] 7775 AR RESRAFIR M M B 1
AL, (HZ 7 VA I Rl 45 1 A n B R M AR AR 22 T
ALD (atom layer deposition) YA AR K N RESE K
ify b 2 S D PR T LR P LA AR 1
BI5IE BUR R GRTEE, DRT A R 2 B T RE
1) 2% 1 B e kA B JE R i DT i HL R 3RS
IR FIER R, (H A SRR 25K
F H B = WA KT R A R, BRI AT DR AR TG YA
122 B A S 0 B S PR R R AE . B B
AR /K FE ALD U190 5 93 76 7 88975 3% T TR
#i2k )2 KA TEMAHF 1 Ho O 1E N FT SRR TE A 55
I 2R TH DR 20 nm ¥ HEO, B, FA 1, 2, 4-K =
BRI A Ho O 1E N T BRARAE HEOo SR THPIAR 20 nm [
Al O3 JHIE.

(a)

[N HfO,/ALO; NEEEE SiO, NN SifLE

(b)

1 (PITURA ) TOMI T S0 32 08 R 45 MR B AT ()
FISEM H (b)

Fig. 1. (color online) The schematic diagram of top-
gated graphene ion-sensitive field effect transistors (a)
and the SEM images (b).

2.2 sDNA B9{&4E

[ A SRRV R B DNA (3R &M 24
# 20=22] g SDNA MBI 7E Al Og R THT, I F2 i T
AR RE & 7 IRAbBE Al Og SR, A3 7™ A2 5E 2 )
FRIE: N 2% B fE b A7 3-2 0 ik = LR i
%t ((3-aminopropyl) triethoxysilane, APTES) Jo7K
LEEEHIRIE 2 by H B EEAR M) APTES
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30 s, BT, A 120 °CHEFE 30 min, ILI H
T APTES il 52, AloOg A LM,
0.1 x PBS(BERRZZ MR ) M & Lqg- Vs M ZRAE FXT RE;
7E Al,O3 R IHIH N 10 uM (1 M = 1 mol/L) RH(&
ift sDNA, 0.1 M NHS (N-¥2FEBEHHE W %), 0.4
M EDC (1-(3-— W RN %)-3- £ FE ik — Wiz £6 1R
£5), 1 x PBS (137 mM NaCl, 2.7 mM KCl, 10 mM
NazPOy) 2 IR &30, WAt N4 :5:5:6,
EHIR IR NS 2 hy B 1x PBS Zepfilb e A
M sDNA, NHS, EDC, ZAMRT. HTEES
BRE LN S, 11 sDNABITE Al,Os 1, [F
FE N 0.1x PBS 2 & Tas-Viys HHZL.

2.3 EFRM

75 HIAE 58 5% 0 TR A B84 FET 26 1 [ € &k
M, Ag/AgClZE HARAE AR, PBS 2% i
9 HL AR, TR A 527 FET o 22 K s 2 & 0
K 2.

+|I_
+ —_ |
Ag/AgCl
ZH AR
1xPBS
\ 7~
r S D

] HfoZ/A1203 N SO,
Ti/Aufy SR

L REE

K2 (MTREE) Tl SEE FET Rasiills s
Fig. 2. (color online) The schematic diagram of top-
gated graphene ion-sensitive field effect transistors for

electrical detection.
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Fig. 3. (color online) The optical microscope images,

100 jun

Raman spectra of graphene and SEM images both be-
fore (the left) and after (the right) depositing the di-

electrics.

N TP TR A S Z s, AT B
T UURRAA L 200 )5 H L MR RE, BT ARSI #02 DA
1 x PBS G2y F . MR AL /A 55 )@ FET
FNTHME A1 58975 FET 1 Ias-Vas BIZE (Vs = 0 V;
Bl 4 (a) FIE 4 (b) Frar) 7T LA i, TTRREZ 5
BEA B, iX 72 BRATTAR I 4a 2 2 A0 S 0 R
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Vis = 0.3 VI Vo = 0 VI 43 50 & TR 4 25 )2
BT J5 1) Tas-Vigs W 28, 159 2 IR IR Tas 5 R FRIA,
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(Bl 4 (c)) Kigsghn, Br CAUCRM A ot 2 A B T3
R IR AR I E e L.

1.0

(b)
0. L| Adi. R? 0.99829
Slope 1.52196 x 104
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o
—
S o4t
~
0.2
—a— TR A RN
0r Linear fit
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Vas/V
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4 (MTLEM) (a), (b) Ves = 0V, IME A 506 FET AITMEA 8848 FET 1 Ts-Vas 1155 (c), (d) Vas = 0.3V,
WA 8207 FET MG S48 FET RV Tes MR IR

Fig. 4. (color online) (a), (b) Vgs = 0 V, the I45-Vys curves of SGFET and top-gated graphene FET;
(c), (d) Vgs = 0.3 V, the I4s and leakage current curves of SGFET and top-gated graphene FET.

3.2 TnMAEEFET BB ZF4

THUME A7 282 045 FET th, ASIA] Vi T % HRF
Tas-Vas M 26 (K5 (a)) R W] Tgs 1 Vo 72 2015 5K R,
XU W A S 0 5 R A TR D R i, it £ £
o 32 PR IR i I R AR . ANTAD Vs T O #e 72
FFPE Tas-Vs BHEGHTEL 5 () Frow, i 2k e AR i B
A LR VAR RL 50 FL ., BEARH) GFET H92Kh e
JEEE EON0 V, SR Y Tae-Vis BHERAEA TS,
R ABIBHERESIN T p HiB k. HATEW LR
ORI RIU T IR R Vi NIRRT
HL I, A 80 22 B 1 v AR, TARRLR D A
T T Ve WK B — s (B IN, 7 84 22 B8R 7 %%
RN, TAEHLH Y 515 S

*E% Vas = 0.5V Eﬂ‘a@ Ids'Vgs %zj%i+ﬁE‘J?ﬁ
R IR % 20, 1, VAl M ER IR R
n = a(Vgs - VDirac)/e7
HAra = gper/tox, Virac IKHLTE T i FiE
p=o/(ne),

Horpo U7 LB RIS H. s Al HRL B 5
HIFH R RIE 0N

R =WVys/(Llas),

15 BB TR T IE B R o0 R 2R
WE 6 frs, 8 TIREZ 5 x 1071 em =2 i,
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I TFIEFEHE A 4500 cm?/(V-s), 5 2 HOCHRIRIE
gﬁ[%]'

1.0

(b)
L Vas=0.6V

6
| Vas=0.5V
5k

<
T4r V=04V
T [ V=03V
N W
I Vas=0.2V
27 —1
[ Vas=0.1V
1 e— g—
E 1 1 1 1 1 1
—-0.4 —-0.2 0 0.2 0.4 0.6
Ves/V

K5 (MTIRE) (a) AE Vs NI Ias-Vas M12k; (b) A
[l Vas T Tqs-Vis HhZk

Fig. 5. (color online) (a) The I4s-Vgs curves with dif-
ferent Vgs; (b) the Iqs-Vgs curves with different Vys.

]
T

Mobility /105 cm?.V—1.g~1
—

Ok . . ! !
2 4 6 8

(=)

Carrier density/10™ cm~2

6 (MTIRG) Titlhf s FET BB TR BRI
TIEBFRLIER A
Fig. 6. (color online) The interrelation of the carrier

density and the carrier mobility.

3.3 TEEYERSEPHVILSNE
T EALHLE F) sDNA £ Al,Os 21 19 [ %2,

FATH AR I B T R AR R 2L 1 sDNA, R

KA 365 nm KOG RIMEE N VL.

Bl 7 (a)—(d) 7 2 RE & A & 1 APTES tH3%
s T 5. 181 APTES. %A #&1fi APTES {2
MM T BT AL [FREM APTES fl & 1 s
96 R MR, RA Y APTES &4/ i th I3 HA& 1
TSR A RN B E B4 e, X U
AL O R & KU Z 1 T APTES, JF Hidid
EDC F1 NHS i 7] AT 5 72 25 R i 1.

AlO;

Al,O3 with quantum dots

200 pm

Al,O; with APTES

S0

APTES with quantum dots

7 (MTIRR) BT S AloOs M E & 117 B
B, AR BT AR B R T R

Fig. 7. (color online) Fluorescent micrographs of quan-
tum dots immobilization for AloO3, both with and
without exposure to quantum dots. Fluorescent in-

tensities for images.

080701-5


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

) I % R Acta Phys. Sin.

Vol. 65, No. 8 (2016) 080701

Vi

IdS/IO‘d A
fen)
(=2}

—-1.0 -0.5 0 0.5 1.0 1.5
Vas/V

540 - SD = 4.47214
520

l\/-—-—-
500 |

480

VDirac/V

460

440

420 +

400 4 . . . .
1 2 3 4 5
Uiy ed

1.020 —=— APTES

—o— DNA ##¥4

1.015

1.010

Iys/ 1o

1.005

1.000 (c)

0.70 0.75 0.80 0.85 0.90
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8  (MTIRE) (a) TOUMH A 580 37 %08 & 5 5 1kl
10 B R 2R Tas-Vis; (D) 5 WK & MR I3 3 1
Vbirac; (€) [ sDNA BIJE ) Tqg-Vis B2k

Fig. 8. (color online) (a) The repeatability of Iqs-
Vgs curve at 5 times; (b) the Vpirac at the 5 times;
(c) the Iqs-Vgs curves both with and without exposure
to sDNA.

Kl 8 (a) AT A S804 FET B2 W& 5 X143 2
) Tas-Vgs 2k, B2 LT 58 2 E 5, U A 5
I FET ARG MEENE. K8 (b) A5 KA H 14s-
Vs 2R, 22 S A m06 B F R FR A2k R ve F
Vbirac, I T, Viirac FIARAEZ 0 (L 4.47 mV.
RS R J5 2 & T TG 5247 FET B3 5E
M2k, N 7 E T 0, BT AR I B AT
VA — Al A HR R s I P AL ) e M R XN T, BA
Las/T 45 H HLRUAE X 5 25 v LI K. 183013 —
1S5 1 Las- Vs B E WAL 8 () B, &1 sDNA J5
Vbirac 38K, X2 H T Al,O3 K HE 1 1) SDNA 7

B, 815 p AU 45 2R I A S0 0k AR R R A,
Tas-Vs MV AFES, Virae TR, SEISHFRT. K
H Viirae M 0.782 VIEKF]0.812 V, 31T 30 mV,
30 = 13.41 mV KARZ, Ui BHERATTI 2 145 = mr
&, LRI R R AT DR M 261K Vivae HIFEBK
FAE sDNA W B, Tt A 844 FET 7] M A T4
Ve RS

4 2 ®

THM 28 A 56475 FET A 2 4 58445 FET Lhis
ME, BAA S FET 1R EAE BTN, (22 Mk
bR 8L R BER, WA 58 R Ti A7 S8 0% FET (1)
TR LI 5 U R I L A A e A X T VM Y A AR
1% FET $4 1R 22, {5 14 bX (0 38 i ot 72 i 45 S 2% 1
RGN R BER X, WEEY LR K
PN ER, R Al,Os R B A PR
(BT AL, I 5 W82 B H R AE T sDNA 1)
B4, Bk T AloOg 7] LR D b 4T APTES K&
I, (545 Al,O5 IR TH L&, dF— 5] DLdE ik
EDC F1 NHS #EA7 F EPREF & 1. 3 it i A6 il
ULEH T sDNA BRI, R T4 2844 FET
A DA A= % S 3 SRS Dy B R AR 90 1

SE

[1] Ding X F, Niu M N 1995 Transduc. Microsyst. Technol.
14 1 (in Chinese) [T %75, F54F 1995 LB 5MA S
14 1]

[2] Kwon D H, Cho B W, Kim C S, Sohn B K 1996 8th
International Conference on Solid-State Sensors and
Actuators (Eurosensors IX) Stockholm, Sweden, June
25-29, 1995 p441

[3] Zhang G J, Ning Y 2012 Anal. Chim. Acta 749 1

[4] Gongalves D, Prazeres D M F, Chu V, Conde J P 2008
Biosens. Bioelectron. 24 545

[5] Novoselov K S, Geim A K, Morozov SV, Jiang D, Zhang
Y, Dubonos S V, Grigorieva I V, Firsov A A 2004 Sci-
ence 306 666

[6] Zhang Y B, Tan Y W, Stormer H L, Kim P 2005 Nature
438 201

[7] Yang J J, Li J J, Deng W, Cheng C, Huang M 2015 Acta
Phys. Sin. 64 198102 (in Chinese) [¥fh &, ZER A, X5,
FRIE 3544 2015 M)FAEH 64 198102

[8] Wang L, Feng W, Yang L Q, Zhang J H 2014 Acta Phys.
Sin. 63 176801 (in Chinese) [TiR, W5, ¥y, ke
2014 YLK 63 176801]

[9] Ang P K, Chen W, Wee A T S, Loh K P 2008 J. Am.
Chem. Soc. 13 0 14392

[10] Ohno Y, Maehashi K, Matsumoto K 2010 Biosens. Bio-
electron. 26 1727

080701-6


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn
http://dx.doi.org/10.1016/j.aca.2012.08.035
http://dx.doi.org/10.1016/j.bios.2008.05.006
http://dx.doi.org/10.1016/j.bios.2008.05.006
http://dx.doi.org/10.1126/science.1102896
http://dx.doi.org/10.1126/science.1102896
http://dx.doi.org/10.1038/nature04235
http://dx.doi.org/10.1038/nature04235
http://dx.doi.org/10.7498/aps.63.176801
http://dx.doi.org/10.7498/aps.63.176801
http://dx.doi.org/10.1016/j.bios.2010.08.001
http://dx.doi.org/10.1016/j.bios.2010.08.001

) I % R Acta Phys. Sin.

Vol. 65, No. 8 (2016) 080701

(11]

Rory S, Mulvaney S P, Robinson J T, Tamanaha C R,
Sheehan P E 2013 Anal. Chem. 85 509

Chen J H, Cullen W G, Jang C, Fuhrer M S, Williams
E D 2009 Phys. Rev. Lett. 102 236805

Wang B, Liddell K L, Wang J J, Koger B, Keating C D,
Zhu J 2014 Nano Res. 7 1263

Li X S, Zhu Y W, Cai W W, Borysiak M, Han B Y,
Chen D, Piner R D, Colombo L, Ruoff R S 2009 Nano
Lett. 9 4359

Ni Z H, Wang H M, Ma Y, Kasim J, Wu Y H, Shen Z
X 2008 ACS Nano 2 1033

Liao L, Bai J W, QuY Q, Lin Y C, Li Y J, Huang Y,
Duan X F 2010 P. Natl. Acad. Sci. USA 107 6711
George S M 2010 Chem. Rev. 110 111

Zhang Y W, Wan L, Cheng X H, Wang Z J, Xia C, Cao
D, Jia T T, Yu Y H 2012 J. Inorg. Mater 27 956 (in
Chinese) KA, 751, FEWi4L, Trivf, 58, W, 9105
I ATEROME 2012 TEHLM KR 27 956]

(19]

[20]
21]

22]

24]

[25]

[26]

080701-7

Zhang Y W, Qiu Z J, Cheng X H, Xie H, Wang H M,
Xie X M, Yu Y H, Liu R 2014 J. Phys. D: Appl. Phys.
47 055106

Devor E J, Behlke M A 2005 Idt ®@Integrated Dna Tech-
nologies

Gao A, Lu N, Dai P F, Li T, Pei H, Gao X L, Gong Y
B, Wang Y L, Fan C H 2011 Nano Lett. 11 3974

Gao A R, Lu N, Wang Y C, Dai P F, Li T, Gao X L,
Wang Y L, Fan C H 2012 Nano Lett. 12 5262

Lemme M C, Echtermeyer T J, Baus M, Kurz H 2007
IEEE Electr. Dev. Lett. 28 282

Banerjee S, Sardar M, Gayathri N, Tyagi A K, Raj B
2006 Appl. Phys. Lett. 88 062111

Pan W 2013 M. S. Dissertation (Wuhan: Huazhong Uni-
versity of Science and Technology) (in Chinese) [ 2
2013 il 2R S0 (R0 Hertibhi A2s)]

WuY Q, Ye P D, Capano M A, Xuan Y, Sui Y, Qi M,
Cooper J A, Shen T, Pandey D, Prakash G, Reifenberger
R 2008 Appl. Phys. Lett. 92 092102


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn
http://dx.doi.org/10.1021/ac303190w
http://dx.doi.org/10.1103/PhysRevLett.102.236805
http://dx.doi.org/10.1007/s12274-014-0489-9
http://dx.doi.org/10.1021/nl902623y
http://dx.doi.org/10.1021/nl902623y
http://dx.doi.org/10.1021/nn800031m
http://dx.doi.org/10.1073/pnas.0914117107
http://dx.doi.org/10.1021/cr900056b
http://dx.doi.org/10.3724/SP.J.1077.2012.11663
http://dx.doi.org/10.1088/0022-3727/47/5/055106
http://dx.doi.org/10.1088/0022-3727/47/5/055106
http://dx.doi.org/10.1021/nl202303y
http://dx.doi.org/10.1021/nl302476h
http://dx.doi.org/10.1109/LED.2007.891668
http://dx.doi.org/10.1109/LED.2007.891668
http://dx.doi.org/10.1063/1.2166697
http://dx.doi.org/10.1063/1.2889959

32 % R  Acta Phys. Sin. Vol. 65, No. 8 (2016) 080701

Characterization and preliminary application of
top-gated graphene ion-sensitive field effect transistors®

Wu Chun-YanY? Du Xiao-Wei?» Zhou Lin? Cai Qi? Jin Yan? Tang Lin?
Zhang Han-Ge? Hu Guo-Hui?! Jin Qing-Hui?*

1) (Shanghai Institute of Applied Mathematics and Mechanics, Shanghai University, Shanghai 200072, China)
2) (State Key Laboratory of Transducer Technology, Shanghai Institute of Microsystem and Information Technology, Chinese
Academy of Sciences, Shanghai 200050, China)

( Received 9 November 2015; revised manuscript received 12 January 2016 )

Abstract

Graphene, a 2-dimensional material, has received increasing attention due to its unique physicochemical properties
(high surface area, excellent conductivity, and high mechanical strength). Field-effect transistor is shown to be a very
promising candidate for electrically detecting chemical and biological species. Most of the reports on graphene field-effect
transistors show that solution-gated graphene field effect transistors have been used so far. Although the traditional
solution-gated graphene field effect transistor has high sensitivity, but the graphene channel is contaminated easily. The
stability of the device is reduced so that the device cannot be reused. Only very recently, has the top-gated graphene,
which is potentially used for pH sensors, been reported. In the top-gated graphene the dielectrics is deposited at the top
of graphene. However, the sensitivity is lower than other sensors. To improve the properties, we design and fabricate
a top-gated graphene ion-sensitive field effect transistor by using large-area graphene synthesized by chemical vapor
deposition. At the top of graphene, HfO2/Al;O3 thin film is deposited by atomic layer deposition. The AlyOgs film
plays a role of sensitive membrane, and the HfO,/Al,O3 thin film protects the graphene from contamination of the
solution. After depositing the top-gate, because of the shield of the insulation, the boundary between the graphene and
the substrate is not clear. And the Raman spectrum indicates the presence of a defective top layer accompanied by an
increase in the Raman D peak. After a series of electrical characterizations, compared with solution-gated graphene field
effect transistor which directly contacts the graphene channel with the solution, the top-gated graphene ion-sensitive field
effect transistor has a high resistance. This increase relative to uncovered grapheme, is attributed to the participation of
the top m-orbitals in van der Waals bonds to the insulation. The graphene m-orbitals contributing to van der Waals bonds
have less overlaps and thus result in reduced conductivity. However the output curves and transfer curves show that the
top-gated graphene ion-sensitive field effect transistor has higher signal-to-noise ratio and better stability. In view of the
biochemical detection, in this paper we also examine the adsorption of single-stranded DNA. Silane functionalization
of metal oxide system is a versatile technique that can be used in DNA microarray and nanotechnology. The DNA
immobilization process we have developed contains several steps: silanization (APTES), crosslinker attachment (EDC
and NHS), reaction with carboxyl-DNA and removal of non-covalently bound DNA. We characterize the process with
carboxyl-quantum dots. We also measure the transfer curves before and after the adsorption of DNA, and demonstrate
the effectiveness of the functionalized process and the feasibility that the top-gated graphene ion-sensitive field effect
transistor is used as the biosensor.

Keywords: grapheme, field effect transistor, HfO2/Al, O3, HyO-based atom layer deposition
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