Chinese Physical Society
Mﬂﬁﬁ Acta Physica Sinica -

Institute of Physics, CAS

ETERRR2RARHFN[MERR

BRE mEE FEE FFEE ZHERX

Gigahertz frequency doubler based on millimeter-scale single-crystal graphene

Gao Qing-Guo Tian Meng-Chuan Li Si-Chao Li Xue-Fei Wu Yan-Qing

5| H15 2. Citation: Acta Physica Sinica, 66, 217305 (2017) DOI: 10.7498/aps.66.217305

7E 2% %32 View online: http://dx.doi.org/10.7498/aps.66.217305
23 N 2% View table of contents: http://wulixb.iphy.ac.cn/CN/Y2017/V66/121

AT RERCH B B S &
Articles you may be interested in

Teb s v 52 HEL I T 42 O 4 R FGURTT BV RE 2%
Electric field controlled energy gap and Landau levels in silicene
YH 24,2015, 64(8): 087302  http://dx.doi.org/10.7498/aps.64.087302

YA SR AR L S B
Hydrogen adsorption on one-dimensional graphene superlattices
YE 2242014, 63(19): 197301  http://dx.doi.org/10.7498/aps.63.197301

B 5 U A SR W6 S A BT 5
Optical absorptions in monolayer and bilayer graphene
PP 22 H%.2013, 62(18): 187301 http://dx.doi.org/10.7498/aps.62.187301

i@t XS A 20 P HEL T 5
Electronic structure of twisted bilayer graphene
Y% 4.2013, 62(15): 157302  http://dx.doi.org/10.7498/aps.62.157302

T Y Li+BCs S5 i S A R IR AT
Study of the high hydrogen storage capacity on 2D Li+BC3; complex
YHEA4:.2013, 62(13): 137301  http://dx.doi.org/10.7498/aps.62.137301


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml
http://dx.doi.org/10.7498/aps.66.217305
http://dx.doi.org/10.7498/aps.66.217305
http://wulixb.iphy.ac.cn/CN/Y2017/V66/I21
http://wulixb.iphy.ac.cn/CN/abstract/abstract63888.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract63888.shtml
http://dx.doi.org/10.7498/aps.64.087302
http://wulixb.iphy.ac.cn/CN/abstract/abstract61021.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract61021.shtml
http://dx.doi.org/10.7498/aps.63.197301
http://wulixb.iphy.ac.cn/CN/abstract/abstract55538.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract55538.shtml
http://dx.doi.org/10.7498/aps.62.187301
http://wulixb.iphy.ac.cn/CN/abstract/abstract54876.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract54876.shtml
http://dx.doi.org/10.7498/aps.62.157302
http://wulixb.iphy.ac.cn/CN/abstract/abstract54557.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract54557.shtml
http://dx.doi.org/10.7498/aps.62.137301

) I8 ¥ 48  Acta Phys. Sin.

Vol. 66, No. 21 (2017) 217305

£ SRERMANERERIN R TR
ETERLBEBAZHEMaEEaEMR"

BREDY  HAg S

ZEEY

LY

1) (PR R 2 5 d 15 B2k, B 430074)
2) (FE R K, ER Bk b skgankl bt (%), I 430074)

(2017 4 8 H 28 HYLH; 2017 4 10 A 10 HURFIMEEH )

A SR A — P LT AR A e TR R 1) AR, A S R AU R A AR OK B N T,
SR TN Z IR TR, I LR A A S SO DO 2 A SR BRI R R, et o B KRS A B A s
AR EAR M @ISR A T2 IR AR K A 2K G B S8, (R i B B0 o B 6t e ik g
(F SRR A AT B, R BT A AR T REMTF I, TFAEE R fERMINMG SN 1 GHz I, 5503 25
A LLIL B —23.4 dB, AU AL LR LUK B 94%. WEFT T AN R MR A s DA K23 A5 5 D3 15 400 2 i) AR A0 Ry
Pk, il 5 A i s LA NS 5 DA I, A5 I S 0. xk AT AN R S AR 2 RO S R AR PR IR A
(RIAE ARG o AP 20 BE A AR S AR fin ARG RBEAT THETE. SRR W], 5 S T (5 B 2 RO 22 2%,
E fin = 1 GHz I 345 S 20 B2 72 ) AR, $9K T 90%, (H2REH fin HE 12 4 GHz, B1 27X S0 AR
B R ARG Al B T 2 42%, LT L SR BRI ) ST RE CR RF 85% MBI 4. IX L TN
PSR AR R 2 e S P A A P 45 2R ARSI FU 48 RS T Pk e S8R (5 e B R — € 10

R

KRR FAR A SR E, (IAE, (PO 2, A Al
PACS: 73.22.Pr, 73.40.Qv, 73.50.Mx, 73.63.-b

1 58 =

SR I LA W ) H T IR A 2 DL R A
JEE SRR, TR G AR T 2 AL A AR R R
J7 U R S6 F A 8 4 1 SR AR T E A — R 3L
J A 98 ) — AN By ). B B, SOk P AR
{10 7 B8 0 S A0 R R LR R B g ] DL
300 GHz | ¢ KR AR AT LA # 200 GHz P
A B, 3 A0 S8 R I A5 A A L8l R
B3 19,101 AR o7 £ 00 2% 0111 2 EL A Sz 7 2 i 1) R %
W EH Y2 SCHRIRIE. 75 A 88075 S U6 A v 1 7
T, Han %5 12 {8 F B A4 @ B0 SRR 0 T
SRR T A SR A S AR USO8 TBOK S BRI
AR = 2 L ST I T S AR SO I T 28 1S Th

DOI: 10.7498/aps.66.217305

BE. Yu sk 18I SiC AME A BIRHIVE T 5 ok
SRR, AE Ku BB T 3.4 dB /MBS 2.
Habibpour % '] £ F SiC #h 4 47 884 i 1E T f
KPR R B, ] DAY IR ELRR R A (1 8 15
ST RS AN g A, ST T I R A SR A O AL
b T S M OB R i 1 e 1 ) A S A A A
A, AR B R A R T DL S I v A 4 ) A A
e, MECT & S A R GRS 5 s, vl LA
B F—Ee G R I PR L TR A F R A A, B R
{1 EL I £ R 34 14

B SN — b K T AR A 458 1Y) v o = A 2 0 o) £ T
%, WSV (CVD) KA S — E R
PR . DA B SR B SR AR SRR 2D o dn A
T R SRR A, CVD K5 S8 0 A K Rl O i 2
SRR FE A 1018 Zhou %5 (1) 4 S 1 SRS

* [E R E RIS (MHES: 61390504, 61574066, 11404118) % B

T EEEH. BE-mail: yqwuQ@hust.edu.cn
© 2017 FEYIEF S Chinese Physical Society

http://wulizb.iphy.ac.cn

217305-1


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn
http://dx.doi.org/10.7498/aps.66.217305
http://wulixb.iphy.ac.cn

¥ 12 ZF R Acta Phys. Sin.

Vol. 66, No. 21 (2017) 217305

TRAR K PR T A SBIBTEATE L AR, s
LT 5 mm RSF B A SR AR, MR AR 2 1) 3.
W ERE N16000 cm?/(V-s); 3 H 4 8 5%
A SR I A T T ST AL, R R SR
o RS B R PRI R Mr AR, HES
S — AP RE. Hao %5 U7 75 A K 1 R il N1
SRR T R, AR om RSP B A
Bl, B NARAERE N 1.7 KIEL T, 3t
FIEB LKA LLIAE] 65000 cm?/(V-s), EiE T #H
TT AT LA $ 30000 cm?/(V-s). Wu 2 18] ff
R R AR, fEAHR A 4 E I K H 1.5 in
(1in = 2.54 cm) B 58 A S0, =il N ERIT
B3 A1k 20000 cm?/(V-s).

B B FCIITRON, e K B B A SR A A
FEARB SRR A, (HJE, H Rl R A S
S ATURE M BF FE AT SR JR3 PR T ot A 5 P A b A 26 DA
BRPRG IR 101 B b ohfet ik it 7. i
b A SR R I LR R AT
SRR, K HIOo AE A M BB T K F A% 5t
(17 Si0o 1E A M EHE BY T3 T+ 40 2206 S A 1
TR PO ARSI R R I S K B R SR,
K FH S HLUH B HEO A, X S oK G 5 i R
(O REARPE REREAT THFSC. EAR N 1 GHz (NS
SN, B3 T —23.4 dB i ARG 25 A1 94% H AR
aifE. AL T IO LA NS 5 ThEext fi
A AR R RgA, X E T HA AR EES S A T
RIRVE ) SR A AR . TR, AR
AR A3 i L7 SR AR B S RS I T A At
JiE U] 5% 1] B 7~ 2% 7 EEL S St AR e R O 8 3 R [R]

Intensity/arb. units

AL

2 EXBERAERNWERTEMN
&7
2.1 ERRBBAEHOERMER

AL K CVD 1773, fEHTE FAEKZE
KPS RIE. AAARKERED, RSB KM
WEe A R e 7 s 1 e 77 R A I A s A4 ) RO 85 2.
TG, X4 6 0.15 mol /L (1 3k B R 4 4 ik A B
6 min, Fifif5 H 2B T /KR FR 25k B 1 At R 2.
B A T L R & 0 3 in (A S T,
S T TR E 1070 °C. R JETEE SR E FIB Kk
1 bR PR AR AT 8505 1) A% B . H2E 1N 60 scem
ISR 0.4 scem B BEH IR A S8 0 ARG, B K
10 h K pr AR RS TP P I

A SR 0 B e B SR TR O R D 0 R IS
(PMMA) % B e 7 175 X, DLId B R B 4 D9 4 9
FIZI PR B A AR A SR AR 9 L 2 50 e
H—ZPMMA, 2RJ5 H# 120 °Cn#k 5 minFf
PMMA M. B 5 4 4 8 50 R &% 47 A iod B 7R
W (0.15 mol/L) B A1 6 h A4, £ 4 5 2 ih 56
4 o R A SR I B AR e R (AT R BB SR JE R
FE b O RS TR R () 85 R LA ) 3230 8 hols PMMA
Brdi. 1 (a) NEF B HIO/Si 4TI 112K K
B A SR A I 7 2 BT (scanning electron
microscope, SEM) #& Jr. Kl 1 (b) 8 HfO,/Si F 1)
fi b2 Lp/Iq > 29 HEA H S D Ig,
RPAERKFRLAGE] 1w TR R S84

60

(®)

1200

1 1
2000 2400

1
1600

2800

Raman shift/cm—!

1 (a) ## 3 24 nm HfO/Si 41K =K A 2207 SEM IR, LU 500 pm; (b) 24 nm HfO2/Si &K 11

A SR L 2 RAE

Fig. 1. Characterization of millimeter-scale single-crystal graphene transferred on 24 nm HfO2/Si substrates:

(a) SEM image, scale bar 500 pm; (b) Raman spectrum.
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Fig. 2. (a) Optical microscope image of graphene
transistor with a gate length of 1 pm; (b) SEM image
of the channel region.
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Fig. 3.
trans-conductance gm of graphene transistor at Vg =
—1.5 V: (a) Device A, Lg = 1 pum; (b) device B,
Lg = 0.28 pum.
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Fig. 4. Test circuit for graphene frequency doublers.
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Table 1. Comparison of graphene frequency doubler

work at similar frequency.
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Fig. 5.
doubler for device A at fi, = 1 GHz: (a) Time do-
main result measured by an Agilent DSA90804A os-

cilloscope; (b) corresponding frequency domain result

Measurement results of graphene frequency

measured by an Agilent N9020A spectrum analyzer.
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Fig. 6. (a) Conversion gain at fi, = 1 GHz, P, =
10 dBm plotted against Vg for device A; (b) conver-
sion gain at fi, = 1 GHz, V3 = 1 V plotted against
P, for device A.
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SPECIAL TOPIC — Hybrid silicon/graphene and related materials and devices

Gigahertz frequency doubler based on millimeter-scale
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Abstract

Graphene shows great potential applications in ultrahigh speed electronics due to its high carrier mobility and
velocity. Nowadays, many radio frequency circuits based on graphene have been realized. For example, graphene
frequency doubler is a promising option for signal generation at high frequencies. Graphene frequency doubler can
achieve excellent spectral purity, because of its ambipolar transport and highly symmetric transfer characteristics. Here,
we present high performance graphene frequency doublers based on millimeter-scale single-crystal graphene on HfO, and
Si substrates. We achieve a high spectral purity degree of larger than 94% without any filtering and the conversion gain is
—23.4 dB at fin, = 1 GHz. The high conversion gain and spectral purity can be attributed to the high-quality millimeter-
scale single-crystal graphene and high-quality high-x substrates. Furthermore, we investigate the relation of conversion
gain to source-drain voltage V4 and input signal power Pi,. The results show that the conversion gain increases with
source-drain voltage increasing, and the conversion gain also increases with input signal power increasing. The dependence
of conversion gain on V4 and P, can be attributed to the transconductance increasing with V4 and P,,,. We compare
the conversion gains and spectral purity degrees of graphene frequency doublers with different transconductances and
electron-hole symmetries at different frequencies. The result shows that the conversion gain is larger for device with
higher transconductance and the spectral purity has a moderate tolerance for the electron-hole symmetry of the graphene
transistor at fi,= 1 GHz. As the working frequency increases to 4 GHz, the spectral purity of the device with weak
electron-hole symmetry decreases dramatically, while the spectral purity of the device with better electron-hole symmetry
is kept around 85%. We attribute this phenomenon to the different carrier transit times and different electron-hole
symmetries of graphene transistors. In conclusion, the short channel graphene transistor with ultrathin gate dielectric

and high electron-hole symmetry is needed in order to achieve high performance graphene frequency doubler.
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