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T4t THz QWP B 56 2, 8 35 1 s i o A 22 B,

1 2 = THz f1 52 45 Y6 AR W 48 (graphene photodetector,
GPD) H T S ) H A SRR (1 i R A5 1 L =

O 2% (Terahertz, THz) I B & N T K = IERE R AR ' AT PR R 010)) { TH2
K5 2 A 2 TA) ) R B e B, 3 B 3R G0 [ 4R GPD BEA i B R v R BB SRR 5, i THz
0.1--10 THz (B KFEHE N30 pm—3 mm) . f e HLPR I A5 i 7 B s L B AT, % THz GPD
T THz A7tk ge . 5 7 E 5 /7 W R O 4 AR ZIMIE: 2009 4E, Wright 25 11 A
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1] THz = F 2 BCBOE 4% (quantum cascade lasers, L ER I 2% 2012 4F, Vicarelli 5 U3 w4 1 % T K
QCL) 5 B, 48 THz Y6 B 3R M B AR 5 5k 7 58 S G I A SR S ROV THz Ol 4R 2%, R
FIALIE, X EA R R 1) THz o't HL BRI &5 () i TEE N O B S SRS THz LR, S2Bl T
St S SR, ARG THZ o6 AR &5 LR Xt 0.3 THz LR (1 R SR I; 2013 4, Mitten-
M 7 3 R PR L AR AR /NS RE R THz S 34k & 1 P dorff 5 U4 i) 7 %5 4 THz GPD, K % $& 1
JE LRI 4% (quantum well photodetector, QWP) REANE RN ICAE G A, a5 AP BN ER R 75 nA/W;
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Fig. 1. (color online) The monolayer graphene’s opti-

cal absorption model at THz band in the air.
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H A BRI M 0.0224, 1XAME 5 Chen 25 231 SR
SR G AT SR A B2 A SR TR AT LY Bl Y IR
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SRIF I TR L — DBEE AL Drude 2% P4

e2E;
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Fig. 2. (color online) The monolayer graphene’s opti-

cal absorption character at THz band.
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R E, NBHEIRATE 0.12 THz /E N HIUE 2 14
K Si02 5 TiOy (SiOq 5 TiOo I 5 5 4 5 A~
147 52.11) B R A M B R A B H G
B DBR 41 B8, AR P 4y 2 — P K HER (quarter
wave stacks, QWS’s) 20 JFL# SiO, 5 TiO, 2 4
FIHL0.417 F10.25 mm. MRS 3R F00 )97 5 2 R AIEFR
D28 R L 30 ORI B BLFR bR, B 6T L 048 A gt
1T BARS T
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Fig. 3.

THz microcavity-enhanced graphene photodetector:

(color online) Schematic illustration for

(a) Three dimession structure; (b) 2D structure.
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X
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WFERE; My N ssI@ RS R Ry 5 Ry 70008

TIUZ AR SR B 0 S 2.
s PEIRAR
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4 GBS BTN S A R
Fig. 4. The schematic of optical transmission matrix

when light incidencing at the photodetector.

B %5 Ry, Ry, K H 65 A8 A B vk 3047 2 iy
B, R 1R T Si09/TiO, R J= K 5 P SN B2
AT RIIR R, R ITTLLE H, RS 8
YIbEE E AR B n, 75 bR Ry, i FE A,
2R E RS, DMEEZ KRB R R R RN, X
HIG X 8 J2 Si04 / TiOo IR AY BUR = S 5t B Ry,
90.998.

NP KGRI A DT AT, BP s 2
WPRZEAM PO AmL /N + @y + ¢, = 2mm (A H
AN, @, on 73 NGIRAETZ . JRIZE R
ST BT I G ) S S AR RS, m o TR, ik
WAERS NP A RIS AE . BT or, o BT,
ARG ERZIEAT. B5RERT L 25 RNA/2, A,
3N/2, 2AME LT, SRR S Ry, © BIE R, M
50 LAE Y, SRR « X T LA B
XK HL 2 A AR AL, X R AR AL R B T
T TE WS IR s 9 R [R] O3 T RO U, T B N b R
b A B AR AR B 2Rt IR I Lo N/2 1
m AE I, AU R AN B e R AN RO A
N AB G P E L U &S b FN N PUPVAI P E]
Eay LA e o =B & S - AL T ES PN
MIERAE, 2 LAY AN N/2, A, 30/2, 2X B, 284ER i
Fi KAE AL $]0.970; B 5 (b) B THENHE
$iN012 THz, L = AW, 2R KEE R, 2 1
KR, AR BE o A8 A FE o B AN A 3 A
b, JF HAE R A4k D9 0; S8 XS @ o Ry #4794,
AR BX A S EZ EILE R R, B Y R, 15
0.876—0.879 X [A] Bt, x 43 A 4E 0.019L #10.519L k&b
i, S KRR 0.970, TR IE SR 1 19545
R, MR N0.928 I, fedEiE AL X ], ATk i HY
4 2 Si0o/ TiO M 5 T2 I 51 855 ARFE B 5 (b)
SRR x = 0.014L, I & 28R IE 51 0.965,
FH PG TE R A T A 8806 72 THz % B S KR IR
0.5, $&1m 7 93%. IEHUR 2 1881 45 1 2 Hont Homg
I8 5 i — 2 43 #

F1 BRI B R Y SiO2 /TiO2 MRJZEH K #
Table 1. The relationship of cavity mirrors’reflectivity and the layers of SiO2/TiO2.

SiO2/TiO2 HHZHL 1 2 3

5 6 7 8 9 10

02 5 B8 ) i 2R 0.212 0.577 0.817
JRJZE RO B R S %R 0.079 0.430 0.735

0.973 0990 0.996 0.999 1 1
0.959 0985 0.994 0.998 0.999 1
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Fig. 5. (color online) The relationship of absorptivity and Ry , « on the condition that L is A/2 (a), A (b),
3M/2 (c¢), 2\ (d) respectively and optical frequency is 0.12 THz.

®2 AGDEHUN0.12 THz, SARIKERIEZ] 0.965 I i) L S8
Table 2. The optimal structural parameters when photodetector’s absorption rate reaches 0.965 at the

frequency of 0.12 THz.

T J2 J S5 45 e S % 0.928(4 /2 Si02/TiO2) et L/mm 2.5
JEG 2 J S 45 s S 0.998(8 /2 Si02/TiO2) FBIFALE z/mm 0.035

‘ 25 5B R A B, 7 S R R A

3.2 THziEIREE GPD My E 72 KB A 1 + sin(Bd)/(Bd)]a (FiHp 5« 43

W R FEF 5 57 06 2E R T s Bt AR O AROR A SR A T AT A B O AR

BRI, 6 B R I Ak R, A ). AR R R AL R R

PO S TR A, 0ot (14 T Ja ~ 20, i (1) 505 (12) &, T
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= hv(1 — Ry Ry, e —204)2
e{HRb('(”ZOZZ{’Q/@ ‘(1+Zlod/2) ) }(1_Rt){1_< (15050/5/2) ‘(1+Z100/2) ) }

Z00'/2 1
(1+ Zoo/2) ' (1+ Zo/2)

e

/w{1_¢m<’

(16)
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Fig. 6. (a) The relationship of responsivity and fre-

e 37 % / AW~

quency (0.1-10 THz); figure (b) is the partial enlarged
drawing of figure (a) at frequency (0.1-3.0 THz).
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U6 PR B i Y, AR 2 RO o e A B, T
& 1o A AR AR S A R O THz Y6 L2841
PR T B IR JL AL

Sk

[1] Yoneyama H, Yamashita M, Kasai S, Kawase K, Ito H,
Ouchi T 2008 Opt. Commun. 281 1909
[2] Liu S G, Zhong R B 2009 Journal of University of Elec-
tronic Science and Technology of China 38 481
[3] Zhang Z L, Mu K J, Zhang C L 2009 Science and Tech-
nology 8 11
[4] LiH, Cao J C,Han Y J, Guo X G, Tan Z Y, Lue J T,
Luo H, Laframboise S R, Liu H C 2008 J. Appl. Phys.
104 043101
[5] Williams B S 2007 Nat. Photonics 1 517
[6] Guo X G, Tan Z Y, Cao J C, Liu H C 2009 Appl. Phys.
Lett. 94 201101
[7] Luo H, Liu H C, Song C Y, Wasilewski Z R 2005 Appl.
Phys. Lett. 86 231103
[8] Zhang R, Guo X G, Cao J C 2011 Acta Phys. Sin. 60
050705 (in Chinese) [7k#%, FHIEJG, ER UL 2011 PYBEER
60 050705]
[9] Phaedon A 2010 Nano Lett. 10 4285
[10] Bolotin K I, Sikes K J, Jiang Z, Klima M, Fudenberg G,
Hone J, Kim P, Stormer H L 2008 Solid State Commun.
146 351
[11] Wright A R, Cao J C, Zhang C 2009 Phys. Rev. Lett.
103 207401
[12] Ryzhii M, Otsuji T, Mitin V, Ryzhii V 2011 Jpn. J.
Appl. Phys. 50 070117
[13] Vicarelli L, Vitiello M S, Coquillat D, Lombardo A, Fer-
rari A C, Knap W, Polini M, Pellegrini V, Tredicucci A
2012 Nat. Mater. 11 865

168101-6


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn
http://dx.doi.org/10.1016/j.optcom.2007.03.089
http://dx.doi.org/10.1063/1.2970101
http://dx.doi.org/10.1063/1.2970101
http://dx.doi.org/10.1038/nphoton.2007.166
http://dx.doi.org/10.1063/1.3134485
http://dx.doi.org/10.1063/1.3134485
http://dx.doi.org/10.1063/1.1947377
http://dx.doi.org/10.1063/1.1947377
http://wulixb.iphy.ac.cn//CN/abstract/abstract18350.shtml
http://wulixb.iphy.ac.cn//CN/abstract/abstract18350.shtml
http://dx.doi.org/10.1021/nl102824h
http://dx.doi.org/10.1016/j.ssc.2008.02.024
http://dx.doi.org/10.1016/j.ssc.2008.02.024
http://dx.doi.org/10.1103/PhysRevLett.103.207401
http://dx.doi.org/10.1103/PhysRevLett.103.207401
http://dx.doi.org/10.7567/JJAP.50.070117
http://dx.doi.org/10.7567/JJAP.50.070117
http://dx.doi.org/10.1038/nmat3417

¥ 12 Z R Acta Phys. Sin.

Vol. 65, No. 16 (2016) 168101

[14]

18]

[19]

[20]

Mittendorff M, Winnerl S, Kamann J, Eroms J, Weiss
D, Schneider H, Helm M 2013 Appl. Phys. Lett. 103
021113

Muraviev A V, Rumyantsev S L, Liu G, Balandin A A,
Knap W, Shur M S 2013 Appl. Phys. Lett. 103 181114
Zak A, Andersson M A, Bauer M, Matukas J, Lisauskas
A, Roskos H G, Stake J 2014 Nano Lett. 14 5834
Spirito D, Coquillat D, Bonis S L, Lombardo A, Bruna
M, Ferrari A C, Pellegrini V, Tredicucci A, Knap W,
Vitiello M S 2014 Appl. Phys. Lett. 104 061111

Engel M, Steiner M, Lombardo A, Ferrari A C, Lohney-
sen H V, Avouris P, Krupke R 2012 Nat. Commun. 3
906

Furchi M M, Urich A, Pospischil A, Lilley G, Unterrainer
K, Detz H 2012 Nano Lett. 12 2773

Xia F N, Mueller T, Lin Y M, Valdes-Garcia A, Avouris
P 2009 Nat. Nanotechnol. 4 839

21]

24]

[25]
[26]

27)

168101-7

Deng X H, Liu J T, Yuan J R, Wang T B 2015 Acta
Phys. Sin. 64 057801 (in Chinese) [MEHT4E, XV, #H
1=, EFF5 2015 #H 2= 64 057801

Dong H M, Zhang J, Peeters F M, Xu W 2009 J. Appl.
Phys. 106 043103

Chen Y L, Feng X B, Hou D D 2013 Acta Phys. Sin. 62
187301 (in Chinese) [FR¥E R, H/NK, FEE7R 2013 Y2
& 62 187301)

Horng J, Chen C F, Geng B, Girit C, Zhang Y, Hao Z,
Bechtel H A, Martin M, Zettl A, Crommie M F, Shen Y
R, Wang F 2011 Phys. Rev. B 83 165113

Song S F 2012 Laser & Infrared 42 1367

ZhouY 2009 M. S. Thesis (Chengdu: University of Elec-
tronic Science and Technology of China) (in Chinese) [J#
B 2009 200830 (Hl: HFRHEIRS))

Ferreira A, Peres N M R, Ribeiro R M, Stauber T 2012
Phys. Rev. B 85 115438


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn
http://dx.doi.org/10.1063/1.4813621
http://dx.doi.org/10.1063/1.4813621
http://dx.doi.org/10.1063/1.4826139
http://dx.doi.org/10.1021/nl5027309
http://dx.doi.org/10.1063/1.4864082
http://dx.doi.org/10.1038/ncomms1911
http://dx.doi.org/10.1038/ncomms1911
http://dx.doi.org/10.1021/nl204512x
http://dx.doi.org/10.1038/nnano.2009.292
http://dx.doi.org/10.7498/aps.64.057801
http://dx.doi.org/10.7498/aps.64.057801
http://dx.doi.org/10.1063/1.3200959
http://dx.doi.org/10.1063/1.3200959
http://dx.doi.org/10.7498/aps.62.187301
http://dx.doi.org/10.7498/aps.62.187301
http://dx.doi.org/10.1103/PhysRevB.83.165113
http://dx.doi.org/10.1117/1.JBO.21.7.076002
http://dx.doi.org/10.1103/PhysRevB.85.115438
http://dx.doi.org/10.1103/PhysRevB.85.115438

) I8 % 48 Acta Phys. Sin. Vol. 65, No. 16 (2016) 168101

Design and performance analysis of THz
microcavity-enhanced graphene photodetector”

Liang Zhen-Jiang Liu Hai-Xial  Niu Yan-Xiong Liu Kai-Ming Yin Yi-Heng

(School of Instrument Science and Optoelectronic Engineering, Beihang University, Beijing 100191, China)

( Received 23 April 2016; revised manuscript received 30 May 2016 )

Abstract

Detection of the terahertz (THz) electromagnetic spectrum(wavelengths range 0.03-3 mm) is a promising technique
for a large variety of strategic applications, such as biomedical diagnostics and process, quality control, homeland
security, and environmental monitoring, etc. Graphene has been recognized internationally to have dominant advantages
in photodetectors operating due to its high carrier mobility, gapless spectrum, and frequency-independent absorption
coefficient. Graphene photodetector operating in the THz region has been extensively studied with great interests.

A graphene microcavity photodetector with THz electromagnetic spectrum is demonstrated in this paper, and its
responsivity and detectivity under THz electromagnetic spectrum are evaluated. In the designed device, we adopt a
distributed bragger reflection (DBR) consisting of two semiconductor materials SiO2 and TiO2 to form an alternating
cavity with high-finesse planar, sandwich the absorbing graphene layer between the cavity’s top and bottom layers, and
design the DBR’s reflectivity by the optical transmission matrix method. The monolayer graphene’s optical absorption
mechanism of the THz radiation spectrum is studied by the conductivity matrix and Maxwell’s equations with the
electromagnetic boundary conditions. Graphene’s transfer matrix and absorption coefficient equation are further derived.
It is found that at THz region, graphene’s conductivity plays an important role in its absorptionand its absorption is
9-22 times enhanced compared with that at the visible region. An optical absorption model of microcavity-enhanced
graphene photodetector at THz region is established. The photodetector’s absorption rate and responsitivity are analyzed
specifically. Theoretical analysis shows that absorption rate is symmetrical to the microcavity’s center position and
changes periodically, and the shift of the microcavity length influences the period numbers. The maximum rate of the
photodetector’s absorption reaches 0.965 at 0.12 THz, which increases 93% compared with its maximum absorption rate
0.5 with no cavity. The optimal structure parameters for the designed photodetector are as follows, the top and bottom
mirror’s reflectivity are 0.928 and 0.998 respectively, the microcavity length is 2.5 mm, the graphene is 0.035 mm away
from the top mirror. Under the optimal structure, the photodetector’s responsivity reaches 236.7 A/W, and its full width
at half maximum reaches 0.035 THz. The designed graphene microcavity photodetector can exhibit high responsivity

and detectivity in THz radiation spectrum.

Keywords: graphene photodetector, microcavity, terahertz, absorption rate
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