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Carbon nanotube Raman laser using photonic crystals
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Hybrid devices consisting of silicon photonic crystal cavities and carbon
nanotubes were characterized. Various cavity designs and coupling methods were considered, and Raman
enhancements were quantified. Enhancement of Raman scattering from graphene was also investigated,
as the Raman frequencies are similar. Enhancement of Raman scattering from monolayer graphene on

two-dimensional photonic crystals using double resonances were demonstrated, where we obtain an
enhancement of the Raman intensity by a factor of 60 compared to that on un-patterned silicon
substrates. The double resonances originate from simultaneous enhancements by a localized guided
mode and a cavity mode, and they can be tuned to Raman scattering by tuning the hole diameter and
lattice constant of the photonic crystal.



¢ X C—19, F—-19—1, Z—19, CK—19 (#m)
1. WFZEBHAA S 4075 5

HEh—RrF /) Fa—7 (K1) 1F, BERIEF/ A— AT
HOVBENOLEIZIIIZe 28250 ) HN—RIEHED DI
7 —na VR T, BRI S T bk T3 iRV RS A 2
T, I, IR F ) Fa—TRT5 72 EDF ) S1—
RNUMETITET 74+ VHEERPHRWZ L EFEST, 7+ &
VEBONEPIEFITE D, BUNRERIC R LA 7+ b K1 BEI—R T
= 7RERHRES (K2) 2HVE, 2ok REtEE bl Fa—7 oKX
R 5 Z ENARERITTTH D,

2. WtoHBY

T4 h= vy ZRERIHRERIC LD . T~ UBELED 5y 7 ok
g EOER DA N EI T T, T~ L —F—3IRT 5 rliE
HEBEZX DD, T T, AMETIEI—R T /) Fa—TL
Vary 74 b=y 7 ERHEREZMEG S YT A R TBIT S L
— P —RIROFEARIET A L2 HE LT, T8 ADKHE
{BIZERD MA, 74 h = 7 i RS ORREHC Q i, = LTk
REF~DTF ) F 2 —T OFREGHTIEOEBERFI L, 7~ 8Elbt
DR AR LT, X2 : 74 k=7t

HIRFROE M EHE

3. WHEDITIE

FT. 74 b=y IfEROT A AR EME LT, 74 b=y V7 RERRG O Q ElLD
72, £, T UHELE LA S AT OORFHICERVMAT, NAKRT T+ b=y 7R
ATy 7 b L3 BIKRMaaBA LT bDOEIEARL L, EBEMEICHEL LY ar oL vt
REEN+DEWEEERD LI, T ERBIOEAY A X2 LT, £70, Bl e
FEIERIREIZ IS U CHYIR S 2 BB 2RI HT 5720, 7~ VEELO R G 5 g
WEAEFFOMIEMARG Lz, T30 AERCIX, vV arv-Fr A rvalb—2—5EilE
AWTEFRHE, oAy TF v r, oy by F o 72rn, Fy 7 ECEEEEED
HIRI AT Uiz, RYET A A 2 RHE RS S S EEIC LY 74 PV I Ry kY
ZHTE TR L 7=,

72, ERIL7T A R RIS EIEIC L VEEY =R ) Fa—T 25Kk
DOFELHRFT LTz, MA T, T3 22 @RI T DV EORWFETH—RUF ) Fa—T
EANEISEDLZELRLAZIEN, ZERUCKEETCT U HELERAETH T /) =R UMETH
57572 G LT AN AOERIC LA, I—RrF ) Fa—TE2EEAKRL
T NAART T 7 2 HWE LT A 2 (K3) 1IZxt LT, kAR L iy e ik
EIZE Y T~ AL OB 58 & 5T L 7=,

graphene

K3 : 7772 55507+ b=y 7 iiamtiReS0E FHEKEEE



FERAL

7% b=y 7RI OB Q HEILICOWTIE, 74 ML % vt ARIEIC L DM TR
H QEDEWEEE— FOMREENR T v VHBELICE DK T ERORHHEA#HE L, £/, & Q
A2 FEBR T2 L3 LIR\MONDOALED Y 7 S EICKT 2 ERE 20 E Lz, ZOME, K
T— NEFEORHEICHE T2 Z LN alRE L 20 HIEER O RIED RIS 58
10,000 ® Q EZ FHHMER S KB TE DL L 21k o7,

T2 UHEE LA SED O ORFHIOW TR, IR ENE VT S A TR, B
THHYVarORNE T~ UVBEDERFEIREDOKRE L > T LE I 72D T~ O AN
HELWZ ENg0 ., i, HRREANRETIET Y a0t ERTRL T TR,
R E S FNITN L TELRDTD, YU arOREMEZO LD BRI TX 5 2 & 34
L7z, £ZC, 792N LZ 1200 nm LU EDOWEE & 7225 X ) IC RS 2545 LT,

F )T a—TEEAM LI2T 3 AT B EOBE T, 7~ OHEmIZBW T
BT — RIC K DR C OB BRI TH D Z L ARB I N2, B0 MR § RRFC
E%T%5ﬂ£%ﬁﬂﬁﬁﬁﬁﬁ%ﬁ®mﬁ%@btoﬁ% FEAE Tt ST %Y

ZiX, BhEYEOWE AT D 2 & CHIERHIC BRI SR 2 55 Z E %S, L
L ML 2 WD GAICIEE Y & T~ o DZNEICHET 5T 3 AN E L7 b7z
O, BFTEEBIOZELY A XD LT OB ZMAEDEDT A 2T v 7 B RIE
L. RMFCEI T A AZRERNRE T D FIEEZID 2 L TR R[GE/R T A A &2 1572,

H—RF ) Fa—TEEEGR LT A AT, 74 b=y 7 #EaIERSO Q E13%1E
T HBIGD YIRS S AT 3, mﬁﬁmﬁﬂﬁﬁéﬁ<#é:&f%m%ﬁﬁ?%é:tﬁ%
%Lto_ﬂ%@Tﬂ41Ti®t T LD, R RN T~ VLS E BT D BE
WWNBEART D2 L NFERTE 2, T/ Fa—THEEAR LT A AT, émi%%bf
Wﬁ#otﬁt%kﬁ%% NE:E =T 5ﬁﬁ#ﬁ%mf%ot_&@E INEEHTS

DICHIRGBE L O 7+ b=y 7 HEETORE S FEM L7z, ZREMD DR TZD, 7¢
Fﬁ/7ﬁm@ S FLER Sy D FESIRE S Mt — NI K iRV A B L7s, SEER
VHEEL BT — RSBz L v | W%%éwrﬂ4xfmﬁﬁ;@:%@E%w%&ﬁ%ﬁ
T, o, BT EBOMEE L CHEHNZED, HEEOSWVEIRE— FE/RET DL Z
EMTE, &5, FIEICH L CHENEBENBREU EIZHENT 57 314 28 S iz
kb\ﬁﬁﬁﬁﬁkéﬁbﬂbfﬁmtk A EREMERT— R EREA L TV D EHEIC,
JLIRE 2 D 2 & TT A AN L TEIRTE— ROIENZL L, Bt & OB 8
DLUTHANKET DHEAITEE TWD I ERHLMNT RS T,

757 2 ERE LT A AW T, %tt&7v/ﬁﬁt&®ﬂ L2 B L7,
RIS CIEREL Y & FEER R 7+ b= v 7 fEsh RS & g U Bhid e oEsh & 5 o1y
TRNEEFICE XD Z LIk, KRERERENELND, 7771/%%Ebt AT PSS
F5 T~ UEELOBRIZOWTHEHM O RICL VI L2 25 (K4), /797200 G E
— R & ORI N R TE %ml%“k%@LTKMOP@%ﬁ%%ELtoik\?7yﬁ
DZEM5y ﬁ&ﬁtfﬂ%ﬁtﬁ@ﬁﬁ#k%<%5bfwé EEHLMNC LT, EBIT
+ b= 7O T EBCEAR AL T D 2 L TR DO R 2 2 b S, E&é&ﬁf
%?vyﬁﬂwﬁﬁﬁ%%ﬂé k%rbti# JAbEL Y D HE BRI & O OHE IR & E BRI
B &Mz LTz,

960

940}
_. 920} 600 _
£ P
£ 900f 400H €
X =)
[ (o]
~ 880} S
200 .

860}
840

1100 1200 1300 1400
Emission wavelength (nm)

X4 : 74 b=vZfEREDT T 7 = ORESE



5. FreRFRLE

(MEREamsC) GBE 3 )

(1]

(2]

(3]

W. Gomulya, H. Machiya, K. Kashiwa, T. Inoue, S. Chiashi, S. Maruyama, Y. K.
Kato, “Enhanced Raman scattering of graphene using double resonance in silicon
photonic crystal nanocavities”, Appl. Phys. Lett. 113, 081101 (2018). # i
DOI:10.1063/1.5042798

A. Ishii, X. He, N. F. Hartmann, H. Machiya, H. Htoon, S. K. Doorn, Y. K. Kato,
“Enhanced single photon emission from carbon nanotube dopant states coupled to
silicon microcavities”, Nano Lett. 18, 3873 (2018). &#H A
DOI:10.1021/acs.nanolett.8b01170

H. Machiya, T. Uda, A. Ishii, Y. K. Kato, “Spectral tuning of optical coupling
between air-mode nanobeam cavities and individual carbon nanotubes”, Appl. Phys.
Lett. 112, 021101 (2018). #3t

DOI:10.1063/1.5008299

(FaRE] GF 22 1)

(1]

(6]

[9]

[10]

H. Machiya, W. Gomulya, K. Kashiwa, T. Inoue, S. Chiashi, S. Maruyama, Y. K.
Kato, “Enhanced raman scattering of graphene using double resonance in silicon
photonic crystal nanocavities”, March Meeting of the American Physical Society,
Boston, Massachusetts, USA (March 5, 2019).

A. Ishii, X. He, N. F. Hartmann, H. Machiya, H. Htoon, S. K. Doorn, Y. K. Kato,
“Enhanced single photon emission from carbon nanotube dopant states coupled to
silicon microcavities”, JSAP-OSA Joint Symposia, the 79th JSAP Autumn Meeting
2018, Nagoya, Japan (September 20, 2018).

W. Gomulya, H. Machiya, K. Kashiwa, T. Inoue, S. Chiashi, S. Maruyama, Y. K.
Kato, “Enhanced raman scattering of graphene using double resonance in silicon
photonic crystal nanocavities”, JSAP-OSA Joint Symposia, the 79th JSAP Autumn
Meeting 2018, Nagoya, Japan (September 20, 2018).

Y. K. Kato, “Air-suspended carbon nanotubes for nanoscale quantum photonics”,
International Workshop on Nanocarbon Photonics and Optoelectronics (NPO2018),
Savonlinna, Finland (August 9, 2018).  (¥A4Fi#H)

H. Machiya, T. Uda, A. Ishii, Y. K. Kato, “Spectral tuning of optical coupling
between air-mode nanobeam cavities and individual carbon nanotubes”, 7tA
Workshop on Nanotube Optics and Nanospectroscopy (WONTON18), Hakone,
Japan (July 11, 2018).

A. Ishii, T. Uda, X. He, N. F. Hartmann, H. Machiya, H. Htoon, S. K. Doorn, Y. K.
Kato, “Room-temperature single photon emission from carbon nanotubes”, 7tA
Workshop on Nanotube Optics and Nanospectroscopy (WONTON18), Hakone,
Japan (July 9, 2018).

W. Gomulya, H. Machiya, K. Kashiwa, T. Inoue, S. Chiashi, S. Maruyama, Y. K.
Kato, “Enhanced raman scattering of graphene using double resonance in silicon
photonic crystal nanocavities”, 7th Workshop on Nanotube Optics and
Nanospectroscopy (WONTON18), Hakone, Japan (July 09, 2018).

Y. K. Kato, “Single-carbon-nanotube photonics and optoelectronics”, OSA Advanced
Photonics Congress, Zurich, Switzerland (July 2, 2018). (H%FakH)

H. Machiya, T. Uda, A. Ishii, Y. K. Kato, “Emission enhancement of air-suspended
carbon nanotubes using air-mode nanobeam cavities”, March Meeting of the
American Physical Society, Los Angeles, California, USA (March 6, 2018).

Y. K. Kato, “Single-carbon-nanotube photonics and optoelectronics”, JSAP-OSA
Joint Symposia, the 78h JSAP Autumn Meeting 2017, Fukuoka, Japan (September
7,2017).  (HEFFEE)



[11] H. Machiya, T. Uda, A. Ishii, Y. K. Kato, “Spectral tuning of optical coupling
between air-mode nanobeam cavities and individual carbon nanotubes”, JSAP-OSA
Joint Symposia, the 78th JSAP Autumn Meeting 2017, Fukuoka, dJapan
(September 7, 2017).

[12] H. Machiya, T. Uda, A. Ishii, Y. K. Kato, “Spectral tuning of optical coupling
between air-mode nanobeam cavities and individual carbon nanotubes”,
Fundamental Optical Processes in Semiconductors (FOPS), Stevenson,
Washington, USA (August 31, 2017).

[18] Y. K. Kato, “Single-carbon-nanotube photonic devices”, Fundamental Optical
Processes in Semiconductors (FOPS), Stevenson, Washington, USA (August 30,
2017).  (¥fraE)

[14] Y. K. Kato, “Optical bistability in air-suspended carbon nanotubes”, 23Ist
Electrochemical Society Meeting, New Orleans, Louisiana, USA (May 31, 2017).
(FERFRTH)

[15] I. Kimura, M. Yoshida, M. Sota, T. Inoue, S. Chiashi, S. Maruyama, Y. K. Kato,
“Enhancement of Raman scattering from monolayer graphene by photonic crystal
nanocavities”, March Meeting of the American Physical Society, New Orleans,
Louisiana, USA (March 16, 2017)

[16] H. Machiya, T. Uda, A. Ishii, and Y. K. Kato, “Spectral tuning of optical coupling
between air-mode nanobeam cavities and individual carbon nanotubes”, March
Meeting of the American Physical Society, New Orleans, Louisiana, USA (March
13, 2017)

[17] Y. K. Kato, “Surface and screening effects on optical properties of carbon
nanotubes”, Pacific Rim Symposium on Surfaces, Coatings & Interfaces (Pacsurf
2016), Kohala Coast, Hawaii, USA (December 13, 2016). (A15:#1H)

[18] Y. K. Kato, “Exciton dissociation and trion generation in individual carbon
nanotubes”, 229th Electrochemical Society Meeting, San Diego, California, USA
(June 2, 2016).  (BRFRITE)

s 4 4

(X))

[1] A. Ishii, H. Machiya, T. Uda, Y. K. Kato, “Exciton Physics in Single-Wall Carbon
Nanotube Photonic and Optoelectronic Devices”, in Handbook of Carbon
Nanomaterials edited by R. B. Weisman and J. Kono (World Scientific Publishing,
Singapore, 2019) Vol. 9, Optical Properties of Carbon Nanotubes, Part I: A Volume
Dedicated to the Memory of Professor Mildred S Dresselhaus, Chap. 7, p. 269-396.
DOI:10.1142/9789813235465_0007

(Z D)
R—bRX—
http://katogroup.riken.jp/

6. AT
(D) #fFZEy R E
L

() WH5etm 1
mL

KB IC L DP9, FEE DO AR EBEICBOTEGT 2O TY, ZDd, MIEOEMLUIERRDORREFIC
SWTIE, EOEFFEFICES GO TR TONFEERICET 2 RAPEMEL, A EACRE S ES,


http://www.worldscientific.com/worldscibooks/10.1142/10862
http://www.worldscientific.com/worldscibooks/10.1142/10862
http://katogroup.riken.jp/

