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Two-Dimensional Silicon Photonic Crystal Slab Devices

Li Zhiyuan Gan Lin
(Laboratory of Optical Physics . Institute of Physics . Chinese Academy of Sciences, Beijing 100190, China)

Abstract As silicon has a large refractive index and low loss in infrared wavelengths, it becomes an important
optical material that has been widely used for integrated photonics applications. Some of our recent research progress
on infrared two-dimensional silicon photonic crystal slab devices are presented. A series of photonic crystal
waveguides are fabricated and characterized with novel geometries, resonant microcavities with fine tunability. and
channel drop filters utilizing resonant coupling between waveguide and cavity. The remarkable dispersion properties
of photonic crystals are also explored by engineering the band structures to achieve negative refraction and self-
collimation effects of infrared light beams. The progress towards building and characterizing high-Q photonic crystal
cavities is further introduced. All these results show that silicon photonic crystal can control light propagation in
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many flexible ways and have many potential applications in all-optical integrated circuits.
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Fig. 1 (a) Schematic of a 2D air-bridged photonic crystal slab structures with an input silicon waveguide;

(b) and (c¢) the optical microscopic image of a practical photonic crystal sample used in experiment
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Fig. 2 Experimental setup for the optical characterization

of infrared 2D silicon photonic crystal slab
structures. (a) Schematic diagram; (b) actual
picture; (c¢) a typical optical microscopic picture

of sample recorded by noctovisor

4 ObT R R P A
1.1 RFREES

TR OGS P ot i R o2 — T LA
Ry 8 O B TP A [ g 4 22 1] R B E TR AR A Ak
B o TG T S A S B ARG S AL R R
LS. TR T AR RS A e R I — 2
BRBA » AT FE DG T AR 58 4l B B B — AN BRFA A
T AT LK 6 R ) A 12 i B R L RE B8 AT AR 2R AT
B . TEREIFAROE S A S5 4 b = A Ak = R
FLGTF BRSS9 28 TE £ (G 37 I 9z 07 18] 5 7 B
WD HA BRI 2W . K 3G B2
MPB 553 19 = £ diis 25 AL OG 7 AR 1Y e
SEK . A v 00 DO R B 2 A5 A 1A B TR IX — X
b RO R A BTG T AR IR PR R R . RanTESt
TR gt R L —HE L S TS AR B
R BRI 3 Ch) o A AT LU FH 3 A foke g 285 K il
JGT T TE LAHT A AR b 3l Rl 2 A YDl
TR IR E =M AT SRR TK J7 1 i
AR 0 05 A — A~ S 1 I S A AR D i Je . 5
K i —#. i F7E TM J A bR REAFAE 5 5 &
B S8 A AR B BE AR X A7 1) b AT 8RR
SRyt A b — B HE2E P Xt T LA B U
I'M J5 ] (9 5B 7R S 1B 4 (b)) TR itk BB %
M Fh TM 3 S AR1EJR LG TM 9. et s+
An R RS B @ =430 nm, B RALERR r=120 nm,

FIH MPB SR LOG T S AR TM S 19 BB 77 45
¥ & 5 Ca) TR o H IR 8 DX S TR 1 2 1 B
X3, Ao S F 1533 nm, S8 HAF 22 nm, AHXT
7 SR 5 BT A AR S O IS AN & 5 (o) PR, ik
B rRoD P AE 1524 nm, SN 25 nm. X 5

0900119-3



2 M

B SR 2 A P2 2 RO 2 kR A A D
F4 i 22+ AELJE RTINS R 1 T 2 R 2 v 8 S 1
DUER o A1 DA T i) 52 B R SR 1 il R 2 i 190 2% 1) i F
5 X A LK IR 4l 98 AR R A1 .
SR BT AL TR AT 0B S LA A TR e
MOGAE LR . B 4Ca) iR i SCHE B8 5 ol
I AT A5 U A8 Y HE S ALY AR AR A S D e A

E—— .
0.5 1even t cone
0.4 1 — N
0.3 1
0.2 :
0.1
0
r K M r

ry o TR TE L E SO P B 1 48 25 AL D M2
W RTEE RS . O 74 DM 35 19 15 f PR BE . 4 /1N I
TP B I AR — HE A AL B RN R I 7 DR R 48— FE
25 AL RN A% AN Ol 3 BB R — A4S O 1 22
A 1A 4 (o) ], I B AL — U5 A [ 2 8 e B
4 1, =50 nm Fll r» =170 nm B}, S 19 Te 7] LAk 2]
75 nm, PRGNSR S5 R ANE 5(b) F (D R,

0.4
[® /
$03 /{:N,,_o;
3 o
> Q
£ 02 S
= X
g 1 &
= 0.1
—+— even—-even
—o— odd-even

0
0 02 04 06 08 1.0
Wave vector /(n/a)

B3 () =ff s 2= AL T i IR BB S5 A T 5 (b) e T i i WL 3 BRI 45 A T o A B b Ay 7T A% BT 20 31 A 468
A A

Fig. 3 (a) Photonic energy-band structures for an air holes triangular lattice photonic crystal slab; (b) energy-band for a

photonic crystal W1 waveguide. The upper and lower bands are the even-symmetric and odd-symmetric guided mode,

respectively
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Fig. 4 (a) Schematic of 'M waveguide construre in a triangular-lattice photonic crystal slab; (b) and (¢) are SEM pictures

of original and optimized I'M waveguides
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Fig. 5 Calculated modal dispersion relation of (a) the original I'M waveguide and (b) an optimized I'M waveguide, the

bandwidth of the waveguide modes is 22 nm in the original waveguide. After optimization, the waveguide band width

is significantly broadened to 74 nm; panels (¢) and (d) are the corresponding measured transmission spectra of the

original and optimized waveguides
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Fig. 8 (a) Schematic structure of a one-channel photonic crystal filter with elliptic air hole; (b) enlarged view of the

filter around the photonic crystal microcavity
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Fig. 9 (a) SEM image of the four-channel filter with elliptic air holes; (b) experiment ally measured transmission spectra

for the four-channel filter; (¢) simulated transmission spectra for the same filter
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Table 1 Structural parameters and optical performance

in the four-channel filter

Channel 1 2 3 4
Lattice constant /nm 420 430 420 430
Number of air hole removed 2 2 3 3
Long axis a /nm 240 260 240 280
Short axis b /nm 200 240 220 240
Angle /(% 0 0 0 0

Theoretical resonant peak /nm 1553 1539 1563 1558
Experimental resonant peak /nm 1549 1541 1567 1560
Deviation /nm 4 2 4 2
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Fig. 10 (a) SEM image of the fabricated four-channel orthogonal coupling output filter; (b) experimental transmission
spectra of the four output channel filter in linear scale; (c¢) infrared CCD camera image of far-field scattered light
observed in experiment for one channel of the sample. A bright spot appears at the end of the output channel when

the input wavelength coincides with the resonant wavelength and it disappears when it is at off-resonance
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Table 2 Structural parameters and optical performance in the

four channel I'-M and I'-M waveguides filter

Channel 1 2 3 4
End shift /nm 0 5 10 15
Theoretical resonant peak /nm 1550 1551.5 1553 1556
Experimental resonant peak /nm 1543 1545 1548 1551
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Fig. 11 (a) Photonic energy-band structures of TE-like bands for an air-holes square-lattice photonic crystal slab;

(b) equi-frequency surface contours of the TE-like first band for the same photonic crystal show that self-collimation

can occur in the direction around the I'M direction; (c¢) equi-frequency surface contours of the TE-like second band

show that negative refraction can occur in the direction around the I'M direction
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Fig. 12 (a) SEM picture of the photonic crystal structure and an input waveguide which can generate negative refraction;

(b) light intensity distribution of TE-like modes for photonic crystal with deliberately designed tapered air-holes

interface; (c) directly observed pattern of the radiated light of 1503 nm f{rom the top using an objective lens;

(d) SNOM picture of the negative refraction of the same wavelength. In each picture, the boundary of the photonic

crystal structure is superimposed as solid lines
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Fig. 13 (a) Schematic of the photonic crystal structure formed by a silicon-based square lattice of elliptical air holes;
(b) band diagram of the fourth, fifth and sixth TE mode; (c) equi-frequency surface (EFS) contours of the
fifth TE mode
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Fig. 14 Electric field intensity distribution in photonic crystal with 0°, 20° and 60° incident angles at the minimum

normalized frequency 0.36 (a) and the maximum 0.46 (b). A finite-difference time-domain method is used

in the simulations
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Fig. 15 (a)~(c) SEM pictures of designed photonic crystal structures with 0°, 20°and 60° incident waveguide. (d) ~ (1)

light-field distribution observed using IR camera and a high numerical aperture ( NA = 0. 50) objective. The

patterns of the minimum and maximum wavelengths only are shown for each incident angle
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Fig. 16 Schematic of (a) the original photonic crystal 1.3 nanocavity and (b) the optimized nanocavity; (c), (d) radiation

spectra of the original photonic crystal L3 nanocavity and the optimized nanocavity
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