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Dirac photonic crystal application in surface emitting lasers
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Abstract ; Photonic crystals have become an important optical topology research platform in recent years
due to their excellent properties such as designability, tunability, and supernormal control of light. The
singular characteristic of Dirac cone linear dispersion has caused many interesting physical phenomena,
such as Dirac oscillation, topological edge states,zero refractive index and so on, which are the physical
roots of condensed matter topological phenomena. This paper focuses on the application of Dirac photonic
crystals in surface emission lasers in recent years, and points out that the introduction of Dirac photonic
crystals into semiconductor lasers can realize large area ultra-low threshold, high brightness, single lon-
gitudinal mode and single transverse mode topological cavity surface emission lasers (TCSELs) ,and also
summarize and look forward to the TCSELs developed based on the Dirac photonic crystal principle.
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Fig. 1 An isolated photonic Dirac point in a 3D photonic crystal and Finite-size effects on the p-factor'*

(a) Sketch of the considered structure; (b) The dispersion diagram corresponding to the structure shown in (a);

(c) Dependence of the p-factor on the normalized emission linewidth Aw, /o, ,

with a being the periodicity of the in-plane triangular photonic crystal
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Fig. 2 Topological bulk laser cavity'1:(a) SEM image of a fabricated topological bulk laser;

(b) The red line represents the topological interface,the blue hexagon indicates a unit nanocavity in the topological

photonic crystal and the green hexagon indicates a unit nanocavity in the trivial photonic crystal;

(c¢) Band structures of the topological and trivial photonic crystals obtained from full-wave simulations;

(d) The corresponding weight of the quadrupole mode in the four bands obtained from the tight binding model;

(e) Electric field (| E|*) distribution of a confined cavity mode obtained by full-wave simulations
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Fig. 3 Operation principle of the topological vortex laser’>*) ; (a) SEM image of a topological vortex laser with a

X -shaped cavity indicated by the red line and arrows; (b) Zoomed-in SEM image of the topological interface;

(¢) Calculated discrete cavity modes of the topological vortex laser (stars and dots) ;

(d) Schematic of the dispersion curves of the topological edge modes and conventional whispering gallery modes;

(e) Schematic of the topological vortex laser with circularly polarized vortex beam far-field radiation
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Fig. 4 Design and operation principle of a magic-angle laser’®”? ; (a) An SEM image of a nanostructured magic-angle

laser on InGaAsP MQW gain material; (b) An enlarged SEM image of a unit cell in a moiré superlattice;

(¢) An enlarged band diagram of two twisted photonic graphene lattices near Dirac points before the

interlayer coupling is considered; (d) The first Brillouin zones of the two twisted single-layer photonic graphene lattices;

(e) The enlarged area circled in d near the Mm point; (f) The energy splitting of the Bloch modes with a wave

vector of kMm in two twisted photonic graphene lattices via interlayer coupling
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Fig. 5 Design of the photonic-crystal Dirac-vortex cavity®! : (a) Honeycomb supercell of the generalized Kekulé modulation;

(b) Band structure of Double Dirac cone; (¢) Common Dirac band gap with modulation angle varying from 0 to 27x;

(d) The size of the Dirac band gap with the change of modulation amplitude m, , when modulation angle

¢o =m/3 of supercell; (e) Illustration of the Dirac-vortex cavity and the potential-well function;

(f) Near fields of the topological mode; (g) Fourier components of electric field E, of the topological mode in momentum space
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Fig. 6 Experimental studies of the Dirac-vortex cavities™®’ ; (a) SEM images of a cavity with R=0 pm

(0 a) and w=++1; (b) Optical spectra and far fields of cavity modes of different winding numbers

(w=+1,+2,+3) with 2R=50 pm (100 a); (c) The Q and FSR values of the single-vortex (w=1) cavities measured

as a function the vortex size R and the estimated mode volume V; (d) The cavity spectrum as a function of vortex size

BB AR A R 4 A . 0 MBS B 0 3R R BT
Dirac &4, i Dirac s Z8 40 W6 F 8% E ST
Z P FSR A3 DA KAk, il 6 (D) iR, &3
LN AR R R I 1) SR AL RV 7T LU FSR SRR AE) A
B — X O &, IR A R ) R R KT R 0O R
T A RS i 0 AR B G 38 PR IS Y RS 15 s b RS T
VE B e LA R& 5 4 $5 , Dirac % i€ 5 ] LA PCSELSs
T R T R 2 2y 238 3 1 B AR SR AT AR A B DA B A A5
B T AR,

2021 4F, MA %3 5o £F BE AT IS B AME A K T
nAs/InGaAs it F S AR S5 & TH AR =
WA T 23 T 53 A — Bl 6 A Dirac- 15 Bé O
Bt S AR K 7 B, 5 CERL28 1 By Dirac
T3 T i 25 K AN ) 5 i P BA 3T 3 38 3 % Dirac % dh i
B ) R NOE B RN OT B 4R AE TR K S
5 =125 KLY Dirac 67 S A8 I O A& H 50
aq =641 nm) i F A& 23 WAL CHlt T Cs 19 e 5% X A
ML Hrh 2 1 = AL RTS8 as) = (s +
s 5o — O YIE L H T 50 =220 nm J& 55 =M= AL

HI K6 BER T R Co B X BRI Hox 2
S = A A AL H B I O B R B R
d=a,/3—0, P AEFE R o B T MK K& P Y
T, FREXSHREE 7R iEik . Al E. BE
EFAH 0, F1 S, 1 2 Bl S A5 06 R T B ié
IR AR TR F I 244

H A VCSEL 1E 2 53 — F #0711 [ & 5 0% 2%
JUE Tz N A A Az R B VCSEL
H T 1 R AR 1 it PR el e S Ol 2y 3 52 3 7 A 1 BR
il e — LUk, BF e AN G B R S 2 A R VC-
SEL £ 1 A S AN A 3806 #8 ok 42 = e 28k S ik &
SO AR 0 O T L AR T RCEE . DIKOPO-
LTSE™ ¥ i4h e 24 M & 5 VCSEL 45 & ik
AT ERAS 2 B 1 20 i, 5 AN ] DA FE 19 O 8, F 98 N B
i X Dirac JG - fib 1A 88 M 43 53] 35 47 W 48 FnAh B 45
YEAS 2090 F8F 35 28506 7 S R F 4R $h 8O0+ db ik, 2R
Ja K FL A A MRS A A AR BDE TR AN AR S R
AR T M AR VCSEL JUL{T HES A4~ VCSEL 3
HEG h PR TN G AR & rh & G388 Z 1811



. 238 - YeEH F - B YW 20224 33%

NS 18 VCSEL M T8 & M midad & & 4
1E VCSEL ) DBR |, M\l 42 i 5 A ¥ 40 46 2 1k
VCSEL B3 A+ 18 & 5. iniE 8 fin. JFH A%

Z A~ VCSEL % 5t a4 1 KR i A ik B 2 3 B2 A2 1k 1)+
P 3 REAE T B A 1 BT D 52 B R LA AH 1 2
SR A 5 S AL T AT g

20 10 0 -10 -20
§,/nm
(b) o
(a) :

(¢)
240 :

393
W
(=3

[T

Frequency/THz

220}

215
0.0 0.5 1.0
Normalized

intensity
(e) ®

B 7 Dirac iRHEH M 5HE™ : (a) Dirac RERIPBABABERERS,; (b) XTREIBEMNTER;

(¢) F—HEBWNXK T SRESKMENERS: o, WARE; (d) REPLHHEXFREEMHABBEER;
(e) #HLT Dirac iRMEEHIIA—UBEE; () Majorana REFHWEE S (H. 7 E)

Fig.7 Design and fabrication of the Dirac-vortex laser cavity?’

(d)

:(a) Scanning electron microscope image
of the fabricated Dirac-vortex topological photonic crystal laser,where R and ¢ are

the radial and angular coordinates, respectively; (b) Illustration of the detailed structure in a unit cell;
(¢) Simulated eigenfrequencies of the bulk states at the T point of the first Brillouin zone with different values of §; and &, ;
(d) Scanning electron microscope image of the photonic crystal structure near the vortex center;
(e) Simulated normalized intensity spectrum of the Dirac-vortex cavity;

(f) Simulated modal profiles (k. component) of the Majorana bound state
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Fig. 8 Topological insulator VCSEL array™"? : (a) Topological insulator VCSEL array,composed of two types of lattices:
compressed and stretched Dirac photonic crystal,on either side of the topological interface;

(b) Scanning electron microscope image of the topological insulator VCSEL array; (c¢) Illustration of the single VCSEL
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