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Fig. 1 Theory of lateral PT symmetry"®*"

. (a) Schematic of laterally PT-symmetric double waveguide arrays; (b)(c) the

corresponding complex propagation constant versus the imaginary part of the complex refractive index of the gain

waveguide; (d)(e) mode field distributions of fundamental supermode and high-order supermode in the PT-

symmetric waveguide, respectively. White solid line is the real part of the complex refractive index, white dashed

line is the imaginary part of the complex refractive index, and yellow line is the electric field intensities
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Fig. 2 Theory of longitudinal PT symmetry

system, the traditional laser cavity,

. (a)—(c) Schematics of the longitudinally PT-symmetric two-port optical

and the longitudinally PT-symmetric distributed feedback waveguide,

respectively; (d)(e) behavior of the overall reflection/transmission coefficient versus angular frequency detuning for

the longitudinally PT-symmetric two-port optical system and the longitudinally PT-symmetric distributed feedback

waveguide, respectively, solid line is the two-port coherent input excitation satisfying d/a =M,

, dashed line is the

two-port incoherent input excitation with the averaged random phase, and dotted line is the single-port input

excitation; (f) distributions of the poles and the zeros in the complex plane and log of transmittance for one

longitudinally PT-symmetric optical system
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Fig. 3 Theory of supersymmetric transformation. (a) Schematic of supersymmetric transformation; (b) near field

distribution and far field distribution of the supersymmetric laser array with five waveguide elements calculated by

finite element method
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Fig. 4 Laterally PT-symmetric micro-structure lasers™’*"

. (a)—(c) Mode field distributions of the fundamental mode, the

first order mode, and the second order mode in the cross-section of the single micro-ring resonator, respectively;

(d)—(f) mode field distributions of the corresponding supermodes in the PT-symmetric double ring resonators;

(g) coupling coefficients of different modes versus distance between the two rings; (h) (i) optical spectra of the

single ring laser and the PT-symmetric double ring laser under different optical pumping powers, respectively;

(j) schematic of the laterally PT-symmetric double broad area coupled single lateral-mode laser; (k)—(m) far field

distributions of the laser under different injected currents in the lossy waveguide and the insets are the corresponding

near field distributions around the cavity mirror
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Fig. 5 Electrically injected PT-symmetric micro-structure lasers™*

. (a)—(c) Scanning electron microscope images of the
electrically injected double ring laser; (d)—(f) optical spectra of the double ring lasers with the two rings uniformly
pumped, the left ring pumped only, and the right ring pumped only, respectively, and the insets are the
corresponding light intensity profiles; (g) microscopic photo of electrically injected PT-symmetric coherently
coupled VCSEL array; (h) (i) near field distributions and far field distributions of the laser under different injected

currents I
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Fig. 6 PT-symmetric double ring laser with embedded S waveguide

) (a) Scanning electron microscope of the laser;

(b) schematic of the unidirectional light propagation in the laser; (c)(e) camera image and optical spectrum of the

laser within the PT-symmetric phase, respectively; (d)(f) camera image and optical spectrum of the laser within

the broken PT-symmetric phase, respectively

3.2 4@ PT X FREG LS ML =R

HATYh 0] PT Xf R 00 (ol Al o n] LATRA 301G
T B 7(a) N Feng Y BT 10 2l 47 5t
2 F R Y SRR PT X ARIEOG % Al AT 38 i A
InGaAsP Z & F Bf LT Gr/Ge W8 )2 45 14 K 58
IR S 3 A AR FE S A0 A L T X A Gr/Ge &2
SER T Y1 55 AR IR0 B A R s . 91E 100 &
G WA 2.1 WA i PT XS FR A9 G 5 ks B
AL AEFE PT X FR B Bl 49 B 42, X2 3088 OG5 ok
W B AT LSS B G B A PT X ARl e BB
B 25 XAMINAY RS 45 R T 0 Ot it = #EA PT X
PRUBEGRAR o AT I8 A 502 5 T OIG A U 1 B 30 4% T R
DU 4 DX A 25 /D o BB 2 T G U (i S AR T
FOBE TN, AR PT R FR i ok A 184 2 4 0B e Jm) Bl A
Bl A5 DX, TR I A 40 AR AR 2 R TR AR X, A R
A ke 4 A5 D) 389 29 3 A A 1 2 DX RN FE X, B AT
35 I AT KA PT R RR T e %) B A B 2>

B I 7o) WT LLUF B, Bl 2 50 6 00 5 R 3G,
OGS OGS O kR AR K B R R
Tk I B LT AR BRI L 2 1) ST IE O A8 1Y L
RSB IO R 98 B S 900 nm, BB Ab, I X AP
afi 4 25 FURE PR A G PT X FR 45 44 316 A] D) AE [/ —
AN 3 A ST BB RN R AT CHD CPA &),
7o) (d) g% F CPA OG5 B9 3 1 el 5 1Y
THMHEADZE TS (MMD f1H PT Xk CPA 3%
S R, Hodr, A MMI 2 FH R 40 5 it 30O
5 PR 0 I AR SO RS B . B PT Xk CPA
WO A 1Y 1 2 450 FE W 1 5 XA 7 Ca) R 1 7 20
AT BT DA 213 CPA SO a B 7 P 4 3t 11 3 T8
ASFER 1 B0 F tmT DL SE B PR AR, Wil 7 (e |
(DFTR, AN AR EFiZ CPA BOG# TAETE B {E 5
BRF 30T 3 9855 A S B8O 25 A S 1 9 8000 ' 14 A X
AHAL . 5250 45 JL 3% B . >0 79 3 %000 ' 1% R X A 52 R
/205, AT Z 8 0 T U2 A O 3 4 R S A R

1201005-9



RRNE

E48% F 12 81/2021 £ 6 A/HEMNA

20
() 12 [ '(e) N ® * Maximum ©
;‘g = g ° Minimum @
L 5, ]
06 :lf/—/( 5 21
5™ ¥ .
£ 02f Pump: 320 MW cm? _
5 o0 Lo ) . woa ) 2 $
]
. 25} 2 54 H
z \ cC e £
;' 20F | 1450 1500 1550 1,600 1,650 %
o150 Wavelength (nm) i
2 10p )
.
S 05F Pump: 600 MW cm? ® g ©
e ey ey 2 B4
g 00 g W 4
2 50 b 3
= 40f A E_A“h 104 '& 3
SOr ’ 2 =:vo31 o::
20F Pump: 720 MW ' g 5 1 &
10F em? ‘ E 102 o °
0.0 - g 3
1400 1425 1450 1475 1500 1525 1550 1575 160 2 w . —
Wavelenoth (nm) E 35 40 45 1553 1554 1555 1556 1557 1558 1559
2 Pump energy density (1J cm2) Wavelength (nm)

B 7 0 PT BRSO

CaOYhTi PT X F i 39 it /458 46 981 1 B0 TR0 0T 6 O 285 4 7 T 18T 5 (D) OL AR 7E AN [+)

JETR IR T B 5 (O PT XFAREY CPA SOGB4 L BT 5 (D CPA B0 AR BB X K I 5 (o) CPA BOEL AR
BTG 18T s (D CPA WOGAR B9 8- 285 (o) 42 Jay B /88 S 28 BBl e < A9 788 A5G AR o 10 i 30T o 3 AT = 30 O T 3 . % I
AR I

Fig. 7 Longitudinally PT-symmetric single mode lasers

[38,54]

. (a) Schematic of longitudinally PT-symmetric micro-ring

laser modulated by gain and loss; (b) optical spectra of the laser under different optical pumping intensities;

(c¢) scanning electron microscope of the PT-symmetric CPA-laser; (d) enlarged grating area of the CPA-laser;

(e) optical spectrum of the CPA-laser; (f) light-light curve of the CPA-laser; (g) global reflection/transmission

coefficient versus wavelength, and red points represent coherent amplification and blue points represent coherent

absorption

DX o DT 552 30 5 28 A T W i, A (5) 3XAT DS 31 it
B 4 Ry B 3 /3% 9 & BOBE B K i s Ak G R L
7 () W €5 B0 A T 7 5 2 T SR S 1 R X A 7
H—n/2 B BT Z 88 A A 63 R B
B35 DX, DTS2 AR T K, BT 7 () 14 20 6 3] s
Frzs . BAT L, i% CPA BOG & Al L] i 52 B 5
R 3 A ) B R A = R R R B . Gu
ST e ST N 18] PT X AR 149 2% T 0% 28 v
SR F B 2D frm i B AY 4. fib
A1 B A X T 11 8 (o) JiF /s 1) 35 50 3 1 1 45 08 30k
ot B PT X AR 1 2508 BB 28 GER 4 22 )
AT, a8 () B » B BT R By A ] B, i L
Jei 2 AR ) Rl 2 T 1 R S e, 3550 S
A3 X IR B WO AR 45 H R B E N 8 (a) L (D) TR,
BOEE R PT XFREY 55T BOG 2% i 40 F PT X FR
il SRR G AE 408 A 0 A 55 X 1 5 001 % 2 B G 4 Y

R U B i Sz 1) RS B, 2 (D R, e 40X B
AR e A B 3k Sl ) R K 2 O A A A
AR FEARX T PT XA AH A ] fR 3 K 1 1 f%.
BEJm , Eop T B EHIEA L PT M RRAE RS
RO PR B R B4 K] 8 (o) iz oty
HIZE R 7R T IR A T Gu 28057 4 & B o6 2%, H AL
AAEM PRI S E WX T . K SO LFE
B, Bl A A H I B 3G R O A8 B PT X FRAH
A PT X Rl , AN A X R PR g K 1 1 4%
b TR PT XTFR R GRS PT XFFRAH AY A
Y51 B e Mok R 4 O 2% 19 A SRR A L i e R
HPT ARG B 5 A0 e 1 2 [ RS T L o 52 B
B A 3 B COAND SOk BOBRE . ARl Brak . 78
PT XF AR sk i (5% EP) &b, % 58 W 25 324> 5 1 7 1)
NG 8 — Ak PT X AR 09 52 31 55 28 50 M i 9 /=2 5
R A0, Miao % gt Al FH EP X A~ 45 M 4T 8% T %

1201005-10



E48% F 12 81/2021 £ 6 A/HEMNA

(a) ©) -
=

3

E

@ 3z

(®) 8
:E.

E

©)

Active
region

",

N

Pl 8 Yhial PT XF BRI AS b A2 2 18] B o £ B0 577

w,

P
3

g

1 Uniformly pump
4 5

Half pump |

604.6

604.8 605.0
Wavelength (nm)

—50 = 310 mA
® * 320 mA
= 330,

2

s _

g —60
i
2

"g 70
=

S

= -7
—

96Y 970 u71 972 973

Wavelength/nm

Ca) ¥ 59 S0 1Y 2% T 6 A% B9 25 M9 7R 28 185 () 8 23 D 2 i Y

PT X FRATE BOE AR 19 4544 78 B 18T s (o) 3 23 06 8 3 19 20 T2 OB 4 Ot i 5 (D 30 B 19 PT X Fr 4808 #0648 il
(o) WIEAB PT X Fr 4 T8 HOG AR B9 450 78 5 5 (D O 875 A W) HUBE T B9 61

Fig. 8 Phenomena of doubled mode spacings in longitudinally PT-symmetric lasers

5757 (a) Schematic of the uniformly

optically pumped stripe laser; (b) schematic of the partially optically pumped PT-symmetric stripe laser; (c) optical

spectrum of the uniformly optically pumped stripe laser; (d) optical spectrum of the partially optically pumped PT-

symmetric stripe laser; (e) schematic of the electrically injected PT-symmetric laser; (f) optical spectra of the laser

under different injected currents
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Fig. 9 Longitudinally PT-symmetric OAM lasers™ "

. (a)(b) Scanning electron microscope of the PT-symmetric OAM

micro-ring laser modulated by complex refractive index and corresponding enlarged picture of the ring area;

(c) optical spectra of the laser under different optical pumping intensities; (d) light-light curve of the laser; (e) far

field distribution of the laser; (f) off-center self-interference pattern of the laser; (g) scanning electron microscope

of the PT-symmetric tunable vortex laser; (h) enlarged picture of ring area; (i)—(k) simulated phase distributions

of the far fields, off-center self-interference patterns, and optical spectra with OAM equal to —2, —1, 0, 1, 2,

respectively
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Fig. 10 Optically pumped SUSY laser arrays” " . (a) Scanning electron microscope of the SUSY laser array; (b) mode

field distributions of different order supermodes of the laser array; (c)—(e) optical spectra of the single ridge laser,

the traditional laser array, and the SUSY laser array, respectively;

(DH—(h) corresponding lateral far field

distributions of the three kinds of lasers; (i) schematic of the second-order SUSY micro-ring laser array; (j) mode

field distributions of the modes before and after the main array coupled with the superpartners; (k) optical spectra

of the laser array under different optical pumping intensities
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Abstract

Significance

Conventional semiconductor lasers typically use gratings,

such as distributed feedback (DFB),

distributed Bragg reflector (DBR), and slotted surface, to select longitudinal modes and microstructures to select

lateral modes, such as narrow ridge, chirped waveguide array, and angled cavity. Even though these technologies

are mature, their practicality is limited by output power or complex fabrication processes. For example, a narrow

ridge can suppress the high-order lateral modes of the edge-emitting semiconductor laser, thereby limiting the

laser’s output power due to the small area of current injection. Therefore, new physical effects should be explored to

offer new insights into the designs of lasers. Recently, because of the similarity between quantum and optical

systems, some physical terminologies of the former are introduced to the latter such as parity-time (PT) symmetry

and supersymmetry (SUSY).

1201005-17

The PT symmetry can be used to control the laser’s spectral and spatial characteristics. The optical system



SERXE,HR 248 £ 12 #1/2021 £ 6 B/REHN

obeying PT symmetry requires that its complex refractive index satisfies the relation, n(x)=mn"( — x), which
means that the distributions of the real and imaginary parts of the complex refractive index are even and odd
functions, respectively. One specified pair of modes of the system can evolve from the PT-symmetric phase to the
broken PT-symmetric phase by varying the gain/loss contrast of the PT-symmetric system [Figs. 1(b), (¢)].
Especially when the modes stay in the broken phase, the mode field distribution of the amplified mode will be in the
gain area and the lossy mode will be in the loss area [Fig. 1(d)], allowing the realization of a single-mode laser.
SUSY can also control the optical modes of lasers, making it an excellent candidate for single lateral mode laser
arrays. For a waveguide array, the superpartner of the array can be constructed by supersymmetric transformation
to couple the high-order modes of the original array but do not influence the fundamental mode (Fig. 3), which can
increase the lasing threshold difference between high-order and fundamental modes. Then, the SUSY laser array can
exclusively achieve fundamental mode lasing, which improves the laser array's lateral beam quality. Therefore, it is
critical to review recent works on the two new methods of optical mode control in lasers.

Progress PT symmetry can be realized in the lateral direction of the lasers (Figs. 4-6). Here, the lasing of a
single lateral mode can be achieved due to the selective PT symmetric breaking of the fundamental mode, which
results from the smaller coupling constant of the fundamental mode than that of high-order mode. When the optical
system is PT symmetric, the increased gain threshold between the centered longitudinal modes in the gain spectrum
and neighboring longitudinal modes aid the realization of a single longitudinal mode lasing. Furthermore, PT
symmetry can be applied to the longitudinal direction (direction along the cavity length). The longitudinally PT-
symmetric laser can also realize single-mode lasing because of the PT symmetric breaking of the specified modes
(Fig. 7). In addition, coherent perfect absorber (CPA)-laser (Fig. 8) and orbital angular momentum (OAM) laser
(Fig. 9) are realized on the basis of longitudinally PT-symmetric microstructures. The double mode spacing of the
CPA-laser is observed compared with that of the common Fabry-Perot laser, showing that the neighboring lasing
modes move in the opposite direction of the complex plane of frequency when the laser stays in the broken PT-
symmetric phase [Fig. 2(f)]. The OAM laser can use the orbital angular momentum of light to transfer information,
increase the density of data transmission, and pave the way to develop a multidimensional OAM-spin angular
momentum (SAM)-wavelength division multiplexing.

Similarly, SUSY can control the optical modes of non-Hermitian systems. The SUSY transformation is used to
determine the profile of the refractive index distribution of the SUSY laser array so that the modes are selectively
confined in the original array. Simultaneously, the chirped energy pumping increases lasing threshold difference
between the selectively confined modes and other modes. If the fundamental mode is confined in the original array
and other modes extend to the lossy superpartners, single lateral mode lasing can be realized with higher output
power than the single-ridge laser under the same energy pumping density [Figs. 10(a)—(h)]. Furthermore, the
second-order SUSY micro-ring laser array is also reported [ Figs. 10(i)—(k)], which greatly simplifies large-scale
laser array engineering because the superpartner and original array possess identical elements. Also, the second-
order SUSY micro-ring laser array emits light in a single lateral mode.

Conclusions and Prospect In summary, PT-symmetric lasers that can not only be pumped optically and
electrically are realized. However, the methods to suppress the influences of nonlinear effects on the stability of PT-
symmetric laser operation should be explored eagerly. Compared with the PT-symmetric lasers, SUSY lasers are still
pumped optically. Electrically injected SUSY lasers with multiple coupling terminals are promising candidates for high
output power single lateral mode lasers.

Key words lasers; non-Hermitian photonics; parity-time symmetry; supersymmetry
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