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Fig. 1 Structures and lasing spectra of nanowire lasers with different gain materials. (a) ZnO NW', (b) GaN/
Al ;- Ga, s N core-shell NW™?"; (¢) In, Ga,_, N/GaN multi-quantum-well core-shell NW™'; (d) CdS NW™
(e) CdSe NWHY . (1) InGaAs/GaAs core-shell NWFY ; (g) GaAs/AlGaAs/GaAs core-shell-cap NWE . (h) GaAsSb
based superlattice NWEY . (i) PbS NWH
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Fig. 2 Multi-color NW lasers. (a) CdS/CdSe heterostructure rectangular nanoribbons®¥ ; (b) CdSeS NWE7 .
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Fig. 4 Various structures of plasmonic nanolasers. (a) Electrically pumped metal cavity nanolaser™™ ; (b) CdS NW on an

Ag film™ ; (o) single particle spaserm];

distributed Bragg reflectors™'™ ;

. H H 119
semiconductor coaxial cav1ty[ ];

(k) metallic trench F-P naolaser

1.2.2 F BT KN E A spaser 49 F 1A
TESE B WOT AN K BOE 28 R spaser T, 4 )@ A
O 1) 373 KR ] 6 3 £ BE A WCHR 4 6 L ™ HE 52 e RO
F PR BE 38 S B IOT A8 K O 0 1B 1 — AR
e BT R OR A B T OT AN K O AR
FEAR TR T (4 B9 {8 I ik 10~200 MWeem *H%,
M A 43 F 3 25 9 B IR spaser (19 ] i i
10 GWeem 5%, XFMORFRIZE #4217 A Wi 1L, =
BRSSOt KRBOCHM R ETRER 1~
100 MW eem ™ *P2 0 7 L 7 2 S 1R B0O6 2% 5

(d) plasmonic microdisk cavity
(f) double-patch metal cavity

(i) 1D plasmonic crystal cavity

L1l (e) metal cavity combined with

[118] | [76] .

(g) metal pan cavity (h) metal-

[120] |

i (j) 2D plasmonic crystal cavity[m];

[124]

2~4 MECE Y, HF| 2017 4F, 3 i Ak B CdS
YK T B R RO LA 2 A R EL A G
5 TR R ARk JT DR L SR 4 oA R 5 e AU A B
SPFE e AR N BEARE 10 kWeem L 7]
SEOE TR AT AN, SCUR RO R L 7 R
H I BCE R AT G PR L A R T IO oG A
LG 30O i T K (RN DA AR, TR SEAE Ok
ar/INELAR Dy T B S AR

TE— PR OG A% b o (B R M AR AR T i AT
R B R s e L B A KR S S A2 R

1501002-9



E48% F 15 H1/2021 &£ 8 A/HEMNA

SE5 E SRS X T AR B T OT UK O AR T
H o BEARFAEE N N T AR A B E 2, A
KA AR T g1, S AR B E B K,
BIVAT IR A T B O AR L (R G (O R
WK 5 N i S A 8 S B L AN T A L O A
3 VR A DX AN R SR L T A T ECE e T 4
T BOER B B B M SEE g7 (o) SRR
XF A RS ESHOLE, 2> g7 (00 >1, M X}
T2 WAt S EFAOM ORI, " (0O —>1"" 1
BT AT AR 5] ¢ (O KT 1 8] 1 kA, Xt
F 1 MO K U, XA AR T R S T O S,
AR 4 B 7E A5 BT OO0 A0 K 3O 28 0L %% #)
TR R E T IC B OE BT BE
1.2.3 SBFHEAMEBELEHINETTFHE
S FHOTARBOES h L Bl A SR T DL
1 1 1) 5 S BRE , AR T AN T SR M Ok T & @
H H 2 T WA S OO T RORBEAL, 14
Bk, BEAb ., S O A OK BOE 88 A T ROR 1
BHERAEARH WME, 58, 210 B HoTiE g —
Foft 1 4 - I 2% 1T A9 R 35 A A s R TR O K
YK N R G R A TG 2 ) K Bl 2k LR
FBOCLEITA Jr ) AT, WO ORI i S 1 g A
BUN, S 83U R AL AR, Wang 9854 5056
N2 R 37 1 AR A O TR R AE T AR B o AR Ok &R
ORI o I PUR Y e E R R 3 N WA AR
i oA T BOK A AR S B T 10X UL B
W55 B FEOTAUOR O B SR R SRR A T DL —
R FE R AR, Ma 25508 CdS g4 KA BE 7R S %
AR 25 A T, SO S i 0 I o K A AR A
2P T 2 T 55 B IO A AU A Dl s OB R 5
R R8R 35 70 %6 AT (5 4 S R0 R R

4.2.4 BRBFHTHAMKREALS

b AR A B S A 1Y) A B OT AN K O R AR R
JEAREAH 7 2, T LA Ok 48 75 e AR Wy BRAGONE o T H AR T
X S BB T2 AR GO O 2% I A OG- B2
GrLELRY . RS T AE O 2 B A KO A
SEHE B R A, B SE, 5o S AR AR F BH A ik
TSR A SR O AR R e, B
OGB4 ik DX B85 LR A i 2 1 R AR I AT 5
G B8 A T L 985 T XA = BRI 5 %/ R
LRI ik F RS K 7 A R RO T 4
KBOERS BT

[ 2007 AFEARTER T B U SE B R 2R T 4 T8 s 40 oK %
et LA s AR IR S W T iy o (H e A 235 4 RS2 A oL
fgtrre o O ok F S, R 4 TR W A SR
PR B FRUZ -4 8 (MISIMD 4544, 38 B 4 Ff 2
AT LAY/ ING: T 40FE  BHL IR 4 J8 it 3 13 o S A 25
X, AR 4 % AE . DA I [k, R X5 BT ik
LR AR E B AR n B SR n B i B
A% n B R AR L X R PR 25 A BT IX VR B AR
p B R B i s U IX B 2% p RLESA p
B Ak, 7R3k 26 AR TR, BR 2009 AEFEARIR T 44K
BOGAS LB P ARBR B T AR A T

2019 4F, Yang %5 B0 16 4549 4 Ag/MgO/
Zn0O/MgO/p-GaN B HL Z I K BOL AR, T H Ag
BEAERE S PEA ZnO B 25 P, 2020 4F, Fedyanin
LRI Au 5 R B0 n B InAsP )2 4 #
0.2eVAELMY FEHE 2, B FIRAES KT IHA
InGaAs 3§ 4547 BT o, 25 o T AR A9 RO 422 fiok . — %
HBAFH BR 1 4 J8 A Sy H i, O B IR LA R i
R G TFE O AR R . 5 B2 TR AR R
H, 2R3 45 1 IOC A K O A Y B i B Y

RS 35 1% (¥ Pl S 9 4 T M P K OB 205 (o B IR R SR A B SPP B UIE B 11 i U 4K O R (D IR TR
L1 AN BE SPP G2 i 1 L Sl 4K ok R

Fig. 5 Electrically pumped plasmonic nanolasers. (a) First electrically pumped nanolaser operating in plasmonic gap mode
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Abstract

Significance The laser has had a revolutionary impact on scientific research and technological applications since it
was invented more than 60 years ago. Extensive theoretical and application research has been conducted, and many
important developments have been reported. For example, the size of lasers has both increased and decreased. The
linear dimensions of lasers have increased by more than 10 orders of magnitude, and ultra-small semiconductor lasers
that are uniquely important for many applications have been developed.

Driven by Moore’s law, continuous progress of microelectronics technology has resulted in unprecedented
challenges and requirements. Developments in microelectronics technology have presented significant possibilities
related to the transition from electronics to photonics for information transmission and processing. However, the
field of integrated nanophotonics, particular in relation to lasers, still faces obstacles, including dimensions, energy
consumption, and integration with silicon photonic devices. Currently, semiconductor lasers are generally more than
tens of microns. To be more compatible with electronic devices, the size must be reduced by two to three orders of
magnitude. According to system level analysis, the energy consumption of on-chip optical interconnection needs to be
less than 10 fJ/bit, and the data transfer rate must be greater than 10 Gbit/s. Studies have shown that the power-to-
bandwidth ratio decreases as the device size decreases. Silicon is an indirect bandgap semiconductor that emits light
inefficiently; thus, it is necessary to integrate lasers based on other materials with silicon-based electronic chips.
Nanoscale lasers have the potential to overcome the influences of mechanical strain caused by lattice mismatch and to
be integrated with silicon. Therefore, the development of nanolasers is significant no matter which aspect is
considered.

In addition to the on-chip interconnection required by future information technology, detection, sensing and
high-definition display based on nanolasers are also important application areas. Currently, continuous miniaturization
and stable operation under electrical pumping are being pursued. The emergence of novel cavity designs and gain
materials have created new opportunities for nanolaser research.
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Progress The emergence of semiconductor nanolasers followed naturally from the development of semiconductor
lasers. Since first developed in 1962, semiconductor lasers have undergone several breakthroughs in cavity designs,
and each breakthrough has led to improved performance, lower thresholds, reduced size, and the appearance of new
application scenarios. The early semiconductor laser cavity based on the Fabry- Pérot etalon was naturally formed by
the crystal cleavage plane. In the 1970s and 1980s, the distributed feedback laser and distributed Bragg reflection
(DBR) laser with distributed feedback mechanisms were developed. These developments had a decisive influence on
reducing the laser threshold, improving the monochromaticity, and increasing the modulation speed, and such
developments played a critical role in the use of semiconductor lasers in the field of optical communications. The
vertical cavity surface emitting laser based on the DBR structure appeared in the 1980s, followed by various
microcavity concepts in the 1990s, and subsequently photonic crystal lasers. In the 21st century, the development of
ever smaller lasers has led to many novel nanoscale laser designs. The typical feature of these lasers is that, in at
least one dimension, the size is on the order of submicron or much shorter, representing the dawn of the nanolaser
age. Nanolasers are primarily divided into two categories. One category is represented by lasers based on various
nanomaterials and nanostructures, such as nanowires, nanobelts, and nanofilms (Figs. 1 and Figs. 2). In 2001,
Yang's research group realized an ultraviolet laser based on ZnO nanowires at room temperature for the first time.
The other category is lasers based on a plasmonic mode at the metal-dielectric interface (Figs. 4 and Figs. 5).
Plasmonic devices use free electron oscillations on the metal surface to enhance light confinement, which allows the
size of laser to break the diffraction limit. In 2009, three teams independently demonstrated the first plasmonic
nanolasers, or spasers, with different structures based on a surface-plasmon polariton mode or a localized surface-
plasmon mode.

Conclusions and Prospect Lasers with ever decreasing sizes, i.e., down to nanoscales, or nanolasers, have
evolved rapidly in recent years. We briefly describe the historical background of nanolasers including various types,
their basic features, possible applications, current status, existing problems, and future trends. The types of nano-
cavities include nanowire cavities, whispery-gallery mode cavities, Fabry-Pérot cavities, as well as surface-plasmon
polariton cavities. The types of gain media include conventional compound semiconductors as well as newly emerging
materials, such as perovskites and transition-metal dichalcogenides.

Key words optoelectronics; semiconductor laser; microcavity device; plasma; nanophotonics and photonic crystal;
subwavelength structure; semiconductor
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