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ASE [3{H B #2 s e T A0k fie/ N BE A A S L
TR R Ty, B S BRAIR B E R A R R A
(amplified spontaneous emission, ASE) X} T & 5 FH AU i
SR B KREE N T RBE 5 B A A & R R
O I T AN L (RES S R RO - e N A M
2R, AnRI S ER™ A SRS P B B9k 2k
(AT HL-028 ) RN AR (1ol 35 BEASS 2 ) 7 8 Y i
AR, ORISR . BT IXEERAR Y
JUMTZER AN, BT N R IRR T [l BE ek ™ .
U ARG SRR S AT R, DA — A R
S5WEMAHEER . EIESIEIRES T, SeTaikm
MR 3AAE T RE A8 38 2o = T A F (Q) H /MR
(V) VA Purcell RU0, #EMPAT A &ZHRGHES, WA
R G2 25 0T SC IR (. ASE ) BHOGHTH

RAEMA VIR T —F i, (AFEIT CsPbX,
() 22 48 H SE BB AR ASE BB AP SR A7 FE PR R . B AR
MAPBX; (4 HL-TCHLA LB AT ST iR D LSl T
B! T oA RO, e TSR AR b
BHLAS T SZBRR . A2 R, 2 TJEHL CsPbX, & F o J&
BT R s PR AR M . IR, AR R AR
AR, (ER S R o B N S5 A R A T R
B Il KR R R AL 21 26 B ST A0 T2 4 I B,
0] HE JBT 2 128 4 B RE 5 A4 R ARAE e MR Y i A A 0 Bk
i —" HAETE A CsPbX,-PCs [RFFY B4 h T80
JEF A ASEY, MitEE R, Missh ks
B (E AR (B A AR A L D T, M A7 B R IR R
23 [A]

AR T —F4 CsPbBr; T 455 Si0, HOLF i
PRARLZES G B R 5 WS (CsPbBry-QD-PCs), 7EEGT 40
TNSCEL TR ASE BIfE . TR BR 25 Y
PR, RATEH BT T BA A Purcell ¥ (F,
> 2.5) FliR HL 37 BRSO 1) 0 - e AR B s o 3 3 L 2 el
B E 3R, FIFHE AR 253 nm [ Si0, fER I EL 25l
B B 42 AR B3N #1 % T CsPbBry-QD-PCs, 45540,
ZEAMRAR PL SRR R G T 3.8 %, HAk
MF R R IR T A AR (M 1.96 ns FE % 1.24 ns),
TA ki —DUESE, IZEEM N T 2w i R (3
25 1924 ps i 2 618 ps), MR KHI{EHE T %2
PR SR TR G ST o I, AR SO ST
ST TR Z 8.7 pl/em” B ASE BIE, 12T &S]
b, AREMEES SR FHOLA USRS T H I

2 HERY

CsPbBr;-QD-PCs HY£5 F Ak >R FH 1 I Sel A7 R 22 73
2, Bk L RERE B AT R A A TR
T F BT o B Se ey B AT ) A
P HERY Si0, Tk (FTHTR n = 1.46) B%HUE A %
IR T E n=1.54) I, I H CsPbBr,-QDs (15} %
n=23~2.5) 7 SiO, flBk. JoTF mIARMUE IR K
A AP AT A g, B 15 MO AR PLAs A i 5 #2=C (1)
FoRE, A K I T AR A a . AR £ Ay
TSR n . ASHEHA 0 FRTETS m.

mazzanmru1-ﬁmg%4mm. (1)

A (1) R LGB A o Ff RPEHEEA, 61
X CsPbBr,-QDs HUZE G BE (2= 500~550 nm)**", 41
BHEE NI B & 485 B30 (1) . Purcell B+ (F,) 4397
Ml (). ) gith, Hiry ()M RHE B AT s 25 F i
1RGSR, L) = 1/ (1+4Q%(A/A.~ 1)°) /2 PCs B
JE IR AR 2635 . o = B/ | E o |10 22 715 (A5 58 S5 1R 1
HL7) E XA BRI RAEIAIN 2, Flad PCs SR HO4R
SHIERBAES . Wik (2) B, HA T F, 9 PCs (ks fiE
i W E T R RS R, A R RS R A T
PRI 25, RS ASE BRI, JEmAE UEEOE
[
') =To(D)[F,L) WP+ Frea 2)

F,=(BLQ)/@Amn'V,). (3)
FIF FDTD %} CsPbBry-QD-PCs i i i) Purcell K1
AT, DFEAE R AE 1R, K 1) JBR T 4
AH = 0 (AH %7k CsPbBr,-QDs [ 25 ) Sio, Wik |3
HEEE) B, ZHES KN S am Wi E T, FHE
SiO, T ER EA% (d) AT AL (m) AELIE L. TEE 1
FRA LS B F, ) = A CEEERAE . 1) WA 1(a) BO
K i 7, CsPbBr,-QDs [%¢  A& S i BERT ST K m = 1
Flm =2 BRI RE AR R 48 (0 Fo s 2) X F [ 5E
ym, BE%E dRIK, FIEEEOR . XIEHRT a flf
(4 E ) e A AR AR 3 3T O AR B T PR D K i £
=t (1) FiR);  3) Fp B RABRE m (38 0 52 5030 S5 30
PO, ZAT A 2 SR EAR d MY a B f 1R 3 AR
il W AH 2% F, (EES | AU, (H Sio,
TR EAR R F, B E R,
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(a) LL/2 d = 50~1000 nm sL B K49 F, 57, 134% K% 5nm, 458 % CsPbBr,-
(b) d = 100~200 nm % (c) d = 200~300 nm F& 8 A 89 F, 5%, 1384 K % 1 nm:
(f) d =170 nm 5 d = 250 nm B 8 F, 3 b ;

(d)d=170nm 5
(@) d=170 nm 5 d =250 nm &

B AH T8 € 355% % 57
Fig. 1 FDTD simulation results of CsPbBr;-QD-PCs. (a) F}, at d = 50-1000 nm with sweep step 5 nm, inset shows PL intensity of CsPbBr;-QDs; (b) F, at d =
100-200 nm and (c) d = 200-300 nm with sweep step 1 nm; (d) F}, at d = 170 nm and (e) d = 250 nm with different AH; (f) F, at d = 170 nm and d = 250 nm;
(g) Electric field intensity at d = 170 nm and d = 250 nm with different AH

K 1 nm BORG A F, 000 o 38 RS 40 25 R AT LU f
AHHE, XM d=170 nm 1 d =250 nm [}, CsPbBr;-QD-PCs
e R R BN R B m I F,, HHF IE(ETEA=
540 nm T (181 1(). EH, d=250 nm A% CsPbBr,-QD-
PCs KI HOL T & FEE, RRISTE T 98 1Y IS B2 A8 k3
FEI K Purcell IF4EFEF, > 2.5 (WAL 1(d) 5 1(e))o
d=170 nm B}, BEE AH BRI, Purcell K TI4(EZINE
HAME A . 1E CsPbBr;-QDs MIZEI BN, FAAEREE )
AH JEFEIXS I Purcell -, AH A28 200 nm.,
X d =250 nm B, B AH B3N, Purcell PHI4(H [F]
R IE I i . (HAEERE, HA T Purcell ¥
1 AH ATJEVEREIZ9° 300 nm, KT d =170 nm B A]
PRREE . I d =250 nm ES RO ARTE T 58 1Y
MR PRV B B T & Purcell K-, X IFE A+
ZA IR Z — IR E (5 1(g) &Y, X
oot JEE AR A e i A PR EC B R ) FL 3 SR Sl

3 %X W

AW 5 >R B AR il B B DT UE % (ligand -assisted

reprecipitation, LARP) 7£ & i K F 8 F & W4 L
CsPbBr; f ¥ s FFiGatiR b4 (CsBr, P94yt HGER
BABRAT, Mk 99.999%), ALY (PbBr,, W94
e HRERHE A FRA ], B : 99.999%) DL IR (oleic
w¢mqﬁ%%ﬁ%£§ﬁ%ﬁﬁﬂﬂ FAE
99.9%) 5 il (oleylamine, OAm , #4 it Fl 4%, M H% .
95.6%) By T NN- " HEEH BEE (DMF, e3Py,
HIME . 97%) Fl— HI FEF AR (DMSO, 155 Fh B 7 B 25 57
GAEBRANF, S 99.9%) RGNS, FZIGHEE
SERVE, MSBIRTIRIARE W . S, R RTERAR R A
U JOK R 2R, MR R 5E e o, R HE
FRURE AR . S RBRR RST80T . AR S A TR
RS K i ), XL T SUE B alifh . SBs
TR KRR TE, B IS BEETE B3
RINAGE B CFR CBRVE N REER, FEq e s O LAVE
JIii 5% BA ) DMF/DMSO Fl ik o Be A4 o f5c 2 W0 B s 21 B
CsPbBr, &S ULHE, FFE BT oK FER s T,

mE 2 PR, APF5R A EZS Ji B A A8l 1
CsPbBr;-QD-PCs #: it o 1 56, R I e & 4 R B
(sodium dodecyl sulfate, SDS) ffj B $2& Fh 2 il £ T 'S %5 3k
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Nitrogen environment injection
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Blow dry at 40 °C, annealing at 80 C

B’ 2 CsPbBr,-QD-PC &% & ¥ %
Fig. 2 Procedure for preparing CsPbBr,-QD-PCs

DG T AR, B BRI i 7S O B HE R A
b5, TEMRELASRE (0.3~0.6 Pa) 5514, # CsPbBr, it T
SOZ TR INE] PCs 3R, LAB AR 5155
TE R B R, VEXT L, —dlsegedh, EiRk
T R IR TR R A i L, FRE AR A Y
AR, il T —)2BU% % CsPbBr,-QDs Wi, )5,
K X GHEATHT (X-ray diffraction, XRD) 1§13 B, F i
#5% (scanning electron microscope, SEM) X CsPbBr;-QD-
PCs &5 T T R AE

3(a) .78 T PCs £ CsPbBr;-QD-PCs [t XRD [
T . CsPbBr;-QD-PCs i & rfv 114 3= BEAT 55 e 43 531 XoF 1 T
CsPbBr, 1IEAZAHEY (100). (110), (200) F1(210) Fhifi, #
B CsPbBr,-QDs 7E PCs | W LS i fiE, SEM AL
G k—H6E T PCs il CsPbBry-QD-PCs Y454 58 8
[ 3(b) SR T SiO, flEK (%) Jal 1 7S 5 5 25 HEFR 544
MMil&l 3(c) @78 T CsPbBr,-QDs T\ 34) % 55 78 PCs 251 .
R SEM EUZ (14 3(d) s, B PSR TIRE N
D, =436 nm L2, ERMEET HE D,=253 nm [y
SiO, Tk (AN T7R) . ANl 3(e) M 3(g) Fiws, Liki%
2725 Sio, MR JEE W2 (AH =~ 183 nm) 5 FDTD {Ii
SH—5, MR T R G0 E A& w1 F, Rl HL 37 Rtk

4] 3(e) 7" T CsPbBr,-QD-PCs #l CsPbBr,-QDs
T B W W 3% . T SiO, 2 PCs (5 4% T CsPbBr;-QDs
T B R A3 1A B, CsPbBr,-QD-PCs (14 W i 38 Ji B (i A%
T CsPbBr;-QDs. J& 45 W IS 55 B8 1 2 T 80K 5 Ik

55, {HAEAHRIRY 400 nm REPBOGIR %14 T, CsPbBrs-

QD-PCs [t % Jt: 5 J¥ 175 J& CsPbBry-QDs i JIE 1) 3.8 1%
(%1 3()), H. CsPbBr-QD-PCs #J PL & HHi5IH 15 nm
AR, Bfifa, Wl T EHE 2 HHOEECE O (time-resolved
photoluminescence, TRPL) % fiy . Ul ¥ 3(g) Fr 7~

CsPbBr;-QDs f#) PL i~ 1.96 ns, i CsPbBr;-QD-PCs
() PL 4R4a% & 1.24 ns, PL FRAm A4 ELVLR M T 134
fExt B kR S R SR T, 0= B0 PL SR Y
Z0 R ANE 1) s, CsPbBr,-QD-PCs 7EH 8
S Y e ik BEE FELIN (530~550 nm) B B m 0 F,, Jf
FE 540 nm AR TR FNEEAE . X — i F, MUk A & bt %
B THEME T HE SR st ) FiR), i T
PRI Y PL LT RSB .

JFSE PCs 254X ASE PEREAYSEIR, {05k T 7F 400
nm ) KFMNEEFE I T CsPbBry-QD-PCs il CsPbBr;-QDs
BRI . ORI R 5 A RO O AR
(spectra-physics solstice ace) 24 BBO fii itk f= A ity 400
nm Jkif, BKTE29 35 fs, BEEMH 1 kHz, [ 4(a) JEIR
THEHGE T KA T CsPbBr,-QD-PCs 1) 4 %1% bifi
SR A . T LAVE N ML B, B A TR
I, 7E 540 nm &b H BT — AR I & i, H (A

SHR I A8 T 3 o 1 3 S AR R RGO, X2 ASE
() — N HTURAIE 5] 4(b) BE—2D R T X —Fplk . %
TR AR 8.7 pwh/em’ B, At sRE LR ORI R KA T
W e B (RSB T ), [R5 42 58 (full width at
half maximum, FWHM) iU 72 2258 6.7 nm. AHELZ
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T, AnfE 4(c) Bz, CsPbBry-QDs W7 AH ] 53 25 1F N T IRAIRIE PCs 45 F % CsPbBr,-QDs J2: 4 25 2
TIEAR ML ASE G, X KW] CsPbBr,-QD-PCs whifliEry  J12=iim, FATHE 400 nm ZE3H T 344 T CsPbBry-QD-
ASE ISP BEARH T T i AR SS M fE . HAZ 8K PCs Al CsPbBry-QDs (B AW OEE . 5] 5(a) F1E 5(b)
g J1IETF Purcell 50 3R 3h"", F, 76 ASE 0K 43l 7R T CsPbBr;-QD-PCs Fll CsPbBr;-QDs Y — 4 fh
AbRENEAE (anlsl 1) fR) X —35 38, E—2BEHET I B @B (transient absorption, TA) Y%, & 5(c)

ARYTHEHLHI R 5(d) D2 I3 HL T 2E 0.2 ~7000 ps FYAN [ 4E 3R i ]
a d f
1.0
A (100)(110) (200) _ 15nm
2 (210) CsPbBr,-QD-PCs 3 — CsPbBr, QDs
< - D,~436 nm D,~253 nm & —CsPbBr,-QD-PCs
£ A SiO, based PCs g 0.5
g g
€ l ISimuIated orthorhombic CsPbBr, €
i Al .
10 20 30 40 50 60 500 540 580 620 660 700
26/(°) Wavelength/nm
b C e —
: v 0.8 g =
B 2058 = — CsPbBr, QDs = @ CsPbBry QDs
— CsPbBr,-QD-PC 2 Fitting
< 06 STORn ° 2 107 o CsPbBr,-QD-PCs
g 9 Fitting
£ 04 £107
o -
()
202 8103
©
< £ ?
0 5 10
400 500 600 700 800 = 0 20 40 60 80
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B 3 CsPbBr,-QD-PCs # & # a9 %M 5 k5 R % ik, (a) PCs #= CsPbBr,-QD-PCs 49 XRD B i#; (b) PCs 49 SEM B 1%,
e R : 1 um; (c) CsPbBr;-QD-PCs # B2 49 SEM B4, el RARA A : 10 um. 5 um. 2 uym % 1 ym; (d) CsPbBr;-QD-PCs
H AL E 49 SEM B2, IR 1um; (e) CsPbBr,-QD-PCs 5 CsPbBr-QDs #99dk %% ; (f) CsPbBr,-QD-PCs 5 CsPbBr,-
QDs 49 PL3% K, BwEe 5ks %A  PLY# R K*4%{i4z E; (g) CsPbBr-QD-PCs 5 CsPbBr,-QDs # TRPL i B 1%

Fig. 3 Structural and Optical Characterizations of the CsPbBr3-QD-PCs Composite Films. (a) XRD patterns of PCs and CsPbBr;-QD-PCs films; (b) SEM images
of PCs with scale bar: 1 um; (c) CsPbBr;-QD-PCs films with scale bar: 10 um, 5 um, 2 um, and 1 um; (d) The cross section of the CsPbBr;-QD-PCs films with
scale bar: 1 um; (e) The absorption spectra of CsPbBr;-QD-PCs and CsPbBr;-QDs; (f) The PL intensity of CsPbBr;-QD-PCs and CsPbBr;-QDs, the green and
blue straight lines in the indicate the position of the maximum peak of PL; (g) TRPL spectral images of CsPbBr;-QD-PCs and CsPbBr,-QDs

a b oL c
: . 25 79.5 wW/em? a
24.3 w/cm? N
, E £
2.65 w/cm? = <
- ’ Sost 15 2
g z
y/ € 8.7 w/cm?
/. - A
; ; / 0 | et > ; ; /
450 500 550 600 0 10 20 30 450 500 550 600
Wavelength/nm Pump intensity/(w/cm?) Wavelength/nm

B4 ¥ XF%#T CsPbBry-QD-PCs 5 CsPbBr,-QDs # 8 65 ASE 414 tb# . (a) CsPbBri-QD-PCs A ¥ £ F KA M AR AT
89 5 o B B AR PL &% (b) CsPbBry-QD-PCs #9432 & (&) 554 R (BL) AL AT W RARBETHRESF
FEREENX AR (c) CsPbBr-QDs £ ¥ 5 F AV MO R il T 89 R 20 5 % AR PL A%

Fig. 4 ASE Properties of CsPbBr,-QD-PCs and CsPbBr;-QDs Films under Single-Photon Pumping. (a) Pump density-dependent PL spectra of CsPbBr,-QD-PCs
under single-photon femtosecond laser pumping respectively; (b) The output intensity (red) and FWHM (blue) of CsPbBr;-QD-PCs as a function of pump

density under single-photon femtosecond laser pumping respectively; (c) Pump density-dependent PL spectra of CsPbBr,;-QDs under single-photon

femtosecond laser pumping respectively
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WEINE TA G5 @l ot &8, w#E A U4
LR DGR . 1) 76 470~500 nm 38 Bl N A OG5E SI4
KAWL 2) 7E 500~530 nm 5 B P FEAE I I ) RE A5 7
F155; 3)7E 530~550 nm yU BBl PN, 4046 By BE 2K 3|
WESOEMISAE S5 4) B MR B R B30, 126
S IH R R S R AT o SR, PCs R 51
SETPHEN TALIEEH B E LT, Bk, TLERE
RSB LA 5 5 P K &4 T W (5] 5(c) Fi
5] 5(d)), x5 PCs 25951 #2H CsPbBry-QD-PCs M
PL UG£ (15 3() 2 —B. 2k, CsPbBr-QD-
PCs 1% PL L8 n] AR F LU F AL EMEVER . 1) Purcell
A 1 G PR G 5 32 I ——A% PC 45010 F,
TE A = 540 nm 403K F W (H HAE 530~550 nm )% BL4E R4
F7KF, XT3 QD R P BN B Y [ K s
RPGVEPREI G, TR Eh PL A [ i
3l ; 2) PC 45U T QD J& Fl i Jm i/ RS (Ff
BATHTRIE ), BRI AL TS R T 45 A R T
NIRRT RER LIRS, X5 TA G i
B 7y 3 AT 0 0 P K R A% — 34 3) CsPbBr,-QD-
PCs [FOEHUGT G5 i A3 PL G176 ¥k R 1 A &7 T £
1) B MR MR PRI IR SO T 5K T 8 SE TR
WA R PL N 2% . 255 M, Purcell B4R 1%

TR A B AW, A F R B AR AL AN I

WA sh J1 ik — S T 7RI R A igad
P25 & 5(e) Br7n, CsPbBry-QD-PCs [ 3£ 4%
G A 28 960 ps, T CsPbBr,-QDs
[ 1501 ps (ANAl 5(f))o X 14 FE AT 11 8 2t e
], CsPbBr;-QD-PCs H#ii F 1RGS2 A w88 T
PETE, (EAR R FRE a8 M\ o REA T PR i 4 2 el i
%, X—YHS E A FIT ASE BYEAET [ 5(e) A
& 5(h) 43 BIER T PiEAE ASE K (29 540 nm) 4bI) TA
B2 4k . 4l CsPbBr,-QDs %244 1 35 75 i M
1924 ps, TfETIA PCs #5#4J5, CsPbBr,-QD-PCs B3 £
TR A 618 pso T Ailda ih, MAb R G2ERg 25
F4 (B TA 3l J)2# 76 @ U % B R i) 5 TR TRPL
FAi (TEARU A 25 BE I W ) S 7 e AN () ) L o 8 1 2
i, “HEMZESEAWRYES L, PL By (1.24~
1.96 ns) S B RAIRH & % GEAXT ASE BIfE) A
KRS R, HARERE O B KSR A
W35 5T (618~1924 ps) ML FAZ % T (>ASE [
18 . FATERLFBUES) 32 W05 B MRS 2L [F/E FT Y
TEWOE R, W25 A T PL A A2 R S T
FEI B bR S ——ASE #2375 1 G T 55 5 20K,
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B 5 CsPbBr;-QD-PCs 5 CsPbBr,-QDs # 400 nm ¥4V S A R i#H T4 TA 4%, (a) CsPbBr,-QD-PCs #= (b) CsPbBr;-QDs 49
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Low-threshold amplified spontaneous emission in
CsPbBr; quantum dots via photonic crystal
microcavities under single-photon pumping

Feng Quanhong, Li Yunxiao, Liu Zhenghao, Cheng Chen”

School of Physics and Optoelectronics, Shandong Normal University, Jinan, Shandong 250300, China

Abstract

Objective All-inorganic CsPbX; quantum dots (QDs) are promising gain media for next-generation lasers due to their excellent
optoelectronic properties and superior stability. However, achieving ultralow-threshold amplified spontaneous emission (ASE) remains a
challenge. While hybrid perovskites integrated with photonic crystals (PCs) suffer from environmental instability, the integration of stable
CsPbX; QDs with PC microcavities is still in its infancy. Here, we engineer a PC microcavity that synergistically couples with CsPbBr;
QDs to enhance the spontaneous emission rate via the Purcell effect, thereby dramatically reducing the ASE threshold under single-photon
pumping and elucidating the underlying gain dynamics.

Methods A strategy that integrates CsPbBr; QDs with SiO,-based PCs to construct a composite microcavity (CsPbBr;-QD-PCs) was
proposed. The PC microcavity was first optimized using the finite-difference time-domain (FDTD) method. The physical model consisted
of close-packed SiO, microspheres (refractive index n=1.46) on a quartz substrate (n=1.54), coated with CsPbBr; QDs (n=2.3-2.5). The
resonance wavelength was governed by a modified Bragg diffraction equation, and the Purcell factor F, was computed to quantify
spontaneous emission enhancement. The simulation parameter space included SiO, microsphere diameters d=50—-1000 nm, diffraction
orders m=1 and 2, and QD overlayer thickness increments AH. Experimentally, CsPbBr; QDs were synthesized via the ligand-assisted
reprecipitation (LARP) method at room temperature, using CsBr and PbBr, as precursors with oleic acid and oleylamine as ligands
dissolved in DMF/DMSO, followed by a two-step centrifugation purification. The PC template was fabricated via an SDS-assisted lifting
method using SiO, microspheres of approximately 253 nm diameter, forming a hexagonal close-packed periodic structure. CsPbBr; QD
solution was infiltrated into the PC template under low vacuum (0.3-0.6 Pa). A dense CsPbBr; QD film on quartz served as the control.
Characterizations included XRD, SEM, steady-state absorption and PL spectroscopy, time-resolved photoluminescence (TRPL), and
femtosecond transient absorption (TA) spectroscopy. The pump source was a Ti:sapphire femtosecond laser amplifier (Spectra-Physics
Solstice Ace) frequency-doubled via a BBO crystal to produce 400 nm pulses (~35 fs, 1 kHz).

Results and Discussions FDTD simulations revealed three key features of F, within the CsPbBr; QD emission window (A=500-550
nm): 1) high F| at diffraction orders m=1 and m=2; 2) the F), peak red-shifts with increasing SiO, diameter d owing to variations in the
lattice constant and filling fraction; 3) the maximum £, exhibits a near-periodic distribution with m. Fine spectral scans identified d=170
nm (m=1) and d=250 nm (m=2) as optimal diameters, both with F, peaking near 540 nm. The 4=250 nm design was selected for its superior
robustness: the AH tolerance range maintaining F, > 2.5 was approximately 300 nm, substantially broader than the ~200 nm range for
d=170 nm, attributable to stronger electric field localization.

XRD confirmed the orthorhombic phase of CsPbBr; QDs. SEM revealed the periodic hexagonal close-packed structure and uniform QD
coverage, with a continuous QD layer (D,=436 nm) fully encapsulating the SiO, microspheres (D,~253 nm), yielding AH~183 nm
consistent with FDTD optimization. Despite lower absorption due to the SiO, volume, the PL intensity of CsPbBr;-QD-PCs was enhanced
3.8-fold compared with bare QD films, accompanied by a PL redshift of approximately 15 nm. This redshift is primarily attributed to the
spectrally selective Purcell enhancement (F, peaking at A=540 nm), with additional contributions from the modified local dielectric
environment and enhanced reabsorption of shorter-wavelength photons. TRPL measurements showed that the PL lifetime was shortened
from 1.96 ns (bare QDs) to 1.24 ns (QD-PCs), directly evidencing the Purcell-enhanced spontaneous emission rate.

Under 400 nm femtosecond laser pumping, CsPbBr;-QD-PCs exhibited clear ASE: a narrow emission peak emerged at ~540 nm with
superlinear intensity growth. The ASE threshold was determined to be 8.7 pJ/em’, with the FWHM narrowing to approximately 6.7 nm.
Bare CsPbBr; QD films showed no ASE under identical conditions, confirming the essential role of the PC microcavity.

Foundation item: Shandong Province Scientific and Technological Achievement Transfer and Transformation Subsidy (Shandong-Chongqing Science
and Technology Cooperation) Project
*Correspondence: Cheng C, E-mail: drccheng@sdnu.edu.cn
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TA spectroscopy further elucidated the gain dynamics. Both samples shared four spectral features: excited-state absorption (470-500
nm), ground-state bleaching (GSB, 500-530 nm), transient photoinduced absorption (530-550 nm), and its subsequent inversion into
stimulated emission. The PC microcavity shifted the GSB center wavelength consistently with the PL redshift and accelerated the GSB rise
time from 1501 ps to 960 ps, indicating Purcell-enhanced carrier relaxation to the band edge. Critically, the optical gain lifetime at ~540 nm
was drastically shortened from 1924 ps (bare QDs) to 618 ps (QD-PCs), a ~3.1-fold acceleration. This demonstrates that the PC structure
activates a highly efficient stimulated emission channel, enabling the excited state to be rapidly depleted via stimulated emission and
outcompeting nonradiative recombination. A systematic comparison with reported CsPbBr;-based gain media—including thermally
evaporated films (~35 pJ/cm’), spin-coated films (26-100 pl/ecm’), and glass-embedded nanocrystals (~54.5 pJ/cm’)—confirms the
competitiveness of the 8.7 wJ/cm’ threshold achieved here. The solution-based self-assembly approach offers the advantage of large-area,
low-cost fabrication without complex lithography.

Conclusions In summary, we have demonstrated ultralow-threshold ASE by integrating CsPbBr; QDs with a PC microcavity. FDTD
optimization yielded a CsPbBr;-QD-PCs composite with £, > 2.5 and strong electric field confinement, fabricated via vacuum-assisted self-
assembly. The PC microcavity enhanced the PL intensity 3.8-fold, shortened the PL lifetime from 1.96 ns to 1.24 ns, and accelerated the
optical gain lifetime from 1924 ps to 618 ps, enabling an ASE threshold of 8.7 pJ/cm’ under single-photon pumping. This work elucidates
the Purcell effect-driven mechanism by which PC microcavities enhance perovskite optical gain, and provides a platform for developing
low-power, high-performance all-inorganic perovskite laser devices.

Keywords: perovskite; photonic crystals; quantum dots; amplified spontaneous emission
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