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Research Progress of Ultrafast Laser Regulated Nucleation and Growth of
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Abstract Ultrafast laser has features of ultrafast speed, ultra-high intensity, and ultra-wide spectrum. Focused ultrafast
laser can instantaneously generate extremely high temperature and pressure within transparent materials. Under such local
extreme conditions, many new changes in the internal structures of the materials take place. Taking all-inorganic halide
perovskite nanocrystals (PNCs) as an example, the basic principle of ultrafast laser-induced nucleation and nanocrystal

precipitation in glass is expounded. Researches conducted in recent years on the precipitation of all-inorganic PNCs in glass

by ultrafast laser are summarized, and the applications of this technology in the fields of optical storage and color display

are analyzed.
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Fig. 2 Optical images of femtosecond laser-induced dots (after annealing) formed at different laser power densities and exposure time"".

]

(a) Natural light; (b) 365 nm ultraviolet light (after annealing); (¢) transmission electron microscope image; (d) high resolution

transmission electron microscope image; (e) size distribution of nanocrystals

2020 4, Du A5l AN [F] K (54 B3 2140 ) 1
AP RN S 2 SR B A T 9 43 S0 A AR AR R R
Il 38 e WA AT T CsPbBr 4K b . B 58 L Al
FEAS 28 5 $Rab B 15 0 WF5E T M ) 306 2 80T £E B
T 3 THT M DA 0 0 O30 6 O R A ol P 9 K e Y
T2 U6 A0 R BRI, LA R K A K A TR O A B
T i RE R Y E B BE SR b B35 E % CsPbBr,
2K o R B B A IO (B K R 351 nm,
ik wh B B A 20 ns) Fl R BP0 (K 4 532 nm ik b E
M 10 ps) 48 HE B 58, 280 Ak B S | 326 140 K S 0 &
O A 5, 0K A Y B B R TR A7 TE BB RN T A% 4R 2 3R
Aib 3 AR SOR RTINS B . Gl A B S
FH B B K A CRR IO (D5 K R 800 nm | ik o 5 BE A

120 fs) A1 Kz #0 3% 0t (I 4 24 1064 nm ik #b 98 B R
10 ps) i 8 3% 355 3% 18 R DY 35 24 A8 T2 LA K A i Al
U K B i 1 AR e 1 T SR SO 7E RS BETE 04N K A
ST 2 B B - Y PO R B S R T ) T Bk s
P A B AEAE A%, e SO 4R IR R o A T DL
Fe AR AR 5 2 K K I R 0 T R O B R B
PN ES) ,  B A1 E DN  A AAE, TEE S AA
AbBRAE A AR K o IR ST U B T B 5 YT A A AR
S Z R LRI R B ER BN ES
YK B 5T BT T SR
3.2 BREAES WK

VF 22 F 5T B IE 52 1) 8 PR 800 4 IR0 O 3k 1T DA E
I35 N5 T8 4 TC AL o A W S Bk g oK A TE

1732001-3



1513 47 R
b LAk L, ey 308 4 PR O Y B SR BN A T A% 1Y
[Fi] Hsf T2 B2 AR 1) 3 A B O 0 K o AR K R — A
AT B KR . 2020 4F , Hu 277 R H Uk Ko
1040 nm | Jik w58 & S~ 300 fs (1) K FP 30O 78 B B 3L R
FHS K18 T CsPbBr, 48 K Fhk 4. 24 % ik vh fE &
Jpo12 pl 1 HE R 5 pum/s, & KR E 25~
200 kHz 10 il P9 A8 fk I, Bl 25 B 20 000 2R /9 38, & 6ok
T 1 0% {5 M\ 495 nm & #F £ 8% 3] 523 nm, W & 3(a).

50 kHz | 66 kHz |100 kHz|200 kHz

50 kHz | 66 kHz 1100 kH2J200 kHz

(b) | fs 1aser irradiation — 25kHz
1.0F —— 50 kHz
- —— 66 kHz
a —— 100 kHz
s
2
@ost
]
£
0040 460 480 500 520 540 560 560 600
Wavelength (nm)
(d) |fs las:er irradiation — 25kHz
1.0} +400°Cr5h — B0kHz
- — 66 kHz
2 —— 100 kHz
= —— 200 kHz
>
&
gos
£

F42% F 17 #/2022 £ 9 B/kZFFR

(b) iR o BOGWER LB U7 | Z MR AT,
FE DI B O ™ A ) R B AR RGO B B &, CsPbBr, 44
Kb B R SFBE & A MR B mm g oK., &
400 CHYFALBLIS | 5 155 3R A5 09 90 K &b 2 6 6 1% Al
Eb | & ot U (1% U A7 35 A AN 37 0k B 52 i, HL R O 1)
S AT B TR OR R B2k A 0 9E B AR A5 T T X U B
2ok A B T £ AR AR O R IR i o R B
WK Rk -

0040 460 480 500 520 540 560 580 600
Wavelength (nm)

B3 Jkmpfgtth 12 o RSN 5 um/s 5 E M0 H S 25~200 kHz 19 CFMEOE S A B4R 1925 9% 1 80 8- () 76 365 nm 6 FR 4t
RGBS AN BN PR A5 (b) B 3(a) hiOES A HLMEEUR IS ; (o) 7E 365 nm G RE ST T 2853 400 CHuAb
Shi B AHLRZEIEIE R 5 (d) B 3(c) FROETE A B RHEEUL B

Fig. 3

Fluorescence micrographs of lines written by femtosecond laser with pulse energy of 12 pJ, scanning rate of 5 um/s, and

repetition rate in range of 25-200 kHz"". (a) Fluorescence photo of written lines without thermal treatment under 365 nm light

illumination; (b) photoluminescence spectra of lines written by femtosecond laser in Fig. 3(a); (c) fluorescence photo of written

lines under 365 nm light illumination after thermal treatment at 400 “C for 5 h; (d) photoluminescence spectra of lines written by

femtosecond laser in Fig. 3(c)

[ 2% L 19 CsPbBr 44 oK i 4, # €8 CsPbCL LT
CsPbI, & 6 B9 40 Kt w] DL oo B BRI S 09 7 %
FEDEE PR AT . 2021 4, Sun 2R M PO TE
W Rk R o B S 3R T 85 8 CsPbCL. &f {4
CsPbBr, M1 £1 t& CsPbl, & S B 94 K &f , WF 58 T 30648
A ok w56 B R0 A 45 X CsPBL 4 K i & G Pk RE 1Y
R o bk b RE A 200 nd bk wpR % A 75~150 kHz
R RO AR S5 A B B R 20 R W
B AE 664 nm A Ao WA 4(b) s, 78 800 nJ 1) ik i g
7R, 8 5 B MR N 100 kHz 340 5] 200 kHz, W {5 {37
B M 666 nm w5 B 657 nm H G % i 2 15 4 55 AR K
A ARG E AT REA WA, — L O ER
R R, AR BN I 5 T A A A R
2, T A s DX ] R4 R T R R o [ A, ORE 4B 4 K
D 21 N S o A B T I - e o A N B N T AN 207
B RSE o0 A o 55— T, 00 i R X e 22 R A B R
7 A v IR T B 4§ 8 CsPhL AN K b iz Wi ks Ak .
BEAN Al AT 3 S 9 v B R R s ) IR SR AL, G

Fld(e) s ol AR BE, 5 QR & A9 Bk b 58 2 A
B, 25 bk b i B8 A e 2 R JL B AR I, T LAR A A 9
B B CsPOL A K ffr o 33 J2 IR R 70 A [R] 9 ik nfr 9 B
L 40K A B8 T AR v AT BEAE A A AR R 23 A B B
[ £ T, 75 Jik o 5 188 Shy "RORD H 4 4 30T 8 B A o [
B i I BE T RE S RS R K O3 A, S AR
B pdi b o SLE SRR, O P R AN AT LS B
Xt I 5 AR R G E BE B
3.3 BREALFSHXBHFRIFE

— R UL, AE A 23 B AR A N R 2 B A
AT RS — B B FERXAS I R, 5 R AN A
TR 10 BT 4R 0 B 2 T U R YRR , X S I A 1 R
AT LA o H PN AR BT AT IR A8 A el T IR 22 1] R
oy 25 ST TR A W BE IS Y R A RKORE 32 B
T RS R BRI o Al B A R 2 g 1 R BT A2 5 A
i £ 2R M ALE] B0 A R A B T YR
DI RENE A K B A9 L o

2022 4F , Sun R BT R POHOLE T 10 4 H ik

1732001-4



$£ 425 F 17 H1/2022 F£ 9 A/ FZH

(a)m 64)/cmt  —= — 75 kHz (b)m e  — sowz] (9 ss
= 7| 800ms i — 100 kHz o 800ms /5 —— 50 kHz
- 230fs /] | — 150 kHz s 230 fs —— 75kHz = &
& I i — 200 kHz s 100 kHz 0 o
E A z 150kHz[
é / g 00kHzf  E o ”—
= | = =
05 : £ 05
{i;l / / [ é 40
@ / o @ 4AC
= ,‘/ 8
5 E
= b | 2 |
0‘800 620 640 660 680 700 720 740 0'800 620 640 660 680 700 720 740 30 50 75 100 150 200

Wavelength (nm)

(@

PL intensity (counts)

Wavelength (nm)

Repetition frequency (kHz)

(e

PL intensity (a. u.)

BB .6 3 2 2 P TS
%’9@ R R R N YO

B4 R[] A A R bk o B8 BE R BOR8 S: CsPbI, s 9 AY 56 80 6 6 1% 0 & 65 B Go it Y () MG RE R M 6.4 J-cm ™7,
Jik 55 BE Ry 230 fs B G IRFR] Sy 800 ms | #4451 %6 3 Bl g 75~200 kHz I, 405 nm £ 41 5638 & 19 CsPbI3 s B 1 06 3 & i 61
(b) X6 HE =% B 25. 6 J-em * ik b 5 J& R 230 fs S B [] 2 800 ms | 7 &2 J1 3R ¥ ] 24 30~200 kHz I}, 405 nm 48 41 5%
B (1 CsPbI3 s BE B3R Y61 5 (o) B 4(b) 60K 6ot ik iy 2f 1 4 5% bt B & 905 (0 A8 AL #3455 (d) A TR) 3406 fiE B
W R OR I B M R R OGS CsPhL A I 19 & R BE 4831 & (e) Mot BE 2% B4 19. 2 T-em*  H & M - 100 kHz ., ik ol

FE K 230 fs~5 ps i, 405 nm 284G & B CsPb, & 4 9 %2 565 1 40 1 1K

Fig. 4 Photoluminescence spectra and luminescence intensity statistics of laser-induced CsPbl; dots under different repetition rates and

pulse widths"™. (a) Photoluminescence spectra of CsPbl, dots excited by 405 nm ultraviolet light with laser energy density of

6.4 J-cm™?, pulse width of 230 fs, exposure time of 800 ms and repetition rate range of 75-200 kHz; (b) photoluminescence

spectra of CsPbl, dots excited by 405 nm ultraviolet light with laser energy density of 25.6 J-cm *, pulse width of 230 fs,

exposure time of 800 ms and repetition rate range of 30-200 kHz; (c) full width at half maximum of photoluminescence spectrum

varying with repetition frequency in Fig. 4(b); (d) luminescence intensity statistics of laser-induced CsPbl, dots under different

repetition rates and pulse widths; (e) luminescence intensity statistics of CsPbl, dots excited by 405 nm ultraviolet light with

laser energy density of 19. 2 J-cm™*
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Fig. 5 Photoluminescence spectra of nanocrystals and corresponding photoluminescence photos'™’. (a) Photoluminescence spectra and

corresponding photoluminescence photos of precipitated nanocrystals obtained by ultrafast laser direct writing in C1-Br-I co-

doped perovskite glass; (b) photoluminescence spectra and corresponding photoluminescence photos of precipitated nanocrystals

obtained by laser direct writing under different irradiation time
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Fig. 6

Principle schematic diagram of ultrafast laser-induced liquid nanophase separation and precipitation of CsPb(Br, L),

nanocrystals in Br-I co-doped glass'”
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Fig.7 Encrypted display of nanocrystal patterns in glass and optical storage demonstration. (a) Demonstration of CsPb(Cl/Br),

nanocrystal erasable pattern in glass for information encryption and decryption™”; (b) laser-induced nanocrystal optical storage

demonstration”; (¢) (d) laser direct writing color nanocrystal luminescence patterns'™’
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Fig. 8 Application of nanocrystal patterned devices™. (a) Photographs of micro-LED devices; (b) three-dimensional holographic

display
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