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Fig. 1. Schematics of (a) D-TPA and (b) ND-TPA processes® .
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Fig. 2. Schematics of a typical pump-probe setup.
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Fig. 3. The ND-TPA of typical 3D semiconductors: Normalized transmission dynamics of (a) CdTe and (b) ZnO single crystalsi!;
(c)—(e) ND-TPA and D-TPA coefficients of ZnSe, ZnO, CdTe and GaAsP¥; (f) pump-probe polarization-dependent ND-TPA coeffi-
cients for ZnS single crystal. The polarization of the probe beam is along the z axis, while that for the pump beam is either parallel

or perpendicular to the probe polarization.
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SETCRAN 0, 53352 xiiiis X Xigig TN Xigin FeP T
B i 1543 Bk il [100], [010] F1[001]. A ATHE
PRISE R i 77 a1 A4 5 [001) bl —3, OB %
HOCHR IR DT 1, 280 ZnS () ND-TPA £Z%. 4
T ARG R R SE AT, ND-TPA RE0E %
EASHTAY 23 . WA 480570 nm P B, B, M
6.40—0.186 cm/GW, B, N 2.88—0.066 cm/GW
(I 3(f)). 73 A #iE GaSb 1Y 8, [FIFEIE L 1Y 2—
34%, 5 ZnS —E B, Krauss-Kodytek 55 10 % i
i —FHIN LR 25 AR GaAs(100) &1 ND-TPA
P& S5 (BL/8),) B (110) 1, 5 Si AHR.
TS ) S R DR [ 18 X R e 3 1
BRI T WO G IR T 1) 5 A R AR 1) 2Z ] L
IS, SPAIST = Hrid bk i i A ¢ 29):

21

B = mlmxww, (17a)
2m
b= NpTNeApE cImXXXXX7 (17b)
p’te\pco

o A, AR, ¢ R, eo 0 A 2SR
L g, Hng SR A ARG AT SR 2,

® 1 CHEMTCHLE MR ND-TPA 2%

Table 1.  Reported ND-TPA coefficients for different inorganic semiconductors.

Rk Ap/nm Ap/nm Byp/ (cm-GW™1) W& Bp/(cm-GW~1)

CdTeb 870 8840 ~1000 10 Hz, 30 ps ~20
ZnSB -390 ~1760 -15 1 kHz, 140 fs -1
ZnSel ~480 5600 ~270 1 kHz, 140 fs ~2
ZnOB4 420 2000 ~40 1 kHz, 140 fs -2.5
GaAsb 870 8840 ~800 10 Hz, 30 ps ~10

GaSbl) 1720 3550 140 1 kHz, 130 fs 64041
Cu,01¥ 800 1494 88 1 kHz, 120 fs 27
MAPDBr,2 577 1700 53 1 kHz, 100 fs gl
GaAs/Aly 3,Gag gsAs QW 1120 1960 ~15 82 MHz, 156 fs —
WS4 620 776 250 80.48 MHz, 250 fs 100

MoSe, 4 790 1500 650 80.48 MHz, 250 fs 80—800

(BA)y(MA)3Pb, X 5461 705 760—980 10 100 kHz, 7 fs —

Sil40) 1904 1350 0.97 250 kHz, 160 fs 0.5017)
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4.2 Z“#HHR

T YR RR XN — SRR E MR SR, EATTE—
YRR a9 RSE/NE - iz Bl 32 2 i PRI
A B A IR (g 4 8= R 175 R 49530 AN 2y N == e e B

A A2 3l SR AR BRI 55 90K AR |l A

T BE. AERESZ T BRI Ha B IEAON 5
me, HEH 25 O (W) RERRERCK, 4R 19 B 0.
T BN P RIS DS A S S 5L MR
B, AEZet: 2 TR 245 B R 1 3G 145490,
FI— S0 F bR F s £ 1, H D-TPA &
A g =i AR R 2R 1 AR P05,

AR, RIS N GO — 4k kL i ND-TPA
PEAFIFS. 2018 4F Cui 55 9] 38 1 K RMBOL = i -
PRI B A 5] B W22 5] T WS, il MoS, 52 il
) D-TPA fil ND-TPA # /1553 2. B S &5
T o HUAE T 500 fs N2 B IE S 15 5
Tf5 5K AT ND-TPA 7= A4 f30 5 S AE; 1E
5%k HF D-TPA SE MR TR (K 4(a)).
BT ZE MR TR AR R, TR
D-TPA il ND-TPA 5¢ 2 f# #5 (& 4(b)). 7EIE 3t
PRIEWEHEL T, 2 WS, 1) D-TPA (776 nm)
FIND-TPA (776 nm 1 620 nm Y& 1%F) ZE55)
4100 cm/GW Fil 250 cm/GW, I H AR bl #5 %%
TG T A B KM PN . X T IH 458 TPA
72 A B R R A T o Y RE Y S TR AN . 7E BR
JZ MoSe, H' 2p T FREFHLIRFEH T, )48 ND-
TPA FEFHE Rt 2 D) 238 R e Pkl /)N, {H D-
TPA Z B0 2 90 45 805 0. 4 58 T R R A
0.6 GW /cm JFE 12.5 GW /cm I}, D-TPA 2%
800 cm/GW i f# % 80 cm/GW. 1Z L4 1T fit &
R HE R A 2000 RN RE SE S A0 AH B F 3 1.
EAS T B, BLAL IS AY 2 — 2Edr R P i D-
TPA fil ND-TPA R 8 i T 1 5% = 4 31k
TPA RE 2 M.

2020 4, Cox % FIH 1960 nm i, 1176—
1326 nm FHEMAFFE 8 nm GaAs/12 nm Al 5,Gag gs
As fE TP ND-TPA Fith LSRR A
PRGN TM g, 22 ND-TPA REBES 0%
K Aaum = Oputp + Aprobe) ~* HIZE AT AN 3 22715 4k
(Il 4(c)). X AT IA45 0 28 oXAfE TPA o 72 vk
RN A, ATRET —MET k- p ik ik
ORI T, HEeLS ARG AT T SE50 0.
BEAb, ARTEZES AR, A T 2T MR K

Ay = 7.5 um, ND-TPA FEA[iA 5.7 cm/MW, 24
TRF5E TR FHOG TR ND-TPA 8004 360 1%,

JZ 1R Ruddlesden— Popper £5 8k # J& 55 4 —
FhoBr 70 0 4R RHMA R . HAL 22 G H o (LA),
(A),_1Pb, X5, 1, HHT A R RSFRUING AT BHE
(I MA+, FA+, Cs™5F), X Z2RHETE, LA & —Ff
KEEAPLHE T, 8 n 2 AL PoX, /KRS 2
e B, 2019 4F, Grinblat 55 161 F| FHAE
AR AMSE THUERIES (BA)y(MA),_Pb,
X1 W PIAEL M R . AT & B HL
FHRAAELAN I # Kerr 0% ND-TPA. 245271
PAAE 760—980 nm X [H], HREMPE KK 705 nm B,
HAE B AR IS ny=~—0.4 x 10~* cm?/GW,
ND-TPA %L f~10 cm/GW. 1Z80 il FFX} ]
DL /3T 2T A XIS P24 2% 14 2 5 R 93 i TR
B, HIHELNT 20 fs, WHIBIFR AT 50 THz, iX
AT TR ) 5L T AR TR AN K R
RERY 5 A5 (18] 4(d)).

4.3 BURERHSTF

W THEA YOGS B RIS TR, AL
FeHRE 7 F 19 ND-TPA PEFBAS 2] T2
5. BT — AR P, s ND-TPA
P NAN:OE L A G AR T € AT N S L R A
Goppert-Mayer 5.4 GM (1 GM = 10-%° cm*s/
(photon-molecule)). o 5WILREL BHIRREN o =
1000hv3/(NAC) , Forh ho G FRER, Ny BTk
B WA, C R WHEIE (mol/L). H FHIZEL
ET IO A LGRS (R EHF AL T
HIH 78 R B AR LA BRI 7EWF5E
PICHREN ) ND-TPA B}, 7% &8 A Pk A 5
(WSO, Aok A IR UACZE 1500 nm B 3 FK T
1800 nm ZLRIHE K. PRI b, 326 45 19 UK I K Y T
T YA LD OYEF LA, o F g
TR ZUAME B, Z RIBR, PG F I REEAHZE AN
K. RGN, Sadegh 55 02561 % #1 TLFR 5 FH A4 #5
B4rF, PG E (fluorescein) | HE R 4% L9 R
H (EGFP)., A5 CHEH (mKO2), % ER  FE
# (Coumarin 343), ZFHHLLETGOLYLEL (SR101)
(%) ND-TPA #Ifi # %1 T D-TPA #1E /558 & W]
AT, W mKO2 /Y 5z 39 58 0] 35 75%. Xue
0Tl 5 | A Z EBUEBORSS, Kig4E T 1 i [a]
SRS IEARS R, KBS 6 G (Rhodamine
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AT/Ty/10—4 4 4
(a) 360 < (b)
. | ':l""..
3.19 2 L N ., | ¥
= 3 . ., 3
.3 2.77 S : .. =
5, 2.34 S : T 1. &
= 1.92 g4 2r ~——r?
S 1.49 g <
2 1.06 s 1t . 1 8
0 F0.64 g s %
3.0 0.21 5 S g
A —0.21 ] e <
2.5 < . 9
° e —0.64 5 A 2
w2 8 .
%% 1 Eo-1r : &
JalipS') < P
2% 750 © -
2% 05 0 250 -2 - : '
0 250 g ~900 —600 —300 O 300 600 900
—750 ime el Time delay/fs
20 — 3 N —
(c) " T G A =705 nm
7
Pl 2 jm Alg7GagsAs
_ 15 F - E w—% 2pm‘$ﬂmum
‘g ------ E 2 pm Alg7GaosAs| Z:
9 1ot q GaAs substrate ~ 13 fs+IRF
& g -—
S <
>~ |
3
5 -
0 . s . . 2 [ - LI 1
740 750 760 770 780 790 —100 —50 0 50 100

Sum wavelength/nm

B4 20 28R R ND-TPA

Delay time/fs

(a) B2 WS, (9 BF 45 38 01 3l Jg o i 465 D AR &R, R R 776 nm, B3R 0.23 —

2.96 mW, 0 fs Z i {5 5 IH K 4 ND-TPAW; (b) 512 WS, 14 BRAS5 5 8 1 2% i 28 7t 9 ND-TPA #5431 D-TPA #5451k,
KON R IGBOE, W ST D-TPA, 20 508 T ND-TPAX; (c) 8 nm GaAs/12 nm Al 3,Gag gsAs & T-BF 89 ND-TPA 2 %5 &% BE 6
2k, Ak 2 3 5 AR T DR 4R 258 TMIH; () (BA)o(MA), _1Pb, X,y $5EKH T A A9 PGB SR, EHid K 760-—980 nm, I
#3.5 pW; FEUE K 705 nm, SELEH Lorentz U1 HY IR ] 98 2 A 13 £sP

Fig. 4. The ND-TPA of typical 2D semiconductors: (a) Power-dependent transient transmission dynamics of monolayer WS,, the
pump wavelength is 776 nm and power in the range of 0.23—2.96 mW, the dip before time zero is attributed to ND-TPAM; (b) the
decoupling of transient transmission dynamics for monolayer WS,, black squares are original data, blue dots are due to D-TPA and
red triangles are attributed to ND-TPA[; (c) ND-TPA coefficients of 8 nm GaAs/12 nm Al 3,Gag gsAs quantum well as a func-
tion of sum wavelength and its theoretical prediction, and the polarizations of both the pump and probe beams are TM*; (d) ultra-
fast modulation of light using exfoliated (BA)y(A),_1Pb, X3, flakes. Pump beam: 760—980 nm, power: 3.5 pW. Probe beam:

705 nm. Solid line is a fit using Lorentzian function and 13 fs is obtained for the ultrafast modulation/®.

6 G) 1y ND-TPA #If ATk 600 GM, Lk & T3¢
#k [58, 59] B Y D-TPA # 1 (~100 GM). % 2
TR — S HGE A HLAEE ST 1) ND-TPA #
T B HCXof I A I 4

M (14) AT, AR PLAE S TR, 7S
IR RIS SRR B, H TPA 545
TN AR (ICT) FIEE R R B 55 5
DS i</ (10 ) 0 e 0 | Bt R a4
P& D Fl—AH T2k A 4HA D-n-A 25K fE0S B %
K pge , MITTHETHHE TPA PEBE ). B¢ b, AT LLGE
AT AR D/A DIREEEA, 350 o HHEEE R, I
P L 43T L TP A R R 4 A AR A7 S
TPA PEBERY IR TF 24, 401 2017 4F Chen %5 60 7 1

MRS S A E D /A ShRERE A A T
— R AE PP A (BEMO), 456 % T -1K
DTS-I, 38 2 [ S8 R 800 nm,
BRI 485650 nm AFFY T H: ND-TPA %
R RBO IR, KM ND-TPA 2 5T
D-TPA #1f1. WxfF A, = 800 nm, Ay = 650 nm
HFXF, H ND-TPA #HA 2] T 220 GM, i HA4F
RO D-TPA # i { {4 34 GM. Elayan F
Brown!0! 245G W% BT pR S I BB LK
ARZEAFEZE (coumarin) I ND-TPA, A&
PH . D-TPA 58 22%—49%, W52 T H ND-TPA
B 5 53 F B AR (o) A B2 OCHK, 5
AR T ND-TPA A — & (K520,
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%2  ERERAIZOLR T # ND-TPA #7H

Table 2.  Reported ND-TPA cross section for different organic fluorescence probe materials.

Kt A/nm Xy/nm oyp/GM MRS op/GM

%16 GB7 800 691 596 R FEE WRBE: 16.2 mmol/L; Bk FE: 103 fs 3815005859

B P 12367 800 660 776 TOR): FEE YRT: 4.2 mmol/L; Jik5E: 103 fs 80162

HE K6 800 652 1015 A7) B R 23.7 mmol/L; JK9E: 103 fs —

Fr & 34307 800 651 49 W A0 W 27.3 mmol/L; k% 103 fs —

Je & a1 800 669 3270 F: S7; WeEE: 0.75 mmol/L; JKFE: 103 fs —

Je B AL 800 626 1407 S0, W 0.68 mmol/L; ik%E: 103 fs —

HRIEATAEBEMCEY 800 650 220 VAR VR VKBS 10 mmol/L; kSE: 140 fs 34

b H RO 925 1020 1860 WA FRE; WeBE: 1.3 mmol/L; JKFE: 75 fs 940

5 ET AR IR XL T Rk 89 b A

ND-TPA #8%f T D-TPA #2555 17 1—2 MR
G, SR SER AN B BOHL ] X LM TR
. 5@ 3 ND-TPA & 56 F W ml T A9k
%, M TSGR D-TPA R B A ZREH. ik
Ak, ND-TPA #8850 i 0 B Al T LU 40
FFIANJE ) GRSt v, HoA B KB R A=
AT EZENLLAMEI | A= P BLAG RN AT G T T,
457 ND-TPA AHIN H A HTVA .

5.1  ZI5MEN

1L 58 1 21 /MR i 23 3 2 T v i 2t i
WK SRR, 75 22 AR B/ N TR - fig
i, PR TR A0 R Y B A 1) 2 AR R 5. H
JE e A AR AE | A7 S8 IV S RITIGG FEL 3 ) 5 )
B2 WK, BRI A R SR A% 04, S H A
T AR SRS L, T BT A H A AR A
B F A TLLAME, (BB O T R A
Polfpk: 6566 | T LRSI AN, B AL sk
N7 AR AT LAEATLT AN . A PG I RCR = L
B L BEIX [ 4 1 SE4 B > AR A T 2L AR
It HAE =R Tt nl AE T, X RO T 5256
A 67681 B o AR AR L1 A3 1 R
RO B RE S TR T RCR IR
PRI 69721 SR, o) | Fh 38y v T B2 B g % 01
AR A A A AR EA T AR AL DT RC. AH L
TR e Al £ AR, FEF ND-TPA BYZLAME
BTN PSR el ST o N S e | S e v S
JIT LA i WA AR R KO F R RE
SRTRE S R T ol 45 20 S04 B v] A B 503
FEHL TN, AT B4 (A7 DT 127,

FE R B AR, i 2 HEDGE IR
BRI (1.30—1.55 pm). XHZIEBRILIAME T
BOCRAE TG G T 2o, WIS LI 1 L TSR
4. 2009 4 Boitier 45 [ F| ] GaAs PMT [ ND-
TPA WX} 1.55 pm ZLAMEHEA TR S 114K
(Il 5(a), (b)). RAEHITEREFREHAL 10-1%,
ERA5 A B AR KA 3 =25 (8], ] LASE i 34 KA B
YEREEE D6 % i 2 s 8Ok ik &
255 ok — A T R . 2010 4F Apiratikul Al
Murphy ™ [FFERH GaAs Yo & ) ND-TPA
(A = 1.49 mm, Ny = 1.775 mm) #1767 K AE.
XTI FELI N 150 fs BIBOGIK R, FoR] /3P 2
ST LA 4 TB/s BOGFRAE.

2011 4F Fishman &% P7REH AR &7 37 XOE %
WS I H T 2D MR D, RS RS T, FH
B B GaN JGHL A (BB ~3.42 eV, Xf
N R 365 nm) XL AMEHEF TR (& 5(c)).
WE 5(d) Fros, A 390 nm., ik o 58 5 A
100 fs FIEOEHYE R T Tk i (gate pulse), 4 I# G
LSRRI 5600 nm FPLLAMNEAEG I #5 L BRE
AW, TR ND-TPA, 774 7GR . it
W, LT IRE 20 pJ BILLAMK wh g s R
MAEA R 20T, AR E1H9 HegCd Te i FH R
A F/ MR BE R R 200 pJ.

2 HAT BRI, 38 FH Y Siot R AR BRI 2%
PRI A KA BR 29 1.1 pm. 254 Si #2810 5
RAPER ND-TPA (1) 15 W e mT DLSE IR F Si
HBR A LM AT, 40 2019 4F Xu &5 10 D)
1550 nm BOG KOG, FIH Si-APD(FH At
W) B ND-TPA S8 T 1700—1850 nm 2140k
FIHE AR R = DI DR AT LU HeR
P50 B, (ER R R AR S AR AR ATk A
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(a)
Pump: Tm3*-doped (" |1 _
laser @ 1.9 pm ] =
ulse
I : Asph. L cot-mter
p——— B T
< P4 Jed PMT
i el e E L == —1 \
Lens B.S. HPF l \

Signal: optical source |A> 1 num

@ 1.55 pm
Signal beam spot i
(~5 pm) ~r
Signal beam spot GaAs
(~50 pm) photocathode
(b) 7 50 .
= 45l GaAs Signal power/pW
= ’ --%-- Mean
g 4.0r = 400
& 351 . 125
S 30} + 80
3 a5l * 12
:? . \ A 2
o 20F v 1
—
S st —
g 10} H
Q
£ o5t
E 0 . . . . . . .
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e .
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]
=
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©
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-
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O F
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Dark count
I AL XY A

10-3 10! 10! 103 10° 107
Input pulse energy/fJ

5 ND-TPA HI TELAME T SR

Yy
Chopper ; C Locki ~
ock-in .
.ﬁm% Ref. amplifier
d
( ) 102 E GaN
>
g
} 101 F
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£
'§ Input at 390 nm:
- 109 > 1.9 GW-cm™2
2 <1 3.2 GW-cm™2
5 £ 4.5 GW-em™
© 10-1F 7.1 GW-cm™2
o MCT detector
10-1 100 10!
Input energy/nJ
® T eol > MAPbDBr3;+Si
102 ->§ a0t A B 4
& 2015 ° o
> 05 10 15 20 o®
% 101 F Gate irradiance/(nJ»pulse’)
2
=
S 100
> Gating: 600 nm
0 0.7 nJ-pulse~?!
0 1.4 nJ-pulse—!
1071 F A 2.2 nJ-pulse—!

10t 102 103
Power/(nJ-pulse—1)

(a) GaAs ZLANETFIHHHUR BB M (b) GaAs LLAMEF IS 1F 506 R KR R AL

IR 56 2 110 () GaN FRI 2% ] T 20 AP EHR I 7 325 181 1271, () GaN 500 25 it Fi s S50 A 20 AME S O6 RE 8 T 28 1 2 R A 6
R, G5 WA 5.6 pm, [Tk 390 nmP7; (e) Si-APD £ M550 % 5 % Ak wh g i 5¢ R, WL K 3.07 pm, BEHEH 0.32 nJ03)

(f) MAPDBr; B8 55 Si 4R 4G4 1.7 um ZLAM G 29

Fig. 5. ND-TPA for infrared photon counting and detection: (a) Schematics of infrared photon counting using GaAs photodetector(!*];

(b) ND-TPA photon counts as a function of the signal power for different pump intensities using GaAs photodetector; (c¢) schema-

tics of mid-infrared photodetection using a GaN photodiodel?™; (d) output voltage of a GaN diode versus 5.6 pm input signal en-

ergy in the presence of temporally overlapped 390 nm gating pulses of various energies?”; (e) recorded count rates by the SIAPD as

a function of input pulse energy, pump pulse wavelength of 3.07 pm, energy of 0.32 nJI"3; (f) 1.7 pm infrared photodetection using a

combination of MAPbBr; single crystal and Si photodiodel3.

) D-2PA H: % 3PA AR KA =M SEuR
14 U FRAIR, B EE s 2598 [l 27971 2020 4,
Fang 4 13 ] A 3.07 um A FP 2048 EAE R 22 306
AR, RS 0 o A T AR T R
1550 nm FF50. PR TFRE RISk
EOW B, INTITHER T D-2PA X35 e

B (K 5(e)). BT 3PA 5LE MM b D-2PA
SR AR 6 N, MIR Rk TAE
DR IR LA G R e R TAEY R =4y 40 dB,
MR & T A%, AT A B s 5 D)% m]
KB REEHIKOF, A TR 8 x 103 46+,
H5ILTF D-2PA MR EL, HaPECRRE S T3 10°
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fi5. % IEE] Si 1) TPA MBI (8 < 2 em/GW)I™,
Wang % 29 2 1 T 454 MAPbBr, S56k6" 2.5 1)
7 ND-TPA Fl 5 52 Si i 4 4 6 41 At
PRI I, %07 P bl MAPDBr, 2658 T

Si G L R AR AR A, SCBL TR 1 kHz FEA

1700 nm [T LLAMERY =5 2 SO (1] 5(f)). HAR
MR B A 1 nJ 2, MR R 68 V/W, T
FHIRE L /AR LT AN 25

FEFIFH ND-TPA XF£LAMNEHE T R R AR
BRI A I Ah b 255 25 R AR W] SEBU A )
ZIAMEA%. 2016 4F Pattanaik 25 01 F ) GaN Y6,
WS ND-TPA SZH T X PR AIILLE4h (1.6 pm)
FIZrAh (4.93 pm) =4Eif4. HIEARFHS
[y GaN LESMRI— L (1 5(c)). AR H— -4
SR, HAE 250y ) (BREE) 102 ()43 382 1 22 3
SEHIME (14 AH B[R] P

1
Az=4+———+/In(1+4+0)7 c, 18
iV ( ) TEWHM (18)

;H\ZKP TFWHM %ﬁﬁ-ﬁ(ﬂﬁ*ﬁ%ﬂﬂéﬂ?‘*%ﬂ, o j‘j
WA o RO, TR LR EZT (0 =~ 2%,
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Fig. 6. ND-TPA for mid-infrared imaging: (a) GaAs semiconductor structure used for the 3D imaging!!; (b) 3D imaging of the
GaAs structure using the ND-TPA of a GaN photodiodel'; (c) the cross-correlation curves of points A and B in Fig. (b)'Y;
(d) schematics of the vibration imaging method based on the ND-TPA of a Si CCDF7; (e) imaging a cellulose acetate film with
printed letters at selected wavelengths, wavelength b: far away from the absorption of C-H vibration, c: near the absorption peak; d: at
the absorption peak7).
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Fig. 7. ND-TPA for two-color two-phonon fluorescence imaging: (a) A typical setup of multicolor two-photon imaging using syn-
chronized pulses('®; (b) two-photon excitation spectra of the fluorescent proteins encoded by the Brainbow constructs mCerulean
(CFP), mEYFP, tdTomato and/or mCherry, arrows indicate the excitation wavelengths!'?; (c¢) multicolor images of a mouse cortex
extracted from a 450-pm-thick 2 stack (left), image slices at different depth (z = 50, 250, 400 pm) (right)('%; (d) the 3D image of a
mouse brain using the two-color (A\; = 1055 nm, A\, = 1240 nm) two-phonon fluorescence imaging techniquel'”; (e) two-photon ex-
cited fluorescence signal intensity versus tissue depth in a mouse brain. 1C2P: D-TPA excitation (A, = 1055 nm), 2C2P: ND-TPA

excitation (A, = 1055 nm, Ay = 1240 nm), 7 = —600 fs, 0 fs: the time intervals between the excitation pulses!'7.
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Fig. 8. (a) Experimental setup of a typical all-optical switch, EDFA: erbium-doped fiber amplifier, OBF: optical bandpass filter,

PD: photodiode, DSO: digital sampling oscilloscope??; (b) pump pulses at 1552 nm and (c) cross-absorption modulated CW signal
at 1536 nm®?; (d) operation principle and truth table of NOR gatel?”); (e) signal P1, P2 and the output cross-modulated CW probe

with logic NOR operationl.
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Abstract

Nondegenerate two-photon absorption is a nonlinear optical effect in which two photons with different
energy are absorbed by a medium simultaneously, resulting in a single electron transition from ground state to
excited state through an intermediate virtual state. Compared with the degenerate two-photon absorption
coefficient, the absorption coefficient of nondegenerate two-photon absorption is increased by tens or even
hundreds of times due to the intermediate resonance effect, so it has great potentials in many nonlinear optical
applications. Firstly, the basic principle of two-photon absorption is introduced and the enhancement
mechanism of non-degenerate two-photon absorption is explained in this paper. Secondly, the basic method of
measuring two-photon absorption is introduced in detail. Thirdly, the reports on nondegenerate two-photon
absorption of three-dimensional semiconductor materials and two-dimensional materials are reviewed. Finally,
the application progress of infrared detection and imaging, two-photon fluorescence microscope, all-optical
switch and optical modulation is summarized, and the future research in this field is summarized and

prospected.
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