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Fig. 1. Light excitation process and energy loss process in semiconductors: (a) Schematic of conventional excitation in semicon-
ductors; (b) schematic of multiple exciton generation in nanometer semiconductors; (c) energy loss process in a standard solar
cell [27] (D non-absorption of below band-gap photons, @ lattice thermalization loss, 3 junction voltage loss, @ contact voltage
loss, (® recombination loss (radiative recombination is unavoidable)); (d) schematic of singlet fission (@ an initial excitation to
S1, @ the excited electron relaxes to Ty state through exciting another electron to Ty [28]); (e) illustration of different stages of
singlet fission in space [29); conversion of photons into charge carriers (f) without and (g) with carrier multiplication (the inset

shows the corresponding dependence of the ultimate power-conversion efficiency) (131,
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Fig. 2. First theoretical and experimental results of multiple exciton generation in nanometer semiconductors: (a), (b) Direct
carrier multiplication lifetimes with (filled squares and solid line) and without (empty squares and dashed line) a hole present,
compared to Auger cooling lifetimes (filled circles and solid line) [*0]; (¢)—(e) transient absorption spectra for PbSe quantum
dots with different Eg under 3.10 eV (blue lines) and 1.55 €V (red lines) pump photon; (f) impact ionization efficiency as
a function of pump photon energy; (g) transient absorption spectra of PbSe quantum dot with Eg = 0.94 €V under pump

photons with different energies 1,
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Fig. 3. Multiple exciton generation in PbSe and PbS nano-semiconductors: (a) Ideal quantum efficiency derived from
energy conservation (black bars) and experimental quantum efficiency measured for PbSe (blue solid squares) and PbS (red
circles) as a function of pump-photon energy normalized by energy gap [13]; size dependence of (b) quantum efficiency Iqg,
(c) threshold energy of multiple exciton generation Ei, and (d) normalized threshold energy Eiy,/Eg in PbS semiconduc-
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AR 40K Si A Ge H A7 1 £ 8 BT ke 1981
Z ERT RN G EE RO TR i H B 2
Si & s E AH BLAE FH Re % BRI AR R 2 BT
RN B R R R 1990, B 448 Si 9K AR & b I BRI
REH By, W% 1921,

F—J7 1, 4k Timmerman % 140 % 3l Er 15 4%
i K Hek R (B T BY AN 2 ), Trinh %5 94 %
FERG I HE TR WSO T 2 B R TR AhE RN R, K
WAL Z AN Si &1 s BRI — AN S e L 1M B
BRI R, B BERE & By, #L 2E,. RE
Takagahara 1) 22328 37 7 BEAGHER (HIL R4
HNLEIS A fridk— P S,

YT RS IV IR Ge T 5, H 4K 4851+
% BT RN A R B, B R 2.8 B, 18]
5—6 nm ) Ge &1 KU7E hv = 2.8, BN 2%
Igr "1k 190% 1721,

315 B#E&K/ETRKF

1 & & A B U7 T A AR A (B L
FRAE). EWPFEAMAEAE N2 HEE
TR UL T HL RS s g2 L5 K BH 6 i f 4 DT
fit 43,1441 R gk, #E 4 8 B T A0 (1 MEG 808 7
2017 SEIH RS 2 H RORTE.

2011 4F, Allan %5 20 NHR S E4RH T HES )R
o-Sn H ) 22 F T AR S H R R BH HaL it
R IERME . 5, Binks U4 R FH i BRI
Wt Bl H R IR T HE 4 R HeTe & T R I 2 H
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WP e 1990 I 3.5 nm () HeTe &1 45 (Eg 218
1.0 eV) fE hv = 3.1E St THa RN 1 2 E il
F9136% + 4%. %4 RAN SR Z) 120%
() 22 T kR 00 e, i HL 5 K PH e i DC PR
T

& i, fECd,Hg_,Ted & & F U1,
CulnSe, g K &5 #7072 AgoS & T [ HE
Ag & T [ #% 5 Cu-Ag & T [ #4516 i & @ o
RIT Z BT, BARE T RS ERHE
Cd,Hgy ,Te & F A RHIRES W R 147 (A1
E, By, P8RRI Cd, Hey_,Te & F 54
AR RIEAF R, hw = 31E M Iqp =
115% 4+ 1% 18] %4k R, Cdo 52Hgo 45 Te 17
BEf AR, B Iqp 72 hy = 3.1E, I =ik 199% + 19%,
B 218215, 0. CulnSe, 7 T 54 ) 15 8 % &
Eg = (24 +£0.2) E, ™) K2 818K
n = (36% + 6%)/Fg ). AgoS & s AZE—Fh
B R AP R 09 A By, = 241E,, A
AR 2 w5 8RR M 8o B R R IR
T H A K2 87 F5 1, R R B 49K PhS Al #EE
BAKERTm L2 M BER . Agy K Cu-Agr &
TR W SR EE I T 2 E
T, R TR T AR e IR (0. X e R 5T 4
RS 2 T N AE G AR A R S R

3.2 ZNKIELE

5l 55 B AR & mAH L, gk 2
BT RN R e = By, A T AR
o A 1001 — 4k 45 M 1 PbSe 9K e b, £ E
TRy IS (82%+2%)/ By, & PbSe & F 54
WA (n = 11%/Eg) 112 £, T By, = (2.23 £ 0.02)
E 51 PhSedi Kt Kimz thp (p = L/d, L
NENKAEKE, d NER) X2 BT AR K
sz 1921 ook 67 2 BT AR B, LN
FH [F) 257 58 B2 PbSe & 1 R M 2%, PbSe 44
KA P 4 — 2 = %o R 8 ) ol JFG A9 350 110 80 o 2 0
5 1031 FECHIEAE SR 1Y) B2 EM T A% E
v (1901921 T3 58 1 gK R EEM P B0 2 ST
RN, fealr, 78 TLBYGNoK MR S I 25 R 3 i B0 1 AR 1)
ERER . BRI 2 E T2 190, (BEkif 2
Tl & SR AR 2, GRS 2 BT
RRNE R S A6 RIF 7 45 R LU /b

3.3 YKEIRLGH

BN K T I — P B T R A 5 4 1001 e
bL A 7 {5 b 1) 4 A O L 3R . 5 PbSe B T R
HH EL, PbSe 5 v 1) 2 87 0% LR A AT 4
ARk, L O A s WO S B T
IEEREHLTF B TR ) KAk, PbSe WA £
BT RS AR K 2 A R B BRI AR
HL -2 ROk (971 B fe bR 5 187 FH e LT 25 4,
HRATEARME &M ¥ /2 E A RES N
Y. AH PbSe i 5 1) 22 TH 45 14 0F 2 8 3T 208 1
SCM IR K. Beard %5 1981 R IR 1, 2-4 i ¥
(EDT) &b ¥ 3.7 F1 7.4 nm [ PbSe 1 55 2 5l 1) 8
JR G AN A 2 BT RN SR W ) L B 2
5 A B G 5 Tqe 2979 150%; K LI AL FE )
20K Igr 53 5 8 130% F1225%; A 2 4k 2 4b 22
2R Tqr 73 518 150% F1220%. 1 PbS 44 K i
IR o B T A A e S OO T O AR, T AR
A O 01 3L % F T RN B 4y 3% R T PDS
4 PhS 9K R AR PbS 46 44 1001 Fa2 2y
1 um J5 1) PbS 1 PbSe 8. 1 JIE v 1) 22 81 4%
87 A1, 5 6 B 8 25 R A IS TR AR AL 149). Nozik % 1196
E 2010 4F S 45 7 PhSe & T o5 M5 51| P ) 22 5 3 1
RL. AR, 9K e R R % T AR T
BRANKE 5 F 0% b 2 T AN DO R iR e
Mg, Zn;_,O/Mg,Zn;_, O FH i K I 1) 2 BT 3L
Jo 5 162 2 Bt — B IR T % T A 25

4 ZEHTFRNANLREN S E R
e
4.1 ZEHFHNHISZIEHN

2 BT A0S PR e W) 3 R W 5 K 5 R R
R TUE [qgp SBRERRE By, 2 EBTFaE
10100 ps yii [ Py 11030 W2 A6 00 5 22 8 Rk i) g
IR JAR e FR) 73 AR, i 48K 22 T 9T R
PR R A 172047520 40 FE R PR S I (ul-
trafast transient absorption, UTA) J it A 17200,
AR IEEAS TR (THZ-UTA) A [45:164:165] Fijg s
FeFR LT (transient photoluminescence, tPL) £
R 7025106 4 R R
TR R B, 206 O RGENIK 92979 100 fs 5L
FHEAR WK EOGEE, HBK AT DRSO VE
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WREAT Y. PR L RE 08 Fp 827 Al A I TR Jik, DA
T B SE LA ZEAI (] 73 3. N 1 X > 2 T
RN 2 56T RSN, S8 AR SR AR O ik i
FREEI E] Y K Gk R BER I — N1, DRl il

j\ Beam splitter

B TR TR S /N, /NS RIS R b
5T AE R S, 1 RSB T AT RS % LA
feE R L. Binks PR O & Mok bRIBES O 1
R R ST T VAR s 10T

Variable delay

— >
NN

Pulsed laser
Incident ultrashort

laser pulse

Probe beam

~

Pump beam

Chopper Lens

f .

A .

| - Detector

. At|; Sample

il

B4 iz S50 s b B

Fig. 4. Pump-probe experimental diagram.

Probe i Reference

Detection
r}

Signal

K5 BRASGHG I A S 2
Fig. 5. Schematic of generation and detection princi-

ples using the transient grating technique.

T35 T, WA MG SR R BAT R
RABUZ S ETE PRI G T B, 7T DA — L7
AWM T S A M LA B B 22 e I R B A
BE, DRI 32 B 5CHE. BRSO AR — sl 1 Y
BRI HAR. B 5 P Jysodt Ml St 1
BOREHEIE. s koof 253 M2 5 T2 AT 36
Y, €SS AR AR AR S I R T R R
A VE. RN S, A — S
ATS e, 38 I R S AT SR X I TR] (1 £
WG DL, RIAT € A i B I R MZ S E R =8
ARBLC A TR B T 3524 A1 ek
TR AR T R R BIRAR AL L Ak
B A Tl WA P K AR IR Shen 45 108 3R
PSSRt B A E LI BOR WAL T 4Kk PhS %
T PR E AT, R T AR BRI
Z. SRR S BRI FEA K A T i
Z BT RN B AT IR T 0 — R TT &,

4.2 SCIGEIEAID T

BRI SO TE FOR T, {5 5 582 IE T4l
BKEE R E T RO T BH . R
1550 T B A A 5 a0 B 6 B, JLRRIE 2 i W)k
ARG PRIE IR ST i s, IEEAME SR e 5
-6 A0 E TR b I EUE IE B TR — AN 2K R
AR AR T EOH . B, EOEEA
S (26T RIRAN R AR ) N, 22 BT RS I &3
# Iqr Fm o P2

Iop = % x 100%. 2)

—  (Nx)=a/b>1

— Ao
R

Ige = (a/b) x100% |b

| .

L
Time
Ele izH BB THE 2 B 0y 81 AR
Fig. 6. Illustration of the method for calculating quan-

tum efficiency from UTA traces.

SR, 25 J& B IS 1 AL B P BT SO
M ZCTRIRE, 2 BT R Igr Bk 2 [0
IQEO'J

M) = 1 —exp(—aJ)’

®3)
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A o T AU ORI L, TN BOR
FINTFIREE, o NEA T PRI
THH. Bk, RAEHT — o, M A% T
Iqm, X BRI T2 87 RN N 65 B R
JIN, A IS BN AT A 1Y) 22 S

Hf o 22 BT 8ON BAE B R B, B, TR S8
MEF—FMERFETRREBKE THEZERT
R Iqr, MITIRTG Igr B he AL, &S
25 Igr W B 100% (47 55 A7 B, %A B X B
NS TR 8 ho BIUONIZANK K S 4K 2 83T B0
I BIE RE & By, 1107,

4.3 ZEHMTHNHIECHER

25Nk, Bl T = MESOR R E E T
RN Nozik /N 00 Je H A A 151 2 18 3 e e Wik
REVER 7T BB TS5 28T SR AT
BINETAEZ 7RG H PR AL, 2T
ZHEMY TN AR TES 2 M ST S
0 U890 JEARaE TR B TR . ARIE S %
BRI SIS R 2 AR WLARE.

Klimov /N 99 & H 41 3 181 2 th R 30 2 8
T AW PR R AR 2 BT RO AT
FL 18] £ 2 & AR LA AT BAP7 A — A R 0L XU
TR, W67 AT A R AU U1 2 1] LSRN
WA, IR T 2 mECT RN, Xl R
AT MR 2 EOE. K B R B i T SR 4
RENZEHEPTRAEEL TR TS ERF TS
(1758 P AR, AR 1 BE 7 P BRI AN 18] BRI R
TCHIEUAE, THEIRIG I Iqe 5 L5045 R —2

JAE NATTIA Rl PR 28 P8 T vk il R 22 EE
TR (RO 2 S BN R K A AR T R B R
F I ), 5 — SR L T B 4 R 1050 R
(et CINCBERTIIDN (e E A 0 G IVAISITR RSN
R FH AR TRl 43 H 2 B R MR 2 BT L. X
=R PR A SRR LB AT DL B R A 0K
ST 2 BTN, (B2 E T AR LR T
BE U T 9K - AR B RST FOE 7 B B I i R
2R, EARHKNEREREEAGTENR
oy BRI se i a5 R

4.4 KRTHZEHTFHRIFY

BE 75 X 2 EL T RN T R N MTRE 45
G2, FRE R TR REREET &

PR FEEPEZERTREM A ZHE
TR Iqp MBIEREE By, =M L. CdSe &
%lﬂ_i [l(]l] Eémﬂépbse [1(59,17()] Eﬁ%% hl/ > Eth E(J
HTFRE TR AEZEHTIRRSER, 5CKN
[l CdSe & 7 £ 1901 Fnghk PhSe ' i 4T £
B TFRNAT G BEEFE A EREER
InAs &7 5 RN 160% (12 B 1 7= 4 16595,
Hit—5 W £ W InAs & 7 SRR A 2 =
FrEAE. S5 TH R MR R AR R S B A
e VG R 7R AR 22 S, RN SIS TR &A%
BTN T T F AR S Ak Sk
(4 PbSe &1 £1), A [F 0 7L 2L MAF 1 I 22 5B
1Ej( [13,17,/17,/18,51753,61,78,92,96,158]_ ﬁhl/ — 78Eg
i 5IA 700% [ I, B hw = 4.8, I Ige N
170% M4 5. 4R #1 PhSe A PbS %% i 1 17 4 2%
KR THNE TS P2 ERTFAEREW 5&
T RSF 208 1 5 22 HT 0N 1 45 B A P
J&. MeAb, BRI 45 AR R E R R By, R AR
T2 AR BRI AR JUART RUBE (B K > 3 44 1
B E) 01801661 {H 42K PhSe ) By, = 2.1E,
Eu, = 2.9F, SRE 45 1 1901 LUK By, b5 B, 1M
A5 45 R OV HR B By, 5 By Z A7 ES:
PR R, AR PO R B BARTE LR E By, 11
;—;%%/7\%1({%:% [13,17,48,100]'

2 HLPT RN IR =M R R TG ) VR 1K
G, G R RRAOR T i — RS 1 i S e AN
FEAMRI A HT. Trinh 25 D237 TS0 WP BRSO
TS nG, g R SLAEGNK PbSe /=4 T £ &
TR, HEACR Iqr T BERA0T 5. Binks 167
MSEIG F F FE 43T T P2 AR I e G AT BE R AL Su
s (V) L Tl e B ML L T — AN SRR
B IERFHZ AR VLI 5 T PbSe i T I 2
BT E, B8 7 B BE S A RIS R
Bruhn %5 71 $57 30 5% A — T 8000 4l 1% 7 105
L BTN, AMUAEGKEETRE] T 2 E#RT
FEAE BB )G REAE, RN O B AR B Ak
R T 2T s R E, XS 0T 75 B
FIT BB T B AT 4

5 ZERTHLE

B EE T 2 BT N R R AR T RUK
BH Bt SR 0 't FL A I, A ) ) AR A
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FMEZERTFREZHETARMSE. HE2HE
B B RCR YeE T R A s R AR M R, T
%f”r?i%]i%i%m [2,21,23,78,93,172,173]. %;J—;’
Nozik ['°] BL7E 2002 4 HL NN BB 305 B 2 Eil T
BV, JRBETE T RS 2 EI B ARk
SRR BRI, SEE6FR I 4y B R IR N AR [78:93) )
RE T 2 BT 7 B AN 7 B A 1E 1) L 45 14,
T EA M T2 R SRR, BT, AXE
BT B EEEPEE T A -G T 11
RN -5 57 o0 2 AR 2 48 S AR 2 I Re Aty L RC 4544 =
Jy T

BRI T H N T 1 SRR T S,
SRR T AR REOR T (B0 ) 2 R 3R TR
Bt IR T S22 AR WL (BRSO G WL ) B
B, MR TR T A S W7 A b
PRGN RS I, R RE 0% E A B ARG T AT OR
f % BT RL12T ) Lian A R4 RS0 T
THEFHETFA-AISTHRNZEETHE,
4% CdSe &7 45 - H & 85 (MB*) P CdSe &7
1 -Re(CO)3Cl (dcbpy) (debpy N4, 4'-— % -2,
2B ML ) 1701 CdSe & F 45 -y e s (PTZ) 170))
CdsPy & T -2 FF B(RhB) 77 PbS & T A -
MBFU™IT1 0 C0dS & 7 4% -RhB 80 InP & F 44
S (MV2Y) 5 InP /CAS-M V2SI A0k 11 A
BT 1 CdSe/CdS-MV2T1182] 245 A fk 22 o (801
I, R IE A L T RE RS N 2 T
(73 B8 . P I s WU e 1 K, & R CdSe
BT -MBT 44 F B PO 52 B MBT 4y
T, BT IR 4 B TR 22 ps UL T CdSe
BT A-PTZ 5 AR ENH 22 7 7% 2 PTZ 1 52
T T4y 170 CdSe # T A -Re(CO)3Cl(dcbpy)
HA P TR RS R B A R R 0L,
PbS & 1 mi-MBT & &K W T4 553 F 0 K
TREEERR T 7 2R FE RS £ &
BT RN 7 AR WOR BT R T T R SE LA AL
N, IR T 112% W E TR DT HEERETT
A8 F 55 CdSe/CdS-MV2+ & &4k R it — b 5
PLT BT A 19N BT i b o 8 192 g,
Matylitsky 2 1281 3 CdSe BT A -MV2H & &4k
H e T R A B MV 2 1 BB RS R AE I
[EAA 70 fs, HBEA W0 84U BT, Wang
2 1831 % Bl CdSe/CdS/ZnS-MV2+ & & 44 b {1134
For B E 5 CdSe-MV2T & R M Lb A5 BT B& A, 15

HEAHETHRMAESR. ST A R L
B RURTH A M0 BT 4 B R s ) kR R T
6 (¥ N FH %5 7] 5, Knowles %5 74 7E I #E4T 1
PEAHIBE AL, (HRENS A R0 B S Mgk SR h £
HM T AN TIEA R T — P

Bt 55 4% ol o6 T g A o T0 780 4% - 76 S o 44 )
BT 5 85 5 5 A 1] IR R NAE 7 (172,182,184 18T]
ST AR - 52 o 45 At mT DASE IR 2 BT
2oy s U720 d Rl 2 P & 2 A R TC I 4K
PG AR A R TR -SE 45 M TE S RAR Y S il 5
Wrafr i B AR R HES, HAR a8 G Bk &5 4,
SEOL T (B0 0) PR T T A o (B )
JRIBR T58 2 . i B - O R B S
SR, FEORT - E AR AR K. X LR R
AR F T4 8. I, Ghosh B 7840 172 {0
IT AL SR - e oK S5 K T e 70 25 2 EI T 1Y
AR B A A SE s RN G BRI
1T CdSe/ZnTe #% -5 40K S5 kg v i 23 7 OAE ik o I
B P A CdSe #5673 ZnTe 522, M1 HI74H1
I T o o b 5 2 5 P o 48 o 48 K 0720 R e
BB BOR, RILIIAL CdS/ZnSe 1% -7%
S5 PAFAE Y ZnSe 582 AT T H] CdS % 3 %
1 1E) B2 BRIE (ZAEBR /N T CdS 5 ZnSe 1177 F), M
1M £ CdS/ZnSe 45 ¥ o 7 42 3 1 e(CdS) /h(ZnSe);
5 CAS UK J5 7 JX 1 1 7% 3 ZnSe 52 )2 T Y
BT e(CdS) /h(ZnSe) A Lb, 18] HBRAT 7™ A2 1T
e(CdS)/h(ZnSe) %2 F| 1R TR IRE/N 188 AR
I A 58 5 T A R RS 70 B9 22 B 11X — Sl fe
) 7INAT, AL B HUR % R K. Dooley 45 [159]
FETL Y CdSe/CdTe G K Fe 454 h SZHL 1 500 fs
L7 M\ CdTe #5582 £ CdSe 52 /2 H1, Okano %5 [190]
FE T2 CdS/CdTe 44K #i 57t Jo7 45 ¥4 vh S 3L FG) O 2E
HLF M CdTe 2| CdS [ BB R G Ab &= 4. it
bb, EORTT AU 5% S5 Jo 45 M TE 25 ) b f B idk AT
Ty, AHSr B JE 1A SR L AT SR PR A, T
HEAT A 3000 FH I 75 B — D 5T

WARANY 5 & F AU e g Re 08 E 2 VT I,
W% 8 &k R WA LI 2 HIEF WA NS
By (223,190,192 4% B P R K BE B R, LT
HH & 7 N 42 8 A R TS A3 06 AR B iR
e, AR A A H PR T — A T A R
HZ AT, Cao %5 192 R LYK 1 1Y) ZnO 44
K2R B B 58 T CdTe &1 i HP 8T 1 40 B RCR.
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Parkinson #ff 7% 20 F) H§ PbS = F & e 2 5 TiO, ik
iy B VCHET, £ BT 75 w38 K5 1 50 £ I 8] P4 45
PbS & F M N BB T 2] T TiO, AR, M i 52
BT 2 EBT A5 P Semonin £ 23 U A
F ZnO S8 T PbSe &1 i K PH b 22 ST 19
B, 15T 114% + 1% KIS TR0R. Zidek
5 WO FE CdSe-ZnO PR R RIL T K THENE &1
BN, SEIL T Z2EHBTFR 08, SERUEZ T
N 2 T I B AU, A R 2 A AE T AT
FH A B (4T R ZnO fTi0,), H &
PEM AR

Z BT A B0 B ALE 90K AR 1) B
DA EYI R 8 LA M3 T R 5 2k
g 1031 gt 5 R RSHI PhS &1 K HLBE
RAVKE AL, AgeSET RN Z EHTHam
2 Eg @ ARAEERENZER TS
R T Bl ik R B CdSe 9Kk vh i 2 BT 9
B CdSe BT s AHELE T MO 8 177 iR
TR LR 25 5 T LANG SR IEHL /A LIRS K FH
W TS, BT EEEEER LA TIO
N LT R ARETHE T 60% 1031, (R k, BB A AT 5T
YRR 2 BT A B B o R, AR 2 i)
RN AE B 72 2 v T4 195 fH T3 48 f S 86 L4 8 W
0 T R R S THD R AT A B A ST DA S IR 4y B R HR L
Z ET, i H T RS F Bk Bk
ey R F T LLiE— P48 T 2 T I 2 B AL
}; [196]'

6 MEG 75 ¢ & & 1 F 89 i A

% BT RN A RE % $ Ry K FH H I Y K
Z 14151 )T 98 % Shockley-Queisser #% fR (71, 3 H.
REfg G siopr A AR O MERE. BRI R 2 &
T 2508 B 8 s B 235 R BH Ptk 1 A PR Rl e 42 7 31
60.3% 171, H K HER L T 31% K Shockley-Queisser
A BR. LK H FRL i %) 1% IR 2850 26 Bl 35 5 B g PR 9K
/NS R, BRI 100% 1. 7ERBH AT AMLS5
HER, MEG ¥4 5. 25 K [H Fa it 1) e 2 3 4 350 3 vy
B 44.4%, 4 RUEE K BH BB ) e B e R it = &
47.7% 0T S — T, SEa R B4 BT RN A
B 5 3 5 44 0K PbSe/ 5 df ek 57 5 45 7 AT DL e U B
(1 S B 1 B [198)) BE A A K M 3% 5 PHS BT A
6 HL AR B8 0 P e H S R 18] R AR v BB

WK p-n &5 0% F R R I LT - O B E
FHBLE BRI 5 1 e B ). 76 B PbSe &7 44
WA I SRR R B T A 210% M2 EiE T
O ERR A BOR AR YK S R SR/ TiO, B FE
B TRE R R ILT R 2 T AR B R SR
BRI B m BT LR S i A &7
A, XL QLB e T 2 HET RN A TR A
H 3 P B il

SR E 3 2010 55 A4 5 — IRAE G AR A48
B 7 L2 EET RN 2. Parkinson B 58 26 18 H PbS
T RURTTIO, il 7 57 AR OK BH L, 1%
R BHHIBAE hy = 3.1 eV 5N 4.3 mW /em? [
IR LT 170% H6 IR AL R, T L
Fase s 7 8 hPl iZHE RAMNE —AESE T £
HEPF RN TR T RE, IF HiCiR
TR R EIE TR ATAT TR, 2011
£, Semonin %5 3 18 T PbSe & 7 A ABH K
PERE. 2 H T RN AE PhSe BT 5 A BH HL A
BT 114%+E1% (b B 1 2303 R AE, XS N &
FRCE RIS 130%. TR 7E 49K CulnSey A PBHHE
MR T 120% WA= T80, I BRI A R
PR = M 2 BT T peah, FEE BRI
H R I 109% A0 &1 250%, A RLI N 2 AR
I 160% M1, G s g Bk %2 8 7 RN AE AR
AR AR T S%.

SR, Binks [107] (R 78 45 A L W & T A
1) 25 BT 250 %o O B FEL s PR 1 R 3 s A FH 3R
/N IR Su S D3 ST R 4l oK Si i 22 5 T N
X A BH FE 3 1 B SR AR AR S v — B TR
FE T X BH HRLth (10 37 e 28026 e T K BE 61 5 2344
BPHCRIESTA. 1M4NK Si K PH H it K 45
KEH B (Eg > 1.15 V) T i 9 B A AE & (B
YN 22E,—3.1E,), £ H T &EFFE 5 KM
FeiEEEIEFAR (B 7), RimEArK L EET
SN S R P HL SR I B SR O R 2 T
RN A 5 O BH s % UG e £ 1) 28 s 95 . B Uik
N KRBT S, A SR REE B A A
Wrfl. v R T R AR Si-TI/BCS 45 My H A B A% 1
AR TP By, FLBERE R By, BRI 2 BT 7%
g m— a0 R, 90K Si-ITT/BCS 45
P MEG 2508 7 52 R A R0 a3 284 K BH FeL it
LES
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T T T T
600 [ ----Ideal MEG@2 nm
.T ----Ideal MEG@5 nm
= L ——MEG@2 nm [~7777777 300
Nq.) 500 ——MEG@5 nm
I LI A T Without MEG |
g 400 '
E f ------- Foooioomes 200 X
£ 300 i &
5 L ! ~
-
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2, | 100
2 L
-
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[}
[92]
0 T T T T T T Y T 0
0.3 1 2 3 4 5
Epnoton/eV

7 AMLBEGIESHKSITPHE TR (EELA
2nm M SiET A, 4BL N5 nm W SiE T /&, BEN
HAH 2 H RN, SRS AE R, BMERL IR
A 2 BT B EIL)

Fig. 7. AM1.5 spectrum and quantum efficiency in Si
nanocrystals (blue lines are for Si quantum dots with
2 nm diameter and red lines for 5 nm, dotted lines de-
note the ideal MEG, solid lines denote the results of
theoretical calculation, and black dotted line is for Si
quantum dots without MEG).

7 MEGH =%

8 H AT 9K A AR 2 FT RO 1T
FOLE T BRR SR E T RO B b fE R
Fet R Iy T, B LR AE B R A A AR H T
V21 RG0S DS R AR R A
AT T RELE 9K UL P9 A Rt 42 o B0 [
AR R &SR, X IR 7R 5 Heik
A VLB T 56 18 B3R 1 4555 BE AR AL
WKL BEE T A, Jyidt— P 3 55 2 T RN
R B AR A T 2 Ay % 200202

IR, A2 T RN N TR AR T
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Abstract

The multiple exciton generation (MEG), a process in which two or even more electron—hole pairs are created in
nanostructured semiconductors by absorbing a single high-energy photon, is fundamentally important in many fields of
physics, e.g., nanotechnology and optoelectronic devices. Many high-performance optoelectronic devices can be achieved
with MEG where quite an amount of the energy of an absorbed photon in excess of the band gap is used to generate
morei additional electron—hole pairs instead of rapidly lost heat. In this review, we present a survey on both the research
context and the recent progress in the understanding of MEG. This phenomenon has been experimentally observed in the
0D nanocrystals, such as PbX (X = Se, S, and Te), InX (X = As and P), CdX (X = Se and Te), Si, Ge, and semi-metal
quantum dots, which produce the differential quantum efficiency as high as 90%=+10%. Even more remarkably, experiment
advances have made it possible to realize MEG in the one-dimensional (1D) semiconductor nanorods and the two-
dimensional (2D) nano-thin films. Theoretically, three different approaches, i.e., the virtual exciton generation approach,
the coherent multiexciton mode, and the impact ionization mechanism, have been proposed to explain the MEG effect in
semiconductor nanostructures. Experimentally, the MEG has been measured by the ultrafast transient spectroscopy, such
as the ultrafast transient absorption, the terahertz ultrafast transient absorption, the transient photoluminescence, and
the transient grating technique. It is shown that the properties of nanostructured semiconductors, e.g., the composition,
structure and surface of the material, have dramatic effects on the occurrence of MEG. As a matter of fact, it is
somewhat hard to experimentally confirm the signature of MEG in nanostructured semiconductors due to two aspects:
i) the time scale of the MEG process is very short; ii) the excitation fluence should be extremely low to prevent the multi-
excitons from being generated by multiphoton absorption. There are still some controversies with respect to the MEG
effect due to the challenge in both the experimental measurement and the explanation of signal data. The successful
applications of MEG in practical devices, of which each is composed of the material with lower MEG threshold and
higher efficiency, require the extraction of multiple charge carriers before their ultrafast annihilation. Such an extraction
can be realized by the ultrafast electron transfer from nanostructured semiconductors to molecular and semiconductor
electron acceptors. More recently, an experiment with PbSe quantum dot photoconductor has demonstrated that the
multiple charge extraction is even as high as 210%. It is proved that MEG is of applicable significance in optoelectronic
devices and in ultra-efficient photovoltaic devices. Although there are still some challenges, the dramatic enhancement
of the efficiency of novel optoelectronic devices by the application of MEG can be hopefully realized with the rapid

improvement of nanotechnology.
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