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Rare-Earth Element Ions Doped Upconversion Nanocrystals in
Near-Infrared Photodetectors Applications

JI Yanan, XU Wen
(Key Laboratory of New Energy and Rare Earth Resource Utilization of State Ethnic Affairs Commission, Key Laboratory of
Photosensitive Materials & Devices of Liaoning Province, School of Physics and Materials Engineering, Dalian Minzu University,
Dalian 116600, Liaoning, China)

Abstract: Photodetection technology is widely used, especially near-infrared (NIR) photodetector plays an essential role in military,
communication and industrial automation. With the development of semiconductor laser technology, multiband photodetectors (PDs)
have great application prospects in imaging technology, environmental monitoring, medical detection, optical communication, and
flexible equipment. The selective PDs of the NIR I-II region with a low pump threshold and a high sensitivity is investigated for
developing polychromatic bioimaging/sensor encrypted communication in bioanalysis. Recent work on the NIR selective PDs mainly
focus on integrating infrared semiconductor materials with different band gaps and NIR response capabilities as well as increasing the
complexity and stability of the device design and cost. Rare-earth ions (RE*") doped upconversion nanocrystals (UCNCs) can
absorb the NIR photons and convert them into UV or Vis photons, then being absorbed by semiconductors with a wide band

Wk FH: 2022-06-23 BATH: 2022-08-02. Received date: 2022-06-23.  Revised date: 2022-08-02.
HEEUH: EBXRARRFESEFISE(12104084); EXRHRRFHEE First author: JI Yanan (1992-), female, Ph.D., Lecturer.
(62175025); L TH AARF A& LR E 3 1 & E-mail: jiyn@dInu.edu.cn
(2021-BS-080); KT A FHERHE A A (2021RI07) Correspondent author: XU Wen (1986-), male, Ph.D., Professor.
B—eE: ZWM(1992—), L, Ht, JHm. E-mail: xuwen@dInu.edu.cn

WBEES: B 009se—), T, it #HiR.



* 3186 - CRERR #h 740D J Chin Ceram Soc, 2022, 50(12): 3185-3198 2022 4

gap. The UCNCs have a large Stokes/anti-Stokes shift, a superior photostability, and a selective absorption at NIR wavelengths, thus
considering as good narrowband NIR photoactive materials with a potential strategy for developing the new generation of NIR
selective PDs. In UCNCs-based PDs, coupling with perovskite, graphene, or MoS, enables the PDs to exhibit an excellent
responsivity and achieve a wide spectral range that a single component cannot achieve. However, UCNCs-based PDs have some
problems of low fluorescence efficiency and high pump threshold of UCNCs in practical application. This review summarized recent
research on utilizing RE**-doped UCNCs as photoactive materials for NIR PDs, and represented several primary strategies for enhancing
UCL efficiency/intensity to achieve narrowband NIR PDs. Meanwhile, the advancement of combining UCNCs with perovskite, graphene,
and MoS, for the NIR PDs was described. In addition, recent work on RE3+-d0ped UC-perovskite NIR PDs was also given.

Keywords: rare ecarth ions doped; upconversion nanocrystals; upconversion luminescence; local optical field modulation;

near-infrared photodetection
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Fig. 1 Absorption and emission spectra. a, Absorption of MAPDI; films, Nd**, Yb*, and Er*" and emission spectra from 'D, - 3F,,
'G, = 3Hy, Hyp, *S3n — *Iisp and 4F9,, — *I;s,, transtions in core—shell-shell UCNCs. b, Photocurrent response of the
MLA/Au NR/core—shell-shell UCNCs/MAPbI; device under irradiance with 6501 650 nm light!*”!

AR 7 B R

X T2 PDs, #H BRIME S 26 (R)FI A B 30 %
(EQE). Mm% Th3(NEP). HARIMZE(D*). Wi v
I IE) (o) ZePEsh A VEE (LDR)AE R T/ R L2 R
TEFLRM e st S 4. fE— S E 2N 5
W, RS A T LA B ISR A R R B
R SRISSL, DU DA LR B B e S U
N EAtE T ST

1) WRLEE(RYER T HRE MRS T, BALA
SO ARG, REWT
_ Iph B Idark
=" M
2) EQE ARFRAEAMRUSCI N St 178 A1 v
H AR B TR, R R
he

EQE =R— )

Forfre Ion A Lgan AR AFAETOGIRAN RIS 26 0F DG



+ 3188 - CRERR Sh2230)

J Chin Ceram Soc, 2022, 50(12): 3185-3198

2022 4

ML P OSSR, S s TAE TR
h N Planck H 4 ¢ NIEH; 1 AANFHEK: e N
TEHLAT(1.6x1077 C)s

3) NEP(A)#E SUNEMELL(SNR) AN 1 KIS S
JepEe, DUR KRR SO R 5 WA B8 1 e/ A
.

Ji?

MPM)JE%M) (3)
Horre 1, MR R R AF S I 1 A
% NEP(A)RIEAALN W-Hz 2. BRI 38 o i
Neg 75 FELJAE A BT T 75 IR A T, B R AT R SR e 7=
(Lf)~ FAE 7RISR [ B R IAE (T ORI 75 (L)% B
R 7S AT ARAE 1y, = 2gM . - TRECR A IS
T Iy 7 FEREFE SRR, PRI NEP(A) 0] LARIA

NEP(2) = Y2 a 4)

R(A)

4) D* R AR ZR G S H, B A8 e
RN g g, s NEP(A)IH— AL B 384F 1 TAE AR
S, "URIEN:

NG R(2)

D = =

NEP(2)  \[2qJ g

BRIk 75 2 AN PDs M 75 ) 3 B4 RS 40
Horh: g N TR L (1.6x10 77 C); Juum 10
I LI A L, DR IIAAA cm-HZPW Y, R T T
MR I, ASCEHAE ] Jones AA#F cm-Hz2- W',

5) o Bk | PDs X A SOGAE S e SOk, I
TN T ()RR ()N 18] o 7 gy 2 XA B,
e Fik N 6 85 RO FLE AN 10%~90% [ 1 T s
[ 90%~10% 1 T P[] o 1e) )87 B ) 5 FR 4y £ %
W DA K HLA S B i R UIAR G, JRIRITE TR A3k
T T 177 A PRI 73X I 1 X A0 L 1 K
T%HXH&SO] .

6) &Mk EhATLE(LDR)HIA T NS I KT
Fl, RGN e SR — R m s, B
ST, PDs 19 R(IE LDR W NARFREE, AL
KRN

umupmg%%i:mg%%i- (6)
FLr s PR max AR5 AL 7 i 155 28 1 D 5 KA T 26
P(D)min NEAH/NATRIATIZ: I ADmax A L Dmin
G S RAR S 1) £ K AN B/ L I R AR O

7) JEHIT/% e (on/off )2 78 [ 5 i Th 2%
A E B EZME T, In 5 L WELE, ERBET

)

LRI &% R e R E

2 ATHES R EHBAN RN BB
NIR PDs

i FH A7 NIR PDs — Mol 56 47 TEHL Y S48 8
HL M (GaN/Si/InGaAs) 5 5 i I8 I 28 45 & sk 52
PO RN, SER AR SN R E N T PDs
(I A . BB R R AR, K PR 28 A7
AR IR R, Rk, AR R R %k
PRI NIR (P3G PERDRE, T AT S 30 TG S8 25 1
%% PDs.RE*#54% UCNCs A A7 H. A8 i 742 7L
WU 5 1R S R Y TR, RS 1 A H B AN B o] DA
I35 2 AN A 8 2B, 10 YO (s p—"130)
Er CFrp—"Fsp)s Tm’ CHg"F) Ml Ho ' Cls—"I) Wk
W BT 9804 15304 1700 nm A1 2 000 nm ) NIR
- X NP0 Simlek SRS A2 H ATt i AR
5 PDs T3 1 5 B B AL RS 7, SR B AT T AU
W H IR, THEERE A PDs RER A, JFHE
Wi B ZBUR /N, 28 1 A/W. 2D BRI 7T 8
R ARPRIB o] A A R SR
FE s, DLAEA SR A BAE R P A,
PN AR N — RO A s AW IR 5
T 2D MK PDs EAHE S G0 RI2 L S B
R TEAPRISE BE (N UV-Kh2E) RS
R, greEsk, ¥# 548 UCNGs 5
2D MR, $h9E T 2D #PEHE NIR PDs 4538 F 1)
M H . fELL UCNCs/45%4kH™, UCNCs/ fi 58 i »
UCNCs/MoS, 5 A 4514 8483 1) NIR PDs H1(&] 2a~
Kl 2c), RE*EEAE N NIR HIHHER S, KAcE
FEi25 2D MEL, 2D MR PR R v 1 Bl 3% T AR
IR 1) ' HL 1 RE A T e A AR AR e B A2

3 ATt EEZAKRE/ ZEMR
f NIR PDs

3.1 Wt ERRBNKE/SEEAE NIR PDs

UCNCs £ H Tt R, = 2T a0 R JL AR
PHE: 1) UCNCs BZOGRCRAC. R EER; 2) R
AT UC SEaRHLE] M A TE T, HRm H 4%
MR ERRZ, WinREgmeE . SOkt
JRE T 45 B AR LR (LSPR) LR IG A1 B . LA M
5RO A R P RE B A% e 3 A R B
SERT TR FIRE R, B &g & UCL
BORAIR A s 3) FESEBRN A, A5 DA A B



5055 12

A 55 MBI BRI BT 20 At FLERI &% A4 .+ 3189 -

UCNCs/Perovskite PDs

(1) UCL effect

EM field

i (2) Hot electron
20 F —7

Energy/10° cm™
>

s
0= W .,
Er,\+

UC NPs

(3) ADSrgp e I

Au CSNA

Perovskite

(a) UCNCs/Perovskite PDs

UCNCs/Graphene PDs

b Vacuum level
NaYF @NaYF,: 40% Yb, 1% Tm T

Yb¥ e Tm-* Graphene

“e

.

: e g~44eV
Z|\og G,
4 Metastable| &

oo \
y . E

states 5| o, Ly
80nm g | R /
o Ha
&
TS e .
=z EEH-R
et

-]':o.n' eh*
L

S

w

Eix6.2 eV

N

il
T

—— -}
—

Energy/(10* cm™)

b

(b) UCNCs/Graphene PDs

UCNCs/MoS, PDs

NIR light
ANV~

(c) UCNCs/MoS; PDs
2 5 UC RS MBA TSR BGR T AN R R

Fig. 2 Schematic illustration of photocarrier generation
mechanism associated with UC emission light and
hot electron

fif PDs REB5A R IX 0 AR NG, ATh b s
W2 B BOE BRI A BRI T & .

2019 4, Ji VLR T R T Y PR 7K
CsxWO; 9K & B2 1 FL 2 B 45 e b 3 3 40y oK
FL(UCNPs) ) & 58 B T %45 4 NIR PDs (1) TAE.
B, VEH R R T 71 BT (AFM) B 5Ok 2
BB RAE T HZE UCNPs K 5 1 JEALIE SR M2 6 2
ik, @I AL Cs, WO 99K S IR EE . a2 )2
FE BRINREE ., LS, g
UCNPs [l iR m T 3 MiEg. 4RER

B, fE-R4WT, REEZN UC Bf BT
frBa s e F (B 3a—8 3¢), UAbJEIE AL AT
980 nm ] 4% 47 PDs, 7 9 £ 20 nm, R 4 0.33 A/W,
D*A 4.5x10" J, WK A2 100 ms(& 3d~
Kl 3e). HiZKPE UCNPs E N7E 5 )2 e 2] —Fh K o
R, PR R A KRR R e
P, fE4 1t 100 d FIERAF )5 [8] MAPbI;/UCNPs PDs
b 458 L o H PR I B A7 SR AT AR 355 TE W) 4R E 1 20
70%( 3f). 7EH&FMELSE T H, Lin g 7
—fh 3T MAPbI; M1 UCNPs {122 NIR PDs[®Y,
7E 980 nm LR T, M R K D*H AN
0.27 AW ' F1 7.6x10" J. ZEAHNTIE N 30%~40%
=S FH#F 1 000 h 5, MAPbI/UCNPs #l
MAPDbI; PDs 1 GE 73 A AR FFLE 70%H1 27%. FEFE
P PE i FAEK 3D A AL T A, R TR
AN 3 58 UCL, 3843 7 7E 808 nm 1 980 nm 10l
TR, R25H14 8.79 A/W F1 7.39 A/W, D*/35)A
3.01x10" J A1 2.68x10" J F WP B 7= #5 PDs. #sf
EZHT 10000 X5, XF 808 nm A1 980 nm e i v
L AT e 3R E RS JT IR 94D 54%1~51%1%%1,

R AR YA R — e 3 T B 5
UCL, #%H 2 Fhaiz oty i i g ot
Iy TBUK SR s U ) B KRR B b 8 v e e g, itk —
AHE L PDs (160 N B SR AT $R T 28 2R 1
HIPERE . XL, 2020 4, Ji VORI T —Rh R
FH 1803 %5 B 41 (ML As) 1) O3 5500 2 TR N 45 &
RERYKEE KN LSPR RS (1) 40 6 i 37 i 42 5%
W& (B 4a), & UCL 58 E$E i 1 4 DM EE (B 4b).
Wit AR [F RE B 44, 4 76 808, 980 nm J¢
1 540 nm ) NIR BUK F o] K AR Vis BFI%—72—
FELER)(CSS)) UCNCs, T ZM R & 1 Al
2P BOCK MBI K PDs. I8 H R s
Wi, WMELF| UCL 5 B A R (1) R B R EAS )
MR K TR FE R, PR A CSS
UCNCs S 38 Jih 8 il A5 2 1 mi B2 A] DLR SN S
e, 3T S 2 U B BRI (] 4o~ 4e). %
SR RPN NIR PDs, #3445 (6K il 4 fig
WA T KIEAHEE, R A1 D*7E 808, 980 nm Al
1540 nm Y NIR B4 T, 43714 30.73. 23.15 A/W
M 122 A/W, BLK 53610, 3.45x10" J 1 1.91x
10" 1. BEJ5, Ko 2% it 7 MLA/Au NPs(150 nm)—
Au 1K 2 (15 nm)/UCNPs 2 5B it K 45 #4 F T
1550 nm [¥] NIR A&, 7337 9.8 A/W. 8.22x10"J
()7 4 NIR PDsP",



« 3190 - CRERR £L 24410 J Chin Ceram Soc, 2022, 50(12): 3185-3198 2022 4
a b | 2mW/em?  Tm*: 'D,-*F, ¢ 40 2 mW/em? Er*': 2Hyy =l 5,
980 nm 980 nm 20 g CS1 G, cs1 Sy
5 -@ CS2 g 3210-cs2
g b1 &
= z 24}
g 10r 8 16
g g
= B [5 8t
m
© Navr,: Yo, Er © NaYF, Yb, Tm ‘ . .

@Yb, Tm (CS1) @YD, Er (CS2)

0 6 12 18 24 30
Thickness of spacer/nm

0 6 12 18 24 30
Thickness of spacer/nm

10

5 15 20
d € 035 . : e 44 f
~ 1.0 L MAPbL/CSI
—‘3 B - B MAPDL/CS,WO,/NaYF,/CS1
. -~ = .
Ag = 030f = 140 g 08
m-CS1 < T, s 3
= L == MAPbL/CSI skl R g 06)
NaYF, = . 9 MAPDL/CS WO/NaYF/CS 1 & =
Cs, WO, g 093] M e : ol
MAPbDI; & 0,025 o {34 S 02}
Substrate : 1 /
T . . 0.0 Z
4 8 12 16 20 24 0d 60 d 100 d
Power density/(mW-cm2) Time/d

3 (a) TEFIAE SRS 71K Cs,WO; 138 UCL K523, Cs,WO,/NaYFy/m-NaYF,:Yb*, Erf @NaYF,:Yb*, Tm*" (CS1)
F1 Cs,WO,/NaYEy/m-NaYF,: Yb**, Tm** @NaYF,:Yb*", Er* (CS2) ZAbAR i 4E R A . (b—c) 7E Cs,WO4/NaYF,/CS1
Cs,WOy/NaYF,/CS2 &K H, Tm’ Al Er Rk 3458 K F(EFs). (d) 3T MAPbIy/Cs,WO3/NaYF,/CS1 & & 4541
BAERER () FT MAPbI/CS1 Al MAPbI/Cs,WO,/NaYF,/CS1 5 A& 45¥ ¥ PDs [ R Fl EQE W ThHRMKM < 2 . (f)
F MAPbI;/CS1 1 MAPbI/Cs,WO5/NaYF,/CS1 & & £5 41 PDs 5 FL i BE I a] (128 4k

Fig. 3 PDs performance characterization. (a) Schematic illustration of the Cs,WO;/NaYFy/m-NaYF,:Yb*", Er** @NaYF,Yb*",

Tm*" (CS1) and Cs,WO,/NaYFy/m—NaYF;Yb*", Tm* @NaYF,:Yb*", Er*" (CS2) hybrid structures. (b—) EFs of Tm’* and
Er*" ions emissions in Cs,WO,/NaYFE,/CS1 and Cs,WO;/NaYF,/CS2, respectively. (d) Schematic illustration of near infrared
photodetectors at 980 nm based on the MAPbI3/Cs,WO;3/NaYF,/CS1 hybrid structure (A cut-of filter at 800 nm was used to
prevent the absorption of MAPDI;). (¢) Power dependence of R and EQE of MAPbI;/CS1, and MAPDbI;/Cs,WO3/NaYF,/CS1.
(f) Time dependence of photocurrent of MAPbI;/CS1, and MAPDbI;/Cs,WO3/NaYF,/CS1, respectively

3.2 i EERYKER/AES NIR PDs
FEGe—MAEGRFRNEE N 2x
10° em™V'-S™), [l BA mEkiATAE IO T 100 Alem?®)
MBI T 2D #ek. ok, A SEEE R
AW RZEEINE Je=E . TR/ R RERE A,
Wiz BT CRIAT IR A gk 2 SR
12D SIS EE T PDs, H R AT
107 A/W, B bk i (4 0 FRLR i AN 4 UV X (1
FEAG IO, 3BT MoS, 5K AT SRR F 4 A
RETE Vis X SZHIZ 10 A/W BB RO, BEEAH,
i I HE PDs X NIR (Potma BT AERAR, R KZHN
0.2~0.5 A/W . Mukesh Z5°"5@ 58 ¢ UCNPs@SiO,
A BGMEL G5 7% NIR PDs, ZafFxt
980 nm NIR ] R Z14 2.7x10* A/W, D*Jg 7.71x10" 7.
Akash 2578 JL3EAE E, {8 Au NRs 1 LSPR %%
M35 UCNPs@SiO; [#) UCL, FEHT 980 nm ]
NIR PDs H', R1{HN 5.1x10° A/W, 7 Mz 435K
80 ms 1 200 ms. Niu Z5H & 2 H5(GO)Y S H

EE R IEMEZR S UCNPs R K4)E & 74
HAEH, #1147 GO-UCNPs H &+ k. 75 3% 55 FE
il AuNPs K E & 8 nm JE 1] TiO, H11H] 2,
H 1) 2% UF Y1 GO-UCNPs Ji7ETE Au NRs 2 1] 2%
M, 5 98%Mk7 7 & Mt 4 r-GO(E &t A
J#)-UCNPs/Au NPs E&451. FIH Au 90KZEH
LSPR N 7EH 58 UCL [ [F) i) 38 5 F S50 )2 1R B
WAL, 3 T B R 3 O R K A SR 4% /UCNPs/Au
NPs PDs (1600 BB, S23 i R B NIR Stk
M1, 2016 4, Seok 4% T “MIUMI”(Ag HiHk
/Si0, J2/UCNPs/SIO, JZ/Ag NPs)25 B T4 & 1 it
U(UCNPs)ff] UCL(K 5a—& 5b), FHb 2D FAMH
7 1) 4 8 5 7 R BE 51 (OANPs) X W% U0 A 4l 3K
NIR. 58 UCL HA BFENILH, H UCL 1] EFs
B 1.35x10°700, K g R H T NIR S¢ g,

7£ 973 nm NIR (IS T, R{HAN 4.49x107 A/W(E
5¢). tb4h, UCNPs [F#f 0] LS BA 58 H Ui CdSe
QDs"Y, Hi# CulnSyZnS QDs 45&, T 5



5055 12

TG 5. W H B0 BB BRI LM IR 45 o 1 5 A

e 3191 -

NIR PDs. Kataria 5 ¥ 1t | — M S5 1) ] PMMA/
1 8B /%—5% UCNPs [fZ2 k981 NIR PDs!,

PMMA I SUZE5 A6 A NS IR 6T AE B0 S48 A%
R 5, AT AR O HU S 0 T 674 UCNPs PR U IR
o PRESZHL T X 325, 5324 657+ 808 nm 1 980 nm
Rk, NIR X[ R {84 10° A/W(E 5d~& 56).

1% PDs 5T — P B, ek 1] % %1 PDMS HEiK,
il 2% tH S BA wT R i, R R —AArhi i
AR B BT 3 T E T G . Chen 55 4
Ji& UCNPs . A7 25 A e 4 58 — F 1 4 Ube (PDMS)
(B 5g), WIFIRERRE T —RORIEE. BREY.

W, AT OEE® NIR PDsP™. UCNPs Z#135]
AR NIR S B it 7l & i, ms A
B2 AR B K PDMS 4589 Lt PDs

Mt T — A B EIR T A IE . 35T UCNPs/
i S TUHE R PDMS 254 1% PDs, o nl L% Wl
GEERLH], BAELE 980 nm OGRS T BA &KW
JEMARL, 7E Vis BES N, B2 60 B n 2w A v+ (&
5h). 4 980 nm WO, el K (Vps) N 1V B,
R JEHLIE 5 (G D*BE Ty 25 5 AR Ak 1) R B0
(B 50y, TREFThEN 0.07 uW I, 2804k 5k R 18
295 800 A/W, JEHLRHE 25204 10°, D*Jy 10" I,
T UCNPs 7] WLo% H NIR PDs B A i 171
ik, JREAETI544E UCNPs @& H i RET
Z R RN SR E R AE T R T R .
RE I 47" 7RI T — N2 RS RS N
JAEBIR T HER R ARG ERME T ERRBRES
FF

1 30k
b AWCSS | [mmm MLA-1/CSS g
- 10 MLA-1/Au/CSS
g CW
£ 8f 20 k
k=
2 6
3
g 4 10k
=
[~}
=2
Chopper
z ot &I | o °F O
i 808 980 1540 808 980 1540
= Excitation wavelength/nm
£
i a1 e
: ~O—- 808
20.46 mW/cm*-o- 980 am
0.8 FG%%, ~O— 1540 nm
o ‘\Q)G)\Il\\ o
< 06 ——— <
§ 0.4 § -
5 Bl b L 0.46 mW/cm?
‘g: 7“ Qﬂ") 0.4 8.80 mW/cm?*
02F ::ﬂ:‘ _—°— 14.7 mW/em?
.?:» D o 02 ~@— 26.7 mW/cm*
0.0 + ' @ 552 mWien?

0 200 400 600 800 1000

Frequency/Hz

0 300600900 0 300600900
Frequency/Hz

0.
0 300600900

& 4 (a) UCNCs IR 0% 75 2 & . (b) Au NR/CSS, MLA-1/CSS, LA MLA-1/AuNR/CSS 5 & 45#9%) HI7E 808.980 nm,

PAJZ 1540 nm UK TSR T . () UCNCs (¥ UCL X AN [RIHUR S0 (R 1L 2 6 IR R B K (d—e) 0%

808 nm, 980 nm, A1 1540 nm FEAICHER . d, PARHEAE 3 il KIBOR LI % ()i, UCL MIXT SRR AR

Fig. 4 PDs performance characterization. (a) Schematic illustration of the cascading amplifification strategy for UCNCs. (b)

Enhancement factors for Au NR/CSS, MLA-1/CSS, and MLA-1/Au NR/CSS composites under 808, 980 and 1 540 nm

excitation. (¢) Schematic drawing illustrating the mechanism for the selective multispectral dependence of the emission on

the excitation frequency. (d—e), Relative UCL intensity upon changing the excitation light of 808, 980 nm and 1 540 nm
frequency (d) and simultaneously varying the excitation power density (e).
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Fig. 5 Characterization of photodetection performance of different PDs. (a) Schematic diagrams of 3D structure of MIUIM plane
and DANPs. (b) Schematic diagrams of the NIR photodetector based on a PTB7 thin film-deposited MIUIM platform with
DANPs cross-sectional view. (¢) Comparison of on/off /-V characteristics at A between two detectors based on the IUIM and
the MIUIM platforms with the DANPs. In the upper inset, on/off ratio of the two detectors as a function of the NIR excitation
power density are provided. In the lower inset, on/off ratio of the two detectors as a function of the applied voltage are
provided. (d) Schematic diagrams of UCNPs/graphene hybrids PDs. (¢) Dependence of photoresponsivity (R,;,) and G on
applied different optical powers of 808 nm laser illumination. (f) Photographic images showing the wearable, flexible and
transparent nature of the hybrid rippled structure PD. (g) Highly Sensitive, Visible Blind, Wearable, and Omnidirectional
Near-Infrared Photodetectors. (h) Dynamic photoresponse of the UCNPs/graphene hybrid micropyramidal structure
photodetector under different wavelengths of laser illumination (inset (right, top): photographic image of the device). (i)
Dependence of photoresponsivity and photocurrent gain on difffferent powers of 980 nm laser illumination.
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Fig. 6 Characterization of photodetection performance of different PDs. (a) Schematic diagram of the hybrid (NaYF,:Yb/

Er@NaYF,;:Nd/Yb)/MoS, device structure on an SiO,/Si substrate with Ti/Au contacts. (b) Schematic illustration of
excitation and energy transfer in (NaYF,:Yb/Er@NaYF,:Nd/Yb)/MoS, composites. (c) Stable and repeated switching
characteristic curves of both devices (the bias voltage is 1 V). (d) Schematic representation of a monolayer-MoS,
phototransistor with B-NaYF,:Yb*", Er*¥ UCMCs atop. (e) R (left scale) and D* (right scale) as a function of excitation
wavelength without (green) and with (red) UCMCs. (f) 1g—1g plot of R of the monolayer-MoS, phototransistor with UCMCs
under 980 nm (left) or 633 nm (right) laser illumination. (g) Schematic diagrams of UCNPs/MoS, hybrids PDs. (h) TEM
image of MoS,-UCNPs nanocomposite. UCNPs (encircled by yellow dash, or arrows) are attached on the surface of the
MoS; nanoflakes (outlined by red dashed lines). Inset is the HRTEM image of a single UCNP with lattice spacing. (i) The
on—off photocurrents of MoS,-UCNPs PDs.
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Fig. 7 Schematic illustration and UCL spectra. (a) Schematic illustration of the structure design of lanthanide-perovskite

nanocrystals for detection of X-rays, UV, and NIR photons. MAPbX; (X=Cl, Br, I) nanocrystals were synthesized in situ in
the mesoporous SiO, (m-Si0;) of UCNCs doped with RE*". (b) Tunable UCL spectra of the UCNPs@mSiO,@MAPbX;
(X=Cl, Br or I) of MAPbX; (X=Cl, Br, I) nanocrystals (samples 1-8), under the 980 nm excitation.
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Fig. 8 Performance characterization of the PDs. (a) Compared with Cr’" doped CsPbCl; PeQDs, the integral PL enhancement of

Crr'=Yb**, and Cr**-Yb*-Ce®" doped CsPbCl; PeQDs. (b) EQE of uncoated, CsPbCly: Cr**, Yb** PeQDs, and CsPbCls:
Cr’', Yb*, Ce** PeQDs coated Si PDs. (¢) D* of the CsPbF: Zn?—Yb*'~Tm’* PeNCs with wavelength range from 400 nm
to 1 100nm. (d) a Schematic device structure and 2D view of a broadband PD. (e) Absorption spectra of Cr/Ce/Mn-LC and
BHJ and CsPbl;:Er’* PQDs and CsPbl;: Er*" PQDs/BHIJ film, and photoluminescence spectra of Cr/Ce/Mn-LC. (f) Charge
generation and transport mechanism of a broadband PD. (g) D* of the S1-S4 devices and commercial Silicon PD. (h) EQE of

the S1-S4 devices.
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