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Fig. 1. Experimental system and sample. (a) Schematics of the experimental system and sample. M, mirror; DM, dichroic mirror.
The inset displays the core/shell/shell structure of the upconversion nanocrystal (UCNC), where the yellow color denotes the Yb3+
-Tm3+ codoping layer. (b) AFM topographic image of the single UCNC (grey box), gold nanorod (GNR) (black box) and UCNC-
GNR coupled nanohybrid (red box). (¢) Scattering spectrum of the single GNR before and after coupling with the UCNC. (d) En-
ergy diagram of the upconversion luminescence modulated by the GNR.
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Fig. 2. Electromagnetic simulations: (a) Geometric para-
meters of the GNR-UCNC coupled nanohybrid for electro-
magnetic simulations; (b)distribution of field intensity en-
hancement coefficient under plane wave irradiation; (c) simu-
lated Purcell factor at the center of the nanocrystal as a
function of wavelength; (d) simulated radiation efficiency as
a function of wavelength.
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Fig. 3. Experimental modulation of the upconversion luminescence lifetime and spectrum: (a) Upconversion luminescence decay

curves (excited at 980 and emission at 800 nm) for the same UCNC before and after coupling with the GNR; (b) upconversion lu-

minescence (UCL) spectrum of the same UCNC before and after coupling with the GNR, in the measurements the luminescence in-

tensities are set the same for the three cases by controlling the excitation power.
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Fig. 4. Experimental modulation of the excitation-power-dependent upconversion luminescence intensity and comparison with simu-

lation: (a) Measured excitation-power-dependent upconversion luminescence intensity curves for the same UCNC before and after

coupling with the GNR, the black, blue and red vertical lines indicate the excitation power densities for the measurement of the cor-

respondingly colored spectra in Fig. 3(b); (b) simulated excitation-power-dependent upconversion luminescence intensity curves for

the UCNC before and after coupling with the GNR, solid and dashed curves represent 800 nm and 455 nm emission respectively.
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IR (GRE 70%), 1 455 nm Ab B SRR )
WAL (AN 20%). 7 LL_E =07 1 2 g L Rl
T, LI T E A(a) TS BB TR R

AR A L) 45 81 ) 98 R D R A 6 e
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800 nm AL ZENGIG IR, I — 5 TN T3k T A S
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&né = winyp1n1 — Bony + canong
= (Vg7 +721) M2 + Vigna, (A4)

X HLFRAT Z M 4 980 nm WOV ELEEUE 1 Tm3+ BT Horp
Py, = oypp/ (hv) Fom YO BT IR, oy 103K Y31
BFAE 980 nm Ab AT, p 404 980 nm UG Y)
REERE, h Ry 4332 BT 5 BORT 980 nm K 1 G AR
R, nyy Ml SR YOI Il Tm3+ BB, nves (i =
0,1) FIRAL TREGL2F ;o FI2F5 o 1 YOO B FRERE. m, (i =
0, 1,1, 2,2',3, 4) FoRAETREI i 19 Tm3+ B FHEE, wi (i =
0, 1, 2) fRER YL — Tm3+ BRI LR AL, wp F/R Tm3+ —
Y3+ BRI RS MR AR EL v AR YO3H BT 2F 5 5 REZR
F2F, o BRI A RS IRIT R, i (i = 1,1, 2,2/, 3,4
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(38 Ut IR R A BT i B S 3k A1 Tl

BAL EAER OB
Table Al. Parameters used in the rate equations.
S8/ B {8 80/ HAL fH
nyp /(10% cm3) 1.2 Y20 /s 425
ntm /(102 cm®) 6.8 Y21 /st 75
oyp /(102 cm?) 1 o /s 21277
wo /(10717 cm?s1) 1.2 Yoy /5 1250
wy /(10716 cm3s!) 4.2 v30 /s 855.3
wa /(101 cm?s1) 4.2 v31 /st 197.4
wp /(1018 cm?s1) 1.1 V41 /st 210.5
c1/(101% cm®s ) 4.3 Y32 /st 52.6
c2/(1018 cm?s ) 5.3 ~ao0 /s 8545.5
c3/(101% cm?®s ) 5.3 Ya1 /st T272.7
¢4 /(1017 cm?s1) 1.5 a2 /s 545.5
/A0S 3| st 16364
8,/(107 1) 5| a/aosy 1
Yyb /st 476.2 || A8 /(10° s ) 2.5
10 /57! 162.6
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Fig. B1. Influence of the diameter of the GNR on the up-
conversion luminescence modulation. Simulated excitation-
power-dependent  upconversion luminescence intensity
curves for the UCNC before and after coupling with the
GNR. Solid and dashed curves represent 800 nm and
455 nm emission respectively. The excitation polarization is

z-polarization.
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Modulation of upconversion luminescence spectrum of single
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Abstract

Plasmonic nanocavities can effectively modulate the upconversion luminescence properties of lanthanide
doped upconversion nanocrystals (UCNCs), which not only enhances the luminescence intensity, but also
modifies the luminescence spectrum. However, currently reported studies of upconversion luminescence
spectrum modulation by using nanocavities are mainly based on ensemble experiments. Compared with
ensemble experiments, single-particle experiments facilitate the comparative studies for the same upconversion
nanocrystal and therefore the influence of inhomogeneity in ensemble samples can be avoided. Here in this work,
we couple a single particle of Yb3"/Tm?* co-doped nanocrystal with a plasmonic nanocavity composed of a
single gold nanorod by using the in-situ nano-manipulation technique based on an atomic force microscope.
Experimentally, we compare the upconversion luminescence spectra, upconversion luminescence lifetimes and
excitation-power dependent upconversion luminescence intensities of the same single nanocrystal before and
after coupling with the single gold nanorod. The experimental measurements are consistent with the theoretical
calculations from rate equations combined with electromagnetic simulations. The results indicate that the
plasmaonic nanocavity modulated nanocrystal upconversion luminescence spectrum is the combined result of

three effects: the excitation field enhancement effect, the Purcell effect and the change of radiation efficiency.

Keywords: upconversion nanocrystal, plasmonic nanocavity, spectrum modulation, nano-manipulation
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