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Fig. 1. Schematic of STM induced luminescence from
a single ZnPc molecule adsorbed on the Ag(100) sur-

face, where the NaCl serves as a decoupling layer (207
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Fig. 2. Single-photon emission properties of the STM induced luminescence from a single ZnPc molecule (201,
(a) STML spectra of a single ZnPc molecule adsorbed on 3 and 4 monolayer (ML) of NaCl (—2.5 V, 100 pA, 30 s).

The sharp emission peaks in red and blue spectra are originated from the @-band transition of the ZnPc molecule,

while the black curve corresponds to the STML spectrum of the nanocavity plasmon when the tip is above the metal

substrate. (b) Second-order correlation measurements of the emitted photons corresponding to the STML spectra

at three different sites in (a). (c) Second-order correlation measurements of the single ZnPc molecule adsorbed on
4 ML of NaCl for different tunneling currents (40-120 pA) under the bias-2.5 V. (d) Estimated g(?)(0) values (red

squares) and time constant 7o (blue circles) at different tunneling currents.

223301-3


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

¥ 12 Z R Acta Phys. Sin.

Vol. 67, No. 22 (2018) 223301

BT TR S 10 g8 H R v T LLE ) B
I F 2 TR A % P R ) BT B R R AT
# 4 7 5 STML # K #H 45 & ) Hanbury-Brown-
Twiss (HBT) T3 B, X & —F 6 7 K5 &
A ER A, TR B TR N TR
JEH B R BR B E [ (7)), W 2 (b) s, X T
W BHE 3 /20 4 /2 NaCl R [ 1 ZnPe 731 &b
M, AR B A OC R A 28 B3R T B34
11 S AR MR AE, 1%+ NCP (1R i 5,
HIE A VLS BT A (1) M B RRAE. X R, BT 1)
HL R HL A IR BT IR - S SRR, BTk
S HAT W (0 B T R SRR

B T RS R Al R DLE ok sk 56 4
AT R BB A RS g®(r) = 1 -
[1—g@(0)] eIl/mo % T W B 7E 4 2 NaCl L
ZnPc 53T, 5 g3 (0) 1 R 0.12(2), Xt T
Bt 7€ 3 J2 NaCl b 1) ZnPc 2 T, 145 5 19 ¢ (0) 14
90.41(4), =3 #B /T B0 R R A E
0.5 32361 gh Ak 15 5% 3ok T2 AR < 9 B 1) 5 %5 (7o)
AT DL IE Ik o SRR R 50 R Ak B T R

R |

MO T

£ 3 )2 M 4 2 NaCl L) ZnPe 731, FHN ) 7o B4
R 0.48(5) ns F11.26(3) ns. 454 3 )2 NaCl L iy
ZnPc 5y ¥ IR GEREE L 4 )2 NaCl LT 5515
Z I ISR, 0 1R IR T 5 550 B A0 1) NaCL B 3%
GEEABRRI ARG 2 AR, R R L
0. B2 (c) 4 T IEAS A BE o FBLUR IR T IR B
1E 4 )2 NaCl _F[¥) ZnPe 45 7 XF B7 1) — i 5% 6 2R 41
k. @il 2 (d) fros, fEAHTFF NaClL R & 2 5
FEF, B RS B AIIG K, £HRIZHIEIR /T, 4
TR SR RO 6 DL R A S T e 2 3 K, T
S BRI B AR BT ) B R 0T N T ) I =
5503 o] AR FH SR A 007 T 4 P I A0 45 B ot
YR I BRAS 2 T T I 7 AR S R AR B
IR PO RERNE S — IR, W T IX R AR R
o B BIRE 2548, RIE 737 5485 2 18] ) 1] B /) 31
1 nm BAR, 43796 R R 7 2R A0 54 b 5 BE 25 1
/N RGN, IX PR S 22 R 2 TR BB A A
it PR G B0 I 5 P R T 1) 4 40 K R (1 5 P
DS ENEIE

YSIH

MO

—
o
=

7, =0.32(3) ns

7, =0.36(3) ns

7, =0.36(4) ns

Vl

g (0) = 0.45(4)

T

g?(0) = 0.43(4)

W

g (0) = 0.44(4)

Correlation g(?)(r)

7, =0.31(3) ns

7, =0.33(3) ns

7, =0.36(3) ns

'

g®(0) =0.40(4)

V

9 (0) = 0.41(4)

K

g®(0) =0.43(4)

STML intensity/arb. units

m
-

7,=0.35(4) ns

7, =0.36(3) ns

7, = 0.34(3) ns

7
99(0) = 0.45(4)

Vo

9@ (0) = 0.44(4)

Vs

g®(0) = 0.44(4)

1.8 1.9 20 1.8 1.9 2.0

Photon energy/eV

N RE 1 267 R e PR 31 [20)

1.8 1.9 20

K3

—4

4 -4 0
TIme delay/ns

(a) FEWLBH£E 3 )2 NaCl 5 _E i STM A THE 3 x 3 1) ZnPc ¥.5T

4 -4 0 4

FE%1) ERD RAEMTE (LE) 5 STM #4hE (FE); (b) # (c) NAHRMTF (a) H 9 A4 F X R STML il (2.5 V,
300 pA, 10 s) 5L FRBMM RS R (—2.5 V, 300 pA)
Fig. 3. Artificially constructed single-photon emitter array (201, (a) Simultaneously acquired photon map (top) and
STM image (bottom) of a 3 x 3 ZnPc molecular array on 3 ML NaCl through STM manipulation (—2.5 V, 50 pA,
14 x 14 nm?). (b), (c) STML spectra (b), —2.5 V, 300 pA, 10 s and second-order correlation functions (c), —2.5 V,

300 pA acquired from corresponding ZnPc¢ molecules marked with numbers in (a).
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(left) and corresponding real-space photon images (—2.5 V, 200 pA, 5 s per pixel; the image size is 5 nm X 4 nm,

34 x 22 pixels) for five emission peaks; the theoretical simulations based on the point-charge model is shown on

the right panel; (c) the band energy diagram of a molecular dimer; (d) the energy splitting diagram for different

dipole-dipole coupling modes.
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SPECIAL TOPIC — Quantum states generation, manipulation and detection

Single-molecule electroluminescence and its relevant
latest progress”
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Abstract

Research on the interaction and interconversion between electrons and photons on an individual molecular scale
can provide scientific basis for the future developing of information and energy technology. Scanning tunneling micro-
scope (STM) can offer abilities beyond atomic-resolution imaging and manipulation, and its highly localized tunneling
electrons can also be used for exciting the molecules inside the tunnel junction, generating molecule-specific light emis-
sion, and thus enabling the investigation of molecular optoelectronic behavior in local nano-environment. In this paper,
we present an overview of our recent research progress related to the single-molecule electroluminescence of zinc ph-
thalocyanine (ZnPc) molecules. First, we demonstrate the realization of single-molecule electroluminescence from an
isolated ZnPc by adopting a combined strategy of both efficient electronic decoupling and nanocavity plasmonic en-
hancement. By further combining the photon correlation measurements via the Hanbury-Brown-Twiss interferometry
with STM induced luminescence technique, we demonstrate and confirm the single-photon emission nature of such an
electrically driven single-molecule electroluminescence. Second, by developing the sub-nanometer resolved electrolumi-
nescence imaging technique, we demonstrate the real-space visualization of the coherent intermolecular dipole-dipole
coupling of an artificially constructed non-bonded ZnPc dimer. By mapping the spatial distribution of the photon yield
for the excitonic coupling in a well-defined molecular architecture, we can reveal the local optical response of the system
and the dependence of the local optical response on the relative orientation and phase of the transition dipoles of the
individual molecules in the dimer. Third, by using a single molecular emitter as a distinctive optical probe to coherently
couple with the highly confined plasmonic nanocavity, we demonstrate the Fano resonance and photonic Lamb shift at
a single-molecule level. The ability to spatially control the single-molecule Fano resonance with sub-nanometer precision
can reveal the coherent and highly confined nature of the broadband nanocavity plasmon, as well as the coupling strength
and the anisotropy of the field-matter interaction. These results not only shed light on the fabrication of electrically
driven nano-emitters and single-photon sources, but also open up a new avenue to the study of intermolecular energy

transfer, field-matter interaction, and molecular optoelectronics, all at the single-molecule level.

Keywords: single-molecule electroluminescence, single-photon source, dipole coupling,

Fano resonance effect

PACS: 33.20.-t, 33.50.—j, 78.60.F1i, 82.37.Gk DOI: 10.7498/aps.67.20181718

* Project supported by the National Basic Research Program of China (Grant Nos. 2011CB921402, 2016YFA0200601),
the National Natural Science Foundation of China (Grant Nos. 91021004, 11327805, 21333010, 91421314, 21790352), the
Strategic Priority Research Program of the Chinese Academy of Sciences (Grant No. XDB01020200), and the Anhui
Initiative in Quantum Information Technologies, China (Grant No. AHY090100).

t Corresponding author. E-mail: zcdong@ustc.edu.cn

223301-13


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn
http://dx.doi.org/10.7498/aps.67.20181718

	1引    言
	2单分子电致发光和单光子发射
	Fig 1
	Fig 2
	Fig 3


	3分子间偶极-偶极相干耦合的可 视化
	Fig 4
	Fig 5
	Fig 6


	4等离激元纳腔中的单分子Fano共振效应
	Fig 7
	Fig 8
	Fig 9


	5总    结
	References
	Abstract

