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example of display devices used in daily 
life. As the newest generation of light-
emitting diodes (LEDs) used in devices, 
quantum-dot light-emitting diodes 
(QD-LEDs) have a full range of pure color 
(i.e., color tunable by size, a full width at 
half maximum (FWHM) of approximately 
tens of nanometers),[9] high integration 
with a high definition screen and virtual/
augmented reality,[4] and high quantum 
efficiency and bright emission,[9] and 
they thus have good application potential. 
Naturally, the molecule being the basic 
quantum system inspires the concept of 
constructing a LED using only one mol-
ecule, i.e., a single-molecule light-emitting 
diode (SM-LED) featuring higher atomic 

economy and integration, tunable color purity through precise 
organic synthesis, controllable energy band alignment, and 
the avoidance of intermolecular fluorescence quenching.[9] In 
fact, the physical world we see is built by molecules. Therefore, 
using a single molecule as a display pixel can most intrinsically 
represent the real world, which is the ultimate goal of display 
devices.

However, device engineering at the molecular level has 
always been a nontrivial task. A typical example of such engi-
neering is the miniaturization of silicon-based microelectronic 
devices and the continuation of Moore’s law.[10] To this end, the 
preparation of a multifunctional molecular device via a bottom-
up pathway is a promising strategy.[11,12] Motivated by the initial 
theoretical proposal of a rectifier comprising individual D–σ–A 
molecules,[13] various functional single-molecule devices such 
as the field-effect transistor,[14,15] rectifier,[16,17] switch,[18,19] and 
memristor[20] have been realized and continuously improved 
through long-term optimization of functional molecular 
centers, electrode materials, and the interface coupling.[11,12,21]

To realize a microscopic,[22] especially molecular-scale, 
light-emitting device, several huge challenges in the prepara-
tion and characterization must be overcome for efficient dis-
play and operation. First, emission in the visible-light region 
(380–880  nm) generally requires a working bias voltage (Vw) 
of at least 1.4 V (excluding the upconversion mechanism) and 
thus necessitates the robustness of the molecular device (in 
particular the contact interface between the molecule and elec-
trodes). Second, high quantum efficiency requires alignment 
of the energy band between the electroluminescent center and 
electrodes, and the avoidance of nonradiative loss. Finally, the 
characterization of the emission from one molecule requires 
the resolution on time, spatial, and energy scales.

A robust single-molecule light-emitting diode (SM-LED) with high color 
purity, linear polarization, and efficiency tunability is prepared by covalently 
integrating one fluorescent molecule into nanogapped graphene electrodes. 
Furthermore, single-molecule Förster resonance energy transfer from the 
electroluminescent center to different accepters is achieved through rational 
molecular engineering, enabling construction of a multicolor SM-LED. All 
these characterizations are accomplished in the photoelectrical integration 
system with high temporal/spatial/energy resolution, demonstrating the 
capability of the single-photon emission of SM-LEDs. The success in devel-
oping high-performance SM-LEDs inspires the development of the next gen-
eration of commercial display devices and promises a single-photon emitter 
for use in quantum computation and quantum communication.

ReseaRch aRticle
 

1. Introduction

Nowadays, society’s demand[1–5] for light relates not only to 
illumination. Applications of light in terms of display,[6] opera-
tion,[7] and energy[8] are gaining wide interest, especially in the 
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Since the first report of single-molecule electroluminescence 
(SM-EL),[23,24] the innovation of the preparation technology,[25–28] 
as well as the control of the emission characteristics including 
color[29,30] and linewidth,[31] have been achieved by unremit-
ting efforts. To further optimize the stability and performance, 
here the requirements of a robust molecule–electrode contact 
interface and the energy band alignment were addressed by 
covalent anchoring on graphene electrodes and gate regulation 
by the back gate, respectively. The triangular configuration of 
graphene with atomic-scale terminals also affords the ability 
of forming point contacts and thus the intermediate decou-
pling between the luminous center and electrodes. In addition, 
diverse functions of this SM-LED with high linear polarization 
and narrow color distribution, as well as the tunability of effi-
ciency, photon number, and color toward practical applications, 
were reported.

2. Fabrication and Characterization of SM-LEDs

Using a covalent bond is the ideal strategy for reliably con-
necting electroluminescent molecules and electrodes to tolerate 
a high working voltage. Herein, we introduce the stable amide 
bond as the interface to realize charge transmission and decou-
pling. A carbazole-derived molecular bridge, the most chal-
lenging blue-light-emission group (Vw  > 2.5  V), was designed 
and integrated into nanogapped graphene electrodes via a 
solution process[32] (Figure 1a), which enables low-cost indus-
trial production comparable to that of QD-LEDs. In particular, 
a functional side chain was designed to regulate the emission 
wavelength via further modification (see below). The detailed 
molecular synthetic route and device fabrication are provided 
in Scheme S1 and Figures S1 and S2, Supporting Information. 
The successful connection can be characterized by I–V curves 

Adv. Mater. 2023, 2209750

Figure 1. Schematic illustration and imaging of an SM-LED. a) Schematic representation of the device. The EL molecular center was covalently inte-
grated into graphene point electrodes and encapsulated by PDMS. Au electrodes were introduced for application of the bias voltage and the Si wafer 
for application of the gate voltage. b) Superhigh-resolution image of an SM-LED by STORM and c) the corresponding experimental setup. Light: 
365 nm; Vd = 4 V; Vg = 8 V. d) Superhigh-resolution image of the same SM-LED without the electric input, showing no obvious light spot, and e) the 
corresponding experimental setup. Light: 365 nm. f) Superhigh-resolution image of the same SM-LED without excited light and g) the corresponding 
experimental setup. Vd = 4 V; Vg = 8 V.

 15214095, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adm

a.202209750 by Peking U
niversity, W

iley O
nline L

ibrary on [09/03/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



© 2023 Wiley-VCH GmbH2209750 (3 of 10)

www.advmat.dewww.advancedsciencenews.com

before (no response) and after (recovered to some extent) the 
molecular connection (Figures S3 and S4, Supporting Infor-
mation). Under optimized conditions, the connection yield 
reached ≈22% for ≈12 of the 55 devices on the same silicon 
chip (Figure S3, Supporting Information), which demonstrates 
the reproducibility and reliability of the design. The statistical 
analysis presented in the Supporting Information demonstrates 
that the I–V curve has ≈90% probability of originating from 
only one molecular connection between the electrodes (see the 
Supporting Information). More convincingly, a super-resolution 
fluorescence microscope was integrated into a single-molecule 
electrical monitoring platform (Figure S5, Supporting Infor-
mation) to characterize the molecular connection and photon-
emission behavior (see below). To avoid the electric burning 
of the molecular nanocircuit, the single-molecule junction was 
encapsulated by a polydimethylsiloxane (PDMS) with high light 
transmittance at room temperature, which will be crucial for 
broad practical applications in the future, rather than making 
measurements in a vacuum (or applying cryogenics)[24,25] 
(Figure 1a). Approximately 15 h lifetime (Figure S6, Supporting 
Information) of the luminescent SM-LED with electric inputs 
demonstrates its high stability experimentally.

Gold electrodes were used to connect the external circuit with 
the single-molecule junction. A heavily doped Si wafer with 
≈300  nm SiO2 as the gate electrode regulated the molecular 
energy level[33] (Figure  1a). With electric inputs (Figure  1b,c, 
source–drain voltage (Vd) = 4  V, gate voltage (Vg) = 8  V), the 
site of the molecular connection was located through stochastic 
optical reconstruction microscopy (STORM).[34] The super-
resolution image shows only one bright point (<200  nm, the 
diffraction limit), again strongly showing the single-molecule 
connection. To further distinguish whether this optical signal 
originates from photoluminescence (PL) or electrolumines-
cence (EL), characterizations were conducted without electric 
inputs (Figure 1d,e) or excited light (Figure 1f,g). As shown in 
Figure  1f, the optical signal (the EL) from the single-molecule 
site has a close relation with the electric input, whereas the PL 
has low efficiency (Figure  1d), implying a strong nonradiative 
process.[35,36] This observation is most likely owing to the dif-
ferent scenarios of the energy level alignment between mole-
cule and electrodes in presence or absence of the bias voltage. 
To minimize the background noise, no excited light was 
adopted in the further optical characterization of the SM-EL.

The synchronous trigger of the optical and electrical sys-
tems was well designed and achieved (Figure S5, Supporting 
Information). With the application of periodic square waves 
of Vd and Vg (Figure 2a,e), the optical and electrical signals 
were recorded synchronously. Accompanied by the abrupt 
change of the source–drain current (Id) (Figure  2b,f), the 
SM-LED turned on at higher-level electric inputs (Figure 2c,g), 
which indicates the requirement of the energy to form excited 
states (see below). Note that the SM-EL was not continuous, 
implying a quantized emission behavior, which can be distin-
guished as “bright” and “dark” states on the measured time 
scale (Figure  2c,d,g,h, insets). In addition, the synchronously 
recorded electrical signal shows fluctuations (with low and high 
conductances) (Figure  2b,f), which are faithful to the optical 
signal in the “bright” and “dark” stages (Figure  2d,h, insets, 
also see Videos S1 and S2 in the Supporting Information). The 

corresponding 2D statistical results indicate strong anticorre-
lation between these two signals (Figure  2d,h), implying that 
two electron transmission modes correspond to the “bright” 
and “dark” states, respectively. Herein, we propose that only 
the highest occupied molecular orbital (HOMO) (path ①) or 
HOMO + lowest unoccupied molecular orbital (LUMO) (path 
②) dominates electron transmission in accounting for the dark 
and bright states, respectively (Figure 3b). In the latter case, the 
consumption of extra energy for an electron jumping to the 
molecular LUMO from the left electrode and another electron 
jumping simultaneously to the right electrode from the mole-
cular HOMO decreases the current and produces the excited 
state. The relaxation of the excited state back to the ground state 
then leads to the SM-EL. The orthogonal regulation of the mole-
cular orbit versus the electrode’s Fermi level and theoretical 
studies (see below) further support this mechanism (Figures 
S7–S16, Supporting Information). It is seen that the combined 
photoelectrical characterization of the single molecule provides 
a new insight to the inherent (photo)physical properties.

3. Energy Level Analysis and Efficiency Regulation

The alignment of the energy band between the frontier mole-
cular orbitals and the Fermi level of the electrodes is crucial 
for different kinds of optoelectronic device,[37,38] including 
SM-LEDs. Theoretical analysis of the molecular orbitals (i.e., 
the energy band) for electron transmission is presented in 
Figure  3a (0–2  V) and Figure S17 (Supporting Information) 
(2–8 V). The HOMO (≈−0.29 eV) was determined as the domi-
nant transmission channel at Vg = 0 V (close to the Fermi level, 
whereas the LUMO was at ≈2.46 eV, the corresponding eigen-
states were provided in Figure S18 in the Supporting Informa-
tion). With the addition of the positive Vg on the Si substrate 
(0–8 V set in the theoretical analysis), the transmission spectra 
shift downward as a whole in energy relative to the graphene 
Fermi level (set at zero) (Figure 3a,b and Figure S17 (Supporting 
Information)). According to the SM-EL mechanism proposed 
above, the electron transmission from the left electrode to the 
molecular LUMO should be regarded as the determining factor 
owing to the mismatch of the energy level (e.g., the energy bar-
rier was ≈1.46 eV at Vd = 2 V and Vg = 0 V). The observed SM-EL 
(very little) can be attributed to the thermal fluctuation of the 
electron energy, where the possibility (P) can be fitted by the 
Boltzmann distribution (P = exp(−Ea/kBT)). The theoretical P of 
the SM-EL as a function of Vd and Vg is presented in Figure 3c. 
With increasing electric inputs, P increases exponentially until 
alignment of the energy band at P = 1. The effective upconver-
sion SM-EL at low electric input is worthy of clarification in the 
future to meet the need for energy sustainability as in the cases 
of phonon- or plasma-assisted ELs.[39] The experimental effi-
ciency of the SM-EL is presented in Figure 3d–f, which shows 
the precise tunability by electric inputs. The occupancy of the 
bright state versus Vd and Vg was derived using the recorded 
optical and electrical signals (Figure 3d, also see Video S3 in the 
Supporting Information). The consistent variations have a sim-
ilar trend with the theoretical results (Figure 3c). Note that the 
experimental Vg is higher owing to the weak molecule–gate cou-
pling for the back gate.[14] Furthermore, the number of emitted 
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photons versus Vd and Vg increases exponentially, which is con-
sistent with theory (Figure 3c), before reaching a plateau, which 
indicates the maximum work ability of the SM-LED in the situ-
ation of well alignment of the energy band (Figure 3b).

The corresponding efficiency (number of emitted photons 
per electron) was calculated as presented in Figure  3f. The 
highest efficiency appeared at the most suitable position 
(Vg = 8 V, equivalent gap for HOMO and LUMO to the Fermi 
level) of the molecular orbital with the required Vw (≈3.5  V), 
indicating the best input range for the SM-LED. The maximum 
efficiency (i.e., the external quantum efficiency, ≈10−9) was not 
comparable to the macroscopic value (≈20%), mainly owing to 
the large photon loss of the single molecule in the macroscopic 

optical measurement path and undesirable blinking. The latter 
could be attributed to the inherent excitation–emission pro-
cess, the sojourn into a formed nonemissive triplet state, and 
the influence of the energy level alignment by the thermal fluc-
tuation. Higher efficiency can be achieved via integrating mul-
tiple molecules into the SM-LED by the assistance of “bridge 
pier” molecules (4-aminobenzoic acid and 4′-amino-biphenyl-
4-carboxylic acid, the corresponding schematic was provided 
in Figure S19 in the Supporting Information). Because of the 
widening distribution of the lengths, the molecule bridges 
have higher probability to be integrated into the electrode 
pairs, which can be further characterized by the super-resolu-
tion imaging (Figure 3g). An obvious increase of the efficiency 

Adv. Mater. 2023, 2209750

Figure 2. Characterization of an SM-LED by photoelectric integration. a) Square-wave Vd input (2/4 V) with a constant Vg of 6 V. b) The corresponding 
electrical signal Id at square-wave Vd (2/4 V) and constant Vg (6 V). c) Simultaneous recorded fluorescence intensity (normalized) at the single-molecule 
site at square-wave Vd (2/4 V) and constant Vg (6 V). d) 2D mapping of the optical and electrical signals at square-wave Vd (2/4 V) and constant Vg 
(6 V). The insets show magnified views of the regions marked in (b) and (c). e) Square-wave Vg input (0/8 V) with a constant Vd of 3 V. f) The cor-
responding electrical signal Id at square-wave Vg (0/8 V) and constant Vd (3 V). g) Simultaneous recorded fluorescence intensity (normalized) at the 
single-molecule site at square-wave Vg (0/8 V) and constant Vd (3 V). h) 2D mapping of the optical and electrical signals at square-wave Vg (0/8 V) and 
constant Vd (3 V). Insets are magnified views of the regions marked in (f) and (g).
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Figure 3. Efficiency regulation of an SM-LED. a) Theoretical transmission spectra of the SM-LED under different Vg (0–2 V). b) Schematic representa-
tion of two paths for electron transmission and the regulation of the molecular orbital versus the Fermi level of the electrode. c) Theoretical probability 
of an SM-LED to emit photons. d) Variations of the occupancy of the bright state with Vd and Vg. The results were derived from the optical and electrical 
signals in Figures S7–S11 (Supporting Information), respectively. e) Variations of the emitted photon numbers with Vd and Vg. f) The corresponding 
efficiency of (e) for one electron to produce a photon with Vd and Vg. g) 0.2 mm 4-aminobenzoic acid, 0.2 mm 4′-amino-biphenyl-4-carboxylic acid, 
and 0.1 mm molecular bridges were added to the graphene electrode pair array to enhance the connection probability. A super-resolution imaging of 
integrating 7 molecules between one pair of Au electrodes was provided, where the excitation light was 365 nm at Vd = 4 V and Vg = 6 V. The bottom 
panels show the enlarged images with the scale bar of 100 nm. h) The detected photon numbers and the corresponding calculated efficiency versus 
integrated molecules at Vd = 4 V and Vg = 6 V.
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(to ≈10−7, Figure  3h) was found at the integration from 1 to 7 
molecules (Figure  3g and Figures S20–S23 (Supporting Infor-
mation)). This should be attributed to the cooperative effect of 
multiple molecules, which minimizes individual differences 
(blinking) at time scales and avoids the resting of radiation at 
the detection window by asynchronous blinking. The connec-
tion of multiple molecules shows the advantage of 2D graphene 
electrodes, affording the ability to prepare a high-integrated 
LED.

4. Single-Photon Emission

The energy-resolved single-photon counter was further intro-
duced to the photoelectrical integration system to characterize 
the EL properties of the SM-LED (Figure S5, Supporting Infor-
mation). Long-term photon counting is presented in Figure 4a,c 
(Vd = 4 V and Vg = 8 V), including the corresponding statistical 

results on time and energy scales. The thermal fluctuation 
behavior of the single molecule was represented by nonu-
niformly distributed photon numbers on the time scale 
(where the statistical results conform to a Poisson distribu-
tion, Figure S24, Supporting Information), which contribute 
to blinking at the single-molecule site (Videos S1–S3, Sup-
porting Information), the corresponding fluorescent stochastic 
switching (Figure  2c,g), and STORM imaging (Figure  1b,f). 
Interestingly, characteristics tending to separate individual 
photons on the time scale can be obtained at low-level electric 
inputs (Vd  = 2  V and Vg  = 4  V) owing to the time resolution 
being sufficient (Figures S24 and S25, Supporting Informa-
tion). Moreover, Video S4 (Supporting Information) shows the 
one-by-one recording of photons in real time. With high electric 
inputs (Vd = 4 V and Vg = 8 V), the more emitted photons were 
split into two parts (50/50) by a beam splitter and detected by 
two single-photon avalanche diodes, respectively. The second-
order correlation functions g2(τ) versus different time delays are 

Adv. Mater. 2023, 2209750

Figure 4. Photon emission of an SM-LED. a) Statistical results of (c), the photons emitted from an SM-LED as a function of time. b) Second-order 
correlation measurement of an SM-LED with electric inputs of Vd = 4 V and Vg = 8 V. c) Counting of emitted photons from the same SM-LED. The sta-
tistical results at energy are shown in the right panel, where the gray line represents the macroscopic spectrum. Vd = 4 V and Vg = 8 V. d) Experimental 
setup to detect the polarization of the emitted photons. e) SM-EL polar diagram at Vd = 3 V and Vg = 6 V.
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provided in Figure  4b. The result (g2(0) = 0.04) demonstrates 
the antibunching effect of the photons at the time scale.[40] 
This is important because the LED prepared by only one mol-
ecule is clearly a promising single-photon source that has par-
ticular potential applications in quantum computation and 
communication.[7]

5. Superior Color Purity

The statistical results show that the emission peak is centered 
at ≈475 nm (Figure 4c, right panel), which is consistent with the 
macroscopic spectrum (gray line), therefore demonstrating that 
the EL indeed originates from the integrated single molecule. 
Note that we failed to observe a subtle Stark shift (micro-elec-
tron-volt to milli-electron-volt) of the emission peak under the 
high bias voltage probably because this effect requires micro-
electron-volt energy resolution (only milli-electron-volt energy 
resolution in our current instrument) and is usually measured 
at low temperature.[41] The FWHM is only ≈13 nm and is nar-
rower than the emission spectrum of the current blue quantum 
dots and the molecule itself (≈100 nm). This indicates superior 
color purity of the SM-LED, which probably results from the 
confined freedom of the single molecule between the electrode 
pairs. The fluorescein molecule with more freedom (introduced 
by side functionalization) in the junction has an emission spec-
trum with a FWHM that is comparable to that of the macro-
scopic spectrum (Figure 5c,d, more details will be provided 
below), supporting this mechanism.

6. Linearly Polarized Light Emission

The fixed molecule in the junction also has fluorescence ani-
sotropy[42] (e.g., the polarized LED). Here, the single molecule 
was integrated in the electrodes and its orientation was deter-
mined. A linear polarizer was placed parallel to the chip plane 
and we defined its orientation along to the electrode pairs as 
0°. The emitted light was detected by a photon counter through 
rotating the linear polarizer (Figure 4d). Periodic variation of the 
emitted photons (Nmax = 567 ± 10 at 0° and 180°; Nmin = 5 ± 3  
at 90° and 270°) was observed, which demonstrates a linearly 
polarized emission (Figure  4e). The polarization P  ≈ 0.98 can 
be calculated by P N N N N/max min max min( ) ( )= − + . The covalent 
integration of molecules with fixed orientation provides a new 
insight into preparing linearly polarized LEDs and also offers 
more possibility to produce circular polarized light by spin 
injection.[43]

7. Color Regulation

In addition to the monochromatic (blue) light emission, the 
multichromatic SM-LED can be prepared by rational modifica-
tion of the side group. Similar to current backlit display tech-
nology,[44] the Förster resonance energy transfer (FRET) strategy 
can be adopted in the SM-LED through molecular engineering 
for the multichromatic display.[45] The ratio of the emitted light 
from the donor and acceptor determines the mixed color, which 

is affected by the efficiency of FRET (EFRET), quantitatively 
described by[46]

E
A R

J

1

1
0.529

FRET 6

2
Dκ φ λ( )

=
+ ×

× × ×

 

(1)

where R is the distance between the donor and accepter, κ is 
the relative orientation of the dipole between them, ∅D is the 
quantum yield of the donor, J(λ) is the overlap integration of 
the spectra, and A is a constant value for a definite system.

The blue-color SM-LED can be used as the donor and the 
side chain provides an interface to connect the acceptor. Flu-
orescein is a suitable candidate owing to its large spectral 
overlap with the molecular bridge (Figure  5f). The connec-
tion between them was realized through nucleophilic substi-
tution (Figure S26, Supporting Information). In the current 
case, EFRET can be regulated only by the orientation of the 
dipole (κ2) of the acceptor (because of fixed R, ∅D, and J(λ) of 
the donor on the molecular junction). Owing to the presence 
of PDMS around the molecular junction, the acceptor move-
ment can be restricted by the cross-linking degree of the PDMS 
(Figure  5a,b). To accurately compare the color regulation, the 
same modified SM-LED was characterized during the cross-
linking of PDMS (time-dependent measurements, Figure 5c,d 
and Figures S27–S32 (Supporting Information)).

The dipole was effectively restricted after 5 h of PDMS cross-
linking and the characteristic EL peak of the molecular bridge 
(centered at ≈475  nm) was gradually detected (Figure  5d and 
Figures S27–S32 (Supporting Information)), implying the 
energy-preferred conformation with the dipole orthogonal to the 
molecular bridge. As shown in Figure 5d,e (switching of EFRET 
between 0 and 1), the anticorrelation of the emitting behavior 
on the time scale further demonstrates the FRET mechanism. 
The dynamic characterization of the switching between FRET 
on/off states is presented in Table S1 (Supporting Information), 
shedding light on the frustrated conformation variations. The 
results of control experiments based on an SM-LED with the 
acceptor pyrene (having no obvious spectral overlap) are pre-
sented in Figures S33–S35 (Supporting Information), where no 
emission of pyrene was observed, again supporting the FRET 
mechanism.

Furthermore, the mixed color can be located on the Com-
mission International de l’Eclairage (CIE) chromaticity diagram 
(Figure  5g). The inset shows the occupancy of the donor and 
acceptor emissions during the different cross-linking stages. 
With an increase in the ratio of the donor emission, the mixed 
color shifts from (0.30, 0.68) to (0.23, 0.43) on the CIE chro-
maticity diagram, implying that precise manipulation of the 
acceptor conformation in the future can realize color tun-
ability for a single SM-LED, which is an alternative strategy for 
improving integration.

In addition, the replaceability of the acceptor provides 
another ability to regulate the emitted color. For example, a 
resorufin-derived SM-LED shows a shift in emission to the 
red-color range (Figures S36–S39, Supporting Information). In 
summary, colority of the SM-LED can be varied by modifying 
the donor (i.e., the molecular bridge in obtaining higher color 
purity) and the accepter (in obtaining lower color purity) or 
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regulating EFRET (through controlling the molecular conforma-
tion) to meet the requirements of real display and illumination. 
We believe that a full range of pure color can be achieved for 
the SM-LED by taking advantage of flexible organic synthesis 
and conformation regulation.

8. Conclusion

We have created a class of covalently bonded stable SM-LEDs, 
which show color tunability with high purity, linear polarization, 
precise control of the photon number (brightness) and efficiency, 

Figure 5. Color regulation of an SM-LED. a) Schematic representation of an SM-LED in the low cross-linked PDMS. The fluorescein acceptor has the 
freedom to undergo conformational changes and receives the energy transferred from the molecular bridge. b) Schematic representation of an SM-LED 
in the high cross-linked PDMS. The conformation of fluorescein was restricted and has a slow conversion between the orthogonal (inhibited for FRET) 
and nonorthogonal dipole states at room temperature. c) Recorded photons of an SM-LED in the low cross-linked PDMS. Vd = 4 V and Vg = 8 V. 
d) Recorded photons of the same SM-LED in the high cross-linked PDMS. Vd = 4 V and Vg = 8 V. e) Enlargement of the panel in (d), clearly showing 
the photon emission of the donor (the molecular bridge) without FRET, and the disappearance of donor emission and simultaneous appearance of 
acceptor emission (fluorescein) after FRET. f) Macroscopic excitation (Ex) and emission (Em) spectra of the molecular bridge (the donor: D) and fluo-
rescein (the acceptor: A). Both of them are 10−5 mol L−1 in ethanol solution. g) Located emitted color in the CIE chromaticity diagram with PDMS at 
the different cross-linking times. Inset: occupancy of the donor and acceptor emission during PDMS cross-linking.
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excellent resolution (<200  nm per pixel), single-photon emis-
sion, and reproducibility. We thus open up new opportunities 
for developing the next generation of optoelectronics, high-reso-
lution displays, and quantum communication. Along the lines of 
evolutionary organic LEDs and QD-LEDs, further optimization 
of the SM-LED requires thorough investigations in the fields 
of interface engineering (relating to the mechanism of electron 
transmission), molecular engineering (relating to the inherent 
quantum yield), and device architecture (relating to the total effi-
ciency). In addition, the SM-LED brings the advantages of pre-
cise regulation through external stimuli, offering new insights 
into the development of multifunctional devices involving the 
modulation of optical, electrical, and magnetic signals. Viewed 
from another perspective, the accurate detection of the photon 
would inspire multimodal measurements of molecular behav-
iors. Specifically, the complete understanding of the intrinsic 
photophysics necessitates the synchronous characterization 
of optical and electrical properties with high resolution. Upon 
further combination with ultrafast or ultracold techniques, this 
strategy shows great promise for the precise detection of single 
molecule/electron/photon/quantum states in chemical and bio-
logical processes, which invites intense studies.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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