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Logic operation and real-time communication

via tunable excited states

in a single-molecule optoelectronic chip

Chen Yang,"* Yilin Guo, "> Hiroshi Masai,” Tomohiro Iwai,” Jialong Jie,® Hongmei Su,® Jun Terao,”*

and Xuefeng Guo'#4*

SUMMARY

The preparation of single-molecule optoelectronic devices has been
considered as one of the most promising strategies to adhere to
Moore’s law. Yet, to date, individual molecules have not rivaled
semiconductors in terms of device performance and stability.
Here, we introduce two cyclodextrins to encapsulate a molecular
bridge, a new strategy in molecular and device engineering, to
create a robust graphene-based single-molecule optoelectronic
chip. By isolating single molecules from the environment, a high
quantum yield (10%) and ultra-long phosphorescence lifetime (milli-
second scale) can be achieved at a platinum-centered single-mole-
cule junction. On the basis of a single-molecule transient electrolu-
minescence spectroscopy, tunable singlet and triplet excited
states are directly observed by multimode electrical inputs. Further
regulation of fluorescence and phosphorescence and selective emis-
sion enable comprehensive binary and trinary logical operations, as
well as real-time communications. The presented multifunctional,
efficient single-molecule optoelectronic device can help link con-
ceptual molecular electronics to practical semiconductors.

INTRODUCTION

The use of a single molecule to build an electronic device is a strategy to adhere to
Moore's law and satisfy the increasing demands of device miniaturization.' As the
building block of the nanoscale circuit, various functional units can be engineered
by organic synthesis, i.e., molecular engineering.”” In this regard, theoretically pro-
posed molecules have been synthesized and integrated into nanogapped elec-
trodes to enable corresponding functions.”? On the other hand, of equal impor-
tance is device engineering, involving electrode and molecule-electrode interface,
which enables the high performance of molecules.'%""

However, to date, one individual molecule has not rivaled semiconductors in terms of de-

vice performance and stability,'? including the on/off ratio of field-effect transistors,'* ">

the quantum yield of light-emitting diodes,® '® and the operating frequency of a corre-
sponding logic circuit.'”*" The interactions between the molecule and environment
(including the electrode, chip substrate, and surrounding gas or solvent molecules; i.e.,
the interface coupling) are a leading cause of this insufficient performance.” Specifically,
strong coupling leads to the superposition of molecular binary states (e.g., on/off states
or excited/ground states) with the wavefunction of the environment and to a series of per-
turbed molecular states. This reduces the corresponding on/off ratio or increases non-

radiative deactivation. In contrast, weak coupling weakens the modulation by external
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THE BIGGER PICTURE

Using single-molecule devices as
basic electronic components is a
non-trivial task. Here, we report
not just the implementation of
practical single-molecule devices
but also an unprecedentedly
precise manipulation of single-
molecule behaviors, including
excited-state dynamics, excitation
lifetime, and efficiency. These
advances offer a strategy to
design high-performance
optoelectronic materials and a
crucial step toward the real,
practicable development of
optoelectronic devices that use
single-molecule optoelectronic
properties. In combination with
the high stability of this covalent-
bond electrode-molecule
interface and the on-chip setup,
we believe that this single-
molecule device is one of the most
potential candidates for practical
applications.
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stimuli as well as the corresponding operating frequency. A compromise in these aspects
necessitates further development in molecular and device engineering. The choice of
molecule and electrode, atomic-scale configuration of the electrode, molecule-electrode
interface, robustness of the device, and molecular isolation from the external environ-
ment should be considered holistically.

Herein, we report a multifunctional single-molecule optoelectronic device consisting of a
cyclodextrin (CD)-encapsulated, platinum (Pt)-centered molecular bridge (Pt-MB@CD) (or
a control molecular bridge without CD [Pt-MB]; the detailed molecular structure is pro-
vided in Scheme S1), nanogapped graphene electrodes, and covalent amide linkages
on a Si wafer substrate. These transition metal complexes with -conjugated ligands
are well known because of their fluorescence and phosphorescence. In detail, the 7t-con-
jugated ligands enable effective radiation originating from the metal-to-ligand charge
transfer and m—m* transitions. The heavy atom Pt provides an effective transition from
the singlet state to the triplet state and the direct relaxation to the ground state from
the triplet state due to the large spin-orbital coupling, which provides multiple states
for logic operation and information transmission. The two CDs on both sides weaken
the coupling with the environment and thus avoid corresponding non-radiative pro-
cesses. Graphene electrodes enable a robust covalent interface with molecules and
further multimolecular integration. This on-chip setup is compatible with commercial
complementary metal-oxide-semiconductor technology and various electrical inputs,
which is important to impart various functions (Figure 1A).

Results and discussion

Characterization of a single-molecule optoelectronic chip

To prepare the device, the graphene ribbon between the metal electrodes (source
and drain) was etched with oxygen plasma in accordance with a dash-line pattern to
prepare nanoscale gaps with carboxyl terminals at both sides (exhibiting an open cir-
cuit; Figure 1B).?* The molecular bridge with amine end groups was integrated into
the electrodes via amide bonds. Detailed synthetic procedures and structural char-
acterizations of the molecular bridges are provided in the supplemental information.
Further optical characterization indicates both fluorescent and phosphorescent
emissions (Figures S1-S5), laying the foundation for preparing single-molecule
optoelectronic chips. Recovery of the conductance between the source and drain
electrodes indicates the molecular connection (showing the single-molecule junc-
tion [SMJ], Figure 1B). The supplemental information provides detailed information
on preparing the single-molecule device. Under the optimized conditions, ~30 of
169 devices exhibited a current response versus bias voltage (Figure S6), indicating
that the connection yield reached ~18%. The statistical analysis results reported in
the supplemental information indicate that the current response, ~91% probability,
originated from the only-one-molecule connection between the electrodes. Further-
more, electroluminescence (voltage between the source and drain (Vsp) = 3.5 V)
could be characterized by super-high-resolution imaging. The molecular site can
be localized via the stochastic optical reconstruction microscopy (STORM),”? again
demonstrating the single-molecule connection (Figure 1C).

The present molecular bridge with a heavy atom center (Pt) enables spin-forbidden
phosphorescence emission and thus high electroluminescence efficiency beyond
the spin statistics limitation (25%) by taking advantage of the remaining 75% triplet
excitons. Multistate switching was observed during current-voltage (I-V) scanning
(Figure 1B), implying a multimodal photophysical process. Understanding the
detailed mechanism requires further characterization, especially synchronous opti-
cal and electrical measurements. The chip was encapsulated by deoxygenated
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Figure 1. Characterization of a single-molecule Pt-MB@CD device

(A) Schematic of a single-molecule device, including the molecular structure, indicating the
phosphorescence and fluorescence emissions.

(B) I-V scans ranging from —4 to 4 V before (open circuit) and after single-molecule connection
(SMJ). Inset shows the enlarged images from 2.5 to 4 V. The SMJ was encapsulated with
deoxygenated polydimethylsiloxane before measurement to prevent electrical burning at a high
bias voltage and the oxygen quenching of the phosphorescence. Peak fluctuation of the -V curves
of the SMJ implies switching among three inherent molecular states (vide infra).

(C) Super-high-resolution optical imaging of the single-molecule device and a corresponding
enlarged image under Vsp = 3.5V, Vsp, bias voltage between the source and drain.

polydimethylsiloxane (PDMS) to prevent electrical burning at a high bias voltage and
the oxygen quenching of the phosphorescence (the covalent anchoring stabilizes
the luminous center before and after encapsulation); the current-time (I-1) curve
at Vsp = 3.0 V and the corresponding recorded photons are provided in Figure 2A.
Three discrete current states and two special photons with different wavelengths
(i.e., fluorescence, ~410 nm and phosphorescence, ~524 nm) were mainly obtained
(Figures 2B and 2C). The emitted photons are in line with macroscopic measure-

2425 indicating a relatively “pure molecular state” between

ments of this molecule,
the electrodes, which originates from the isolation by using CDs and the atomic-
scale triangular geometry of the etched graphene electrode. In addition, the
single-molecule setup prevents triplet-triplet annihilation, and the phosphorescent
material could be adopted individually with high-density integration on a chip to

prepare highly efficient light-emitting diodes.”®

A strong statistical correlation between the emitted photons and current changes (I —
In+1) was observed (Figure 2D), which can be assigned to the corresponding states,
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Figure 2. Optic-electrical synchronous characterizations of a single-molecule Pt-MB@CD device
and corresponding electroluminescence mechanism

(A) Synchronous measurements of the optical and electrical signals at Vsp = 3.0 V. Vsp, bias voltage
between the source and drain.

(B and C) Enlarged images to indicate the correlation between the emitted photons and
conductance states.

(D) Statistics of the conductance-switching sequence and photon emission. Specifically, the
histogram distribution analysis of the current is based on the values of the previous data point (In)
minus the next point (In+1). Then, the direct conversions from one conductance to another were
extracted as several peaks. Therein, the conversion from ~480 (/) to ~250 (In+1) nA corresponds to
the emission of fluorescence (I — Ins1 = ~ +230 nA), whereas the conversion from ~340 (Iy) to ~250
(In+1) NA corresponds to the emission of phosphorescence (Iy — In+1 = ~ +90 nA).

(E) Electron transmission mechanism as well as the corresponding phosphorescence and
fluorescence emissions.

(F) Statistics of the photon numbers and energy with various bias voltages.
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including the triplet (marked as T1) and ground (marked as Pto) states. The singlet states
cannot be directly observed by an electrical signal due to its short lifetime.”* The corre-
sponding current changes that enable the emission of fluorescence photons can be as-
signed tothe transformation from the positive-charged state (Pt*) to Pto. In detail, Figure 2E
describes the corresponding scenarios upon the application of bias voltage. An electron
jumping from the highest occupied molecular orbital (HOMO) to the drain electrode leads
to a measurable positive-charged state. The gate-voltage-dependent measurement
further supports the assignment of this Pt" state'** (
injected from the source electrode could fill the HOMO, singlet state, or triplet state,

Figure S7). The subsequent electron

among which the short-lived singlet state relaxes to the initial Pty state, concomitant
with rapid photon emission. The further Vsp-dependent measurement demonstrates
the energy difference between the singlet and triplet states (directly formed by electron
injection, Figure 2F). The lower triplet state can be formed selectively at Vsp < 3V, whereas
both the singletand triplet states can be formed at a higher Vgp. These tunable multimodal
photophysical processes afford multistate logic operation and information transformation
(vide infra). The statistics of the photon number within 1 s indicate a quantum yield of up to
~107¢at Vsp = 4.5 V (Figure 2F), which is three orders of magnitude higher than those in
other carbon-based single-molecule devices without plasma enhancement,” the device
without molecule-scale encapsulation (~107"° to0 107%),"718?7 and the Pt-MB device
(~1077, Figure S8). The high quantum yield is attributable to the isolation of the luminous
center from the external environment with two CDs. Unlike the macroscopic scale at which
intermolecular interactions induce quenching, the insulation of Pt-MB by CDs effectively
blocked the electron and energy transfer between the excited state and substrate/sur-
rounding molecules, therefore enabling a more effective radiative transition. In addition,
with the application of a high bias voltage (4.5 V), both kinds of devices showed high sta-
bility due to the covalentinterface. No obvious fluctuations of the emitted photon numbers
and corresponding efficiency were observed during 120 h (Figures S9 and S10).

The “mixed state” of the molecule was also observed in the junction. The narrower fluo-
rescence and phosphorescence emission spectra than those at the macroscopic level*®
originate from the covalent anchor of the molecular bridge, as well as the limitation of cor-
responding vibration modes. Similarly, the restriction of the conformation imparted by us-
ing CDs® and electrodes resulted in a slower vibrational relaxation rate than the photon
emission, which led to the blue shift of the emission peak.”® This is similar to some cases
where macroscopic molecules are located in a rigid or high-viscosity solution.®’ The phos-
phorescence lifetime was further characterized by a single-molecule transient electrolumi-
nescence spectroscopy (sm-TES). A 555-picosecond-wide pulse with a 2.5-V amplitude
was applied between the source and drain (Figure 3A), and the emitted phosphorescence
photons were detected synchronously with a single-photon counter. The typical current
and emitted photons were plotted in Figure 3B and enlarged in Figure 3C. The sm-TES
excludes the exciton diffusion in bulk materials and provides inherent excited-state char-
acteristics.”” The time intervals between the captured photons and applied electrical
pulse were extracted, and the corresponding statistical distribution is provided in Fig-
ure 3D. Because of the zero-field splitting of the triplet state (Figure 3E), in comparison
with the single-exponential fitting, the triple-exponential fitting agrees better with the da-
tum points and indicates the characteristic lifetimes of ~1.35, ~4.45, and ~10.50 ms.
These phosphorescent lifetimes are much higher than those at the macroscopic scale
(Figures S4 and S5) and in other derivatives.?* Therefore, we could summarize that the
longer lifetimes of both Pt-MB (Figure 3F) and Pt-MB@CD result from the limitation of
the molecular motion, vibration, and rotation modes (that suppress the dissipation of
the excited-state energy). In addition, the only-one-molecule setup essentially avoids
triplet-triplet annihilation. In addition, the phosphorescence lifetimes can be directly ob-
tained from the real-time-monitored current during electrical input (Figures 2A and 2B). A
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Figure 3. Single-molecule transient electroluminescence spectroscopy for measuring the
phosphorescence lifetime

(A) Input sequence of the bias voltage.

(B) Typical synchronously recorded current signal and emitted phosphorescent photon signal of
the single-molecule Pt-MB@CD device. Some electrical pulses are followed by photons, which are
collected by the single-photon avalanche diode after filtering light below 458 nm (to ensure the
phosphorescent photon collection). Therefore, one green dot here indicates one collected
phosphorescent photon.

(C) Enlarged image of (B) that indicates the decay between the phosphorescence emission and
electrical pulse input.

(D) Statistical histogram of the decay time extracted from (B) and corresponding fitting with single-
and triple-exponential curves, respectively.

(E) Schematic of the zero-field splitting of the triplet state.

(F) External heavy atoms mixed the molecular state without isolation by using CDs (single-molecule
Pt-MB device) and the corresponding regulation of the phosphorescence lifetime. lodoethane
(1077 M ~ 107> M) was added from the outside via mixing with uncured PDMS.

reduction of the phosphorescence lifetimes was observed accompanied by an increased
bias voltage (Figures S11 and S12). Considering the opening of additional vibrational
modes of the molecule when the current flows through a single molecule, i.e., electron-
phonon coupling,®® the shorter lifetime of the phosphorescence at high bias could be
attributed to the increased overlap between T1 and Pt states and spin-orbital coupling.®*
The regulation of the phosphorescence lifetimes facilitates new opportunities for compat-
ibility between quantum yield and ultra-long phosphorescence in one device. In addition
to the bias voltage, the phosphorescence lifetimes can be regulated with an external
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Figure 4. Binary logic operations with a single-molecule Pt-MB@CD device

(A) Two-dimensional mapping of emitted photons with V-Vsp-dependent inputs. Vsp = Vs — Vp.
Statistical (averaged) wavelengths of phosphorescence and fluorescence (over 10 s) were obtained
by location on the Commission International de I'Eclairage (CIE) chromaticity standard.

(B) Schematic of two single-molecule devices to enable the combination of basic logic gates.

(C) Optical image of two single-molecule devices with Vg and Vg =0V and Vs and Ve = 2.5V.

(D) Construction of the full-adder, in which u and v serve as the two addends and w is the carry-in.
Corresponding threshold voltages and operations are provided in the top table. Corresponding

image with 5 x 5 um size indicates bits 0 and 1. Therein, carrying of the full-adder requires further
operationto Ve: Vi = 3.5V — V¢, where Vo = —1.5 or 3.5 V. Bottom panel shows the results of the
electroluminescence of the single molecule, including that the right device serves as the sum and
the left device serves as carry-out.
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Figure 4. Continued

(E) Construction of the full-subtractor, in which u serves as minuend, v as subtrahend, and w as
borrow in. Corresponding threshold voltages and operations are provided in the top table.
Corresponding image with 5 X 5 um size indicates bits 0 and 1. Bottom panel shows the results of
the electroluminescence of the single molecule, including that the left device serves as the borrow
out and the right device serve as the difference. Therein, borrowing of the full-subtractor requires
further operation to Vc: Vi = 3.5V — V¢, where Ve = =1.50r 3.5 V.

heavy atom, i.e., by mixing between the single molecule and environment. Without isola-
tion by using the CDs (Pt-MB was used), the added iodoethane®” in PDMS increased spin-
orbital coupling at the single-molecule site and the possibility of emitting phosphores-
cence photons (Figure 3F). For the integrated molecule in junctions, the relatively pure
molecular state enables the desired photophysical characterizations, whereas mixing
with the environment provides a more effective regulation strategy.

Binary logic operation via a single-molecule optoelectronic chip

Logic operations were further achieved based on efficient, tunable single-molecule elec-
troluminescence. The alignment of the molecular orbital with the Fermi level of the elec-
trodes can be regulated by the applied back gate voltage (Vi) (Figures 2E and 4A), which
affords tunable dark/bright states of the single-molecule device and enables further utili-
zation for 0/1 logic operations. Among the electrical potentials of the source, drain, and
gate electrodes, two could be chosen as the input terminals, and the other could be cho-
sen as the regulatory terminal to switch the corresponding logic gate. In combination with
the guidance of the Vsp-V two-dimensional mapping (Figure 4A; detailed description of
the logic operation is provided in the supplemental information), all 16 basic logic gates
were achieved in one single-molecule device (Figure S13), based on different input/regu-
latory terminals and the corresponding threshold voltages. Specifically, the bright states
serving as bit “1"” was marked by a green point by STORM (note that this does not repre-
sent the actual color of the emitted photons), whereas the dark states (serving as bit “0")
could be observed. Taking the drain voltage (Vp) = 0 V as the regulatory terminal and
defining the logic variables u and v by the threshold voltages of the source voltage (Vs)
and Vg, respectively, False, u, NOT u, v, NOT v, AND, NOT AND (NAND), and inverse
implication (NIMP) logic gates were demonstrated, guided by Figure 4A. Accordingly,
by setting the V to other specific value, True, OR, NOT OR (NOR), and reverse inverse
implication (RNIMP) logic gates can be obtained conveniently. Furthermore, exclusive
OR (XOR), exclusive NOR (XNOR), implication (IMP), and reverse implication (RIMP)
were demonstrated by taking Vg = 0 V as the regulatory terminal. All 16 basic logic gates
agree with the Boolean function and can be further combined to afford a half-adder and
half-subtractor (Figure S14). More specifically, the neighboring two single-molecule de-
vices (Figures 4B and 4C) with voltage of terminal A (V,) as the regulatory terminal, voltage
ofterminal B (Vg) as u, and Vg and voltage of terminal C (V) as vwere designed (Figure S6),
where the Vgp of the two devices were equal to V4 — Vg and Vi — Vg, respectively. The half-
adder and half-subtractor were demonstrated at the same two single-molecule devices by
setting Vi as 0 and 2.5 V, respectively. Furthermore, in combination with an additional
setting of the V and V( terminals, the full-adder and full-subtractor were demonstrated
(Figures 4D and 4E, respectively). Facilitated by the on-chip setup and device engineering,
the multimodal electrical inputs enable comprehensive logic operations. Further prepara-
tion of a multifunctional logic circuit with high-integration density should consider con-
structing cascade circuits between the electrical and optical components.

Trinary logic operation via a single-molecule optoelectronic chip

The tunable multimodal photophysical process can be further applied for trinary
logic variables beyond binary, which enables more effective operation. The dark,
phosphorescence-emitting (which enables the location of the molecule by STORM
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Figure 5. Trinary logic operations using a single-molecule Pt-MB@CD device

(A) Three types of TAND gates. Dark state, phosphorescence-emitting and mixed-emitting states
were detected by a single-molecule spectroscopy, and the locations of the molecule are indicated
by N/A and orange and blue points by STORM, respectively. Note that these colors do not
represent the actual colors of the emitted photons. Corresponding super-high-resolution image
with 100 x 100 nm size indicates bits 0-2, as in subsequent panels.

(B) Three types of trinary OR (TOR) gates.

(C) Three types of trinary NAND (TNAND) gates.

(D) Three types of trinary NOR (TNOR) gates.

(E) Spherical Vsp (range: —4to 4 V) -V (range: 0 to 4 V) mapping as the reference for complex trinary
operations.

(F) Tadd and TNadd operations based on the evolution of both Vsp and Vg, with different rotation
directions and initial phase. C, clockwise. CC, counterclockwise.

(G) Tsubstract and TNsubstract operations based on the evolution of both Vsp and Vg, with
different rotation directions and initial phase.

and is marked in orange; note that this does not represent the actual color of the
emitted photons) and mixed-phosphorescence-fluorescence-emitting (which also
enables the location of the molecule by STORM and is marked in blue) states can
serve as bits “0,” “1,” and “2,” respectively. Referring to the corresponding
threshold voltages (Figure 4A), three types of trinary AND (TAND) operations
were demonstrated (Figure 5A), indicating the multifunction of only one single-
molecule device. The trinary logic operation enables 3 basic gates. Considering
practicality, Figures 5B-5D and S15-S34 show the other typical gates, including
detailed setups.®® More importantly, the add or subtract operation can be achieved
at only one device by trinary bits, which can be regarded as an alternative strategy to
approach device minimalization. These logic operations are based on the evolution
of both Vsp and Vi on the spherical Vsp-Vs mapping. Specifically, the logic variables
can be set by the initial phase (0, 27/3, and 47/3) and rotation angle (0°, 120°, and
240°) on the evolution trajectory (Figure 5E). The change of the initial phase and
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rotation direction afforded direct switching of the logic gates, including Tadd,
TNadd, Tsubtract, and TNsubtract (Figures 5F and 5@G). Figures S35-S38 show
detailed setups. Therefore, facilitated by the balance between “pure” and “mixed”
molecular states, trinary logic variables based on single-molecule tunable excited
states were achieved, enabling logic operations with more information capability
and corresponding reduction of device interconnections and the chip area.

Real-time communication via a single-molecule optoelectronic chip

Further precise tunability of only-phosphorescence or -fluorescence emission can be
realized by the input of a programmable electrical sequence (Figure 6A). A lower
bias voltage pulse can enable only-phosphorescence emission, whereas the timely
removal of the triplet state by a gate voltage pulse can enable only fluorescence
emission. More specifically, the singlet states prepared using a higher bias led to
rapid fluorescent emission, whereas the long-lived triplet states can be quenched
by the subsequent Vg pulse because of the electron transformation. Furthermore,
to approach a relatively rapid phosphorescence response to the lower electrical
pulse, the Pt-MB with 107> M externally added iodoethane was used (Figure 3F),
concomitant with some loss of efficiency. Accordingly, energy-tunable photon emis-
sion can be applied for the precise transmission of information (Figures 6B-6E). The
target information streams were designed by the programmable electrical pulse
sequence with a 10-ms time interval and 1-ms pulse width (Figure 4E, enlarged at
the right panel). The corresponding emitted photons were recorded synchronously
(Figure 6D, enlarged at the right panel). The phosphorescence or fluorescence emis-
sion at set time intervals determines the binary information at the corresponding
site, which can be adopted to transfer one-dimensional information by an American
Standard Code for Information Interchange (ASCII) code table. As a single-photon
source,”” the single-molecule device can be further applied for encrypted message
transmission (Figure S39 and Table S2). Furthermore, a combination of all the
photon sequences enables the display of a two-dimensional graph, for example,
the logo of the Peking University (Figure 6C). The tunable excited state facilitates
the opportunities for future high-resolution display after integration.

The balance between pure and mixed molecular states is crucial for preparing
tunable devices with inherent molecular properties. In this work, the isolation of
the molecule from the environment by using two CDs enhanced the quantum yield
of single-molecule electroluminescence and covalent coupling with electrodes
enabled tunable excited states, which are essential to enabling all basic binary logic
operations and typical trinary logic operations. In addition, facilitated by the single-
molecule setup (avoiding intermolecular interactions), measurable electrolumines-
cence and tunable lifetimes were also obtained without using the two CDs and
were used for precise information transformation. This development of molecular
and device engineering demonstrates the capability to link conceptual molecular
electronics to practical semiconductors. In addition to logic operations and informa-
tion communication, the multifunctional single-molecule optoelectronic chip pro-
vides a deep understanding of the single-molecule photophysical process and is
an alternative optoelectronic strategy for constructing integrated nanocircuits
beyond Moore’s law.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Requests for further information and resources should be directed to and will be ful-
filled by the lead contact, Xuefeng Guo (guoxf@pku.edu.cn)
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Figure 6. Real-time communication with a single-molecule Pt-MB device

(A) Selective emission of phosphorescence and fluorescence by designed Vsp or Vg electrical pulse
sequences.

(B) Schematic of emitting information streams consisting of phosphorescence and fluorescence
photons. The Pt-MB device with 107> M externally added iodoethane was used to enable a short
lifetime (Figure 3F) for high-throughput information transmission.

(C) Output image (the logo of the Peking University) reconstructed from the emitted photons.
When both fluorescence and phosphorescence were collected, the average wavelength of the
fluorescence photons was used; when only phosphorescence was collected, the emission
wavelength of the phosphorescence photons was used. The two-dimensional image was
constituted by 100 one-dimensional photon sequences, where each one-dimensional photon
sequence was obtained by the input of voltage sequences designed in advance. Permission for the
use of the Peking University logo was obtained from the Peking University.

(D) One line of the output photons in (C) and the corresponding enlarged image.

(E) Measured input electrical pulse sequence with 10-ms resolution and the corresponding
enlarged image.

Materials availability
The materials can be produced following the procedures in the section on synthesis
and characterization in the supplemental information.
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Data and code availability
Data from the GMG-SMJ measurements are available upon request from the lead
contact.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.chempr.
2024.01.005.
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