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Asymmetric photon transport in organic
semiconductor nanowires through electrically
controlled exciton diffusion

Qiu Hong Cui,’ Qian Peng,’ Yi Luo,>* Yuqian Jiang,® Yongli Yan," Cong Wei,' Zhigang Shuai,?
Cheng Sun,? Jiannian Yao,' Yong Sheng Zhao'*

The ability to steer the flow of light toward desired propagation directions is critically important for the realization of
key functionalities in optical communication and information processing. Although various schemes have been pro-
posed for this purpose, the lack of capability to incorporate an external electric field to effectively tune the light
propagation has severely limited the on-chip integration of photonics and electronics. Because of the noninteractive
nature of photons, it is only possible to electrically control the flow of light by modifying the refractive index of
materials through the electro-optic effect. However, the weak optical effects need to be strongly amplified for prac-
tical applications in high-density photonic integrations. We show a new strategy that takes advantage of the strong
exciton-photon coupling in active waveguides to effectively manipulate photon transport by controlling the inter-
action between excitons and the external electric field. Single-crystal organic semiconductor nanowires were used to
generate highly stable Frenkel exciton polaritons with strong binding and diffusion abilities. By making use of di-
rectional exciton diffusion in an external electric field, we have realized an electrically driven asymmetric photon
transport and thus directional light propagation in a single nanowire. With this new concept, we constructed a dual-
output single wire-based device to build an electrically controlled single-pole double-throw optical switch with fast
temporal response and high switching frequency. Our findings may lead to the innovation of concepts and device
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architectures for optical information processing.

INTRODUCTION
Breaking the symmetry of photon transport is essential for the construc-
tion of optical diodes or isolators in photonic integrated circuits (1-7),
which, in many ways, resemble the roles played by semiconductor p-n
junctions on electronic chips. A series of photonic schemes have been
used to achieve asymmetric light propagation based on magneto-optical
(8), topological photonics (9, 10) or optical nonlinearity (11) by exploit-
ing the asymmetric coupling efficiency or propagation loss along the
two opposite directions of light propagation. Unfortunately, the inher-
ent complexity in the device configuration and large footprints restrict
their applications in integrated photonics. In contrast, controlling the
photon flows with a static electric field offers a much attractive solution,
because with it, the functions of integrated photonic devices will be
broadly expanded because of the higher tunability and higher compat-
ibility with electronics (12, 13). However, this is fundamentally difficult
because photons, being chargeless and massless gauge bosons, barely
interact with one another nor do they respond to the external stimuli.
On the other hand, in an active semiconductor waveguide, photons
can be coupled with excitons to form a new type of hybrid state known
as exciton polariton (EP) (14-17). These mixed light-matter quasi-
particles can propagate along the waveguide and subsequently couple
out to restore their original form as photons. Thus, whereas EPs are
capable of carrying photons, they also exhibit charged electron/hole
characteristics (inherited from their excitonic components) (18), which
can be manipulated using external electric fields (19). In particular, the
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directional exciton diffusion has been experimentally realized by locally
applying an electric field (20-22) or acoustic field (23) on an asymmetric
quantum well structure, but the asymmetric exciton diffusion has never
been exploited for the realization of electrically controlled directional

light propagation.

RESULTS
Organic semiconductor nanowires for asymmetric
exciton diffusion
The fact that the external electric field may reduce the stability of the
exciton indicates that the effective control of light propagation can only
be achieved for systems with large exciton binding energy. In this con-
text, the Frenkel-type exciton in organic semiconductors is particularly
attractive, owing to its high binding energy and long diffusion path
length. The generated polaritons in highly ordered organic crystals
are known to be highly stable even at room temperature (24, 25) and
can propagate up to a millimeter (26). In an organic single crystal, the
uniform distributions of generated excitons in space often result in the
omnidirectional exciton diffusion. In principle, one can generate un-
even spatial distribution of excitons by using sophisticated structural
design to achieve the asymmetric diffusion but at the expense of very
complicated fabrication procedures. We believe that the utilization of
an external electric field can reach the same goal without facing these
difficulties. It is known that the interaction between the external
electric field and an exciton can produce an external interaction
potential, Vi, = —pe-E, where p.. is the transition moment of the exciton
and E is the external field. Such a directional interaction can break the
otherwise symmetric distribution of the excitons and thus results in a
directional light propagation mediated via the formation of EPs.

Here, we present a successful demonstration of the asymmetric pho-
ton transport and thus directional light propagation in one-dimensional
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nanocrystals constructed from the organic semiconductor compound
9,10-bis(phenylethynyl)anthracene (BPEA; fig. S1). The highly sym-
metric structure of BPEA helped to fabricate the crystalline wires.
The choice of BPEA was further motivated by its high absorption/
emission efficiency, outstanding optical waveguiding performance (27),
and large exciton binding energy (652 meV; see section S1). Moreover,
the high symmetry of BPEA molecule can also effectively minimize the
negative Stark effects on its large exciton diffusion length. BPEA nano-
wires of high monodispersity (fig. S2) were fabricated with a physical
vapor transport technique (see section S2). The BPEA nanowires show
very similar absorption and photoluminescence spectra to those of the
BPEA powder (fig. S3), which indicates that the BPEA does not undergo
chemical reaction during the vapor transportation. An atomic force mi-
croscopy (AFM) image (fig. S4) confirmed that the wires have very
smooth surfaces and rectangular cross section. An x-ray diffraction
(XRD) pattern taken for the nanowires (fig. S5) verified the high crys-
tallinity of the nanowires, which can be indexed to the monoclinic
phase. A transmission electron microscopy (TEM) image of a typical
wire and corresponding selected-area electron diffraction (SAED)
patterns are shown in Fig. 1A and fig. S6, which show that the prepared
wires have a close-packed crystalline structure with smooth surfaces
growing along the [010] direction. The thermodynamically stable mor-
phology of BPEA demonstrates cofacial herringbone one-dimensional
7 stacking of the conjugated molecules along the b axis [Fig. 1A (inset)
and fig. S7]. The intermolecular distance along the stacking direction is
as short as 3.37 A, which results in a large overlap between adjacent ©
orbitals and further improves the migration of excitons (28, 29) and the
exciton-photon coupling.

Intensity (a.u.)

5 10 15 20 25 30
Distance (um)

The photoluminescence image of the wires in Fig. 1B exhibits or-
ange emission, with bright spots at the wire tips, under ultraviolet ex-
citation. This active waveguiding characteristic indicates that the
photoluminescence energy can propagate along the wire axis. The
guided-light intensity has much slower decay at longer wavelengths
(Fig. 1C and fig. S8), and the complex refractive index shows strong dis-
persion in high photon energy bands (fig. S8), which clearly indicate the
formation of EPs following excitation (30, 31). It can be seen that the
emission at both ends has almost identical intensity (Fig. 1C and fig. S9)
when the ultraviolet excitation is located in the middle of the nanowire.
This indicates that the EPs in the waveguide can transfer freely in the
two opposite directions with equal probability, and the density of the
exciton is symmetrically distributed in space in this system. The intro-
duction of the external electric field on the system can thus change the
density distribution of the exciton through the alternation of the inter-
action potential (32-34), resulting in the intensity difference of the emis-
sions from the two ends, as schematically shown in Fig. 1D.

Realization and modulation of electrically controlled
asymmetric photon transport

A simple experimental setup to verify the effects of the electric field
involves placing the electric field coplanar with the long wire axis,
as illustrated in Fig. 2A and fig. S10. When the excitation is located at
one end, the forward and backward transport of EPs with respect to the
direction of the electric field should be drastically different, leading to
asymmetric light propagation. This is exactly what we have found from
our experiments, in which two parallel electrodes with constant channel
width are placed close to each side of a typical nanowire to establish a

Fig. 1. EP propagation in BPEA nanowires for asymmetric photon transport. (A) TEM image of a single BPEA wire. Insets: SAED pattern (left) collected from the
microarea marked with a white square and the thermodynamically stable molecular stacking in the crystal nanowire (right). The packing arrangement of molecules is
along the b axis with the shortest intermolecular distance of 3.37 A, which improves the migration of excitons and the exciton-photon coupling. (B) Photoluminescence
image of the BPEA nanowires under ultraviolet (330 to 380 nm) excitation. (C) Microarea photoluminescence image of a typical wire locally excited from the middle and
guided distance-dependent photoluminescence intensities at different wavelengths. The photoluminescence spectra were collected from the left tip of the wire by
accurately shifting the excitation laser spot. EX, excited spot; WG, waveguided emission; a.u., arbitrary units. (D) Schematic depiction of the asymmetric light propa-
gation under an electric field. The electrically induced asymmetric EP migration results in a stronger outcoupling along the field compared with that against the field.
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Fig. 2. Realization of asymmetric photon transport. (A) Schematic depiction of the device configuration. The field is applied in-plane with the light propagation to
provide an efficient way for asymmetric power coupling to the waveguides. The nanowire was successively excited from one end, and the outcoupled light was
collected from the opposite end. When the excitation beam is focused at one end, EPs would propagate forward and backward with respect to the direction of
the electric field along the wire axis. (B) Photoluminescence microscopy image of the device and a typical wire for the optical measurements. The white circles mark
the outcoupled emissions from the wire tip without and with forward and backward electric fields (1.0 x 10° V/m), respectively, which indicates that the forward
propagation of the waveguided emission along the field increases, and the backward propagation decreases in comparison with that in the absence of the field.
(€) Corresponding outcoupled emission spectra collected from the tips of the wire (~34 um) under applied fields of 0 and 1.0 x 10° V/m (forward and backward).
(D) Plot of asymmetric ratio versus wavelength, which shows a good photon transport asymmetry over a large wavelength bandwidth (>200 nm).
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Fig. 3. Principle and modulation of the asymmetric photon transport. (A) Schematic of the exciton diffusion in the absence and presence of an external electric field. With
respect to the exciton diffusion without the electric field effect, the applied electric field would alter the exciton diffusion ability through the extra interaction potential Ve = —pe'E,
resulting in the increase or decrease in the local potential. (B) Schematic depiction of the spatial relationship between BPEA molecular transition dipole moment (blue arrows) and
the growth direction (red arrow) of the nanowire. The projection of the transition dipole (light blue arrow) leans at an angle of 45° to the long wire axis. (C) Plots of forward and
backward photoluminescence intensity modulations at 610 nm versus o. (D) /torward//backward VEIsUs o at an electric field strength of 1.0 x 10° V/m. The line is fitted with the
cos(a — 45°) function. Error bars represent the SD of three representative measurements.
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coplanar relationship between the electric field and the light propaga-
tion (Fig. 2B). Compared with the guided photoluminescence spot in
the absence of a field, the forward transport at 1.0 x 10° V/m gives a
larger and brighter light spot, contrasting sharply with the small and
obscure one at the backward output end. The corresponding out-
coupled spectra in Fig. 2C quantitatively show the contrast in the inten-
sity of the optical signal for forward and backward propagations under
the electric field, suggesting that much higher propagation efficiency is
achieved when the EPs propagate along the field direction. The plot of
the asymmetric ratio [AR = 10 X 1g(Iforward/Ibackward)] Versus wavelength
in the inset to Fig. 2D demonstrates a strong propagation asymmetry,
with asymmetric ratios larger than 1.2 dB, over a bandwidth of 200 nm
and a maximum value of 1.9 dB at 610 nm.

A \Without £

The convincing experimental evidence of the asymmetric optical
outcoupling indicates that our proposed strategy of using external
electric field to control the diffusion of excitons works well in the organ-
ic nanowires. To further demonstrate the basic working principle, we
have carried out a model calculation to describe the exciton diffusion
under the external electric field (fig. S11). The occurrence of the inter-
action potential, Vi, can produce a directional force on the exciton and
can cause an asymmetric redistribution of the exciton density (Fig. 3A),
as reflected by an extra field-dependent term in the diffusion equation.
The calculated results clearly demonstrate the huge effects of the ex-
ternal field on the asymmetric exciton diffusion. As a comparison
experiment, it is found that the electric field has negligible effects
on the passively guided light without generation of excitons under
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Fig. 4. Design and realization of SPDT optical switch based on the asymmetric photon transport. (A and B) Configurations of a dual-output device in the absence
(A) and presence (B) of an electric field. Insets: Photoluminescence images of a wire with o = 45°. The two tips (marked with white circles) are monitored as the output
ports O1 and 02. WG, waveguide. (C) Outcoupled spectra of O1 and 02 under different field strengths ranging from 0 to 1.0 x 10° V/m. Insets: Linear fits of the
outcoupling modulation from ports O1 and O2 versus the electric field strength. (D) Schematic illustration of the SPDT optical switches that can be controlled by operating
the electric field. (E) Cyclic on/off switching behavior, which is changed by repeatedly altering the direction of electric field. (F) Series of light pulses with response time
of 4.2 ns generated by electrical pulses with a rise time of 3.8 ns. (G) Temporal intensity profiles of O1 and 02 with 10-MHz electrical pulses.
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the excitation of a 635-nm laser (fig. S12), which further confirms that
the asymmetric photon transport results from the response of the EPs,
rather than the electro-optic effect on the refraction index.

Within this interactive picture, the asymmetric optical outcoupling
can be modulated by varying the field strength and field direction, as the
corresponding exciton diffusion ability is determined by the interaction
potential that is related both to the strength of the field and to the angle
between the molecular transition dipole and the electric field, 6. It can be
seen from Fig. 3B that the BPEA transition dipole leans an angle of 45°
to the growth direction of the nanowires (also see figs. S13 and S14) (35).
As shown in Fig. 3C, the opposite intensity modulations in the two op-
posing directions are both quasi-linearly amplified on increasing the
electric field strength E. Moreover, various field effects are observed un-
der different angles o between the electric field and the long axis of the
nanowire. It is found that the relationship between Iy vard/Ipaciowara a01d
the angle at 1.0 x 10® V/m (Fig. 3D) can be described by cos(a — 45°),
and the maximum asymmetric ratio up to 5 dB can be achieved at o =
45°. All these experimental evidences clearly demonstrate that the
photon transport asymmetry in organic molecular crystals can be
effectively tuned by the electric field through the control of the exciton
diffusion ability.

Electrically controlled single-pole double-throw

optical switch

The asymmetric light propagation realized with directional exciton dif-
fusion in the composition-homogeneous nanocrystals facilitates the
fabrication of nanowire-based photonic devices. For instance, a single
nanowire with dual waveguide output might behave as a connection of
two unidirectional waveguides when the laser is focused on the middle
of the wire (Fig. 4A). According to the obtained angular dependence of
propagation asymmetry, the wire with o = 45° was selected for optimal
operation. Because of the reverse direction of light propagation, the out-
coupled light intensities of output 1 (O1) and output 2 (O2) undergo
opposite effects under the electric field (Fig. 4B). The variable
asymmetric output can be achieved by changing the input electric field,
as shown in Fig. 4C. The modulation ratios [(It — Iov/m)/Iov/m] of tWo
wire tips scale linearly as a function of the applied field strength and can
be deduced from the fitting equation for O1 and O2, respectively: Io; =
(1.11 x 107°°E + 1.0) Ipym and Io, = (=3.73 x 1077E + 1.0) Iyym. This
dual-output device enables the continuous distribution of the output
optical signals in one channel and further allows us to design an elec-
trically controlled single-pole double-throw (SPDT) optical switch
(Fig. 4D). When a constant field with the strength of 0.6 x 10° V/m
is applied on the device, the output of Ol increases, which is defined as
the “on” state. Meanwhile, the outcoupling of O2 decreases, corresponding
to the “off” state. On the basis of the field-controlled exciton diffusion,
the on and off states of two outputs can be interchanged by reversing the
field direction, as shown in Fig. 4E. The relative intensities for all 20 cycles
remain almost the same, demonstrating the stable switching behavior
with low device fatigue.

For such an electric field-controlled optical switch, the switching
speed and frequency should naturally be determined by the per-
formance of the applied electric instrument. We carried out measurements
using a nanosecond electric pulse generator. One can immediately
observe that the optical response of the switch is always the same
as the response of the pulse generator. More specifically, our SPDT
switch reaches a high switching speed of 4.2 ns with an electric field
speed of 3.8 ns (Fig. 4F and fig. S15) and a frequency of 10 MHz under
the 10-MHz electric pulses (Fig. 4G). By further optimizing the electric
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instrument, the frequency of our SPDT switch can always be enlarged
(fig. S16).

DISCUSSION

In conclusion, asymmetric photon transport has been realized in single-
crystalline organic nanowire waveguides as a result of electrically con-
trolling the directional exciton diffusion during the active light guiding.
Electrotunable asymmetric optical outcoupling was achieved and max-
imized by altering the field strength and direction. Furthermore, an elec-
trically controlled high-speed SPDT optical switch has been constructed
on a single nanowire. These results provide insight into the design of
nonreciprocal photonic nanodevices and will promote the advance-
ment of exciton-based optical elements toward miniaturized photonic
circuits and on-chip integration of photonics and electronics.

MATERIALS AND METHODS

Nanowire synthesis

BPEA nanowire crystals were obtained using a physical vapor
transport technique. The experimental procedure is described in detail
in section S2.

Device fabrication

The BPEA nanowires were deposited directly onto a Si/SiO, substrate,
and two rectangular Cu electrodes were then attached with a fixed
channel width of 100 um to incorporate several BPEA wires with dif-
ferent angles a in between. The thickness of electrodes (on the milli-
meter scale) ensured the application of a uniform electric field in the
plane of the wires. The wires and electrodes formed a nonintimate con-
tact with each other to prevent the charge injections that might bring
detrimental effects to the device. The structure of the device is illustrated
in fig. S10.

Optical characterization

The optical measurements were performed on a home-built confocal
microphotoluminescence system (fig. S17). A single wire was locally
excited with a 351-nm laser beam (BeamLok 2065, Spectra-Physics)
focused by an objective lens (50x; numerical aperture, 0.8; Nikon
CFLU Plan). The emission of the wire was selectively collected from
the tip using a confocal microscopy setup with a 1-um pinhole. The
light was subsequently coupled to a grating spectrometer (Acton
SP2300) with a matched thermal electrically cooled charge-coupled
device (ProEm: 1600 x 200B, Princeton Instruments).

For the measurements of electric field-induced asymmetric light
propagation, an external electric field was applied with a commercial
dc voltage supplier. The pulsed electric field was applied using a nano-
second signal generator, which supports tunable amplitude, frequency,
and rise time (fig. S18). The optical signals were detected using a silicon
photodetector and monitored using an oscilloscope to obtain the re-
sponse time and switching frequency of the switch.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/4/3/eaap9861/DC1

section S1. Calculation of BPEA excitons

section S2. Preparation and structural characterization of BPEA nanowires

section S3. Formation of EPs in the BPEA nanowires

section S4. Structure of the device
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section S5. Diffusion of the excitons under the applied electric field

section S6. Electric effect on the passively waveguided light

section S7. Orientation of BPEA excitons in the molecule-stacked nanostructures

section S8. Switching speed and switching frequency measurements for the electrically
controlled SPDT optical switch

section S9. Schematic of the experimental measurements

fig. S1. Molecular structure of BPEA.

fig. S2. Scanning electron microscopy (SEM) image of the BPEA nanowires.

fig. S3. Absorption and fluorescence (solid) spectra of BPEA powder (black) and BPEA
nanowires (red).

fig. S4. Atomic force microscope (AFM) characterization for a single BPEA nanowire.

fig. S5. XRD patterns of the BPEA nanowires (black) and a monoclinic powder sample (red).
fig. S6. TEM image of BPEA nanowire and SAED patterns collected from different areas of a
single wire.

fig. S7. Thermodynamically stable molecular packing in the BPEA nanowire.

fig. S8. Formation of EPs in the BPEA nanowires.

fig. S9. Output spectra from the two ends of the nanowire in Fig. 1C when the excitation is
located in the middle of the wire.

fig. $10. SEM image of a typical device.

fig. S11. Calculated results of the asymmetric distribution of exciton density.

fig. S12. Electric effect on the passively waveguided light.

fig. S13. Spatial relationship between the BPEA molecular transition dipole moment (blue
arrow) and the [010] growth direction (red arrow) of the BPEA nanowire.

fig. S14. Polarization angle-dependent photoluminescence measurements.

fig. S15. Switching speed measurements for the optical SPDT switch.

fig. S16. Temporal intensity profiles of O1 and O2 ports in the device shown in Fig. 4 obtained
by increasing the frequency of the electric signal to ~13 MHz.

fig. S17. Schematic demonstration of the experimental setup for the steady-state optical
measurement.

fig. S18. Schematic demonstration of the response time and switching frequency measurement.
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