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Directed self-assembly of organic crystals into chip-like heterostructures
for signal processing
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ABSTRACT Organic single crystals show broad application
prospects in the field of optical confinement and waveguides
due to their low optical transmission loss and tunable optical
properties. Individual one- or two-dimensional (1D or 2D)
optical waveguide crystals have the limitations of a single
function in organic photonics. In this work, a chip-like organic
heterostructure was fabricated using an elaborately designed,
sequential growth method. By regulating the concentration of
each organic component, the processes of solution self-
assembly, etching, and epitaxial self-assembly are successively
performed to complete the directional growth of organic mi-
cro/nanostructures. Notably, the as-prepared chip-like organic
heterostructure is composed of 1D/2D optical waveguide
crystals, which can realize multidimensional photon trans-
portation and multi-terminal directional optical signal out-
put. Furthermore, the unique 2D optical waveguide properties
of the chip-like heterostructures offer opportunities for con-
structing the encoding form of the output optical signal at the
micro/nanoscale.

Keywords: organic crystal, heterostructure, optical waveguide,
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INTRODUCTION
With the rapid development of science and technology, the
demand for bandwidth and information density in the fields of
information and communication technology, computing, and
storage is increasing day by day [1]. The development of tra-
ditional integrated electronic systems with electrons as the car-
rier has encountered the bottleneck of size and energy
consumption [2]. As an information transmission medium,
photons have the advantages of high speed, low energy con-
sumption, and low noise compared with electrons [3]. There-
fore, as a promising solution for future massive data
transmission and processing, optoelectronic composite inte-
grated systems have received more attention [4,5], with the focus
on preparing basic materials and exploring feasible strategies [6–
8].
Generally, organic micro/nanocrystals are candidate basic

materials for optoelectronic integrated systems because of their
unique optoelectronic properties and excellent tunable optical

waveguide properties [9,10]. Many potentially feasible strategies
and ideas have been proposed for preparing different structures
with crystalline materials, including microrods and microsheets
that can be used for light propagation [11,12]. Microrod is a
typical one-dimensional (1D) optical waveguide material that
ensures unidirectionality during optical signal propagation.
Many homostructures and heterostructures based on microrods
have been developed, such as the core-shell [13,14], block
[15,16], and branch [17,18] types, enabling a variety of unique
optical applications [19,20]. The 2D optical waveguide materi-
als, mainly based on micron chips, can transmit optical signals
in multiple directions, realize more complex optical waveguide
functions, and are more suitable for on-chip photonic integrated
systems [21,22]. However, single microrods or microsheets have
application limitations, so increasingly more studies seek to
combine these two structures to construct more complex and
diverse heterostructures to explore materials and strategies for
photonic integrated systems [23,24].
In this work, we report the fabrication strategy and potential

photonic integration applications of complex, chip-like hetero-
structures comprising a microsheet of benzo[ghi]perylene (BGP)
and multiple microrods of BGP/3,4,5,6-tetrafluorophthalonitrile
(o-TFP) cocrystal. The heterostructures are prepared by the
sequential growth process. The growth order of the crystal
structure is well controlled through regulating different com-
ponent concentrations. Then, introducing the key micro-etching
process creates conditions for the epitaxial growth of microrods.
Under the action of the lattice matching mechanism, the regular
chip-like heterostructures are finally fabricated. The optical
property test of the heterostructure shows that, on the basis of
the optical waveguide properties of the two components, chip-
like heterostructures combine the modulability of the light
source and the directionality of the output, which guarantees its
application for on-chip photonic modulation. Furthermore, the
unique optical waveguide properties of chip heterostructures
also give us inspiration and opportunities to propose modula-
tion and coding schemes for output optical signals. The fabri-
cated, chip-like heterostructures propose feasible structural
prototypes for on-chip photo-processing, demonstrating their
promising applications in the field of photonic integration. The
preparation method of the sequential growth process also pro-
vides a designable strategy for building the infrastructure of
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photonic integrated systems.

RESULTS AND DISCUSSION

Preparation and characterization of organic chip-like
heterostructures
As shown in Fig. 1a, chip-like heterostructures that can be used
for multi-terminal optical signal output and modulation are
prepared by combining BGP microsheets and BGP/o-TFP
cocrystal microrods via a sequential growth process. The bi-
directional π-π stacking makes the BGP molecules self-assemble
into the microsheet crystals, as shown in Fig. 1b. Under ultra-
violet (UV) lamp excitation, the BGP microsheets exhibit green
luminescence confirmed by the spectral data (Fig. S1, red line).
The microsheets exhibit bright pale green formed by the inter-
molecular charge transfer (CT) between the donor molecule
BGP and the acceptor molecule o-TFP (Fig. 1c). Different
fluorescence lifetimes at room temperature reveal the formation
of the cocrystal (Fig. S2). When combined into heterostructures,
microsheets and microrods retain the original characteristics of
single crystals, and the cocrystal microrods are evenly dis-
tributed around the BGP microsheets (Fig. 1d). For comparison,
cocrystals of BGP with different receptors (m-TFP or p-TFP)
were also prepared and extended to the preparation of hetero-
structures (Figs S3 and S4). The different energy gaps between
the donor molecule and different acceptor molecules are the
main reason for the change in the emission spectra and diffuse
reflectance absorption spectroscopy of the cocrystals (Figs S1
and S5). In addition, to explore the possibility of different

structures, a metastable heterostructure based on the BGP
donor-acceptor system was prepared in the mixed solvent
(Vdichloromethane/Vethanol = 1:1.5) (Fig. S6). Generally, such chip-like
heterostructures combine the characteristics of the two single
crystals, exhibit unique optical properties, and have potential
optical integration applications, such as optical signal coupling
transmission and optical signal modulation.

Mechanism of the directed self-assembly of organic crystals into
chip-like heterostructures
Chip-like heterostructures were fabricated through an elabo-
rately designed sequential growth process. A video was taken in
a bright field to record the actual growth process of the het-
erostructure, and the main content of the video is shown in
Fig. 2a1–a10. According to different phenomena of crystal
growth, the heterostructure formation can be divided into three
stages. In the first stage, from 0 to 68 s, by controlling the
concentration of different components, BGP molecules nucle-
ated first and assembled into microsheets. In the second stage
(68–103 s), the microsheets grew larger, and micro-etching
appeared on the surface. Finally, with the evaporation of the
solvent, the cocrystal microrods quickly grew epitaxially around
the microsheets, forming the heterostructures (103–224 s).
A series of test experiments and theoretical calculations were

performed to reveal the growth mechanism of the hetero-
structures. A schematic diagram drawn in Fig. 2b visually pre-
sents the mechanistic explanation for each stage of the sequential
growth process. In general, cocrystal systems with strong inter-
molecular interactions preferentially nucleate, favoring the

Figure 1 (a) Main research content and process of the fabrication of the organic chip-like heterostructures. Photoluminescence (PL) microscopy image of
the green-emitting BGP microsheets (b), the yellow-green-emitting BGP/o-TFP cocrystal microrods (c) and the chip-like heterostructures (d) under the
excitation of unfocused UV light from a xenon lamp. Inset of (d): scanning electron microscopy (SEM) image of a typical chip-like heterostructure.
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sequential self-assembly of heterostructures [25–27]. Theore-
tical calculation results (Table S1) show that the π-π interaction
(−18.53 kcal mol−1) between BGP molecules is similar to the CT
interaction (−16.75 kcal mol−1) between BGP/o-TFP, which
means that BGP single crystal microsheets and cocrystal
microrods will be formed almost simultaneously. The sequence
of crystal nucleation and crystallization is also affected by other
factors, such as saturated solubility and system energy [28].
According to the Beer-Lambert law, the saturated solubility of
BGP and o-TFP in dichloromethane (DCM) and DCM/ethanol
(DCM/EtOH) mixed solution was calibrated by testing the
absorbance of different concentration solutions and saturated
solutions (Table S2). The saturated solubility of BGP in DCM
and the mixed solution is much less than that of o-TFP, so BGP
precipitates and nucleates more easily from the mixed solution
than o-TFP. Moreover, during the transformation from a single-
molecule state into a crystal, the energy reduction of the first
nucleated crystallization system is larger than that of the later
nucleated crystallization system [29,30]. Theoretical calculations
(Table S1) show that the system energy reduction caused by
forming a BGP single crystal is −33.55 kJ mol−1, and the system
energy reduction caused by forming the BGP/o-TFP cocrystal is
−314.64 kJ mol−1, which explains why BGP single crystal
microsheets are formed first.
The schematic diagram in Fig. 2b visually presents the

mechanistic explanation for each stage of the sequential growth
process. When the BGP crystals gradually grow into stable
microsheets, many o-TFP molecules remain in the solution.
Because of the CT force between the donor and the acceptor, the
remaining o-TFP molecules in the solution combine with the
BGP molecules on the surface of the microsheets, causing them
to be released from the crystals. This process forms a weak
etching on the surface of the microsheets. The BGP molecules
detached from the microsheets redissolve into the solution and
nucleate with the o-TFP molecules as cocrystals. This top-down
etching process results in the formation of a few defects on the
surface of the microchip, which provide sites and substrates for
the epitaxial growth of cocrystal microrods. With the continuous
volatilization of the solution, the BGP/o-TFP donor-acceptor
combination finally nucleated and crystallized as cocrystal
microrods. Finally, as shown in the inset of Fig. 2c, because of
the inherent lattice matching between the (11−1) crystal planes
of the BGP microsheets and the (011/0−11) crystal planes of the
cocrystal microrods, the microrods can be epitaxially grown
uniformly around the microsheets.

Applications for optical signal processing and directional output
Spatially resolved PL spectra tests were implemented to study the
optical waveguide performance of the single crystals and het-
erostructures. The results are consistent with previous experi-

Figure 2 (a1–a10) Growth process of the chip-like heterostructures. The scale bars are 50 μm. The fabrication of heterostructures was accomplished in a
mixed solvent system with a ratio of Vdichloromethane/Vethanol = 1:1. (b) Schematic diagram of the growth mechanism of the chip-like heterostructures. The top
right inset is an enlarged view of the portion marked by the dotted box in (a9). The scale bar is 10 μm. (c) The lattice matching between BGP microsheets and
BGP/o-TFP cocrystal microrods. ƞ is the lattice mismatch ratio between the crystal planes.
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ence, indicating that BGP microchips are a good 2D optical
waveguide material [21,31]. Fig. 3a shows that, under the
excitation of a 375-nm laser beam, the microsheet produces
520nm green light, which propagates in multiple directions from
the excitation point to the edge. As the laser beam moves hor-
izontally or longitudinally on the microsheet in the direction of
the arrow, the corresponding spatially resolved spectra from the
edges of the microchip are collected (Fig. 3d and Fig. S7b). Then,
the correlation curve between the ratio (Iedge/Ibody) and the
propagation distance at 520 nm obtained by nonlinear fitting is
given in the upper right inset of Fig. 3d. The optical loss coef-
ficients (R) of the BGP microsheets in the horizontal direction
(RH = 0.095 dB μm−1) and longitudinal direction (RL =
0.116 dB μm−1) are calculated by the single exponential non-
linear attenuation function of Iedge/Ibody = Aexp(−RX), where X
represents the distance between the excitation point and the
edge marked by the dashed box [32]. Tiny and uniform wave-
guide losses suggest that the microsheet is a good light source
and optical transmission medium. The change in the light signal

intensity from the edge caused by moving the excitation position
reflects the light modulation property of the microsheet, which
indicates that the microchip is suitable as the basic structure for
on-chip light processing. Similar tests were also performed on
BGP/o-TFP cocrystal microrods. A typical cocrystal microrod is
locally excited by a 375-nm laser beam, and the excited optical
signal transmits from the excitation point along the microrod
and finally outputs from the tips, showing the characteristics of a
1D optical waveguide (Fig. S8) [33]. Obviously, microsheets and
microrods have different optical waveguide properties and have
their own limitations [34].
The desired tunable 2D optical waveguide can be realized by

microsheets, but it is also noticed that due to the divergence of
light propagating on the microsheets, the microchips face the
problem of light output non-directionality in further light pro-
cessing applications (Fig. 3b, top schematic diagram). In con-
trast, although microrods can only realize a single-direction
optical waveguide along the growth direction, this waveguide
ensures the concentration and directionality of the signal. The

Figure 3 (a1) Bright-field microscopy image of a typical BGP microsheet. (a2) PL microscopy image of the same BGP microsheet under the excitation of a
375-nm laser beam. The scale bars are 5 μm. (b) Different forms of 2D optical signaling of single BGP microsheets and chip-like heterostructures. (c1) Bright-
field microscopy image of a typical chip-like heterostructure. (c2) PL microscopy image of the same heterostructure under the excitation of a 375-nm laser
beam. The scale bars are 5 μm. (d) Spatially resolved PL spectra of the BGP microsheet in (c) with the excitation point moving horizontally. Inset: ratio
between the Itip/Ibody versus the distance X at 510 nm. (e) Micro-area spectral signals collected from the excitation point and the microrod output terminal at
four edges.
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prepared chip-like heterostructure is advantageous because the
two basic optical waveguide modes are combined by integrating
cocrystal microrods around the microsheet, which effectively
compensates for the application shortcoming of a single crystal
and realizes multi-terminal directional output of optical signals
(Fig. 3b, bottom schematic diagram). Further research on the
optical properties of heterostructures was conducted by testing
the output optical signal from the terminals. When a typical
chip-like heterostructure is excited with a 375-nm laser beam, as
shown in Fig. 3c, the light propagates from the excitation point
to the edge of the microsheet in multiple directions and then is
output directionally by the microrod. Optical signals can be
detected at the microrod terminals around the heterostructure,
and the corresponding spectra are also recorded, as shown in

Fig. 3e. The wavelength of the signal ranges from approximately
450 nm to approximately 650 nm, which is basically consistent
with the emission wavelength range of the BGP microplates and
cocrystal microrods. The similar luminescence of the microsheet
and the microrod ensures the uniformity of the optical signal
and simultaneously reduces the optical loss caused by self-
absorption. Because of the integration of the microrods, the
heterostructure solves the problems that a single microplate
would face in light processing applications and enables more
complex light modulation.

Modulatable on-chip optical signal coding scheme
The microrod ensures the directionality of the optical signal
output from the heterostructure, and the microsheet as the light

Figure 4 (a1–c1) PL microscopy images of a typical chip-like heterostructure. The scale bars are 5 μm. (a2–c2) Optical signal intensities of the hetero-
structures under the excitation of a 375-nm laser beam at three positions extracted by Matlab software. (a3–c3) Histograms of the relative value of the optical
signal intensity of the output terminals on the right side of the heterostructure marked by the dashed box. (d) Schematic diagram of digital signal encoding-
based on-chip-like heterostructure multi-terminal signal output.
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source and the pre-transmission medium ensures the modul-
ability of the light source, which provides a structural basis for
the on-chip optical processing of the heterostructure. To further
study and analyze the optical application of the heterostructures,
we changed the position of the excitation point on the hetero-
structures through spatially resolved microscopy (Fig. 4a1–c1).
Then, we recorded the signal transmission phenomena in dif-
ferent situations and extracted the relative light intensities of
different microrod output terminals of the heterostructures
using Matlab software. In Fig. 4a2–c2, the peak stereogram cor-
responding to the optical signal intensity is constructed; the
height and color of the peak represent the intensity of the light
signal. As the position of the excitation point moves, the
intensity of the optical signal at the output changes accordingly.
To intuitively and quantitatively understand this change, the
corresponding histograms are plotted as shown in Fig. 4a3–c3.
Taking the output port on the right side of the heterostructure as
an example, the relative optical signal intensity bar chart was
drawn. We specify that the maximum optical signal intensity is
10 and the minimum is 1, and the length of the column repre-
sents the optical signal intensity of each output port. From this
specification, we can see that the optical signal intensity of dif-
ferent output terminals is directly related to the position of the
excitation point. The optical signal intensity of the output port
within the same level range as the excitation point is larger, and
those of the other output ports are weaker. In other words, by
simply changing the position of the excitation point, we can
control the switch of the output optical signal from different
terminals. Thus, the chip-mounted heterostructure is an optical
modulation model with controllable switchable multi-terminal
signal directional output, which creates conditions and inspira-
tions for optical signal encoding. Therefore, on the basis of a
multi-terminal switch controlled by the excitation position
change, we propose a modulation coding scheme for the output
optical signal. According to the bar chart, we specify that the
terminal whose relative signal strength is lower than 5 corre-
sponds to code “0”, and the port whose relative signal strength is
greater than 5 is code “1”. As shown in Fig. 4d, taking the port
on the right as an example, the signal strength varies corre-
spondingly with the location of the excitation point, and the
combination of codes varies. When the excitation point is in the
upper center, the upper port has a stronger signal, and the

middle and lower ports have a weaker signal. By definition, the
code combination is “100”. When the excitation point moves to
the center or lower center position, the corresponding code
combinations are “010” and “001”, respectively. According to
this rule, the code combinations corresponding to the ports of
other edges can also be obtained. Furthermore, when the exci-
tation points are located in nine special positions, more complex
codes can be obtained corresponding to all the ports of the four
edges (Table 1). Therefore, combining multi-terminal optical
signal output and modulation into complex digital signals pro-
vides a feasible solution for the future integrated photonics
system.

CONCLUSIONS
The chip-like heterostructure prepared by integrating BGP
microsheets and BGP/o-TFP cocrystal microrods has the mod-
ulability of the light source and realizes the multi-terminal
directional output of optical signals. Based on the unique optical
transmission properties of the heterostructures, we developed
the function of a multi-terminal optical signal switch and pro-
posed a scheme for the modulation and coding of an output
optical signal. The properties and functions of the chip-mounted
heterostructures are an indispensable part of on-chip optical
processing, providing a structural basis for constructing photo-
nic integrated systems. The ingeniously designed sequential
growth preparation method and the practice of the modulation
and coding of optical signals based on-chip-like heterostructures
shed light on developing on-chip optical processing and pho-
tonic integration.
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通过有机晶体定向自组装形成的用于信号处理的芯
片状异质结构
许超飞1†, 杨婉莹1†, 吕强1, 王雪东1*, 廖良生1,2*

摘要 有机单晶由于其较低的光传输损耗和可调谐的光学特性, 在光
限制和光波导领域显示出广阔的应用前景. 单一的一维或二维(1D或
2D)光波导晶体在有机光子学中具有单一功能的局限性. 在这项工作
中, 我们通过精心设计的顺序生长方法制造了一种芯片状的有机异质
结构. 通过调节各有机组分的浓度, 依次进行溶液自组装、刻蚀和外延
自组装过程, 完成有机微纳结构的定向生长. 值得注意的是, 所制备的
芯片状有机异质结构由1D/2D光波导晶体组成, 可实现多方向光子传
输和多端定向光信号输出. 此外, 芯片状异质结构独特的二维光波导特
性为构建微/纳米级输出光信号的编码形式提供了机会.
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