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WS, ribbon arrays with defined chirality

and coherent polarity
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One-dimensional transition metal dichalcogenides exhibiting an enhanced bulk photovoltaic effect

have the potential to exceed the Shockley—Queisser limit efficiency in solar energy harvest within p-n
junction architectures. However, the collective output of these prototype devices remains a challenge.
We report on the synthesis of single-crystalline WS, ribbon arrays with defined chirality and coherent
polarity through an atomic manufacturing strategy. The chirality of WS, ribbon was defined by
substrate couplings into tunable armchair, zigzag, and chiral species, and the polarity direction was
determined by the ribbon-precursor interfacial energy along a coherent direction. A single armchair ribbon
showed strong bulk photovoltaic effect and the further integration of ~1000 aligned ribbons with coherent

polarity enabled upscaling of the photocurrent.

he ongoing global transition toward sus-
tainable energy practices amplifies the
urgency for efficient and versatile photo-
voltaic techniques. The bulk photovoltaic
effect (BPVE)—a second-order nonlinear
phenomenon in noncentrosymmetric mate-
rials that allows for direct conversion of solar
energy into electrical current—provides a prom-
ising solution (7-5). Complementary to tradi-
tional p-n junction photovoltaics, BPVE holds
the potential to circumvent the Shockley-
Queisser limitation that intrinsically exists in
conventional solar cells (6-8). One-dimensional
(1D) transition metal dichalcogenides (TMDs),
distinguished by their low internal symmetric
structure and robust absorption in the visible
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light spectrum, align well with the prerequi-
sites for BPVE (9-11).

To further upscale the TMD-based BPVE cur-
rent through the interconnection of large 1D
structures, several concurrent criteria must be
satisfied: (i) A robust and strong photocurrent
must be generated in 1D individuals that have
specially defined chirality. (ii) Different 1D
structures should have coherent polarities to
ensure a constructive BPVE current collection.
(iii) Parallel-aligned 1D arrays are preferred to
facilitate large-scale solar cell integration. In
this regard, a unidirectionally aligned array
with specific axial chirality and coherent po-
larity is the prerequisite for advancing TMD-
based BPVE devices from individual prototype
concepts to massive integration applications.

Recently, progress has been made in mod-
ulating the macroscopic configurations of 1D
TMDs, such as their orientations (12-15) and
aspect ratios (16-22). However, the control
over microscopic arrangements such as axial
chirality and polarity direction has blocked
progress (23). This challenge is compounded
by the lack of an effective mechanism for con-
trolling these structural geometries at the
atomic level. A useful reference comes from
the success of the chirality-controlled growth
of 1D carbon nanotubes and graphene rib-
bons (24-28). However, the noncentrosym-
metric lattice of TMDs with two elements in the
hexagonal lattice even complicates the case of
their 1D counterparts, which tends to produce
twinned structures with reversed polarity. A
strategy that provides atomic precise lattice
arrangement is therefore required to address
these synthetic challenges.

‘We propose an atomic manufacturing strat-
egy for the deterministic fabrication of WS,
ribbon arrays with defined chirality and co-
herent polarity. Our approach leverages the
couplings between the WS, lattice and sap-

L)

phire substrate with aligned steps, whichy Check for |

termine the epitaxy orientation of the . _
lattice and guide the ribbon axis and there-
fore defines the ribbon chirality. The ribbon-
precursor interface thermodynamically drives
the unipolarity-terminated growth. As a result,
armchair, zigzag, and chiral (both left- and
right-handed) ribbon arrays (see definition in
fig. S1) with coherent polarity are selectively
fabricated. Various ribbons grown by an atomic
manufacturing mechanism enable the inves-
tigation of chirality-dependent BPVE responses
and highlight the utilization of mono-chirality
ribbon arrays with coherent polarity to gener-
ate a constructive BPVE photocurrent.

Preseeded growth of the WS, ribbon arrays

The growth of WS, ribbon arrays was initiated
by preseeded templates. Na,WO, particles were
deposited onto an a-plane sapphire (a-Al,O3)
substrate by evaporating a thin Na,WO, film,
which subsequently served as the seeds for the
growth of WS, ribbons (Fig. 1A). Sulfur atoms
were supplied through the decomposition of an
upper positioned ZnS plate (29) and stimulated
the growth of the WS, ribbon arrays along the
[1100] direction of a-Al,O; at an elevated tem-
perature of 930°C (Fig. 1B; materials and meth-
ods in the supplementary materials, S1.3).

Uniform WS, ribbon arrays with a typical
length of ~150 um and width of ~300 nm were
obtained after a growth duration of 1 hour
(Fig. 1C). The presence of characteristic Ej,
and A;; Raman modes, along with the corre-
sponding intensity mapping, demonstrates
the formation of crystalline WS, lattice struc-
tures (Fig. 1D and fig. S2). Some particles were
occasionally observed at the terminal of the
ribbons. Both S and W elements were uni-
formly distributed at the particles and the
ribbons, confirming the seed-driven vapor-
liquid-solid (VLS) growth mechanism of the
WS, arrays (Fig. 1E).

With VLS growth, the morphology of the
ribbons could be determined by the size of
the preseeded particle templates and further
manipulated by modulating the concentration
of the Na,WO,, solution (¢) during the film
deposition (fig. S3). Specifically, both the aver-
age length and width increased in proportion
to the size of the particles, with typical lengths
of 38, 74, and 285 um and widths of 110, 235,
and 501 nm, respectively, when ¢ was adjusted
from 1, 10 to 30 mg mL™ (a higher concentra-
tion of Na,WO, led to larger particle sizes)
(Fig. 1, F and G). Ribbons with widths under
100 nm and lengths extending to the millimeter
scale can be successfully obtained at optimized
growth conditions (fig. S4 and S5).

Confirmation of the coherent polarity direction

The WS, ribbons display coherent polarity along
the entire array. As shown in Fig. 2A, high-
angle annular dark-field scanning transmission
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Fig. 1. Fabrication of the aligned WS, ribbon arrays. (A) Schematic of the
preseeding of Na,WO, particles on sapphire substrate. Insert shows typical
optical image of the uniformly preseeded Na,WO, templates. (B) Schematic for
the VLS growth of WS, ribbons on sapphire substrate. (C) Optical image of the
as-grown unidirectional WS, ribbon array. (D) Raman mapping of the ribbons
based on the intensity of the Elzgvibration mode. (E) Scanning electron

electron microscopy (HAADF-STEM) image
shows the perfect hexagonal honeycomb lat-
tice of the WS, ribbon and demonstrates that
its zigzag edges were parallel to its axis (denoted
as ZZ-Rs). The corresponding selected area
electron diffraction (SAED) pattern contains
two sets of conjugated Bragg peaks arising from
the broken in-plane inversion symmetry of the
WS, lattice (Fig. 2B), in which the first-order
diffraction spots toward the W-sublattice pos-
sess an ~30% greater intensity than those of the
S-sublattice. This intensity asymmetry is effec-
tive in identifying the polarity direction of
WS, crystals (30). As shown in Fig. 2C, when
an aperture was placed at the W-sublattice
(purple circle in Fig. 2B), two adjacent ribbons
preserved the consistent contrast in both the
bright-field image (top panel) and the dark-
field image (bottom panel), revealing their co-
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herent polarity orientations. In addition, the
atomic-resolution STEM images of the two
ribbons further confirm their identical orien-
tation at the atomic level (Fig. 2D).

To systematically examine the polarity co-
herence of many different ribbons, assembled
arrays were studied through high-throughput
nonlinear optical spectroscopy of second har-
monic generation (SHG). We developed a meth-
od for simultaneously mapping the polarity
directions of the separated ribbons. As illus-
trated in Fig. 2E, by covering a triangular
single-crystal WS, monolayer domain on the
top surfaces of ribbon arrays (ensuring the
zigzag edges of WS, domain and ribbons are
parallelly aligned), 0°-stacked overlapping re-
gions naturally formed in the polarity coher-
ent array case (Fig. 2E, top panel), leading to a
consistent enhancement of the SHG signal. By
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microscopy (SEM) image of the terminal region of a representative ribbon (upper
panel) and the corresponding auger electron spectroscopy elemental mapping
(middle panel, sulfur; lower panel, tungsten). (F and G) Statistical length

and width distributions of the ribbons with predeposited Na,W0O,4 concentrations
(c) of 1 mg mL™, 10 mg mL™, and 30 mg mL™%. The insert in (F) indicates the
definition of the width (W) and length (L) of a ribbon.

contrast, for the polarity incoherent array case
(Fig. 2E, bottom panel), constructive and de-
structive SHG responses coexisted, correspond-
ing to the noncentrosymmetric 0°-stacked
regions and the centrosymmetric 180°-stacked
regions, respectively. Experimentally, we ob-
served a fourfold increase in the SHG intensity
in the overlapping regions compared with that
in bare ribbons, demonstrating the coherent
nature of the WS, ribbons throughout the en-
tire array (Fig. 2, F and G). This result was
reproducible, with a polarity coherence con-
sistency ratio exceeding 99% based on the
analysis of 283 ribbons (Fig. 2H and fig. S6).

Atomic manufacturing of
chirality-defined ribbons

WS, ribbon arrays also display consistent chi-
rality along the axial direction. Chirality-defined
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Fig. 2. Coherent polarity
of the WS, ribbon arrays.
(A) Low-magnification
TEM image of the prepared
WS, ribbon (upper panel) and
the atomic-resolved HAADF-
STEM image at the ribbon
edge (lower panel). (B) SAED
pattern of the WS, ribbon.
The gray line is the
intensity profile along the
corresponding diffraction
spots. The dashed violet and
orange circles indicate the
diffraction spots toward
the W-sublattice and
S-sublattice, respectively.
(C) Uniform bright field
(upper panel) and dark field

. oF 0.7%
(lower panel) images of two : :

: ) 530 535
adjacent ribbons, denoted as 0 100 Wavelength (nm) Coherent  Incoherent
R1 and R2, respectively.

(D) Corresponding atomic-resolved images of R1 (upper panel) and R2 (lower panel). (E) Schematic for distinguishing the polarity direction of ribbon arrays by
covering a triangular WS, domain. (F) SHG mapping of the ribbons/WS, stacked structure. (G) The corresponding SHG spectra at the overlapping position [marked by
the orange triangle in (F)] and the bare ribbon position [marked by the light blue circle in (F)]. (H) Statistical polarity coherence of the as-prepared WS, ribbon arrays.
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Fig. 3. Axial chiral-
ity control of the
WS, ribbons. (A to
D) Epitaxial relation-
ship illustrations (A
to As), AFM images
(B; to B3), optical
images (C; to Cs),
and polarization-
dependent SHG
patterns (D; to D3)
of representative
zigzag (ZZ-R),
armchair (AC-R),
and chiral (C-R)
ribbons, respectively.
The pink, white, and
blue balls in (A; to
A3) represent the
top O atoms, bottom
0 atoms, and Al
atoms, respectively.
The upper panels in B
to Bs are low-magni-
fication images and
the lower panels are
corresponding
atomic-resolved
AFM images. The
measurements in Dy
to D5 are the parallel
component of the
total SHG intensities.
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growth of TMD ribbons relies on atomic-scale
precise manufacturing. In the case of the ZZ-Rs,
the axis orientation is consistently guided along
the crystallographic direction of [1100] on the
a-Al,Os (fig. S7). This alignment has been well
documented for guiding the orientation of car-
bon nanotube or nanowire arrays benefiting
from the high-density atomic steps (31, 32).
Moreover, the zigzag chains (< 1120 > direction
of WS,) are unidirectionally arranged along
the [1100] direction of a-Al,O3 as a result of the
couplings between TMD and the a-Al,O3 lat-
tice (33-35). Utilizing this manufacturing strat-
egy, the relative angle of 0° between the WS,
ribbon axis and zigzag chains can be fixed, and

accounts for the coherent ZZ-R arrays (Fig.
3A,). Atomic force microscopy (AFM) images
demonstrate the ribbon epitaxy along the re-
stricted orientation of [1100] (Fig. 3B, top panel)
with a well-determined zigzag chain arrange-
ment (Fig. 3B;, bottom panel). This feature
can be visualized by an optical microscope in
which the edges of intensively nucleated WS,
triangular domains are parallel to the ribbon
axis (Fig. 3C; and fig. S8A). In addition, the
depolarization effect of the 1D structure leads
to a twofold distorted SHG pattern (Fig. 3D,),
which is consistent with the numerical simu-
lated results (fig. S9). The relative angle be-
tween the zigzag edge (direction of minimum

SHG intensity) and the ribbon axis is identi-
fied to be 0° which demonstrates the success-
ful construction of the ZZ-Rs on a-Al,Os.

To obtain armchair ribbons (AC-Rs), vicinal
c-plane sapphire (with a miscut toward the
M-axis of < 1100 >, denoted as ¢/m Al,O3)
was used as a template for WS, lattice epi-
taxy. As shown in Fig. 3A,, armchair chains
(< 1100 > direction of WS,) could be strongly
arranged along the [1120] direction of c-Al,O
as previously reported (36, 37). In addition,
the aligned steps were artificially constructed
from the miscut of sapphire and effectively
guided the ribbon axis in the [1120] direction.
This synergistic effect led to a 30° chiral angle;
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Fig. 4. Integration of chirality-dependent BPVE of WS, ribbons.

(A) Spontaneous polarization is generated in AC-Rs while it vanishes in ZZ-Rs.
(B) Schematic of the ribbon-based BPVE device. (C) Short-circuit current

(Isc) distributions of armchair (orange triangles), chiral (dark yellow squares),
and zigzag (blue circles) ribbons measured under 450 nm laser illumination with
a power density of ~10* W cm™. (D) Polarization-dependent /s, of AC-R with
~150-nm width. The blue line is the fitting curve of the corresponding data. Insert
shows the definition of the polarization angle 6 of the incident linear polarized
laser. (E) Is. spatial distribution mapping of a device comprising five coherent
AC-Rs, in which the dashed outlines indicate the ribbons and the gray lines
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indicate the electrode edges. (F) Representative I-V characteristics of
10-armchair ribbon assembly measured with the 450-nm laser at different
illumination power densities ranging from 0 to 10* W cm™. (G) Incident power
density dependence of short-circuit current density (jsc) for an individual

AC-R with a crossover from a linear to a square root relationship. (H) False-color
SEM image comprising hundreds of coherent armchair ribbon channels
integrated by designed interdigital electrode pairs. The WS, ribbons are shown
in dark red and the electrodes are shown in yellow. The region of ribbons out of
the channels were etched away. (I) Collective photocurrent evolution of an
integrated ribbon array with individual numbers.

4 0of 5

20z ‘203unt uo Aisiealun Buixpd e B10°:8ous 05" MMM//SANY Wol) papeojumod



RESEARCH | RESEARCH ARTICLE

i.e., the formation of armchair ribbons (Fig. 3,
B, to D,, and fig. S8B). Notably, the armchair
arrays still retained unidirectional polarity
(fig. S10). Theoretical calculations revealed
that the S-terminated zigzag edge was more
affiliated with the Na,WO, particle, which
exhibited 3.44: eV/nm lower interfacial energy
than that of the twinned configuration (fig.
S11). Therefore, this ribbon-precursor inter-
face thermodynamically dominated the uni-
polarity growth manner of armchair ribbons.

This manufacturing strategy enables the
chirality of ribbons to be predefined by tuning
the relative angles between the ribbon axis
and lattice chain direction. For example, to
obtain ~15° chiral ribbons (C-Rs), c-plane sap-
phire substrate with the miscut direction
rotated clockwise by ~15° from the M-axis
(denoted as c/-R15° Al,Og; see fig. S12) is spe-
cifically customized. The armchair chains are
still arranged along the [1120] direction of
c-Al,O; as that of the AC-Rs whereas the steps
guiding the ribbon axis are 15°-off from the
[1120] direction (Fig. 3A3). This design success-
fully produced ~15°-chiral-angle ribbons (Fig.
3, B3 to D3, and fig. S8C). Notably, the SHG
pattern exhibits a reduced symmetry without
mirror plane, with its maximum intensity di-
rection being rotated ~15° counterclockwise
from the axis, providing information about the
handedness (Fig. 3D3). Apparently, a custom-
ized ¢/+R15° (counterclockwise rotated ~15°
from the M-axis) sapphire substrate is partic-
ularly effective for growing right-handed ~15°
C-Rs (fig. S13).

In our design, the precise structure of rib-
bons was determined by the following aspects:
(i) The couplings between WS, and the sub-
strate surface determine the lattice orientation
of the grown WS,. (ii) The couplings between
the Na,MoO, precursor and the substrate
step edges guide the unidirectional motion of
seeded particles, setting the ribbon axis. (iii)
The interface between WS, and the Na,MoO,
precursor prevents the twinned island for-
mation and thermodynamically drives the
unipolarity-terminated growth. It displays
the versatility of our strategy in designing
the polarity and chirality (including hand-
edness) simultaneously, which has long been
an extreme challenge in 1D systems.

Chirality-dependent and integratable bulk
photovoltaic effect

The BPVE in 1D WS, ribbons displays chirality-
dependent characteristics. The armchair rib-
bon possesses spontaneous polarization due
to its broken inversion symmetry in the axial
direction (Fig. 4A), resulting in the gener-
ation of a self-driven BPVE photocurrent
upon light illumination. By contrast, the net
polarization in the mirror symmetric zigzag
ribbon is nullified, generating no spontane-
ous photocurrent.
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We detected the BPVE photocurrent of the
ribbons using a two-terminal device under a
laser excitation wavelength of 450 nm (Fig. 4B).
The short-circuit currents (/) of armchair rib-
bons exhibit channel length-dependent BPVE,
with a typical I, around 20 pA at the length
of ~30 um (Fig. 4C and fig. S14:). Moreover,
the chiral ribbons exhibit a weaker BPVE re-
sponse (~1 pA), which arises from the tilted
lattice chains from the axis whereas no re-
sponses are observed in the zigzag ones. The
spontaneous photocurrent intensity of indi-
vidual armchair ribbons depends on the polar-
ization of the incident light and shows a width
dependence (Fig. 4D, fig. S15). It reaches its
maximum when the laser polarization is pa-
rallel to the ribbon axis (6 = 0°) and decreases
to the minimum at 6 = 90° confirming the
alignment of polar direction along the arm-
chair edges.

Furthermore, the positive photocurrent dis-
tribution of a ribbon array (comprising five
armchair ribbons) shows no sign change across
the entire channel (Fig. 4E), benefiting from
their coherent polarity orientation. This fea-
ture offers an effective approach for increasing
the collective photocurrent by simply increas-
ing the number of ribbons. As displayed in Fig.
4F, around 100 pA photocurrent is achieved in
the 10-armchair-ribbon assembly. It corresponds
to a short-circuit current density of 0.37 A cm ™2,
averaged across the cross-sectional area of
the entire device. Simultaneously, the short-
circuit current density displays a linear de-
pendence on the excitation power density (P <
5x10% W em2) and transitions to a square root
relationship as the light intensity further in-
creases (Fig. 4G), which is a typical feature of
BPVE rather than the photovoltaic effect
caused by the Schottky barrier (38). By further
integrating hundreds of ribbons and gathering
photocurrents through interdigital electrode
design (Fig. 4H), a substantially high collec-
tive photocurrent up to 16 nA can be accessed
from ~1000 ribbons (Fig. 4I). In addition, the
BPVE photocurrent can also be enhanced by
increasing the thickness of ribbons (fig. S16),
which illustrates the potential scalability of
TMD ribbons toward junction-free BPVE solar
cell arrays.

Conclusions

We developed a manufacturing strategy for the
controllable growth of WS, ribbon arrays with
defined chirality and coherent polarity. The flex-
ibility in fabricating deterministic-structured
ribbon arrays enabled the systematic investiga-
tion of chirality-dependent BPVE and the real-
ization of robust integration of photovoltaic
device arrays. Our strategy provides a versatile
way for on-demand tailoring and large-scale
integration of 1D materials, which will facilitate
advances in self-driving on-chip electronics and
optoelectronics.
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