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ABSTRACT: Incorporating atomically thin two-dimensional (2D) materials MBN/Gr-ARF Cononth BN st

with optical fibers expands their potential for optoelectronic applications.
Recent advancements in chemical vapor deposition have enabled the batch
production of these hybrid fibers, paving the way for practical implementation.

e C
However, their functionality remains constrained by the integration of a single 2
2D material, restricting their versatile performance. Here, we introduce a
boron nitride/graphene (BN/Gr) heterostructure in the antiresonant hollow- i 100 —
core fiber (ARF) to modulate its optical resonance and thus enhance graphene ~ 7*%™™ 5 _sof | |
nonlinearity by controlling the BN thickness. Hydroxyl-rich methanol is v AH‘ " PO et ot i
employed to improve the flatness and crystallinity of graphene, promoting the ¢~ y St :ﬂgg e
vertical epitaxy of BN with a controllable thickness ranging from 5 to 50 nm. 4 o4 S O 0 Y O Y
The engineered optical resonance notably tunes the light—graphene — ®<* 0 50 100 150 200 250 309

ime (ns)

interaction within the BN/Gr-AREF, increasing the depth of nonlinear optical
modulation from 4% to 10% and enhancing all-optical modulation performance by 75%. Our methodology opens possibilities for
tunable optical waveguides via the direct growth of functional 2D material-based heterostructures, oftering a robust platform for the
development of highly integrated photonic devices.

H INTRODUCTION transmission loss.”> Hexagonal boron nitride (hBN), with a
Antiresonant hollow-core fibers (ARFs) advance light guidance large and §table bandgap on thickness 1ncrelazsze6 (~6.0 eV,
corresponding to light transparency >207 nm), ~“° emerges as

by exploiting optical antiresonances across a broad wavelength
range, particularly via a nested nodeless lattice of thin silica
tubes as the cladding."”> This unique structure offers ARFs
superior optical performances over conventional optical fibers,
including ultralow transmission loss and high transmission
speed, reshaping optical communication.”~" Additionally,
ARFs facilitate the development of diverse integrated all-fiber
devices by tuning optical resonance through fiber redesign and
redrawing or by filling the core with functional gases, enabling
applications ranging from filters and frequency combs to
quantum sources.”” > However, both approaches are often
hindered by either remanufacturing complexity and limited

accuracy ot enwr'(?nmental instability and incompatibility with resonance and enhanced light—graphene interaction within the
the established silica fiber platform.

The integration of solid-state two-dimensional (2D) nano- ARF. Consequently, the nonlinear optical modulation depth of
materials V\%ith ARFs presents a promising alternative 14—10 the hBN/Gr-ARF demonstrated a notable increase from ~4%

Previous research has demonstrated the potential of embed-
ding single 2D materials into microstructured optical fibers to
expand their optoelectronic applications.”’~** However, their
atomic-scale thickness contributes minimally to tuning ARF
optical resonance, while increasing their thickness to a
functional level compromises their intrinsic superior properties
or induces strong light absorption, leading to undesirable

an ideal candidate for ARF integration to modulate its optical
resonance. This tunability can be further leveraged to optimize
light—matter interaction when paired with other functional 2D
materials,”” offering flexibility for developing compatible and
versatile all-fiber devices.

Here, we vertically stacked an hBN/graphene heterostruc-
ture in the air-holes of ARF (hBN/Gr-ARF) using a sequential
chemical vapor deposition (CVD) process. By introducing
hydroxyl-rich methanol as a modifier, graphene adlayers were
effectively suppressed, resulting in a smoother surface that
enabled uniform and controllable hBN layer deposition. This
tunability allowed for substantial adjustment of the optical
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Figure 1. Growth of the hBN/Gr heterostructure on ARF. (a) Schematic of the two-step growth of the hBN/Gr heterostructure on ARF. (b)
Cross-section SEM image of hBN/Gr-ARF. (c) Raman spectra of hBN/Gr-ARF at different positions along the fiber axis. (d) SHG signals at
different positions along the fiber axis. (e) AFM image of the hBN/Gr ribbon after etching ARF. (f) Cross-section TEM image of the hBN/Gr-
AREF. The regions of ARF, graphene (Gr), hBN, and gold (Au) protection layer are labeled, respectively. (g) EELS line scan analysis along the
white line in f from point A to B. (h) hBN thickness varied with the input amounts of BH;NH; precursors. The error bar here denotes standard

deviations where N = 3.

to ~10%, while an all-optical modulator was further achieved
with ~75% performance enhancement.

B RESULTS AND DISCUSSION

hBN/Gr Heterostructure Growth on ARF. In our
experiments, the growth of the hBN/Gr heterostructure was
synthesized by sequentially depositing graphene and hBN
layers on the ARF surface (Figure la). During the graphene
growth, methane was used as the carbon precursor, with
methanol vapor introduced as a growth modifier. In the
subsequent step, ammonia borane (BH;NH;) was sublimated
at ~90 °C for hBN growth (Figures S1 and S2). After the
heterostructure deposition, the ARF preserved its original
structure integrity, including the intact hollow core and
periodic air-holes (Figure 1b and Figure S3). The darker
optical contrast of hBN/Gr-ARF compared to that of Gr-ARF
and bare ARF preliminarily suggested enhanced light
absorption by graphene in the presence of hBN, since hBN
is transparent to visible light (Figure S4). For graphene
characterization, the graphene layer was solely deposited on
the ARF without subsequent hBN layers. Raman spectra along
the fiber axis confirmed the uniform growth of high-quality
graphene by sharp G- and 2D-peaks and a low D- to G-mode
intensity ratio (Ip/Ig) of ~0.2 (Figure lc). After etching the
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silica fiber, the graphene within the air-holes collapsed into a
compact ribbon, revealing its conformal coverage along the
fiber air-holes (Figure SSa). Transmission electron microscopy
(TEM) further verified the single-layer feature of the as-
synthesized graphene (Figure SSb).

After the sequential growth of hBN, the successful
deposition was confirmed by distinct B and N signals in X-
ray photoelectron spectra (XPS, Figure S6) and the presence
of a B—N signal (~1370 cm™") in infrared spectra (IR, Figure
S7). Second harmonic generation (SHG) signals along the
fiber axis further validated the uniformity of the as-synthesized
hBN (Figure 1d), as the centrosymmetric graphene lattice does
not contribute to SHG signals. Upon etching the silica fiber, a
continuous hBN/Gr ribbon was obtained, displaying uniform
distributions of B, N, and C signals with negligible O signal in
energy dispersive X-ray spectroscopy (EDS) mapping,
indicating high uniformity and purity of the heterostructure
(Figure S8). The hBN thickness was determined by
subtracting the graphene ribbon thickness (~2 nm, Figure
SSa) from the total thickness of the hBN/Gr ribbons (Figure
le and Figure $9) and then dividing the result by two.”* A
cross-sectional TEM image revealed well-aligned layered
structures of graphene and hBN along the fiber axis (Figure
1f). Corresponding electron energy loss spectra (EELS) line
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Figure 2. Control of the hBN/Gr stacking structure on ARF. (a) Schematic of BCN/Gr synthesis. BN tends to attach to the edge of the graphene
adlayer and form the in-plane structure. (b) Schematic of hBN/Gr synthesis. BN was vertically stacked on the adlayer-free graphene. (c, d) AFM
image of the graphene domain on the surface of ARF without (c) and with methanol (d). (e) Graphene adlayer percentage distribution without
(blue line) and with (red line) methanol. 100 data points were collected for each sample. (f) XPS B 1s spectra of BCN/Gr-ARF (top) and hBN/

Gr-ARF (bottom). (g) HRTEM images of the hBN/Gr.

scanning and EDS elemental mapping demonstrated a clear
interface between graphene and hBN, confirming the vertical
stacking configuration of the hBN/Gr heterostructure in the
air-holes of the ARF (Figure 1g and Figure S10). By variation
of the input amount of BH;NH; precursors, the hBN thickness
was modulated from ~S to SO nm (Figure 1h).

Stacking Control of hBN/Gr Heterostructure. During
the hBN/Gr heterostructure synthesis, an in-plane hBN-Gr
structure (denoted as BCN) tends to form, especially along the
edges of graphene adlayers, due to the closely matched lattice
structures between hBN and graphene (lattice mismatch of

<2%).”7*% This in-plane configuration increases light
absorption and degrades the nonlinear optical performance
of graphene.”® Therefore, reducing graphene adlayers and
enhancing graphene flatness may provide an effective approach
for achieving precise control of the vertical stacking between
graphene and hBN, thereby optimizing the optical perform-
ance of the hybrid fiber. Theoretically, at the graphene growth
temperature (~1100 °C), methanol decomposes into OH
radicals, which can etch graphene defects and promote the
uniform growth of monolayer graphene (Figure S11).** In our
experiments, we found that introducing methanol via argon
bubbling during graphene growth prominently reduced the
defect density, especially the adlayer percentage (Figure 2a,b).
Specifically, the graphene adlayer percentage decreased from
0.73 to 0.08 with the introduction of methanol (Figure 2c—e
and Figure S12). Meanwhile, this process decoupled the
interaction between graphene and ARF, enabling quasi-
suspended uniform graphene growth on ARF, as indicated
by the suppression of C—O and sp® C signals in the C 1s XPS
spectra (Figure S13). Furthermore, a distinct red shift in the
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2D and G peaks was observed in the Raman spectra of the as-
synthesized graphene compared to that synthesized without
methanol (Figure S14), indicating a reduced graphene—
substrate interaction. In addition, to evaluate the influence of
ambient exposure on graphene, we measured the Raman
spectra of Gr-ARF and hBN/Gr-ARF synthesized under
identical conditions. The G and 2D band positions were
comparable at 1582 and 2680 cm™’, respectively (Figure S15),
indicating that ambient exposure induced negligible differences
in graphene doping. This methanol-introducing approach also
enhanced the graphene grain size and crystallinity, as
confirmed by atomic force microscopy (AFM) and high-
resolution TEM (HRTEM) (Figure 2c,d and Figure S16).

The improved graphene flatness facilitated the subsequent
vertical stacking of hBN with an enhanced uniformity (Figure
2a,b). After the sequential BN deposition, XPS analysis
revealed distinct B—O, B—C, and N—C peaks for hBN/Gr-
ARF synthesized without methanol (denoted as BCN/Gr-
ARF), indicating the presence of in-plane BCN. In contrast, for
hBN/Gr-ARF synthesized with methanol, only a single B—N
peak was observed in both B 1s and N 1s spectra for hBN/Gr-
ARF (Figure 2f and Figure S17). HRTEM images showed a
lattice distortion in BCN/Gr (Figure S18), whereas hBN/Gr
exhibited a crystalline lattice structure with moiré patterns
(Figure 2g), confirming the successful control of the vertical
stacking structure with negligible interlayer doping. Con-
sequently, hBN/Gr-ARF showed a stronger SHG signal and
higher thermal stability compared with BCN/Gr-ARF (Figures
S19 and S20).

Simulation of hBN/Gr in Modulating the Optical
Resonance of ARF. The tunability of the stacked hBN

https://doi.org/10.1021/jacs.5c09658
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Figure 3. Simulation of tunable optical resonance in hBN/Gr-ARF. (a) Evolution of the fundamental mode in hBN/Gr-ARF at 1550 nm with
varying hBN thicknesses. (b) Normalized electric field intensity distribution of monolayer graphene on ARF along the X-axis in a. The electric field
intensity at the outer and inner graphene layer was ~4.2% and 4.5%, respectively, to that at the core center, quantifying the light—graphene
interaction along the fiber. (c) Ratio of the total electric field intensity at the two innermost graphene positions (as shown in b) to that at the core
center (Eg,/Ecene:) varied with different hBN thicknesses at 1550 nm. (d) Eg,/Ecepe: With different hBN thicknesses at 1310 nm wavelength. (e)
EG/Ecenter @t different laser wavelengths with 20 nm hBN showed a lower relative intensity within the 950—1100 nm range, indicating the
antiresonance region. (f) Relationship between hBN thickness and wavelength at maximum Eg,/Eceper-

thickness is expected to have a distinct impact on modulating
the resonance behavior of the Gr-ARF."” To investigate this
effect, we first conducted simulations to examine the evolution
of the electric field in the hybrid fiber as the hBN thickness
increased. Changes in the mode profile served as a visualized
indicator for tracking shifts in the optical resonance of the
hBN/Gr-ARF."* The simulation results revealed that at the
telecommunication wavelength of 1550 nm, the fundamental
mode of the hBN/Gr-ARF initially expanded as the hBN
thickness increased from 0 to 20 nm and then contracted with
a further increase to 40 nm (Figure 3a and Figure S21). It
should be noted that the fundamental mode of an optical fiber
possesses two degenerate polarization states because of the
cylindrical symmetry of ARF. These polarization states became
more strongly manifested when the optical resonance was
distinctly enhanced with an hBN thickness of 20 nm, thereby
giving rise to a pronounced mode asymmetry along the
polarization direction (Figure S22). This variation influenced
the distribution of electric field intensity within the
fundamental mode, thus affecting the interaction between
light and graphene.”® To quantify this interaction, the intensity
of the fundamental mode along the X-axis in the hybrid fiber
was normalized (Figure 3b and Figure $23), and the ratio of
EG./Ecenter Was defined as the total electric field intensity at the
two innermost graphene positions relative to that at the core
center. The evolution of the other degenerated fundamental
mode is also included in Figure S24, confirming that the
following quantitative calculation of light—graphene interac-
tion in Figure 3¢ was based on the combined influence of both
fundamental modes. As the hBN thickness increased, Eg,/
Ecenter followed a trend similar to that of the fundamental
mode profile (Figure 3a) and peaked at ~60% for an hBN
thickness of 20 nm (Figure 3c), corresponding to the ARF
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optical resonance. In addition to hBN thickness, the input
wavelength also influenced ARF optical resonance. When the
wavelength was changed to another telecommunication band
at 1310 nm, the fundamental mode showed a different
evolution and became increasingly confined as the hBN
thickness increased from 0 to 40 nm (Figure S25), consistent
with the behavior of Eg/Ecey.. (Figure 3d). Across the
wavelength range of 800 to 1600 nm, for an hBN thickness of
20 nm, EG,/Eceyer reached a minimum value between 980 and
1064 nm (Figure 3e). This result closely aligned with the
theoretical prediction regarding the optical resonance con-
dition of the ARF (eq 1):

mA
2ni =g (1)

where t is the tube thickness, A is the wavelength, m is the
resonance order represented by a positive integer, and n; and
no are the refractive index of the silica tube and air,
respectively. Additionally, the hBN thickness corresponding
to the maximum Eg/Ecey., within the 1300 to 1600 nm
wavelength range was analyzed, revealing a gradual increase
with increasing wavelength (Figure 3f). This observation was
consistent with the evolving trend of the resonance conditions
in the ARF.

hBN/Gr-ARF-Based All-Optical Modulator. Experimen-
tally, we found that the sole embedding of hBN introduced
minimal additional loss (<0.02 dB cm™) to the bare ARF at
wavelengths of 1550 and 1310 nm, owing to the large bandgap
of hBN (Figure S26). This value remained stable, even when
the peak intensity of the input light was increased to 50 MW
cm ™2 In contrast, the hBN/Gr-ARF with an embedding hBN
thickness of ~20 nm exhibited a prominent transmission loss

t=
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Figure 4. hBN/Gr-ARF-based all-optical modulator. (a) Schematic diagram of the all-optical modulation based on graphene nonlinear optical
modulation. 4y and 4, represent the pulsed pump and CW probe light wavelengths, respectively. (b) Nonlinear optical modulation curves of hBN/
Gr-ARF (with ~20 nm hBN thickness) and Gr-ARF. The solid curve was fitted according to the experimental data (circles). (c) Nonlinear optical
modulation depth for the hBN/Gr-ARF at 1550 nm with different hBN thicknesses. (d) Modulated pulse train of 1550 nm CW probe light under a
1064 nm picosecond pump light in hBN/Gr-ARF with ~20 nm hBN thickness and Gr-ARF. AT is the change in transmission. (e) All-optical
modulation performances of CW probe light at 980, 1310, and 1550 nm under a 1064 nm pulsed pump light. The error bars in parts ¢ and e denote

standard deviations, where N = 3.

of 0.55 dB em™!, which was 0.22 dB em™ higher than that of
the Gr-ARF at 1550 nm (Figure S27). This increase indicated
that the embedded hBN strengthened the light—graphene
interaction in the ARF, driven by enhanced optical resonance.
To exploit this effect for ARF-based integrated all-fiber devices,
we first investigated the nonlinear optical modulation property
of graphene (Figure 4a).*° As the input light intensity
increased, the transmission of the ARF gradually saturated,
demonstrating a modulation depth of 9.8% in the hBN/Gr-
ARF, compared to 4.1% in the Gr-ARF (Figure 4b).
Furthermore, as the hBN thickness varied from 0 to ~35
nm, the modulation depth initially increased, with a peak at
~20 nm, and then declined (Figure 4c and Figure S28). This
tunable behavior closely matched the trend observed in the
simulation results in Figure 3a. When the pump wavelength
was switched to 1310 nm, the modulation depth of the hBN/
Gr-ARF showed a different dependence on the hBN thickness,
decreasing consistently with the increase of hBN thickness
(Figure S29). This outcome also aligned with the simulated
evolution of the electric field distribution (Figure 3d) and
suggested a transformation in light guidance from resonance to
antiresonance conditions in the fiber. Notably, our vertical
stacking control strategy, using methanol to minimize the
graphene adlayers, played a vital role in enhancing the optical
performance of the ARF. When comparing the modulation
depths of BCN/Gr-ARF and hBN/Gr-ARF, both with similar
graphene (monolayer) and BN/BCN thicknesses (~20 nm)
and a pump wavelength at 1550 nm, the BCN/Gr-ARF
exhibited a noticeable increase in transmission loss and a
decrease in modulation depth compared to those of the hBN/
Gr-ARF (Figure S30).

By leveraging graphene’s ultrafast relaxation of photoexcited
carriers,”” the tunability of nonlinear optical modulation in
hBN/Gr-ARF could potentially serve as a controllable and

efficient all-optical modulator. When a pulsed pump at 1064
nm and a continuous wave (CW) probe at 1550 nm were
launched into the hBN/Gr-ARF with a ~20 nm hBN thickness
(Figure S31), the output CW light exhibited pronounced
intensity modulation and a higher normalized pump-induced
differential transmittance (AT/T) of 52.6%, compared to
30.0% in the Gr-ARF, while maintaining the same repetition
frequency as the pump light (Figure 4d). This improvement
was attributed to the stronger resonance in the hBN/Gr-ARF.
Both the hBN/Gr-ARF and Gr-ARF exhibited an ultrafast
response on the order of ~0.20 ps under a 400 nm optical
pump and an 800 nm optical probe (Figure S32). It is worth
noting that the broader nanosecond time scale in Figure 4d, as
compared to the subpicosecond time scale in Figure S32, was
primarily limited by the bandwidth limitations of the
photodetector and oscilloscope (MHz-GHz). In contrast,
when the probe wavelength was shifted to 1310 nm, the
hBN/Gr-ARF exhibited an ~16.2% lower AT/T compared to
the Gr-ARF (Figure 4e). However, at a probe wavelength of
980 nm, AT/T became negligible in both the Gr/ARF and
hBN/Gr-ARF, as carriers in the graphene valence band
continued to absorb photons from the probe light, except at
the states occupied by the longer-wavelength pump at 1064
nm (Figure 4e and Figure S33). The all-optical modulation
capability of the hBN/Gr-ARF is not limited to modulating
CW probes with pulsed lasers. A 1550 nm CW probe was also
effectively modulated by a 980 nm CW pump light, achieving a
comparable modulation depth of ~18% at a pump power of
450 mW (Figure S34). This all-optical modulation depth
demonstrated a positive correlation with pump power,
indicating a higher nonlinear optical response for the hBN/
Gr-ARF.

https://doi.org/10.1021/jacs.5c09658
J. Am. Chem. Soc. 2025, 147, 33735-33742


https://pubs.acs.org/doi/suppl/10.1021/jacs.5c09658/suppl_file/ja5c09658_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.5c09658/suppl_file/ja5c09658_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.5c09658/suppl_file/ja5c09658_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.5c09658/suppl_file/ja5c09658_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.5c09658/suppl_file/ja5c09658_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.5c09658/suppl_file/ja5c09658_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.5c09658/suppl_file/ja5c09658_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.5c09658/suppl_file/ja5c09658_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.5c09658/suppl_file/ja5c09658_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.5c09658?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c09658?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c09658?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c09658?fig=fig4&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.5c09658?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society

pubs.acs.org/JACS

B CONCLUSIONS

In summary, we successfully synthesized a high-quality BN/Gr
heterostructure in the air-holes of ARF using the CVD method.
This hybrid BN/Gr-ARF demonstrated a strong capacity in
engineering the fiber optical resonance by adjusting the
thickness of the vertically stacked BN layer, thereby enhancing
light—graphene interaction and notably improving the
performance of an ultrafast all-optical modulator. The
developed hBN/Gr heterostructure system exhibited other
advantages over alternative 2D material heterostructures in
terms of response time, operating wavelength range, fiber
integrability, and environmental stability (Table S1). Extend-
ing this methodology to other 2D nanomaterials beyond BN
and graphene, our strategy offers a versatile platform for
modulating optical properties (such as dispersion, birefrin-
gence, and nonlinear coefficient) in structure-fixed waveguides
across both linear and nonlinear regimes. This presents a
promising route toward next-generation, compact, and
integrable photonic devices for a wide range of applications.
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