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2D Molybdenum Disulfide Embedded Photonic Crystal Fiber

for all-Fiber Phase Retarder
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Xinyao Shan, Han Dong, Xu Cheng, Wentao Yu, Yonggang Zuo, Xin Jiang, Kaihui Liu,*

Zhongfan Liu,* Xu Zhou,* and Can Liu*

1. Introduction

The integration of 2D materials with optical fibers enables multifunctional

fiber devices, such as polarizers, modulators, and sensors. Recent advances in
direct vapor deposition growth further enhance light-2D material interactions
to centimeter-scale lengths, overcoming the micrometer-scale limitations of
transferred 2D materials. However, conventional methods for growing 2D
materials in fibers typically produce isotropic material architectures due to
uniform precursor deposition, limiting applications that require birefringence,
such as a phase retarder. Here, a selective vapor deposition method is
proposed to realize the non-circular symmetric growth of 2D molybdenum
disulfide (MoS,) into photonic crystal fibers (PCFs), achieving
anisotropy-engineered phase retardation. The high refractive index of MoS,
efficiently breaks the degeneracy of polarization modes in PCF and enables
phase retardation with a manageable beat length of ~7.7 cm. The MoS,-PCF
phase retarder reliably works in varying conditions, including outdoor
exposure, large deformation, and high temperature/humidity. Its phase
retardation exhibits an extremely small fluctuation of ~3.3° between 25 and
200 °C, which is two orders of magnitude lower than that of commercial
polarization-maintaining fibers (~2.0°/°C). The work provides a new solution
for the fiber device preparation and pave the way for robust polarization

manipulation in all-fiber systems.

2D  materials, with
selective absorption,!'?! tunable optical
properties,>] and exceptional optical
nonlinear effect,!%”) hold great promise for
light manipulation, such as polarized light
control, high-speed optical switching, and
nonlinear frequency conversion.l”?! Never-
theless, their atomic thickness inherently
restricts light-matter interaction length,
which limits the effectiveness of light ma-
nipulation, e.g., weak saturable absorption
process for ultrafast lasers, low efficiency
for frequency conversion. To enhance
the light-2D materials interaction, great
efforts have been devoted to integrating
2D materials with waveguides, particularly
optical fibers, which have demonstrated
multifunctional capabilities.'®!3] For in-
stance, transferring 2D materials onto
tapered fibers, D-shaped fibers, or fiber
endfaces has enabled applications of pas-
sive mode-locking, optical parametric
conversion, and electrically controllable
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polarizers.*1°1 However, the size of the transferred 2D materi-
als is inherently limited to the micrometer scale, restricting their
scalability for large-scale applications.

The direct growth approach fundamentally overcomes this
scalability limitation by in situ depositing 2D materials along
centimeter-scale fiber holes.[2°-23] This strategy has enabled MoS,
integration in microstructured fibers, demonstrating enhanced
nonlinear coefficients for supercontinuum generation!?* and sig-
nificant saturable absorption for mode-locked lasers.!*’] However,
such progress has been largely confined to applications requiring
isotropic light-matter interaction. While targeting polarization-
sensitive functionalities like an all-fiber phase retarder, the in-
trinsic structural symmetry imposed by conventional vapor de-
position becomes detrimental. Specifically, the uniform precur-
sor mass flow in vapor deposition processes leads to confor-
mal material coatings that preserve the original circular symme-
try of the fiber. To attain the necessary birefringence for polar-
ization manipulation of photons, controls over material archi-
tecture, such as selective hole filling ratios, symmetry breaking
in material distribution, and position-specific deposition, must
be achieved at sub-micron precision. However, such selective
growth demands independent precursor flux modulation across
individual micron-scale fiber holes, a feat that current deposition
systems cannot accomplish due to their intrinsic lack of spatial
resolution at the fiber-hole-array level.

Here, we proposed a selective vapor deposition method to real-
ize the non-circular symmetric growth of 2D molybdenum disul-
fide (MoS,) into isotropic photonic crystal fibers (PCFs). MoS, is
deliberately selected as the filling layer since its high refractive in-
dex can significantly break the isotropic structure of PCF, induc-
ing an effective birefringence,1?*?’] and its atomically thin thick-
ness does not alter the intrinsic transmission characteristics.!?®!
By pre-depositing Mo precursors in a row of holes of the PCF and
subsequently subjecting it to high-temperature sulfurization, an
anisotropic material architecture within the fiber was success-
fully achieved. This design enables the MoS,-PCFs to serve ef-
fectively as all-fiber phase retarders without disrupting the prop-
agation modes. In addition, the minimal variation of MoS,’s
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refractive index with temperature,?°! together with its flexible
properties,3%31] endows our phase retarder with enhanced sta-
bility against external heat and mechanical stresses. Our strategy
provides an alternative route for material-induced birefringence
beyond the stress- or geometry-based approaches.

2. Results and Discussion
2.1. Selective Growth of MoS, in PCFs

In our experiment, a selective vapor deposition method was de-
veloped to fabricate MoS, films into certain holes of single-mode
PCFs (Figure 1a). First, a pair of parallelly aligned 100-nm-thick
Au strips was transferred onto the end face of a bare PCF, only
leaving the middle row of holes along the y-direction exposed
(Figure S1, Supporting Information). The partially hole-blocked
PCF was then filled with Na,MoO, aqueous solution by capillar-
ity, leading to the pre-deposition of Mo sources in the exposed
holes. Subsequently, the fiber was dried and loaded into a chem-
ical vapor deposition (CVD) furnace for MoS, growth. At the
growth temperature of 800 °C, the pre-filled Na,MoO, volatilized
and then deposited into the inner walls of the fiber as uniformly
distributed small molten droplets. After sulfuration by a suffi-
cient sulfur vapor supply at low pressure, MoS, films were uni-
formly deposited within the selected middle row of holes along
the y-direction. The uniform length of the MoS,-PCF was signif-
icantly impacted by the concentration of Na,MoO, aqueous solu-
tion, which was optimized as 70 mg mL~! for embedding growth
of monolayer MoS, (Figure S2, Supporting Information). Based
on this optimized condition, we achieved the uniform growth of
tubular monolayer MoS, throughout a length exceeding 10 cm
within the PCF (Figures S3 and S4, Supporting Information).

The selective growth of MoS, is facilely confirmed utiliz-
ing an optical microscope while capturing side views from dif-
ferent directions. When focusing along the x-direction, a uni-
form green contrast of all MoS,-embedded holes was in sight
(Figure 1b), whereas only one row was in the focal plane along
the y-direction (Figure 1c). The photoluminescence (PL) spec-
trum collected from the selected fiber hole exhibited the typical
A exciton peak located 670 nm, indicating the monolayer fea-
ture of as-grown MoS, (Figure 1d). The frequency difference be-
tween the A, and E,, Raman modes was extracted as ~19 cm™'
(Figure 1e), a characteristic frequency difference of monolayer
Mos,.1*>%}] A slight redshift of E,, mode compared to that on a flat
silica substrate was observed, attributed to the tube-like geome-
try of MoS, embedded in the inner walls of the fiber (Figure S5,
Supporting Information).l**) The Raman mapping of E,, mode
intensity in the outlined area of Figure 1c further demonstrated
the large-scale uniformity of the selectively deposited MoS, films
(Figure 1f). To precisely characterize the quality of MoS, layers,
the silica walls of PCF were etched off, leaving isolated tube-like
MoS, (Figure S6, Supporting Information and Experimental Sec-
tion). A clear moiré pattern of the collapsed MoS, tube was visual-
ized in the scanning transmission electron microscopic (STEM)
image (Figure 1g), demonstrating the high crystallinity of as-
grown MoS, films. The uniformly embedded high-quality MoS,
monolayers within selective holes impart phase manipulation
functionality to the MoS,-PCF and facilitate its subsequent per-
formance evaluations.
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Figure 1. Fabrication and characterization of MoS,-PCFs. a) Schematic of the selective growth of MoS, in PCFs, which involves partially blocking holes
with Au strips; infusing Na,MoO, aqueous solution into PCFs; and sulfuration at a high temperature. b,c) Optical image of a MoS,-PCF in the x-direction
(b) and y-direction side view (c), respectively, indicating MoS, was selectively grown only along the row of holes in the y-direction of the PCF. d,e) PL
(d) and Raman (e) spectra of the MoS, embedded in PCF. f) Raman mapping based on the E,, mode intensity in the outlined area of (c), verifying the
selective growth of MoS, in PCF. g) STEM image of collapsed MoS, strip transferred onto a hollow grid, revealing its high crystallinity.

2.2. Utilization of MoS,-PCFs as Phase Retarders

To evaluate the phase manipulation effect of MoS, layers,
1550 nm-light propagation modes in MoS,-PCF (with monolayer
MoS, selectively embedded into the middle row of holes along
the y-direction) were studied using the full-vector finite element
method (Figure 2a,b). The light field (E) profile of fundamen-
tal mode HE,; after embedding MoS, showed that the light re-
mained primarily confined within the fiber core, suggesting that
MoS, films do not destroy the propagation mode of the PCF and
thus preserve the signal transmission (Figure 2c). In addition,
the light intensities of the two orthogonal modes HE}, and HE!,
were not completely overlapping, verifying that these originally
degenerate two fundamental modes become nondegenerate af-
ter MoS, is embedded (Figure 2d). Moreover, a distinct E salta-
tion of HE!, was observed at the interfaces of silica/MoS, /air in
the y-direction, arising from their sudden change of refractive in-
dices (1.44, 3.65, and 1.00 for silica, MoS,, and air, respectively),
which significantly affects the HE!, light transmission character-
istics due to the strong light-MoS, interaction.?!l Notably, such
a saltation was not observed in the x-direction (Figure S7, Sup-
porting Information). The simulated effective refractive index of
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HE! was lower than that of HE7,, leading to a larger propagation
velocity of y-polarized light (Figure S8, Supporting Information).
Therefore, phase retardation between HE}, and HE!, light was
involved, altering the polarization state of the output light.

The calculated birefringence and beat length (L,) of MoS,-PCF
were ~2.2 X 1075 and ~7.2 cm, respectively (Figure 2e and Exper-
imental Section). To reach the same birefringence, it requires a
much greater thickness of ~24.3 nm for SiO,, stemming from
the fact that monolayer MoS, can locally confine more optical
field energy and highlighting the advantages of monolayer MoS,
(thickness of ~0.7 nm) as a filling material for modulating the op-
tical birefringence (Figure S9, Supporting Information). Further-
more, the manageable beat length of MoS,-PCF facilitates easier
splicing and integration with an all-fiber system as it reduces the
sensitivity of phase retardation to fiber length variations, thereby
improving the stability and control of the polarization state.

2.3. Phase Manipulation Capability of MoS,-PCFs

To investigate the phase manipulation capacity of MoS,-PCFs, we
employed a methodology based on Mueller matrix and Stokes
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Figure 2. Phase manipulation of MoS,-PCFs. a) Schematic of the MoS,-PCF phase retarder. MoS, was selectively embedded only along the row of holes
passing through the core in the y-direction of the PCF, inducing material birefringence and phase retardation. The periodic variation in the polarization
state corresponds to the beat length. b) Schematic of the end face of the phase retarder. The selective embedded MoS, made the y-axis the fast axis.
c) Optical field (E) profile of HE;; mode in the 4.35 um-core PCF embedded with monolayer MoS, at the wavelength of 1550 nm. d) Normalized electric
E distribution of the HE}, (blue curve) and HE?1 (red curve) in the y-direction of (c). Right, zoomed-in view of the dashed square in the left panel,
showing a distinct saltation. e) The simulated phase retardation of MoS,-PCF with different lengths. The beat length L, was extracted as 7.2 cm.

vector analyses!®3¢! (Figure 3a). Assuming a known polarized
light with Stokes vector §;, incident upon a sample, the gener-
ated Stokes vector S, containing sample characteristic informa-
tion can be obtained as:

5, 10 0 0%

S = 5 =M S = 0 my, my; my, 5;1 (1)
s, S0 my, myy my | ]S,
S, 0 my, my; cosn,| | s,

™

Here, M, is the Mueller matrix of the sample, m; (i=2,34
and j = 2, 3, 4) are the nonzero elements of the Mueller matrix,
and #, is the phase retardation of light after transmitting through
the sample. In our experiment, a right-circularly polarized light
(S, =[1001 ]T) was incident upon the MoS,-PCF, and accord-
ing to Equation (1), we can obtain:

7, = arccos (53) (2)

Since the relationship between S; and S, can be represented
on a Poincaré sphere (Figure 3b), therefore, the phase retardation
n, can be computed by measuring S,

As shown in Figure 3c, by collecting the mode field distribu-
tion through an optical beam profiler, only a fundamental mode
was transmitted in our MoS,-PCF, which ensures the accuracy
of our phase retardation measurements without considering the
disruption of high-order transmission modes. To evaluate the
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potential transmission loss introduced by MoS,, we compared
the output power transmitted through a 5.5-cm bare PCF and
the MoS,-PCF under identical coupling conditions. The result
showed that the MoS, coating introduces only ~2% additional
insertion loss due to the weak optical absorption of MoS, at
1550 nm (Table S1, Supporting Information).

The phase retardation of a segment of MoS,-PCF was mea-
sured using a polarimeter, and the L, of ~ 7.7 cm was derived
from the proportionality between phase retardation and fiber
length (Figure 3d and Experimental Section). Note that the small
variation from our theoretical predictions arises from inherent
fluctuations in the hole geometry. In addition, the nearly per-
fect linear profile indicates the uniform birefringence in MoS,-
PCF induced by asymmetrically embedded MoS, films. The man-
ageable beat length of the MoS,-PCF facilitates precise cleaving
for phase retarders with specific polarization conversion capabil-
ities. Half-wave and quarter-wave retarders were fabricated from
MoS,-PCF with varying lengths, demonstrating that the MoS,-
PCF phase retarder can function as feasibly as that of traditional
waveplates (Figure S10, Supporting Information).

2.4. Outstanding Stability Under Various Environmental
Conditions

The MoS,-PCF phase retarder demonstrated excellent sta-
bility under outdoor exposure, large deformation, and high

© 2025 Wiley-VCH GmbH
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Figure 3. Phase retardation measurement of MoS,-PCF phase retarder. a) Schematic of the phase retartation measuring system. The optical components
consist of a laser, polarizer, quarter-wave plate (QWP), MoS,-PCF, polarimeter, optical beam profilers, and several reflectors. Circularly polarized light
with a wavelength of 1550 nm is transformed into elliptically polarized light after passing through the MoS,-PCF. b) Schematic of the relationship between
the component S3 and the S, on the Poincaré sphere. c) The normalized intensity distribution of the output beam spot from MoS,-PCF. The output
mode pattern indicates that only the fundamental mode is transmitted. d) Phase retardation (1) variation with the length of MoS,-PCF, featuring a beat
length of 7.7 cm. The phase retardation of the incident light was set as 0.

temperature/humidity. As illustrated in Figure 4a, a 3.7-cm
MoS,-PCF exhibited minimal fluctuation in phase retardation,
ranging from +1.2° to —2.1° over the temperature range of 25—
200 °C. In contrast, the commercial polarization-maintaining
fiber (PMF) displayed significant temperature-dependent phase
variation, with phase retardation increasing linearly with tem-
perature (x2.0°/°C), further highlighting the thermal stability of
our MoS,-PCF. Additionally, the zero-order quarter-wave retarder
fabricated from MoS,-PCF maintained a stable linearly polarized
output across varying temperatures when incident upon right-
circularly polarized light, confirming its stability of polarization
conversion (Figure 4b). Moreover, a small variation of 0.1 cm in
retarder length can produce a steady phase change of ~5° across
temperature variations, demonstrating the high sensitivity and
robust reliability of phase manipulation, as shown in Figure 4c.
The MoS,-PCF also exhibited bending stability comparable to
high-birefringent PMF. When the MoS,-PCF was bent along the
y-direction, it showed only 3°-phase-retardation variations across
a stress radius range from 10 to 5 cm, arising from the strong
structural stability of PCF and excellent mechanical flexibility of
MosS, (Figure 4d). Furthermore, the retardation fluctuation re-
mained within +0.3° even when the MoS,-PCF was exposed to
sunlight and relative humidity levels exceeding 90% for 100 h,
demonstrating its reliability for both indoor and outdoor condi-
tions (Figure 4e). Given the performance of our MoS,-PCF, with
minimal phase variation under mechanical stress, high humid-
ity, and a wide temperature range, it meets the typical standards
for commercial phase retarders, making it highly suitable for in-
tegration with all-fiber systems.
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3. Conclusion

In summary, we have successfully grown MoS, non-circular-
symmetrically into specific holes of PCFs through a selective va-
por deposition method. Our MoS,-PCF exhibits uniform bire-
fringence and features a beat length of 7.7 cm, ensuring sta-
ble polarization conversion while preserving signal transmission.
It has exceptional stability against external heat and mechani-
cal stress, and maintains high performance in outdoor environ-
ments. The universality of this spatially controlled growth ap-
proach enables extension to other 2D materials and complex hole
patterns, opening new possibilities for designing fiber devices
with tailored anisotropic responses, such as tunable circular-
polarization converters, electrically controlled phase retarders,
and light emitters with tunable polarization states.

4. Experimental Section

Partially Blocking of PCF’s Holes with Au Strips:  The PCF was blocked
by a well-controlled dry-transfer technique. The polypropylene carbonate
(PPC) film was first spin-coated on 100-nm-thick Au strips (patterned by
electron-beam lithography) and then peeled off for hole blocking. A piece
of PCF was vertically fixed under a microscope, while the Au strip attached
to the PPC film was horizontally positioned on a multi-dimensional trans-
fer stage. It was crucial to align the fast axis of the PCF parallel to the edge
of the Au strip before advancing the PCF to touch the Au strip. Upon the
appearance of Newton rings in the microscope’s view, heat was applied
to attach the Au strip to the PCF’s end face. This blocking process was
repeated to cover the other side of the holes by the Au strip. The PPC was
removed by annealing at 300 °C for 8 h under a low-pressure condition
(<200 Pa) with Ar (500 sccm) and H, (50 sccm) flow.
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Figure 4. Stability performance of MoS,-PCF phase retarder. a) Phase retardation of a 3.7-cm MoS,-PCF and PMF working at 25 to 200 °C. b) The output
light characteristics of a quarter-wave retarder fabricated from MoS,-PCF with circularly polarized input at different temperatures. c) Phase retardation
of MoS,-PCF at varying lengths and temperatures. d) Relative phase retardation in MoS,-PCF and PMF under different bending radius. ) Variation of
phase retardation under indoor, outdoor, and relative humidity greater than 90%. The phase retardation of the incident light was set as 0. The relative

phase retardation was shifted vertically for clarity.

Fabrication of MoS,-PCFs: A single-mode PCF with small silica solid-
core (~4.35 pm) and seven arrays of patterned air-holes was used for
the growth of monolayer MoS,. The Na,MoO, aqueous solution with a
required concentration of 70 mg mL~" was filled into the fiber by capil-
lary. Then the feedstock-filled fiber was baked at 110 °C for dewetting, and
the pre-deposited fiber was then placed in a CVD furnace, and 1 g sul-
fur powder (99%, Sigma—Aldrich) was positioned in the upstream region
outside the heating zone. The furnace temperature was ramped up to the
optimized temperature of ~800 °C for MoS, growth, with an Ar flow of
100 sccm, under 150 Pa. The reduced-pressure environment was essential
for enabling uniform sulfur diffusion through the PCF’s holes. During the
growth, the temperature for sulfur vaporization was maintained at ~#150 °C
by a heating belt. After 30 min of growth, the system was naturally cooled
down to room temperature.

Isolation of MoS, From PCF: The MoS,-PCF was placed onto a silicon
substrate and then immersed in hydrofluoric acid solution (40% in water)
for ~4 h at room temperature. The SiO, walls were etched off, and the re-
sulting tube-like MoS, monolayers collapsed as strips onto the substrate.

Numerical Modeling: Numerical simulations were processed using
the RF module of COMSOL Multiphysics. The effective refractive index of
the fundamental guiding mode in MoS,-PCF was calculated by using the
finite element method in COMSOL, and then the beat length can be cal-
culated by Lp = A/B. 4 s the light wavelength and B = |Re(n’;ﬁr) - Re(nzﬁ)l
is the fiber birefringence coefficient, where ”;Xzﬁ and "ij is the effective re-
fractive index of the fundamental mode of PCF in the x- and y- polarization
directions, respectively.

Phase Retardation Measurements: A C-band tunable laser (Thorlabs,

TLX1) provided a wavelength-tunable CW laser (1550 nm, 10 mW), and
then it was transmitted through a polarizer (Thorlabs, LPIREA050-C) and
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a quarter-wave plate (Thorlabs, WPQO5M-1550) to obtain circularly polar-
ized light. The light was then focused onto the MoS,-PCF via a lens (Thor-
labs, N414TM-C, f = 3.3 mm, NA = 0.47). The signal was collimated by a
40x objective and collected by a polarimeter (Thorlabs, PAX1000IR2/M)
and an optical beam profiler (Dataray, BladeCam2-HR). After measuring
the phase retardation of a segment of MoS,-PCF, a portion of this fiber
was cut, and then the phase retardation of the remaining segment was
measured. The Lp was extracted by continuously cutting different lengths
of fiber and measuring their phase retardation. To study its environmen-
tal stability, the phase retardation was measured every 10 h of sunlight or
relative humidity (RH) exceeding 90% exposure.

Characterizations: Optical images were taken with an Olympus
BX5TM microscope. Raman and PL measurements were performed us-
ing a WlTec alpha300R system with a laser excitation wavelength of
514 nm and a power of 1 mW. AFM image was obtained using an Asy-
lum Research Cypher AFM system. SEM images were collected by a FEI
Nova NanoSEM 430 scanning electron microscope. STEM image was per-
formed in the FEI Titan Themis G2 300 operated at 300 kV.
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Supporting Information is available from the Wiley Online Library or from
the author.
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