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ABSTRACT: Elemental phosphorus exhibits a rich
polymorphism, and violet phosphorus (VP) has recently
emerged as a layered semiconductor of interest for
electronic and optoelectronic applications. However, its
intrinsic charge-transport behavior has remained elusive,
largely obscured by suboptimal device integration, low
interface quality, and environmental degradation. Here,
we report the fabrication and systematic characterization
of multi-gate field-effect transistors based on high-quality
VP crystals. To preserve the pristine nature of the
channel, we employ a van der Waals (vdW)
heterostructure architecture featuring full hexagonal
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boron nitride encapsulation and high-quality electrical contacts using either pre-patterned bottom electrodes or graphite
contacts. Our devices exhibit robust n-type conduction with ohmic-like contact behavior, achieving ../l current ratios
approaching 107 and long-term ambient stability. Notably, the n-type characteristics persist independent of the contact metal
work function. Comprehensive dual-gate modulation and temperature-dependent analyses confirm clear unipolar n-type
behavior of the VP channel. These findings clarify the inherent transport nature of VP and underscore the critical role of
interface engineering in unlocking its full potential for advanced multifunctional electronic and optoelectronic devices.
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1 Introduction

Elemental phosphorus allotropes have emerged as a significant class
of materials, exhibiting a diverse range of electronic and
optoelectronic properties that stem from their structural complexity
and unique atomic configurations [1-8]. Among these,
semiconducting phosphorus allotropes have attracted particular
attention. Driven by their exceptional photoresponsivity and
distinct electrical characteristics, these materials are being actively
investigated as channel materials for high-performance field-effect
transistors (FETs) and optoelectronic devices [9-12]. In particular,
black phosphorus (BP) has been extensively studied as an
archetypal 2D layered semiconductor, renowned for its high carrier
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mobility and ambipolar electrical behavior [13—15]. Similarly, other
allotropes, such as amorphous (type-I) and fibrous (type-IV) red
phosphorus (RP), have been reported to exhibit p-type electrical
characteristics [12, 16-18]. Adding to this landscape of phosphorus
semiconductors, violet phosphorus (VP, type-V) has garnered
growing interest. VP possesses a layer-dependent bandgap,
estimated to be approximately 2.5 eV for monolayer and 1.6 eV in
bulk form [19, 20]. This property, combined with its strong
photoresponsivity, makes it a promising candidate for
phototransistor applications [21-23].

Despite these intriguing prospects, the fundamental charge
transport nature of VP remains unclear. For instance, while some
studies have suggested p-type behavior [21, 24], others have
observed n-type characteristics [25, 26], indicating that the intrinsic
transport mechanism is not yet fully elucidated. This lack of clarity
is further compounded by the suboptimal performance of currently
reported devices, which are frequently characterized by low I,/L¢
ratios and carrier mobilities that fall short of those observed in BP
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and RP. Furthermore, the persistent challenge of forming reliable,
low-resistance ohmic contact continues to impede the realization of
high-performance VP electronics.

To address these challenges and unveil the native charge
transport properties of VP, we report the fabrication of high-
performance FETs utilizing high-quality VP crystals. To mitigate
the material’s susceptibility to ambient degradation, all exfoliation
and van der Waals (vdW) assembly procedures were strictly
performed within an inert nitrogen-filled glovebox (O, H,0O <
0.1 ppm). Recognizing that conventional direct metal deposition
processes are prone to inducing structural defects on the channel
surface, we implemented damage-free contact strategies, utilizing
vdW graphite contacts or pre-patterned metal bottom-contacts, to
eliminate fabrication-induced defects and preserve the chemically
pristine VP interface. Through this robust architecture, we
successfully observed unambiguous n-type transport behavior with
linear ohmic characteristics, providing compelling evidence to
clarify the inherent conduction polarity of VP. These findings not
only shed light on the native transport mechanism of VP but also
demonstrate its significant potential for future electronic
applications.

2 Methods

2.1 Synthesis of violet phosphorus crystals

A quartz tube, with dimensions of 30 cm in length, 15 mm in outer
diameter, and 13 mm inner diameter, was prepared. Its interior was
cleansed through sonication first in acetone and subsequently in
isopropanol (IPA). Following the cleaning, the quartz tube was
transferred into a glove box operating under a N, atmosphere.
Within the environment, red phosphorus lumps (99.999%, Thermo
Fisher Scientific), tin(IV) iodide (Snl, 99.999%, Sigma-Aldrich),
and tin powder (Sn, 99.995%, Thermo Fisher Scientific) were
sequentially loaded into the quartz tube. A quartz wool was inserted
to approximately 18 cm of the tube. A quartz rod was then
positioned on top of the wool. The tube was sealed under a high
vacuum of 10 Torr at the location of the rod. The sealed ampule
was then placed in a furnace. A heating gradient was established,
and the synthesis was carried out for approximately 153 h. After the
furnace cooled to ambient temperature, the ampule containing the
synthesized crystal was transferred back into the glove box. The
resulting violet phosphorus crystals were then carefully collected
from the quartz ampoule.

2.2 Optical and structural characterization

We initially identified the exfoliated flakes utilizing an optical
microscope (DM750, Leica). The approximate thickness of the VP
flakes was estimated by analyzing the optical contrast in
transmission mode. To verify the precise height and surface
morphology of the flakes, we employed atomic force microscopy
(AFM, XE-7, Park Systems). For detailed structural analysis, we
prepared samples for electron microscopy by transferring VP flakes
onto silicon nitride (Si;N,) transmission electron microscopy
(TEM) grids via a polydimethylsiloxane (PDMS) stamp. This
transfer process was conducted entirely within a nitrogen-filled
glove box to prevent surface oxidation. We examined the flake
morphology using SEM (JSM-7001F, JEOL) with an acceleration
voltage of 10 kV. Additionally, SAED patterns were recorded using
a TEM instrument (JEM-2100PLUS, JEOL) at 200 kV to assess the
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crystallinity. Finally, Raman spectroscopy measurements were
performed using a system equipped with a 532 nm excitation laser
(XperRAM, Nanobase) to further validate the crystal structure.
KPFM measurements were performed using AFM (NX10, Park
Systems) with Pt-coated Si probes (NSGO1Pt, NT-MDT) at a scan
rate of 0.35 Hz. For the sample, a graphite flake was transferred to
make direct contact with the VP flake and bridge it to pre-deposited
Ti/Au (10/50 nm) electrodes, serving as an electrical ground. All
KPFM measurements were conducted in a nitrogen-purged
environment with a relative humidity of 2%-4% and a temperature
of26-27°C.

2.3 Device fabrication and characterization

To avoid ambient oxidation, the VP, graphite, and h-BN flakes
were mechanically exfoliated inside a glove box. This process
utilized adhesive tape and PDMS. The exfoliated flakes were
subsequently  dry-transferred onto  Si/SiO, (300-nm-thick)
substrates utilizing a PDMS stamp. For devices incorporating
graphite-contact electrodes, patterning was performed using
standard electron-beam lithography (PIONEER Two, Raith). This
was followed by the deposition of Ti/Au (3/80 nm) in a thermal
evaporator (15NNS004, NNS Vacuum). For the fabrication of pre-
patterned bottom-contact devices, metal stacks of Ti/Au (2/20 nm)
or Pt (20 nm) were employed as the contacts. Electrical
characterization was conducted within a vacuum probe station (MS
Tech). The measurements were performed under a high vacuum of
approximately 10 Torr. A semiconductor parameter analyzer
(Keithley 4200A SCS, Tektronix) was utilized for all data
measurements.

3 Results and discussion

3.1 Structural and optical characterization of VP

VP crystals were synthesized utilizing a chemical vapor transport
(CVT) method [27]. The detailed temperature profile and growth
conditions are provided in the Electronic Supplementary Material
(ESM) (Figs. SI and S2 in the ESM). Figure 1 presents the crystal
structural and optical analysis of the VP. The monoclinic crystal
structure (space group P2/n) is illustrated in the side view (Fig. 1(a),
a—c plane) and top view (Fig. 1(b), a-b plane) [19, 28]. The building
block consists of distinct tubular structures formed by P; and P,
cages which are interconnected by P, dumbbells [20]. The tubular
building blocks form layered structure with perpendicular stacking
fashion along the c-axis via vdW interactions, which facilitates the
exfoliation of thin flakes. Optical microscopy images (Fig. 1(c))
reveal that the mechanically exfoliated flakes possess clean surface
and exhibit distinct color contrasts determined by their thickness.
This layer-dependent optical contrast is a critical feature that
enables the visual identification and differentiation of flakes with
varying layer numbers for device fabrication.

To rigorously evaluate the microscopic crystallinity, we
transferred a representative VP flake onto a holey silicon nitride
(Si.N,) grid for TEM analysis (Fig. 1(d)). The corresponding
selected area electron diffraction (SAED) pattern shown in Fig. 1(e)
displays a sharp and periodic rectangular array of diffraction spots.
From this diffraction pattern, we were able to determine the
crystallographic axes and identify the in-plane orientation of the VP
flake [29]. Because VP preferentially tears along the tubular-strand
direction, the exfoliated flakes are typically elongated along one in-
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Figure1 Structural and optical characterization of synthesized violet phosphorus (VP). (a) Side view and (b) top view of the monoclinic VP atomic structure (space
group P2/n). The crystal axes are indicated by the red arrows. (c) Optical microscope image of exfoliated VP flakes on a SiO,/Si substrate displaying layer-dependent color
contrast. (d) TEM image of a VP flake transferred onto a holey Si,N, grid. The red, blue, and green arrows indicate the a-axis, b-axis and (110) direction, respectively. (e)
Selected area electron diffraction (SAED) pattern obtained from the flake. The colored circles correspond to (400), (040), and (440) diffraction spots. (f) Representative
Raman spectrum of a VP flake acquired using a 532 nm excitation laser. (g) Optical image (top) and corresponding SEM-EDS elemental mapping of phosphorus (P)
(bottom). (h) EDS spectrum verifying the high chemical purity of the synthesized VP crystals.

plane axis [20], and the channel length in this work was defined
along this dominant elongated direction. Figure 1(f) shows a
representative Raman spectrum acquired using a 532 nm excitation
laser. The spectrum exhibits dominant peaks at 352, 358, 373, 451
and 471 cm™. These vibrational modes correspond to the stretching
modes of the phosphorus cages and match well with the phonon
signatures of monoclinic VP reported in previous literature [30].
Furthermore, the chemical purity was examined via scanning
electron microscopy and energy-dispersive X-ray spectroscopy
(SEM-EDS).

The elemental mapping in Fig. 1(g) demonstrates a
homogeneous distribution of phosphorus throughout the flake. The
accompanying EDS spectrum (Fig. 1(h)) reveals a distinct
phosphorus peak with no detectable signals from oxygen or other
impurities, indicating that the CVT-grown crystals are chemically
clean and suitable for high-performance electronic devices. We
note, however, that trace Sn/I-related residual species below the
EDS detection limit cannot be completely excluded.

3.2 Electrical characteristics of VP FETs

To investigate the electrical properties of VP, we fabricated vdW
heterostructure FETs. The device architecture is presented in the
schematic diagram (Fig. 2(a)), and the corresponding optical image
of a representative device is shown in Fig. 2(b). Detailed fabrication
steps and atomic force microscopy (AFM) height profiles of the
constituent flakes are provided in Figs. S3 and $4 in the ESM. To
prevent fabrication-induced  defects and environmental
degradation, all exfoliation and dry-transfer procedures were
conducted utilizing a polydimethylsiloxane (PDMS) stamp within a
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nitrogen-filled glove box where oxygen and moisture levels were
maintained below 0.1 ppm. We employed a fully encapsulated
structure using hexagonal boron nitride (h-BN) and graphite to seal
the VP channel [31, 32]. Figure 2(c) plots the transfer curves I,-V,,
measured at room temperature. The device exhibits distinct n-type
conduction behavior where the drain current (I;) increases
systematically with positive back-gate voltage (V,,), achieving a
high I,,/I; ratio exceeding 10°. Notably, this n-type transfer
behavior was consistently observed across multiple devices
fabricated with similar structures, as demonstrated in Fig. S5 in the
ESM, verifying the high reproducibility of our results.
Corresponding output characteristics I,-V, shown in Fig. 2(d)
further confirm this n-type nature. Notably, the linear dependence
of current on voltage in the low-bias region (inset of Fig. 2(d))
indicates the formation of ohmic-like contacts between the VP
channel and the graphite electrodes.

Beyond static performance, we investigated the long-term
operational stability of the fully encapsulated VP devices.
Figure 2(e) displays the time-dependent evolution of the
normalized drain current I/I,, where I, represents the current
measured from the as-fabricated (day 1). The devices maintained
their initial current levels with negligible degradation over an
extended period. Furthermore, we assessed the environmental
robustness by storing the devices in ambient air. As shown in
Fig. 2(f), which tracks the evolution of transfer curves from the as-
fabricated state to day 219, the devices exhibited remarkable
resistance to oxidation and degradation. Key parameters such as the
threshold voltage (V,,) and I,,/I ratio showed minimal deviation
from their initial values even after prolonged air exposure.

Nano Research, 2026, 19, 94908865


https://www.sciopen.com/article/10.26599/NR.2026.94908865
https://www.sciopen.com/article/10.26599/NR.2026.94908865
https://www.sciopen.com/article/10.26599/NR.2026.94908865
https://www.sciopen.com/article/10.26599/NR.2026.94908865
https://www.sciopen.com/article/10.26599/NR.2026.94908865
https://www.sciopen.com/article/10.26599/NR.2026.94908865
https://www.sciopen.com/article/10.26599/NR.2026.94908865
https://www.sciopen.com/article/10.26599/NR.2026.94908865

Kim et al.

Nano Research | Vol. 19, No. 10

(a)

(c)

, 1078 1078 . : .
VP mm Graphite ol Vig =
h-BN TilAu i z o o
107° s i - -7V
Vg Va Vig 1077F qof S = -6V
b g * L -100-50 0 50 100}= -5V
* 1070 Drain voltage Vg (mV) -4V
= —~ —=10""F -3V
== < < <
| SI/Si0, (300 nm) | ~= £ = 2.V
— 11 -
= 107 ¢ f’ = -1V
(b) 2 g S10m v
3 tE 3 2V
1072} 3 2
- Y
o S 8 4413 I
10-3] o 10 — 5V
— 6V
14 —7V
1014 10° 8V
107 107"
-8 -4 0 4 8 -100 -50 0 50 100
Gate voltage V, (V) Drain voltage V4 (mV)
~8-0C1(% =1 Vi = 4v) 1?;2 V,o1V . 107 v, -1v
T ot b L 107"k As-fapricated (1) < ool—Pt
T | AeBCt (v, =4V v, =8 Y) = 10" f— 96 Eﬂ Au
<10 ] O ,-12[= 158 @ ,-11{= Graphite
05} 1 s s 10
5 107 a
A
L L L -15 -15
00 0 100 200 300 19 -4 0 2 4 0 2
Day Gate voltage Vi (V) Gate voltage (V)

Figure2 Electrical characteristics and environmental stability of VP FETs. (a) Schematic illustration of the h-BN encapsulated VP FET with graphite contacts. (b) Optical
microscope image of a fabricated device. The white arrows indicate the top (T) and bottom (B) h-BN layers encapsulating the VP channel. The red and blue solid lines
delineate graphite contact and graphite back-gate electrodes, respectively. (c) Transfer curve (I;-V;,) measured at various drain voltages (V). The solid and dashed curves
represent the drain current (I,) plotted on logarithmic (left axis) and linear (right axis) scales, respectively. (d) Output characteristics (I;-V,) at different gate voltages. The
inset displays the linear curves in the low-bias region, indicating ohmic-like contact behavior. (¢) Normalized drain current (I/I,) of multiple devices monitored in
ambient conditions for over 200 days. (f) Transfer curve comparison of a device under ambient storage. (g) Comparative transfer curves of VP FETs fabricated with

different contact metals.

To verify the universality of the n-type behavior, we fabricated
VP FETs using three different contact metals: graphite, Au, and Pt.
To circumvent the channel degradation associated with
conventional direct metal deposition, we adopted a damage-free
integration strategy where VP flakes were dry-transferred onto the
pre-patterned Ti/Au (2/20 nm) or Pt (20 nm) bottom-contacts.
Figure 2(g) compares the transfer characteristics of these devices.
Remarkably, all devices consistently exhibited distinct n-type
electrical behavior regardless of the significant variation in contact
metal work functions. In particular, VP devices with noble metal
bottom-contacts demonstrated superior switching performance.
The Au-contacted devices exhibited I,,/I, ratios exceeding 10°
(Fig. S6 in the ESM) and the Pt-contacted devices achieved ratios
approaching 10". Figure S7 in the ESM presents a direct comparison
of the electrical characteristics between these bottom-contact and
conventional top-contacted VP devices. The extracted field-effect
mobilities of the fabricated VP devices range from 107 to
10" cm¥/(V-s), with the highest value of 0.19 cm¥(V-s) obtained
from the representative device shown in Fig. S8 in the ESM. These
results distinguish our work from existing studies, demonstrating
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not only the highest I,,/I; ratio but also the most enduring
environmental stability ever reported for VP FETs.

3.3 Temperature-dependent transport mechanism

To elucidate the fundamental charge transport mechanism
governing the n-type behavior, we performed temperature-
dependent electrical characterization of graphite-contacted devices
from 293 to 373 K. Figure 3(a) presents the transfer curves
measured at V,, = 1V across this temperature range. As the
temperature rises, the on-state I, increases monotonically while the
off-state I, remains largely unchanged. This thermally activated
transport behavior is further evidenced in the output characteristics
shown in Fig. 3(b). The device maintains excellent linearity in the
low-bias region even at elevated temperatures (inset of Fig. 3(b))
which signifies that the robust ohmic-like contact is preserved. We
analyzed this thermal activation using the thermionic emission
model described by Eq. (1)

I, o< T exp(—qDy/ksT) (1)

where g is the elementary charge, &; is the Schottky barrier height,
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Figure3 Temperature-dependent transport characteristics and analysis of the Schottky barrier. (a) Temperature-dependent transfer characteristics of a graphite-contact
device measured from 293 to 373 K at V, = 1 V. (b) Output characteristics at varying temperatures (V,, = 5 V); the inset highlights the low-bias regime. (c) Arrhenius
plots of In(I,/T*) versus 1000/ T. (d) Extracted Schottky barrier height plotted as a function of V. The inflection point corresponds to the flat-band voltage V. (€)
Work function (WF) map obtained via Kelvin probe force microscopy (KPFM), showing the WEF difference between VP and graphite. (f) Schematic band diagrams

illustrating the carrier transport mechanism under different gate bias conditions.

and kg is the Boltzmann constant. Based on this relationship, we
constructed Arrhenius plots of In(I,/T?) versus 1000/T as
displayed in Fig. 3(c). By extracting the slopes from these plots, we
calculate the barrier height as a function of gate voltage (Fig. 3(d)).
The flat-band voltage (V) was determined to be 0.03 V and the
Schottky barrier height at the graphite-VP junction was extracted
to be approximately 0.24 eV.

To corroborate the electrically extracted barrier height with
physical surface properties, we employed Kelvin probe force
microscopy (KPFM) to map the surface potential [33]. Figure 3(e)
presents the KPFM characterization of a graphite-VP
heterostructure, where the work functions (WFs) of the VP
(~ 30 nm thick) and graphite were measured to be 4.9 and 5.1 eV,
respectively. The measured WF difference (AWF) of 0.2 eV agrees
well with the electrically derived barrier height of 0.24 eV. Similar
WF values were observed even in thicker VP flakes (~ 100 nm), as
shown in Fig. S9 in the ESM. This consistency suggests that the
junction properties are dominated by interface physics rather than
bulk effects. Notably, our devices consistently exhibited n-type
characteristics regardless of the contact metal work function (Pt,

to other phosphorus allotropes such as black phosphorus or red
phosphorus which typically show p-type dominance. Such contact-
metal-independent n-type transport is difficult to explain by a
simple Schottky-Mott rule and instead suggests Fermi-level
pinning by defect-derived surface/interfacial states near the
conduction-band edge, likely associated with phosphorus vacancies
and weak oxidation-related states [34, 35]. Consistent with this
pinning model, Figure 3(f) schematically illustrates the
corresponding band alignment under gate biasing. At negative gate
voltages, the large Schottky barrier effectively blocks both electron
and hole injection. Conversely, applying a positive gate bias induces
downward band bending; this facilitates electron injection via the
joint contribution of thermionic emission and tunneling, resulting
in the observed n-type transport behavior.

3.4 Dual-gate structure modulation

We employed a dual-gate configuration to control the carrier
density and further substantiate the n-type behavior. The dual-
gated VP FET architecture featured a back-gate and a top-gate as
depicted schematically in Fig. 4(a). By sweeping the V,, while

Au, or graphite). This unipolar behavior stands in distinct contrast varying the V,, we obtained a 2D color map of the I, a function of
(@) ¥ 27w | Sci@pen 94908865 (5 of 8) Nano Rescarch, 2026, 19, 94908365
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Figure4 Dual-gate modulation and tunable carrier transport mechanism. (a) Schematic illustration of the dual-gate VP FET structure. (b) 2D color map of the transfer
characteristics as a function of V,, and V,, plotted in a linear scale. (c) Output characteristics measured at a fixed V,, = —5V while varying V,,. (d) Schematic
representations of the channel condition corresponding to state I and state II as defined in (c). (¢) Band diagrams corresponding to the specific bias points 1 and 2 marked

in (c).

both V,, and V,, (Fig. 4(b)). As V,, increases toward positive
values, the V,, shifts negatively, indicating an electrostatic n-doping
effect on the VP channel. Notably, under simultaneous negative
biasing V,,, < 0 and V,, < 0, the channel becomes completely off-
state, and no hole transport is observed. This absence of a p-type
branch, even under strong dual-gate modulation, further
corroborates the robust unipolar n-type nature of our VP FETs
(additional data in Fig. S10 in the ESM). Consistent dual-gate
modulation behavior was also observed in devices with Au bottom-
contacts as shown in Fig. S11 in the ESM.

Figure 4(c) displays the output characteristics measured under
fixed V,, = — 5V, which suppresses electron carriers without
inducing p-type conduction. Consistent with the 2D color map, the
device remains in the off-state (state I) when V,, is negative value.
As V,, increases (state II), a conductive channel is formed, allowing
carriers to flow. The schematic representations corresponding to
these specific states are illustrated in Fig. 4(d). We specifically focus
on the distinct transport behaviors marked by the black-circled
numbers. At point 1 (low V, region at V,, =2V), the I, is
effectively suppressed due to the large Schottky barrier (left panel of
Fig. 4(e)). In contrast, at point 2 (high negative V, region at
Vig =2 V), the device exhibits Schottky diode-like rectification.
This current increase arises from the drain-induced Schottky
barrier narrowing effect [36-38]. As depicted in the right panel of
Fig. 4(e), the large drain field steepens the band bending at the
drain contact, thereby facilitating carrier injection via tunneling
[39—41]. Similar trends were observed.

Consequently, by modulating the gate and drain biases, the
transport characteristics of our VP FETs can be continuously tuned.
The operation evolves from a rectifying Schottky-diode-like
behavior to a symmetric Ohmic-like regime. In the rectifying state,
a rectification ratio of approximately 10° was observed. This
versatile tunability highlights the potential of VP FETs as multi-
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functional devices capable of operating on distinct modes
depending on the biasing conditions.

4 Conclusion

In summary, we successfully synthesized high-quality violet
phosphorus single crystals via chemical vapor transport and
integrated them into vdW heterostructure field-effect transistors.
Crucially, our comprehensive electrical characteristics revealed
robust n-type transport behavior, clarifying the previous ambiguous
conduction polarity of the VP. The devices consistently exhibited
unipolar n-type behavior regardless of the contact metal work
function, highlighting the n-type nature of the material. By
implementing damage-free graphite contact, pre-patterned bottom-
contact strategy, and full encapsulation, we effectively minimized
interface degradation. Consequently, we achieved a record-high
I,/ ILq ratio approaching 10" and confirmed exceptional long-term
environmental stability. Furthermore, we demonstrated that the
transport characteristics can be tuned from a rectifying Schottky-
diode regime to a symmetric Ohmic-like state via gate and drain
bias modulation. These findings provide a clear understanding of
the inherent transport properties of VP and suggest promising
avenues for its application in next-generation multi-functional
electronics.

Electronic Supplementary Material: Supplementary material
(additional data regarding CVT synthesis, AFM profiles, and
electrical characterization) is available in the online version of this
article at https://doi.org/10.26599/NR.2026.94908865.

Data availability

All data needed to support the conclusions in the paper are
presented in the manuscript and the Electronic Supplementary

(B 7% 2 | Sci@pen


https://doi.org/10.26599/NR.2026.94908865
https://www.sciopen.com/article/10.26599/NR.2026.94908865
https://www.sciopen.com/article/10.26599/NR.2026.94908865
https://www.sciopen.com/article/10.26599/NR.2026.94908865
https://www.sciopen.com/article/10.26599/NR.2026.94908865
https://www.sciopen.com/article/10.26599/NR.2026.94908865
https://www.sciopen.com/article/10.26599/NR.2026.94908865
https://www.sciopen.com/article/10.26599/NR.2026.94908865
https://www.sciopen.com/article/10.26599/NR.2026.94908865

Nano Research | Vol. 19, No. 10

Kim et al.

Material. Additional data related to this paper may be requested
from the corresponding author upon request.
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