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This investigation elucidates the influence of nitrogen doping (N-doping) on the magnetoresistance (MR)
characteristics of graphdiyne (GDY) by methodically adjusting the levels of N-doping. Through
exhaustive experimental analyses, encompassing SEM, XPS, and magneto-transport measurements, we
demonstrate that N-doping markedly augments carrier concentration, thereby inducing distinct MR
behaviors. Specifically, Nzo-GDY manifests negative magnetoresistance (NMR) attributable to weak

localization phenomena, whereas Ngo-GDY and Ngo-GDY exhibit positive magnetoresistance (PMR)
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Accepted 18th November 2024 characterized by significant resistance enhancements. These results not only clarify the underlying

mechanisms governing the MR properties of GDY but also introduce a novel strategy for optimizing MR

DOI: 10.1039/d4ra07434c performance via controlled heteroatom doping, thereby holding considerable implications for the
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Introduction

In 2010, the synthesis of a novel two-dimensional (2D) carbon
material, graphdiyne (GDY), was successfully achieved through
a crosslinking reaction.! Comprising sp- and sp*-hybridized
carbon atoms, GDY has attracted considerable attention owing to
its remarkable properties.>® As an allotrope of graphene with
a direct bandgap structure proximate to the Dirac cone, theo-
retical predictions estimate GDY's bandgap to range from 0.46 to
1.22 eV,”® with carrier mobility comparable to that of graphene.’
Its unique structural configuration and acetylenic bonds render
GDY highly conducive to carrier transport, attaining mobilities as
high as 10" to 10°> cm”® V~' s7',*° thereby indicating substantial
potential for applications in carbon-based electronic devices.

In recent years, GDY has been extensively investigated in
domains such as energy," catalysis,"> and magnetism,"* however,
its magnetoresistance (MR) properties remain largely unex-
plored. Although several studies have examined the MR charac-
teristics of GDY, the complex factors influencing its MR behavior
are still inadequately understood and insufficiently explored.
Among the myriad factors affecting GDY's MR properties, carrier
concentration emerges as a pivotal parameter. According to the
literature, nitrogen doping (N-GDY) has been demonstrated as an
effective method for enhancing carrier concentration.* Nitrogen
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advancement of carbon-based electronic devices.

doping introduces novel electronic states and disrupts the
symmetry of the GDY lattice, thereby modulating its electronic,
magnetic, and optical properties. Due to the analogous atomic
sizes of nitrogen and carbon, nitrogen can be seamlessly inte-
grated into the GDY lattice, resulting in stable nitrogen-doped
GDY structures. This incorporation significantly alters the elec-
tronic band structure of GDY, facilitating tunable magnetoresis-
tance. Empirical evidence has corroborated that nitrogen doping
effectively increases carrier concentration.'* Consequently,
nitrogen doping presents a promising strategy for further
manipulating the MR properties of GDY.

In this study, we fabricated nitrogen-doped GDY samples
with varying nitrogen content, resulting in significant modifi-
cations to their MR properties. Specifically, under an applied
magnetic field of 9 tesla (T) and at a temperature of 2 kelvin (K),
N3,-GDY exhibited negative magnetoresistance (NMR) with
a maximum MR of 200%, indicative of weak localization effects.
In contrast, Ng»-GDY and Ng»-GDY demonstrated positive
magnetoresistance (PMR) characterized by pronounced resis-
tance enhancements, with Ng,-GDY exhibiting a particularly
robust PMR effect, exceeding a 400% resistance change. At
lower levels of nitrogen doping, the increased carrier concen-
tration enhances electron scattering in the magnetic field,
thereby augmenting MR. These distinct magnetoresistance
behaviors in nitrogen-doped GDY suggest a substantial trans-
formation in its transport properties resulting from nitrogen
incorporation.

Experiment

Synthesis of GDY. In this study, GDY was synthesized
employing a cross-coupling methodology based on previously

© 2024 The Author(s). Published by the Royal Society of Chemistry
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established protocols.* We replaced the copper substrate, which
was required for the experiment, with Si/SiO,/Cu, using it as the
growth substrate for GDY." The experimental procedure
commenced with the deposition of a nanoscale copper (Cu)
layer onto a Si/SiO, substrate via magnetron sputtering, thereby
establishing the requisite Si/SiO,/Cu foundation for GDY
synthesis. The Cu layer functions dually as a substrate for GDY
growth and as an active catalyst during synthesis. The Si/SiO,/
Cu substrate was introduced into a three-necked flask con-
taining 50 mL of pyridine. Concurrently, trimethylsilyl ethynyl
benzene dissolved in tetrahydrofuran, along with tetrabuty-
lammonium fluoride, was reacted under low-temperature,
argon-protected conditions for 15 minutes until the emer-
gence of a purple-red hue signified the reaction's completion.
The resultant solution was subsequently processed to obtain
HEB powder through dilution with ethyl acetate, washing with
sodium chloride, and drying over anhydrous sodium sulfate.
Subsequently, 40 mL of pyridine was added to the HEB powder,
which was then slowly transferred to the flask containing the Si/
Si0,/Cu substrate over an 8 hours period to ensure uniform
dispersion. The reaction system was maintained under argon
protection in the dark for three days, facilitating the formation
of GDY films on the Cu-coated substrate.

Synthesis of N-GDY. The GDY film specimens were positioned
within a tubular furnace, where a continuous flow of NH; gas was
introduced to sustain the furnace environment. Upon reaching
a temperature of 550 °C, the furnace temperature was stabilized
for durations of 30, 60, and 90 minutes, respectively. Following
each isothermal treatment and subsequent cooling to ambient
temperature, the NH; gas supply was terminated, culminating in
the synthesis of N-GDY films. The samples subjected to constant
temperatures for 30, 60, and 90 minutes were designated as N3,-
GDY, Ngo-GDY, and No-GDY, respectively (Fig. 1).

The morphologies of the samples were scrutinized using
a scanning electron microscope (SEM, JSM-7500 F, Japan).
Raman spectra were obtained with a LABRAM-HR micro-Raman
system (Longjumeau, Paris, France). The chemical composi-
tions of the samples were analyzed via X-ray photoelectron
spectroscopy (XPS, ESCALAB 250, VG, USA). The thicknesses of
the GDY films were measured using atomic force microscopy
(Bruker Dimension ICON, Germany).

Fig. 1 Schematic diagram for the synthesis of N-GDY.
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Four-probe magneto-transport measurements were executed
utilizing a physical property measurement system (PPMS,
Quantum Design, Dynacool D204, USA) over a temperature
range of 2 to 150 K and within magnetic fields up to 9 T.
Resistances were gauged by applying a fixed electric current of
0.03 mA, with the magnetic field (B) oriented along the vertical
axis, perpendicular to the direction of the electric current. Hall
resistivity measurements were conducted under a fixed electric
current of 0.038 mA. Electron paramagnetic resonance (EPR)
spectra were recorded using an X-band (9.6 GHz) Bruker EMX-
nano spectrometer at room temperature, with the magnetic
field oriented perpendicular to the substrate (approximately
0.335 T).

Result and discuss

SEM analysis (as illustrated in Fig. 2) was performed to examine
the samples with varying nitrogen levels (N3,-GDY, Ngo-GDY,
and Nyy-GDY). The results indicate that all GDY films, irre-
spective of nitrogen content, exhibit exceptional uniformity and
continuity. Notably, the morphology and structural integrity of
the films remain virtually unaltered despite variations in N-
doping levels. The SEM images display smooth, planar
surfaces with minimal disruptions to the GDY films. Further-
more, cross-sectional SEM images reveal consistent features
across all samples, including a uniform thickness of approxi-
mately 50 nanometers and distinct interlayer boundaries. These
structural characteristics establish a robust foundation for
subsequent MR investigations.

The structural characteristics of GDY and N-GDY films,
grown directly on the substrate, were characterized using
Raman spectroscopy. As depicted in Fig. 3 and S1, four primary
peaks are discernible: the D peak at 1358.9 ecm ™%, the G peak at
1598.1 cm ™', and two weaker peaks corresponding to the -
C=C- acetylene bonds. The D peak, situated at 1358.9 cm ™,
signifies the presence of defects within the sample, with find-
ings suggesting a substantial increase in defect density post N-
doping.'® The G peak, at 1598.1 cm ', is attributed to first-order
scattering and the breathing vibrations of the E,, modes within
the sp>hybridized carbon domains of the aromatic ring, char-
acterized by in-phase stretching vibrations."”” The morphology

/ "

Mﬁm

Fig.2 (a—c) Exhibit the SEM morphologies of N35-GDY, Ngo-GDY, and
Ngo-GDY samples, respectively. (d—f) Exhibit the cross-sectional SEM
morphologies of Nzp-GDY, Ngo-GDY, and Ngo-GDY samples,
respectively.
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Fig. 3 Raman spectra of N3o-GDY, Ngo-GDY and Ngo-GDY.

of this peak corroborates the conclusion that the Ip/Ig ratio,
derived from the spectrum, escalates with prolonged annealing
durations (30, 60, 90 minutes). This implies a proliferation of
defects in GDY correlating with increased NH; annealing time.

Subsequent XPS analysis was undertaken to further elucidate
the chemical structure of N-doped GDY samples. As presented
in Fig. 4 and S2,t the comprehensive XPS spectrum confirms
that GDY comprises exclusively carbon (C) and oxygen (O).
Moreover, with extended NH; annealing times, the intensity of
the nitrogen (N) peak intensifies, unequivocally confirming the
successful incorporation of nitrogen into the GDY films. The
peak at 284.8 eV corresponds to the C 1s orbital. Due to GDY's
exposure to ambient air, an O 1s signal, attributed to adsorbed
0,, is detected at 531.6 e€V.'®" Following NH; treatment at 550 ©
C, N-GDY was formed, and its N 1s peak was observed at
398.6 eV. The C 1s peak of GDY can be deconvoluted into four
components: C-C (sp”) at 284.4 eV, C=C (sp) at 285.0 eV, C-O at
285.6 eV, and C=0 at 287.7 eV. In contrast, N-GDY exhibits
peaks at 284.4 eV, 285.0 eV, 285.6 eV, 286.4 eV, and 287.9 eV,
corresponding to C-C (sp?), C=C (sp), C-O, C=N, and C=0
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Fig. 4 (a) XPS spectra (survey) of N3g-GDY, Ngo-GDY and Ngo-GDY.
(b) and (c) are XPS C 1s spectra of GDY and Ngo-GDY, respectively. (d)
and (e) is the XPS N 1s spectrum of GDY and Ngo-GDY, respectively.
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bonds, respectively.*®**** The N 1s peak can be further decon-
voluted into two distinct peaks at 398.5 eV and 399.9 eV (as
depicted in Fig. 4). The peak at 398.5 eV is ascribed to nitrogen
derived from NHj;, whereas the peak at 399.9 eV corresponds to
pyridinic nitrogen.>*?>?

Electron paramagnetic resonance (EPR) measurements were
conducted at ambient temperature to assess the spin concen-
tration and g-factor of the material. As illustrated in Fig. S3, the
spin concentration (Ns), directly correlated with the intensity of
the EPR peak, was quantified. The spin concentrations for N3o-
GDY, Ng-GDY, and Ng,-GDY were determined to be 2.34 x 10"*
spins per mm?®, 7.76 x 10" spins per mm?®, and 16.29 x 10!
spins per mm?®, respectively. The experimental g-factors were
recorded as 2.0050, 2.0049, and 2.0053 for N3,-GDY, Ng,-GDY,
and Noy-GDY, respectively. This suggests the presence of
nitrogen-related vacancies or defects within the sample, thereby
further corroborating the successful doping of nitrogen into the
GDY structure.”* Notably, the EPR peak intensity escalates with
increasing nitrogen concentrations, indicating that spin-orbit
coupling and electron-nuclear interactions remain minimal in
typical organic aromatic systems, thereby providing -clear
evidence for the existence of free radicals.

The transport properties of N3o-GDY, Ngo-GDY, and Ng,-GDY
samples were scrutinized by analyzing their resistivity varia-
tions with temperature (ranging from 2 to 120 K) under zero-
field conditions. As depicted in Fig. S4,1 the resistivity curve
exhibits a distinct inflection point, signifying a transition from
metallic behavior at low temperatures (2-18 K) to semi-
conducting characteristics at elevated temperatures (18-100 K).
Additionally, Fig. S5 underscores our utilization of density
functional theory (DFT) to compute the band gap of N-doped
GDY, revealing that N-doping effectively diminishes the band
gap, thereby endowing the material with metallic properties.

Further analysis of carrier dynamics in GDY post N-doping
was conducted through Hall resistivity measurements.
Notably, Fig. S671 illustrates a nonlinear correlation between
Hall resistivity and magnetic field, suggesting the involvement
of multiple carrier types in the transport mechanism. The
coexistence of positive and negative slopes in Hall resistivity
across varying temperatures underscores the predominance of
electrons as the primary charge carriers. Furthermore, at 1 T,
the Hall coefficient (Ry) exhibits a pronounced temperature
dependence. The carrier concentration (n) and mobility (1) were
quantitatively ascertained using eqn (1) and (2), respectively,
based on the Hall resistivity data:**

1

1
= 2
b= o (2)

Employing the relationship that links charge carrier density
(n) to the electron charge (e), resistivity (p), and the Hall coef-
ficient (typically measured in units of m* C™), both carrier
concentration and mobility were calculated at various temper-
atures, as delineated in Table S1.f Our findings demonstrate

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) and (b) Depict the magnetoresistance of N3g-GDY, Ngg-

GDY, and Ngp-GDY, measured at 2 K and 10 K, respectively.

that N-doping in GDY culminates in a substantial enhancement
of carrier concentration, approximately by an order of magni-
tude. This indicates that N-doping significantly elevates the
carrier concentration within GDY. Given that nitrogen atoms
possess higher electronegativity compared to carbon atoms, N-
doping introduces additional electrons into the GDY structure,
thereby augmenting carrier concentration. This elevated carrier
concentration facilitates enhanced electron transport within
the material, ultimately influencing its magnetoresistance (MR)
properties.

The MR effect, defined as MR(B) = {%7 1} X 100%,
quantifies the extent of change in electrical resistance in
response to external magnetic fields. As depicted in Fig. 5, our
measurements conducted at 2 K within a 9 T magnetic field
range reveal distinct behaviors in N-doped GDY samples.
Specifically, N3,-GDY, characterized by a lower nitrogen concen-
tration, exhibits negative magnetoresistance (NMR) at low
temperatures, attaining an MR ratio of approximately 200%. This
phenomenon occurs because N atoms, serving as scattering
centers, are introduced into GDY, yet their concentration remains
insufficient to fully alter the material's transport mechanism.
Consequently, the MR characteristics of the N3;,-GDY sample are
predominantly governed by the Weak Localization (WL) effect.>
In contrast, with increasing nitrogen concentration, Ngo-GDY and
Noo-GDY display positive magnetoresistance (PMR), with Ngo-
GDY exhibiting a particularly pronounced PMR effect, resulting
in a resistance change exceeding 400%. These distinct MR
signatures in N-doped GDY indicate a substantial transformation
in transport properties due to nitrogen incorporation. The
experimental results demonstrate that N-doping effectively
modulates the MR characteristics of carbon materials. As N-
doping levels escalate, magnetoresistance initially increases
and subsequently diminishes. At lower N-doping levels, the
enhanced carrier concentration intensifies electron scattering in
the magnetic field, leading to elevated magnetoresistance.
However, at excessively high N-doping levels, surplus nitrogen
atoms may engender defects or impurity centers, thereby
diminishing electron transport efficiency and ultimately
reducing magnetoresistance.***

Conclusion

We successfully synthesized nitrogen-doped GDY with varying
degrees of doping (N3p-GDY, Ngp-GDY, Nyy-GDY) by

© 2024 The Author(s). Published by the Royal Society of Chemistry
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meticulously modulating the annealing duration in an NH;3;
atmosphere. Detailed examinations via SEM and XPS revealed
a clear trend: prolonged annealing times augmented the
prominence of the nitrogen peak, thereby confirming effective
nitrogen doping. Hall resistivity measurements indicated
a consistent increase in carrier concentration with enhanced
nitrogen doping. Further investigation into the MR properties
unveiled intriguing disparities among the doped samples. N3~
GDY exhibited NMR, indicative of weak localization effects,
whereas Ng(-GDY and Ng,-GDY displayed PMR with significant
resistance enhancements, signifying a transition in magneto-
response behavior. We attribute these modifications primarily
to the modulation of carrier concentration by nitrogen doping,
which substantially impacted the MR properties. Our experi-
ments provide valuable insights into the tuning of electronic
and magnetic properties through chemical doping strategies,
with significant implications for the development of advanced
carbon-based electronic devices.
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