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ABSTRACT: Temperature-dependent modification is an
effective way to reversibly tailor graphene’s electronic
properties. We present the reversible modification of a
uniform monolayer nitrogen-doped graphene (NG) film by
the formation and cleavage of temperature-dependent Se—N
dynamic covalent bonds. The increasing binding energy in X-
ray photoelectron spectroscopy (XPS) indicates that phenyl-
selenyl bromine (PhSeBr) bonds with pyridinic N and
pyrrolic N rather than graphitic N by accepting the lone
pair of electrons. The temperature dependence of Raman
spectra (the increasing D band and the shifts of the 2D band)
and XPS spectra (Se 3d and N 1s) indicates that the Se—N
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dynamic covalent bond is gradually cleaved by treatment at increasing temperatures and is also recovered by the reversible
modification. Field-effect transistors (FETs) based on Se—NG exhibit a temperature-dependent change from n-type to p-type
conduction and tunable electron and hole mobilities owing to the reversible formation or cleavage of Se—N dynamic covalent
bonds. This result opens up opportunities for reversibly controlling electrical properties of FETs by optimizing dynamic

covalent bonds.
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1. INTRODUCTION

Surface modification is one of the most effective ways for
chemically tailoring graphene’s electronic properties' ~> such as
band gap, Fermi level, and carrier mobility. Recently, the
reversible modification of a specific or selected area of
graphene has attracted more attention owing to its potential
possibility to change electronic properties under external
stimuli such as temperature, force, and humidity. Although
s1gn1ﬁcant progress has been achleved, such as chemical
graftmg, ~ atomic substitution,"*"*° and adsorption, 21726 the
controllability and reversibility of these modifications remain
the key issues to be addressed toward the surface modifications
of graphene. To date, controlling the site for chemical reaction,
doping, or molecule adsorption on graphene has been a great
challenge. Such a problem basically limits the application of
modified or doped graphene in environment-responsive
devices.

One important way to reversibly modify graphene is to react
chemically with specific atoms or chemical groups. Chemical
bonding determines the controllability””** and reversibility of
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effect transistors

the modification. Among potential bonds, dynamic covalent
bonds show distinct advantages. The general concept™ of
dynamic covalent bonds shows that the formation of the above
bonds can be achieved reversibly under the conditions of
equilibrium control. The most common ones are —C=N-—,
—S—S—, and —Se—N—. Dynamic covalent bonds combine the
supramolecular effect and the stability of covalency. Besides,
they usually exhibit high selectivity based on unique reactions.
Furthermore, dynamic covalent bonds can reversibly respond
to external stimuli by forming under one condition and
cleaving under another condition. The formation and cleavage
are easily controlled under equilibrium-controlled conditions
such as irradiation, heating, humidity, pH, and chemical
stimulation.”>*" As a result, it has potential in reversible surface
modification, shape-memory, and self-healing with dynamic
covalent bonds. It is possible to tailor graphene’s electronic
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properties for environment-responsive field-effect transistors
(FETs)>*™*° by reversible structural modification using
dynamic covalent bonds. Despite great potential, however,
owing to the few available active atoms or groups, graphene
has seldom been modified via dynamic covalent bonds, nor has
its electronic properties been altered by reversible formation
and cleavage.

In this paper, we present uniform monolayer NG films
modified by PhSeBr to form Se—N dynamic covalent bonds.
We treated the Se-modified NG at different temperatures to
study the temperature-dependent bonds. The formation and
cleavage of Se—N bonds are demonstrated by X-ray photo-
electron spectroscopy (XPS) and Raman spectroscopy. FETs
using NG and Se-modified NG were also fabricated to
investigate its performance. Our results show that Se-modified
NG changes from n-type to p-type conduction with tunable
electron and hole mobilities by rising-temperature treatment.

2. RESULTS AND DISCUSSION

Nitrogen doping is a significant way to regulate the electronic
properties of graphene because of its potential for forming
dynamic covalent bonds. The schematic illustration of the
reversible modification of NG via temperature-dependent Se—
N dynamic covalent bonds is shown in Figure 1. As we know,

gPhSeBr, 30°C

Selective modification

@ Graphitic N
O Pyridinic N, Pyrrolic N

60-130 °C
Temperature-dependent

Figure 1. Schematic illustration of the reversible modification of NG
via temperature-dependent Se—N dynamic covalent bonds.

NG has three predominant bonding characters for embedded
N atoms, including graphitic N, pyridinic N, and pyrrolic N3¢
Rather than graphitic N, the Se atom of a specific selenide can
selectively accept the lone-pair electrons of pyridinic N and
pyrrolic N and thus form Se—N dynamic covalent bonds. Such
Se—N bonds are also easily cleaved at temperatures of >60
°C*' As a result, temperature-dependent modification is
significant in modulating the electronic properties of graphene
at different temperatures.

A large-area (~5.0 cm), single-layer uniform NG film was
synthesized by chemical vapor deposition (CVD). Figure S1
schematically illustrates the growth of NG in the double-zone
furnace. The uniformity of monolayer NG with low defects was
comprehensively controlled by the interrelated growth
parameters (see the Experimental Section). Decomposed
melamine at high temperature was used as the N-containing
carbon source for doping the monolayer NG, and we tried to
control the proportion of bonding characters for embedded N
atoms in NG by changing the content and decomposition time
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of melamine. Different bonding characters for embedded N
atoms help us to investigate the selectivity, controllability, and
temperature dependence of Se—N bonds.

Figure S2 presents the continuous NG film (of centimeter
scale) on the copper foil (Figure S2a) and the SiO,/Si (Figure
S2b,c) substrate. The step height on NG was ~1.1 nm (Figure
2a) by the two-dimensional atomic force microscopy (AFM)
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Figure 2. AFM and TEM images and Raman spectra of NG. (a) AFM
image of as-synthesized NG films, with a thickness of ~1.1 nm. (b)
Raman spectra (at 532 nm excitation) of monolayer NG. (c) High-
resolution TEM image of NG. (d) SAED pattern of NG. (e,f) Raman
mapping of the NG film (40 X 60 ym?).

image, Wthh is consistent with monolayer NG in previous
studies.> The wrinkled or rippled surface might form because
of the transfer process. High-resolution transmission electron
microscopy (TEM) image is also used to confirm the above
analysis. Figure 2¢ shows that at the edge of the NG film, the
existence of the single line reveals the monolayer.”” A group of
selected-area electron diffraction (SAED) patterns were
selected from the inset of Figure 2d. The typical hexagonal
crystalline structure (Figure 2d) indicates a single-crystalline
structure.

Raman spectra of NG and graphene (GH) are illustrated in
Figure 2b. In contrast, GH was prepared with methane in the
same furnace with NG (see the Experimental Section). The
half-peak width of the 2D band and the intensity ratio of the
2D band to the G band (I,p/I;) are relative to the layers of
GH.>® The monolayer GH usually shows an individual and
sharp second-order Raman band with Lp/I usually >2.* For
single-layer doped graphene films, Lp/I; is usually smaller
than that of graphene owing to the present of heteroatoms.
After nitrogen doping, I,,/I decreases from 2.45 (that of GH)
to 1.73 (that of NG) with a slight increase in the half-peak
from 26.52 cm™' (GH) to 31.89 cm™ (NG). The sharp 2D
band indicates that NG remains as a monolayer structure.
Furthermore, NG also exhibits a blue-shifted (2.1 cm™) G
band and a red-shifted (10.3 cm™) 2D band compared to
those of GH, indicating the change of carrier concentration
caused by N doping. Electron and hole mobilities tuned by
temperature-dependent Se—N bonds are investigated in detail
later. Raman mapping images with an area of 40 X 60 um? are
also studied (Figure 2e,f). The D band integrated intensity of
the NG film indicates well-distributed N doping throughout
the nanosheets, and G-band integration suggests a large-scale
structure and thickness uniformity of NG. The large-scale
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uniform NG film is an important 2D material for the
modification via Se—N dynamic covalent bonds.

We prepared two large-scale uniform NG (NG, and NG,)
films with different proportions of bonding characters for
embedded N atoms. The element composition and covalent
bonding mode of NG were studied by using XPS (Figure S3
for NG, and Figure S4 for NG,). The atomic doping levels
were estimated to be 2.8 at. % (NG,) and 4.0 at. % (NG,),
respectively. Moreover, the fitted peak indicated that NG, has
four configurations—pyridinic N (14.64 at. %, the value of
certain types of N/total N in the NG films), pyrrolic N (54.75
at. %), pyridinic (+H) (9.45 at. %), and graphitic N (21.17 at.
%)—whereas two configurations of graphitic N (37.30 at. %)
and pyrrolic N (62.69 at. %) are found in NG,* We
investigated the selective bonding between PhSeBr and N
atoms and the temperature dependence of Se—N dynamic
covalent bonds by tracking changes in the bonding characters.
Figure 3a,c shows the N 1s XPS spectra of NG;, NG,, Se—
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Figure 3. XPS spectra of NG and Se—NG after treatment at different
temperatures. (a,c) XPS spectra of N 1s of NG, Se—NG,_3, Se—
NG, _¢p, Se—NG,_go, and Se—NG,_,3. The fitted curve shows the
content of bonding configurations. The pink curve represents pyrrolic
N, blue curve represents graphitic N and/or protonated N, purple
curve represents pyridinic N, green curve represents pyridinic (+H),
and orange curve represents Se—N. (b,d) Changes of different
bonding configurations upon three cycles based on the formation and
cleavage of Se—N bonds.

NG,, and Se—NG, in the XPS survey spectra, and the
corresponding cyclic change of bonding characters after the
different-temperature treatments are summarized in Figure
3b,d, respectively. The selenide tends to bond with pyrrolic N
and pyridinic N to form Se—N bonds by accepting the
nitrogen lone pair electrons. The shared pair of electrons
between N and Se atoms leads to an increase of protonated N,
which has approximate binding energy to that of graphitic N.*’
Besides, the atomic percentage of Se is 0.42 at. % in Se—NG;,
and 0.48 at. % in Se—NG,, respectively. The calculation shows
that the atomic content ratio of Se to N is 0.15 (Se—NG;,) and

0.12 (Se—NG,), respectively. According to the fitted XPS
curves, Se—N bonds are observed in Se—NG; (10.44 at. %)
and Se—NG, (8.54 at. %). NG, and NG, shows 1.9 and 2.5 at.
% of the sum of pyrrolic N and pyridinic N. In other words,
only 0.31-0.36 at. % N atoms are selectively modified by
forming Se—N bonds because of the difficulty in distinguishing
the difference between pyrrolic N and pyridinic N. Further
calculations reveal that Se—NG,; and Se—NG, exhibit an
obvious increase in protonated N at 402.4 eV by 22.87 and
22.08 at. % (after subtracting the area percentage of graphitic
N and/or protonated N in NG and Se—NG at 30 °C) in the
first cycle, respectively. Correspondingly, the intensity of the
peak for pyridinic N and pyrrolic N decreases. A relatively
larger variation degree in pyridinic N (100%) indicates that it
is more favorable for the formation of Se—N bonds compared
with pyrrolic N (33.75%). The variation degree is evaluated
based on the following equation

V=[A, — A,l/A, X 100% (1)

where A, and A, are the area percentage of each type of N
before and after modification, respectively. Se—NG, also shows
a remarkable decrease in the intensity for pyrrolic N by 30.61
at. %. The feature arises from the sp>-hybridized nitrogen
atoms in pyridines offering more electrons than those of
pyrrole.*' Furthermore, the shifts of the Se 3d (Figure SSa)
and Br 3d (Figure SSb) indicate the formation of Se—N bonds.
However, the Se peak at 55.48 eV shifts to 55.28 eV with a
similar shape because of a relatively low amount of Se—N
dynamic covalent bonds (0.31—0.36 at. %, average values of
three cycles) on NG. Similar shifts of XPS peak are also
observed’' because Se tends to accept electrons with a
stronger electronegativity (electron-withdrawing) in the Se—N
bonds. Besides, we also demonstrated Se—N-bonding for-
mation by modifying graphene (GH) with PhSeBr under the
same condition (the GH film was ultrasound irradiated in a
dichloromethane solution containing PhSeBr (0.1 mg/mL) for
1 min and then cleaned with dichloromethane). However, Se
3d and Br 3d are too weak to be detected in the XPS spectra
because most PhSeBr only adsorbed on GH can be eliminated
during rinsing with dichloromethane. Furthermore, we
prepared 2D PhSeBr-adsorbed GH by dropping the PhSeBr
solution (0.1 mg/mL) on GH to analyze the potential shift of
Se 3d and Br 3d. The peaks of Se 3d (Figure S6a) and Br 3d
(Figure S6b) have no obvious change compared with PhSeBr,
indicating weak electronic interaction. These results demon-
strate that the small shifts of weak Se 3d peaks are mainly due
to the formation of Se—N bonds. Figure SSb shows that the
binding energy of Br 3d orbitals shifts from 69.88 to 69.08 eV.
Thus, after the formation of Se—N covalent bond, Br become
the opposite ions of protonated pyridine. According to the
literature,*” there is a remote distance between the Br and Se
atom when the Se—N covalent bond formed. Besides, a
hydrogen bond might form between Br and adjacent H atoms
on the pyridine and benzene ring. Elemental mapping
investigates the chemical composition of Se—NG; (250 nm
X 250 nm, Figure S7a). The elemental mapping images of Se
and Br are shown in Figure S7b,c, respectively. It is obvious
that Se and Br have a homogeneous distribution with similar
intensity, indicating that the Se—N bond does not destroy the
basal plane of NG.

We further studied the temperature dependence of Se—N
dynamic covalent bonds. The formation and cleavage of the
bonds are of great importance for tailoring electronic
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properties reversibly and controllably. The above two kinds of
Se—NG films on the SiO,/Si substrate were treated at 30, 60,
90, 120, and 130 °C for 15 min, respectively (with resulting
films referred to as Se—NG;_3, Se—NG,_¢o, Se—NG,_g, Se—
NG, _j5, and Se—NG,_3, and Se—NG,_3;,, Se—NG,_¢,, Se—
NG,_gp, Se—=NG,_}5p, and Se—NG,_;3p; see the Experimental
Section). After cooling in Ar, we characterized the change of
bonding characters for embedded N atoms within the carbon
lattice by using their XPS spectra (Tables S1—S3). The change
in binding energy illustrates the temperature dependence of
the Se—N bonds. With an increase in temperature, the Se—N
bonds on NG exhibit an increasing amount of pyrrolic N and
pyridinic N owing to the thermally induced cleavage.
Meanwhile, we investigated the XPS spectra of (1:1
correspondence) Se 3d, N 1s. As shown in Figure S8, the Se
3d peak (55.48 eV, PhSeBr) shifts to 55.28—55.31 eV (Se—
NG,_3p, Se—NG,_¢4 and Se—NG;_4) with a similar shape
because of the formation of Se—N dynamic covalent bonds.
Furthermore, the intensity of the Se 3d peak gradually
decreases when Se—NG is treated at a higher temperature
because of the cleavage of Se—N covalent bonds. Finally, Se—
NG, _;3 shows no Se peak, which is consistent with that of NG
before the modification. The electronic properties of NG can
be modulated by temperature-dependent Se—N bonds based
on different bonding characters of N atoms. After treatment at
130 °C, Se—NG recovers its original bonding characters before
the modification. Moreover, Se—NG; and Se—NG, both
exhibit excellent cycling performance with a slight change in
the area percentage of the three different N types for no more
than 7.9% after 10 cycles (after subtracting the area percentage
of different types of N in NG and Se—NG for each cycles;
Figure S9), indicating good controllability and reversibility of
the Se—N bonds. This result reveals that the formation and
cleavage of temperature-dependent Se—N bonds are inde-
pendent of bonding characters for embedded N atoms within
the carbon lattice.

We further used temperature-dependent Raman spectrosco-
py to investigate the change in structure and electronic
interaction of Se—NG, caused by the formation and cleavage
of Se—N bonds. The Se—NG, film was transferred on the
SiO,/Si base and heated to specific temperatures at the rate of
5 °C/min on a stage. The Raman spectra of Se—NG,_;,, Se—
NG, _¢p, Se—=NG,_g;, and Se—=NG;_,3, are shown in Figure 4a.
The intensity ratio of the D band to G band (Ip/I) is inverse
ratio to La,*’ the average interdefect distance. Consequently,
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Figure 4. Raman spectra of NG and Se—NG after treatment at
different temperatures. (a) Raman spectra of NG;, Se—NG;_3,, Se—
NG, _g Se—NG,_gp, and Se—NG;_,3,. (b) Corresponding ratio of I,
and I.

the defects introduced by Se—N bonds can be tracked by the
change in I,/Ic. However, Se—NG; exhibits a slight increase in
Ip/Ig from 0.69 (NG) to 0.83 (Figure 4b). We infer that
because of a low conjugated structure, PhSeBr on the surface is
considered as a weak defect for graphene by forming Se—N
bonds.”**** A similar change is also observed by Sarkar,” who
reported a similar slight increase of I/I; (0.01—0.12) because
of surface modification by Cr(CO)s based on coordination
bonds of Cr metal ions. The low-degree modification (0.31—
0.36 at. %) of PhSeBr on pyrrolic N and pyridinic N cannot
cause a large change in I/I;. Besides, the 2D band at 2677.6
cm™' (NG) shifts to 2679.5 cm™' (Se—NG;_3o) by 1.9 cm™!
(Figure S10). Such a 2D band gradually returns to 2677.6
cm™' by treatment at increasing temperatures because of the
cleavage of Se—N bonds. Despite the reversible change, the
shift is insignificant compared with others’ work.”® Such
temperature-dependent Se—N bonds change the concentration
of electrons. This result is consistent with the temperature-
dependent bonding characters for embedded N atoms
according to the fitted XPS curves. The structural change
was also investigated by Raman mapping images of the D peak
intensities of NG,, Se—=NG,_;;, Se—NG,_4y, Se—NG,_q, and
Se—NG,_,3, at room temperature with an area of 25 X 25 ym*
(Figure S11). All the images in Figure S11 show the same
position. The bright green color (D band) indicates that the D-
band intensity of Se—=NG decreases gradually with an increase
in temperature. The formation and cleavage of temperature-
dependent Se—N bonds with great controllability and
reversibility enable Se—NG to be fabricated for controlling
electrical properties at different temperatures.

To further evaluate the electronic properties, we fabricated a
back-gate FET (Figure S12a) on a 1 um Si0,/Si/SiO,
substrate. The Ti/Au film was deposited as the source and
drain electrodes. Doped silicon acted as the back gate. An
optical micrograph of the device is given in Figure S12b,
showing the width and length of the channel. The transfer
characteristics curves (Ids—Vg) of the NG and the Se—NG-
based FETs are shown in Figure 5a with the source—drain
voltage fixed at 500 mV. The NG-based FET exhibits a typical
n-type behavior in vacuum at room temperature with a Dirac
point at —7 V because part of pyridinic N is hydrogenated
[pyridinic (+H)].*® The output characteristics (I3;—Vy,)
suggest Ohmic contact between Ti/Au contacts and NG
films (Figure S12c). The modification of Se—N dynamic
covalent bonds leads to a strong shift of the Dirac point from
—7 to 29 V. Besides, Se—NG;_3, shows p-type hole conduction
behavior by donating lone pairs of electrons of N atoms to
form Se—N bonds. Theoretical studies*” indicate that charge
transfers from the lone pair in N to the ™ orbital of the Se—N
bond in the forming processes of Se:--N interaction. At the
same time, there might be a very low amount of PhSeBr
molecules adsorbed on NG during the modification. The Br-
ions may also affect the electronic properties of NG by
accepting the electron. Because of a relatively strong
electronegativity (electron-withdrawing), both Se and Br
tend to accept the electron, contributing to p-type doping of
NG. As a result, NG show a decreased electron delocalization,
leading to p-type doping. The reduced electron concentration
and slight increase in defect (PhSeBr) results in an obvious
decrease in carrier mobility.

After modification, Se—NG; films transferred onto the
substrate were heated at 30, 60, 90, 120, and 130 °C in vacuum
for 15 min. The performance of FETs was investigated at room
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Figure S. Electrical properties of FETs using NG and Se—NG. (a)
Transfer characteristic of NG;, Se—NG,_;o, Se—NG;_¢o, Se—NG;_gq,
Se—NG,_,p, and Se—NG,_,;, FETs. (b) Changed voltage of the
Dirac point. (c,d) Corresponding ratio of electron and hole mobilities
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temperature. According to Figure S5b, the formation and
cleavage of Se—N bonds can reversibly tailor the electronic
properties of NG such as transport behavior and carrier
mobility. The Dirac point gradually shifts to a lower voltage
(Figure Sb) after the rising-temperature treatment. Se—
NG, _}, with a Dirac point at —3 V recovers n-type electron
conduction because of partially restored electron delocalization
at a low amount of Se—N bonds. Se—NG,_,3y FETs nearly
exhibit the same electrical properties as NG FET's with a slight
decrease in carrier mobility. Reversible change in n/p-doping
behavior and carrier mobility of Se—N-modified NG can be
used for controlling the electrical properties of FETs.

The carrier mobility of FET devices was also studied to
illustrate their controllability. We extracted the carrier mobility
of NG and Se—NG; from the linear region of the I3,V curves
by the following equation®’

p = [dL,,/dV,] X [L/W] X [1/C] X [1/Vy,] @

where Iy is the drain current; V, is the gate voltage; dI3,/dV, is
the slope of transfer characteristics (IdS—Vg plot); L and W are,
respectively, the channel length (2 mm) and width (0.2 mm)
of the device; and C; is the gate capacitance per unit area (~10
nF/cm?).

The calculation result (Figure Sd) shows that n-type NG,
exhibits a higher room-temperature hole mobility of 229.4 cm*
V™! 57! than electron mobility (97.6 cm®* V™' s7'). This
asymmetric feature is usually caused by the scattering of
ionized nitrogen impurities."*** This performance is also
observed for Se—NG,. Despite that, the modification of Se—
NG results in an obvious decrease in carrier mobility because
the formation of Se—N bonds may introduce defects into the
carbon-based conjugation structure. We evaluated the change
of carrier mobility based on the following equation

R = [p//u] x 100% or [, /p, ] X 100% (3)

where p_ and . are the electron mobility of Se—NG, and NG,
respectively, and py and p, are the hole mobility of Se—NG,

and NG,, respectively. Compared to hole mobility (R =
65.56%), electron mobility decreases severely (R = 3.20%).
Moreover, Se—NG, transformed from n-type to p-type
conduction. Specifically, the p-type Se—NG,_3, maintains a
hole mobility of 1504 cm® V™' s7! in comparison to the
extremely low electron mobility (3.1 cm® V™' s7'). Both
electron and hole mobilities increased continuously owing to
the cleavage of Se—N bonds (Figure Sc) through the rising-
temperature treatment. Finally, Se—NG,_j3, recover the
original carrier mobility of NG,. Our results indicate that
Se—NG not only enables reversible transformation between n-
type and p-type conduction but also is suitable for tuning
electron or hole mobility by controlling the treated temper-
ature. The modification via dynamic covalent bonds is a
versatile method of reversibly tailoring electronic properties of
2D nanomaterials.

3. CONCLUSIONS

We synthesized a large-area (~5.0 cm), single-layer uniform
NG film, which was modified by PhSeBr. XPS and Raman
spectroscopy were performed to investigate the selectivity and
reversibility of Se—N dynamic covalent bonds. Among all
bonding characters for embedded N atoms of NG, protonated
N increased whereas pyridinic N and pyrrolic N decreased.
The increase in Ip/Ig from 0.69 to 0.83 and the shifts of 2D
bands from 2677.6 cm™' (NG) to 2679.5 cm™' (Se—NG)
observed by Raman spectroscopy also reveal the change in
electronic interaction. Se—N dynamic covalent bonds cleave at
60—130 °C and exhibit excellent cycling performance with a
slight change in the area percentage of the three different N
types for no more than 7.9% after 10 cycles. Furthermore,
FETs based on Se—NG show a change from n-type to p-type
conduction and tunable carrier mobilities with electron and
hole mobilities of 97.6 and 229.4 cm® V™' 57!, respectively, for
NG and 3.1 and 150.4 cm® V™' 57!, respectively, for Se—NG.
Se—NG can be used to reversibly control the electrical
properties of FETs by optimizing dynamic covalent bonds on
the surface.

4. EXPERIMENTAL SECTION

4.1. Materials Synthesis. The monolayer NG film was
synthesized on a copper foil (25 ym) in a tube furnace using a
CVD system (Anhui BEQ Equipment Technology Co., Ltd.). The
copper foil (~5 X 5§ cm®) was cleaned in a volume fraction of 50%
acetic acid solution and dried in Ar atmosphere. Melamine powder
[100 mg (NG,) or 150 mg (NG,)](>99%, J&K) was placed in the
first furnace of sublimation at 350 °C, whereas the copper foil
(>99.99%, Alfa Aesar) was loaded into the second furnace heated at
1010 °C. Then, the quartz tube was flushed with Ar (1000 sccm,
>99.999%) for 30 min to remove oxygen. Then, the second furnace
was ramped up to 1030 °C at 20 °C/min with 300 sccm Ar and 100
sccm H, for 30 min to anneal the copper. After that, the copper foil
was cooled to 1010 °C. At the same time, the first furnace was ramped
up to 350 °C and held there for 20 min with 1 scem CH, under
atmospheric pressure. After growth, the furnace was cooled to 30 °C
at 65 °C/min.

GH was prepared in the same furnace with NG. The copper foil
was cleaned under the above conditions and loaded into the second
furnace. Before heating, the system was flushed. Then, the second
furnace was ramped up to 1030 °C at 20 °C/min with Ar (300 sccm)
and H, (100 sccm) for 30 min to anneal the copper. After that, the
copper foil was cooled to 1010 °C and held there with 1 sccem CH,
for 20 min. After growth, the furnace was cooled to 30 °C at 65 °C/
min.
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The films were transferred onto an SiO,/Si base and TEM grids by
bubbling using an aqueous solution containing NaOH. The sample
was spin-coated with poly(methyl methacrylate) (PMMA, 8 wt % in
anisole, 950 K molecular weight) at a rotation rate of 3000 rpm for SO
s. The PMMA-supported NG film was baked at 100 °C for 15 min
and then peeled off from the copper foil through a bubbling method
at room temperature. The above film was washed with deionized
water to remove impurities and then extracted by the SiO,/Si
substrate or the TEM grid. To promote the adhesion between NG
and PMMA, the sample was baked at 110 °C for 15 min. An acetone
solution bath (30 °C for 0.5 h) was eventually used to clean the
sample to remove PMMA.

4.2, Modification of NG Films. The NG, and NG, on the SiO,/
Si/SiO, substrates were modified with dichloromethane containing
phenylselenyl bromine (PhSeBr, >98%, Alfa). After ultrasound
irradiation of the NG films in the solution (0.1 mg/mL) above for
no more than 1 min, they were rinsed with dichloromethane and
allowed to air-dry.

After modification, the above NG films were heated at 30, 60, 90,
120, and 130 °C (termed Se—NG;_3;, Se—NG;_¢, Se—NG;_q(, Se—
NG;_ 50 and Se—NG;_,;) in a vacuum and inert atmosphere for 15
min, respectively.

4.3. Characterization. Optical microscopy (Olympus BXS1M)
was performed to examine the surface morphology of the NG films.
Raman spectroscopy (DXR Microscope, 4 = 532 nm) was used to
record the structure of NG. The thickness of the NG film was
acquired with AFM (Bruker, Dimension Icon). XPS characterization
was recorded with a PerkinElmer PHI 3056 spectrometer. TEM
(JEOL JEM-2100F operated at 80 kV) and high-resolution TEM were
used to obtain information of the crystal structure of NG.

4.4, Device Fabrication and Transport Measurements. The
NG films were transferred onto the SiO,/Si substrate (with 1 pm
Si0,) for the FET mobility measurement. The contacts were
annealed at 200 °C for 1 h after depositing by a thermal evaporator
(Ti/Au-S nm/S0 nm). A physical property measurement system
(Quantum Design DynaCool) with two Keithley 2400 source meters
was used for electrical transport measurements.
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