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This work provides an effective low-cost synthesis and in-depth mechanistic study of high quality large-area nitrogen-doped
graphene (NG) films. These films were synthesized using urea as nitrogen source and methane as carbon source, and were
characterized by scanning electron microscopy (SEM), Raman spectroscopy and X-ray photoelectron spectroscopy (XPS). The
N doping level was determined to be 3.72 at.%, and N atoms were suggested to mainly incorporated in a pyrrolic N configura-
tion. All distinct Raman peaks display a shift due to the nitrogen-doping and compressive strain. The increase in urea concen-
tration broadens the D and 2D peak’s Full Width at Half Maximum (FWHM), due to the decrease of mean free path of pho-
nons. The N-doped graphene exhibited an n-type doping behavior with a considerably high carrier mobility of about 74.1

cm?(V s), confirmed by electrical transport measurements.
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1 Introduction

Graphene is an atomic-scale honeycomb crystal lattice con-
sisting of sp® carbon atoms. It has received considerable
interest since its first isolation in 2004 [1], due to its ex-
traordinary electrical properties [2], such as high charge
carrier mobility [3], high thermal conductivity [2,4-9],
room-temperature quantum Hall effect [10], thus making
graphene a promising material for future nanoelectronics [4].
For the application of graphene in nanoelectronics, that re-
quires rapid on/off switching, it is important to be able to
modulate its electronic properties without affecting its high
mobility [11]. Surface depositing [12] and heteroatoms
doping are ways to control the electronic properties of sem-
iconductor. However, heteroatoms doping can also be
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employed in graphene to tailor its electronic band structure
[13,14]. Among all available heteroatom dopants, nitrogen
has attracted considerable attention due to its similar atomic
radii to that of carbon atom and n-type electronic behavior of
nitrogen doped grapheme [15,16]. Several approaches are
used to synthesize N-doped graphene, such as chemical vapor
deposition (CVD) [15,17-22], arc discharge [23], graphene
oxide reaction [24-27], N plasma treatment [28-30], sol-
vothermal synthesis [31], post thermal annealing of gra-
phene with NH; [27,32]. The CVD technique is chosen due to
its simplicity, low-cost, and reproducibility in fabrication of
large-scale, uniform N-doped graphene films [33].

In this work, we synthesized continuous single layered
N-doped graphene (NG) on Cu substrates by the CVD tech-
nique using urea (CO(NH,),) as the N dopant, methane
(CHy) as a carbon source and hydrogen (H,) as cata-
lyst/carrier gas. Urea is inexpensive, readily available and
has high nitrogen content. The resultant NG films exhibit
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comparable properties to that of reported NG films
[17], with the N content of the NG film at 3.72 at.%. The
Dirac point, mobility are =52.9 V, and 74.1 cm*/V s respec-
tively.

2 Experimental

2.1 Synthesis of N-doped grapheme

The N-doped graphene (NG) was grown on the interior sur-
faces of 25 pm copper foil (Alfa Aesar, Stock no. 46365,
99.8%) by CVD using a gas mixture of H,, CHy and
CO(NH,),. Copper foil was etched in (NHy4),S,04/H,0-3
2/100 mL) solution, rinsed/dried and folded into a square
pocket [3]. The pocket was then placed into another bigger
copper pocket for protection against erosion, and was load-
ed into the 1 inch quartz tube inside a horizontal furnace. A
ceramic dish containing 100 mg of urea was placed into the
same tube upstream, about 15 cm away from the heater
zone. The heating belt was around the tube where the urea
charge was located, as illustrated in Figure 1(a). After that,
the system was pumped to 7.5 mTorr. The furnace temper-
ature was then ramped to 1000°C and the temperature
maintained for 20 min with the flow rate of 10 sccm H, for
annealing. During the growth process, heating belt was
heated to 60°C to generate urea vapor; CHy and H, were
introduced into the chamber, both with a fixed flow rate of
10 sccm. The process pressure was maintained at 398 mTorr.
For comparison, the pristine graphene (PG) was synthesized
by the same process without introducing any nitrogen
source. A recent paper states the use of urea as nitrogen
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source and polystyrene as carbon source to synthesize
N-doped grapheme [34]. Our method is superior because all
components can be mix homogenously and is lower cost.

2.2 Transfer of NG and PG

The graphene/Cu substrate was spin-coated with PMMA
(MW 350000; 46 mg/mL in chlorobenzene). After etching
of the underlying Cu foil using copper etchant (NH,),S,0g/
H,O (3 g/100 mL), the free-standing PMMA/graphene
membrane was washed with the DI water for 20 min. Then
it was transferred onto a silicon substrate with 300 nm SiO,,
followed by heating at 50°C for 20 min. Finally, the PMMA
was removed using acetone. After a final rinse with ethanol,
graphene film on SiO,/Si substrate was ready for further
investigations.

2.3 Characterizations of NG and PG

The NG samples were characterized by scanning electron
microscopy (SEM) (ZEISS SIGMA), atomic force micros-
copy (AFM) (SPA 400), Raman spectroscopy (WiTec Alfa
300, with 488 nm laser), X-ray photoelectron spectroscopy
(XPS) (PHI Quantum-2000). Device fabrication and elec-
trical measurements of the PG and NG on SiO,/Si were
used for fabrication of back-gated field-effect transistor
(FETs). Copper electrodes were plated onto the graphene
films; the graphene films act as the conducting channel be-
tween the sources and drain electrodes. The channel length
(L) and width (W) were both about 1 cm. The electrical
properties were measured in air at room temperature.
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Figure 1 (Color online) (a) Illustrative picture of system for the synthesis of NG film on Cu foil by using urea as the nitrogen source; (b) optical image of a
single layer NG transferred onto SiO,/Si substrate. Inset is SEM image of NG transferred onto SiO,/Si substrate; (c) AFM image of NG at the edge of NG

transferred onto SiO,/Si substrate and with an average thickness of 0.9 nm.
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3 Results and discussion

The system for the synthesis of NG film on Cu foil with
urea as the nitrogen source is illustrated in Figure 1(a),
while the detailed growth procedure is presented in the ex-
perimental section. Basically, in a low-pressure CVD reac-
tor, the urea powder sublimated at 60°C upstream and
transported by H, and CH, gas to the copper foil to decom-
pose and react to form NG at 1000°C. After being trans-
ferred from the copper foil onto a SiO,/Si substrate, the NG
film was displayed as a large-area, uniform and continuous
film from the optical (Figure 1(b)) and SEM (inset Figure
1(b)) images. The thickness of the NG film was determined
by AFM. As shown in Figure 1(c), the average thickness of
NG was 0.9 nm.

Raman spectra of pristine graphene (black curve) and ni-
trogen-doped graphene (red curve) on 300 nm SiO,/Si sub-
strate are exhibited in Figure 2. Two conspicuous peaks in
PG are the G band (1571 cm™) and the 2D band (2681 cm™),
characteristic features for a single layer graphene [35]. In
addition, a weak Raman peak at 1350 cm™' has been as-
signed to D band, activated by defects via an intervalley
double-resonance Raman process [36]. And the intensity
ratio of D band to G band (Ip/Ig) has been used to evaluate
the defect density in grapheme [36,37]. The tiny intensity
ratio (Ip/lg=0) demonstrates that the pristine graphene near-
ly has almost no defects. In contrast, the N-doped graphene
displays a much higher intensity of the D band at 1356 cm™.
The intensity ratio (Ip/l;) is about 2.19, due to the structure
defects induced by nitrogen doping [16]. An extra peak (D';
1630 cm™) located on the shoulder of G peak is also ob-
served for NG. It originates from the intravalley double
resonance scattering process, in which the defects provide
the missing momentum in order to satisfy the resonant pro-
cess [38]. Compared with that of PG, the I,p/I; ratio de-
creases, because the 2D peak is sensitive to lattice defects
and doping in grapheme [39,40]. G band (1593.71 cm™)
and 2D band (2696.80 cm™) of the NG show upshifts of
about 6 and 15 cm™, respectively. We also synthesized
graphenes with different dopant concentration and study
how their Raman spectra changed with the dopant concen-
tration (Ip/lg) (Figure 3).

As shown in Figures 3(a)—(d), all conspicuous peaks shift
to higher frequencies with the increase of the dopant con-
centration (Ip/Ig). Electron doping [41,42] and compressive
strain [43] also contributed to such shift, as explained pre-
viously [40]. The larger dopant concentration, the more
electrons doping, and the more distortion of the lattice all
lead to the more blue shift of Raman peaks. Figures 3(e) and
(f) show that In/Ig increases, whereas I,p/Ig decreases with
the increase of Ip/Ig, which is contributed with combination
of lattice defects and charge carrier doping [39,40,44]. By
using the ratio Ip/Ip, we can probe the nature of defects.
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Figure 2 (Color online) Raman spectra of PG (black) and NG (red) on
300 nm SiO-/Si substrate.

According to the previous reports [40,45], Ip/Ip is ~13 for
sp3-defects, ~7 for vacancy-like defects, and ~3.5 for do-
main boundaries. The Ip/Ip of NG is about ~1.20, which is
close to the 4 value of boundary defects. Figures 3(g) and (h)
show the FWHM (Full Width at Half Maximum) of D and
2D peaks, which is strongly dependent on the pho-
non-defect scattering rate, increasing almost linearly with
the increase of Ip/Ig. Our previous work has reported that
the point-defect can decrease the phonon lifetime, and con-
sequently decrease the mean free path of phonon and
broaden the FWHM of 2D peak [46].

XPS is applied to study the N content and bonding
configurations of N-doped graphene transferred on 300 nm
Si0,/Si substrate. The Nitrogen content of our sample is
3.72 at.%, which is determined by the ratio of peak intensity
between N1s and Cls. Figure 4 shows high-resolution XPS
Cls spectrum (a) and N1s spectrum (b). In Figure 4(a), the
Cls spectrum can be decomposed into three component
peaks, with their maxima at binding energy of 284.6, 285.2,
and 286.0 eV, respectively. The main peak at 284.6 eV is
assigned to sp” hybridized C atoms in graphene. The other
two peaks at 285.2 and 286.0 eV represent the binding en-
ergy of N atoms connected with sp” C and sp® C atoms due
to the substitution of the N atoms and defects in the graph-
eme [15]. The Nls peak also has three components. The
peaks at 399.5 and 400.0 eV correspond to “pyridinic” N
and “pyrrolic” N, respectively. They refer to the N atoms
which located in a m conjugated system and contribute to
the system with one or two p-electrons, respectively [15]. In
the graphitic N, located at 401.3 eV, N replaces the carbon
atom within the graphene layer and bonds to three carbon
atoms. Among the three bonding configuration, the pyrrolic
N is the main structure.

Electrical properties measurements of the NG were per-
formed in air at room temperature to reveal the doping
effect and carrier mobility. Back-gated field-effect transis-
tors (FETs) based on PG and NG were fabricated on 300
nm Si0,/Si substrates with copper metal source/drain. Fig-
ure 5 displays the typical transfer characteristics of PG and
NG FETs at fixed drain-source voltage (Vyg=1 V). The
back-gate scanning voltage (V) scans from —100 to 100 V.
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Figure 3 (Color online) Evolution of Raman peaks position of D (a), G (b), D' (c), 2D (d), intensity (D’) (e) and 2D (f)) and FWHM (D (g) and 2D (h)).

8000 T

7000 | 284.6 eV
6000 -
5000 |

4000
3000 L I\ 286.0 eV

Intensity (a.u.)

2000 |+

1000 . s s s
275 280 285 290 295 300

Binding energy (eV)

1700

1650
1600
1550
1500

Intensity (a.u.)

1450

OO 1 1
392 394 396 398 400 402 404 406 408 410 412
Binding energy (eV)

Figure 4 (Color online) High-resolution XPS Cls (a) and N1s (b) spectrum of NG.

The curve of drain current versus gate voltage in Figure 5
reveals a typical n-type conductive behavior of the NG de-
vice, with the Dirac point at about —52.9 V. In contrast, the
PG device fabricated and measured using the same proce-
dure shows the Dirac point at about 3.31 V, because the

residual organics and O, etc. are absorbed on the surface of
PG, which makes the PG device p-typed. The mobility can
be calculated using the equation, where C, is the back-gate
capacitance with the value of 11.52 nF/cm™. The electron
and hole mobility of NG are calculated to be 17.3 and
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Figure 5 (Color online) Transport properties in pristine (a) and nitrogen-doped (b) graphene devices.

74.1 cm?/V s, respectively. The hole mobility is comparable
to that the previous work 53-73 [47] and 74 cm AV s [22].
Although the measurement was carried out in air, the Dirac
point at —=52.9 V is much larger than that measured in vac-
uum [17,48] and others in air condition [22,47]. It indicates
that NG synthesized by our method has a rich doping con-
tent 3.72 at.% and maintains a higher carrier mobility,
74.1 cm*/V s.

4 Conclusion

We have successfully synthesized continuous, uniform and
single layer large area N-doped graphene via CVD method,
where urea was used as the N source and methane as the C
source. We performed SEM, Raman spectroscopy and
X-ray photoelectron spectroscopy (XPS) to characterize the
NG. Nitrogen atoms were doped into graphene with N con-
tent at 3.72 at.%, verified by Raman and XPS spectroscopy.
The configuration was mainly pyrrolic N structure. The
electrical studies showed that NG device was typical
n-typed in air with Dirac point at =52.9 V and the hole mo-
bility of 74.1 cm?/V s, which was comparable to that of pre-
vious reported NG devices.
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China (Grant Nos. 91123009, 10975115), and the Natural Science Foun-
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