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ABSTRACT: We report a viable method to produce nanocrystal- 30 NG(142aL% V.05V
line graphene films on polycrystalline nickel (Ni) with enhanced N 14 o 7_"9" 25/ _NG(1128at%)
doping at low temperatures by a cold-wall plasma-assisted chemical 19 El _ 20l >Pyridinien

vapor deposition (CVD) method. The growth of nanocrystalline  _ c o 2 :

graphene films was carried out in a benzene/ammonia/argon Z 1.0} o] ® =] 15¢

(C¢Hg/NH,/Ar) system, in which the temperature of the substrate < - o Z| =10, —

heated by Joule heating can be further lowered to 100 °C to "l o &| ~os| Soum

achieve a low sheet resistance of 3.3 kQ sq~' at a high optical 06l % DO\_/’/—
transmittance of 97.2%. The morphological, structural, and g : o 5 v 1
electrical properties and the chemical compositions of the obtained ) n

N-doped nanocrystalline graphene films can be tailored by N concentration (at.%) Ve V)

controlling the growth parameters. An increase in the concen-

tration of atomic N from 1.42 to 11.28 atomic percent (at.%) is expected due to the synergetic effects of a high NH;/Ar ratio and
plasma power. The possible growth mechanism of nanocrystalline graphene films is also discussed to understand the basic chemical
reactions that occur at such low temperatures with the presence of plasma as well as the formation of pyridinic-N- and pyrrolic-N-
dominated nanocrystalline graphene. The realization of nanocrystalline graphene films with enhanced N doping at 100 °C may open
great potential in developing future transparent nanodevices.

1. INTRODUCTION pyrrolic-N, pyridinic-N, and graphitic-N. Pyridinic-N refers to
a N atom that substitutes within the two carbon (C) atoms at
the edges or defects of graphene and contributes one p
electron to the 7 system, while pyrrolic-N refers to a N atom
that substitutes into the five-membered ring and contributes

Graphene, a two-dimensional material with sp*-hybridized
carbon atoms arranged in a honeycomb lattice, has gained
great attention from researchers for its unique properties in
terms of optical, electronic, mechanical, and chemical proper-

ties.' In view of these, it has been considered as one of the two p electrons to the 7 system. However, graphitic-N refers tl(;
promising materials for widespread applications such as field- a N atom that substitutes for C atoms in the hexagonal rings.
effect transistors,” transparent conductive films,”* solar cells,® For instance, these bonding configurations have a significant
photodetectors,é_8 sensors,”” "' and so forth. However, the effect on the charge distribution of the carbon network and
utilization of graphene in most nanoelectronic applications is may work as activation sites on the graphene surface, ie.,
icted d : 1 : istine form.!>'® T A . . . .
restricted due to its gapless states in pristine form. o pyridinic-N is believed to be associated with oxygen reduction
exploit possible modifications or tailoring its properties, it is, reaction (ORR) activities due to the availability of a single lone
therefore, necessary to control the charge carrier concentration pair of the electron, which is considered as an active catalytic
by tuning th:a Fermi level (EF) The method applied for band center.'®
gap tuning in graphene is through doping such as surface Direct synthesis through the chemical vapor deposition

transfer doping, substitutional doping, or chemical doping.*
Substitutional doping of heteroatoms such as boron (B) or
nitrogen (N) in the graphene is one of the most investigated
methods since it is inherently stable due to the covalent bond
linkage of the dopant into the graphene lattice.'> Among B and
N atoms, N substitution in graphene is most preferable due to
its excellent properties such as comParable atomic size and
possession of five valence electrons.'® Particularly, N-doped
graphene has three common bonding configurations known as

(CVD) method is widely used to produce N-doped graphene
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Figure 1. Morphological and electrical properties of N-doped nanocrystalline graphene films. FESEM images of (a) as-deposited Ni film, (b) as-
annealed Ni film, (c) as-grown N-doped nanocrystalline graphene films on the Ni film, and (d) as-transferred N-doped nanocrystalline graphene
films on the SiO,/Si(100) substrate The SiO, surface can be seen in the yellow box. (e) Optical micrograph of N-doped nanocrystalline graphene
films on SiO,/Si(100) substrate showing several spots of multilayer domains underneath the top layers in the cyan box. The SiO, surface is
represented by light color contrast. (f) Optical transmittance of N-doped nanocrystalline graphene films at different growth conditions. The insets
show the photographs of N-doped nanocrystalline graphene samples transferred onto the quartz substrate on white paper background. (g)
Comparison of the sheet resistance and optical transmittance obtained in the present work and other existing works in the literature.

because of its economic efficiency, scalability, and acceptance
by the semiconductor industry. A typical CVD route to
produce N-doped graphene has been reported using various
carbon precursors such as methane, acetylene, or pyridine at
high temperatures in the range of 800—1050 °C.""~** In most
cases, high-temperature processes mostly result in dominant
graphitic-N configuration over the large-area graphene.'””’
Great deal of effort is always required in limiting the high-
temperature processes due to severe physical damage to the
substrates or devices, especially during the integration of
graphene onto the nanoelectronics platform. Therefore, low-
temperature growth of graphene is highly desirable as it is a
more economical and convenient process on any low-
temperature substrate. To achieve this, Ni and alloy metals
have been reported as suitable catalysts for further reduction of
the growth temperature while maintaining the same graphene
quality as compared to that obtained by high-temperature
processes.2 ’

On the other hand, one promising way to realize the low-
temperature growth of N-doped graphene is employing
plasma-assisted CVD.**™ It is believed that the plasma
does not only further lower the temperature for the growth of
N-doped graphene but also can provide substantial free
radicals for highly efficient N substitution in the direct growth
of nanographene films. Meanwhile, several groups have
demonstrated that the reduction of the growth temperature
can be achieved using polyhalogenated aromatic compound™*
or heteroatoms containing carbon sources such as pyridine31’32
that possess a similar structure to benzene for producing high-
quality graphene.” A few studies have also been demonstrated
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that the growth temperature of N-doped graphene can be
lowered to 435 °C, in which the N atoms are mainly
incorporated in the pyridinic-N form.”®*° Meanwhile, at a
much lower temperature of 300 °C, a recent study of N-doped
graphene grown on Cu foils using liquid pyridine via two-step
CVD demonstrated high-quality graphene films with dominant
graphitic-N, but the N atomic concentration was low at around
1.6 at.%.** Although the growth of N-doped graphene has been
reported previously, none of the systematic studies were
focused on achieving nanographene films with high N doping
concentration at low temperatures, particularly below 200 °C
for cost-effective advanced electronic and electrochemical
applications such as sensors and fuel cells.”*

In this study, we report a viable method to extend the
growth capabilities of N-doped nanocrystalline graphene films
with enhanced N doping at low temperatures as low as 100 °C
using a cold-wall plasma-assisted CVD system. This is the
lowest temperature that has been reported to date for the
growth of N-doped nanocrystalline graphene. In this method,
we combine Joule heating and the plasma-assisted growth
process at low-temperature regimes and use a C¢Hg/NH;/Ar
system to produce large-area N-doped nanocrystalline
graphene films on a polycrystalline Ni catalyst in a shorter
time as compared to the existing hot-wall CVD method. The
influences of the NH;/Ar ratio and plasma power on the
morphological, chemical composition, structural, and electrical
properties of N-doped nanocrystalline graphene films are
systematically studied. The findings suggest that the strong
synergetic effects of the NH;/Ar ratio and plasma power are
key to this synthesis route and offer fine-tuning control over

https://doi.org/10.1021/acsomega.1c01520
ACS Omega 2021, 6, 23710—23722


https://pubs.acs.org/doi/10.1021/acsomega.1c01520?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c01520?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c01520?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c01520?fig=fig1&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c01520?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega http://pubs.acs.org/journal/acsodf
a Nizp OKLL C N N 1s d " N1s
Ni LMM oy, N N I
01s > //’:\"'\_ e e /M‘\r N =133
[y \ /(\ f~.
;,', v/ i M P ’&-‘--
. = NHJAr(0.25) 717a%| S0W 1128at%
= o =
% —NH /AT (0125 é rAY NN =088 B //\M NN =102
= R n . = \ @ '
2 [ Ni2p OKLL g ,/ X el [ X
pi il \
2 N LM sW / \\}‘é‘-w €|/ /
@ie e E [ WA i0an| S AW 569ah
Cis s - = M g s
\// N wN=012] = \ NN =072
| t'}ﬁgég'\
) LN L
142a1% 50 W H,/Ar(0.125) 14221% W 14Zath
200 300 400 500 600 700 800 900 10001100 366 398 400 402 404 396 306 400 402 404
Binding energy (eV) Binding energy (eV) Binding energy (eV)
e 44 f
12+ o ig,_ 5 ~y "\..1 ¥ . b Er- ’Ik - h’ 5 |
; " k- gl . >
=100 @ ;”v = Al ?L S ;
© v W W R ol
08l 2 b » § A - o |
o § 1 L o )._,v;‘ L Y :
06 ; Pyridinic-N (N, ) Pyrrolic-N (N5} Oxidized-N (N;)

5 10
N concentration (at.%)

o

Figure 2. X-ray photoelectron spectroscopy (XPS) spectra of N-doped nanocrystalline graphene films. (a) XPS survey spectra of as-grown samples
by varying the NH;/Ar ratio at 0.125, 0.1785, and 0.25. (b) XPS survey spectra of as-grown samples by varying RF plasma power at 10, 20, and S0
W. (¢, d) Corresponding core-level of N 1s spectra. (e) Ratio of pyrrolic-N to pyridinic-N content (N,/N;) as a function of atomic N
concentration. (f) Schematic representation of possible nitrogen bonding configurations. Nj, N,, and N; denote pyridinic-N, pyrrolic-N, and

oxidized N, respectively.

macroscopic features to enable substantial N doping into the
graphene lattice. The possible growth mechanism with
pyridinic-N- and pyrrolic-N-dominated nanocrystalline gra-
phene at low-temperature regimes is also discussed to
demonstrate the tunability of N doping concentration.

2. RESULTS AND DISCUSSION

A field-emission scanning electron microscopy (FESEM)
system was used to characterize the surface morphologies of
the N-doped nanocrystalline graphene films before and after
the growth process. The as-deposited 150 nm thick Ni on a
Si0,/Si(100) substrate at room temperature, as shown in
Figure 1la, exhibited a continuous film with ultrafine grain size
(<10 nm). After annealing at an elevated temperature of up to
700 °C in H, for 30 min, significant grain growth and
densification of Ni film were achieved on the surface of the
substrate due to the variation of compressive thermal
mismatch coefficient between the Ni film and SiO,/Si
substrate.”> The as-annealed Ni film has an average grain
size of about 250 nm, and the grains were densely packed
without any carbonaceous growth on the Ni surface (see
Figure 1b). This was confirmed by Raman spectrum analysis,
in which no G, D, and 2D bands were seen for the samples
before and after the annealing process in H,/Ar (see Figure
S1). In this case, the results suggest that no graphene or
amorphous carbon formation was taken place on the Ni surface
during the annealing step. After the growth process in C4Hg/
NH;/Ar plasma, the grain size of the Ni film remains
unchanged at all. The visibility of color contrast (light and
dark region) indicates the formation of nanocrystalline
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graphene films on the Ni grains and SiO,/Si(100) substrate
(see Figure 1lc,d). Both lighter and darker regions are
representative of thin and thick layers, as commonly reported
previously.*® It is expected that the high nucleation density and
high growth rate of plasma-assisted CVD may cause stacking of
graphene in few-layer or multilayer domains, which can be
clearly seen in an optical image of the transferred sample (see
Figure le). Most importantly, the morphology of N-doped
nanocrystalline graphene in this work resembles a layer of
continuous films on the Si0,/Si(100) substrate.

Additional characterization by the visible spectroscopy
system has been performed to measure the optical trans-
mittance of N-doped nanocrystalline graphene samples. As
reported, light transmittance could identify the number of
graphene layers on the quartz substrate, where the wavelength
value is commonly taken in the visible range starting from 400
to 800 nm under incident white light.*® Prior to character-
ization, the as-grown N-doped nanocrystalline graphene films
were carefully transferred onto a quartz substrate using the
typical wet chemical transfer technique. As shown in Figure 1f,
the optical transmittance of N-doped nanocrystalline graphene
films exhibits a highly transparent film all over the visible range,
in which the values of optical transmittance decrease with
increasing growth temperature. The sample grown at 100 °C
exhibits optical transmittance of 97.2% at 550 nm and 97.8% at
700 nm. The high values of optical transmittance in this work
are slightly lower compared to that of the typical monolayer
graphene (97.7%) reported previously.”® The slight variation is
possibly attributed to the poor coverage of graphene in the
form of bilayer or multilayer domains. In addition, the
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Table 1. Direct Growth of the N-Doped Graphene CVD Method from This Present Work and Other Existing Works

pressure

temperature

nitro%en content

precursors (Pa) catalyst
methane/ammonia (CH4/NH3) atm Cu film
ethylene/ammonia (C,H,/NH,) 613 Cu foil
pyridine (C4HgN) 933.3 Cu foil
poly(dimethylsiloxane) /hydrogen/nitrogen 3066.4 Cu foil

((CHeOS81),/H,/N;,)

1,3,5-triazine (HCN), 666.6 Cu foil
pyridine (C¢HgN) 0.133 Cu foil
pentachloropyridine (C;CI;N) 2000 Cu foil
pyridine (C¢H(N) atm Cu foil
benzene/ammonia/argon (C4Hs/NH;/Ar) 200 Ni film

°C) at.%) main configuration ref
800 1.2-8.9 graphitic-N 19
900 0-16 pyridinic-N 20
1000 2.4 pyridinic-N 22
700 0.9-5.6 pyrrolic-N 27
700—900 2.1-5.6 pyridinic-N/pyrrolic- 42

N
950 0.18 graphitic-N 23
400—600 1.7-8.2 pyrrolic-N 44
200-300 7.3-8.5 graphitic-N
300 1.6 graphitic-N 32
100 1.42—3.60 pyridinic-N present
5.89—11.28 pyrrolic-N work

transparency and visual homogeneity of the N-doped nano-
crystalline graphene films are also shown in the inset of Figure
1f. For electrical measurements, the as-transferred N-doped
nanocrystalline graphene films (1.0 cm X 1.0 cm size) on the
quartz substrate were characterized using a typical van der
Pauw method under ambient air at 300 K by a Hall-effect
measurement system. At a high optical transmittance value of
97.2%, the extracted average sheet resistance (R;), sheet
concentration (n), Hall mobility (luyyl), and Hall effect
coefficient (IRy,yl) of the N-doped nanocrystalline graphene
films were determined to be 3.3 kQ sq™!, 7.51 X 10" cm™?,
65.5 cm? V7! s7Y, and 541 cm® C7, respectively. For
comparison with existing plasma-assisted CVD, a plot of
sheet resistance versus optical transmittance is shown in Figure
1g. The average sheet resistance of N-doped nanocrystalline
graphene films in this work is almost comparable to that of
nanocrystalline graphene films grown at much higher temper-
ature regimes.”’

X-ray photoelectron spectroscopy (XPS) is the standard
characterization technique to study the nitrogen doping
phenomenon. To examine the concentration of atomic N in
the N-doped nanocrystalline graphene films, XPS survey
spectra were first measured by scanning the as-grown samples
at the lowest growth temperature of 100 °C with different
NH;/Ar ratios, as shown in Figure 2a,b. The results of the XPS
survey scans for all N-doped nanocrystalline graphene films
show typical three C 1s, N 1s, and O 1s peaks at ~284.8,
~399.1, and ~531.2 eV binding energies, respectively. It was
observed that the intensity of the C 1s peak is much lower at a
higher NH;/Ar ratio and plasma power, while the intensities of
other peaks exhibit an opposite trend. Here, the presence of a
minor N 1s peak can be attributed to the C—N bonds in the
graphene lattice, which is consistent with our previously
reported N-doped graphene.”’ Using a constant RF power of
10 W, the concentration of atomic N tends to monotonically
increase with an increase in the NH;/Ar ratio as a result of the
high precipitation of NH; during the growth process. The
concentration of atomic N shows an increasing trend with the
values of 1.42, 3.60, and 7.17 at.% for the 0.125, 0.1875, and
0.25 of NH;/Ar ratios, respectively. Similarly, the concen-
tration of atomic N also tends to increase with an increase in
plasma power. The values of the concentration of atomic N are
determined to be 1.42, 5.89, and 11.28 at.% at 10, 20, and 50
W RF plasma power, respectively. Here, the enhanced N
doping up to 11.28 at.% is the highest reported N doping
concentration to date for the direct growth CVD process,

implying the role of plasma in enabling substantial N doping at
a growth temperature of 100 °C. It is also noted that the N-
doped graphene films have a hi§her N doping concentration at
lower growth temperatures.m’4 3 For comparison, the results
for the present and previous N-doped graphene are
summarized in Table 1. In this method, the results suggest
that a high N doping concentration is possible to achieve for
the growth of N-doped nanocrystalline graphene films at
temperatures as low as 100 °C. To confirm the distribution of
elemental composition in N-doped nanocrystalline graphene,
energy-dispersive X-ray spectroscopy (EDS) elemental map-
ping analysis was carried out on a mapping area of 18.5 ym X
25 pm. The EDS results show that the samples grown on the
Ni film at 10, 20, and 50 W RF power consist of the typical C,
O, and N elements, which are distributed uniformly on the top
surface (see Figure S2). The N/C atomic ratios for the samples
grown on the Ni film at 10, 20, and 50 W are determined to be
0.072, 0.094, and 0.237, respectively. Here, the increase in the
N/C atomic ratio obtained in this work indicates substantial N
doping in the graphene lattice plane.

To further investigate the possible N bonding configuration
in the N-doped nanocrystalline films, the high-resolution XPS
scans of N 1s were carefully carried out at several scan spots of
the as-grown samples. After applying the Shirley background
subtraction, a Gaussian—Lorentzian product function was used
to approximate the line shapes of the fitting components.
Figure 2¢,d shows the deconvolution of core-level N 1s spectra
of N-doped nanocrystalline graphene films with different NH;/
Ar ratios and plasma power levels. There are three components
obtained for the core-level N 1s spectra at ~397.5—398.1,
~399.4—400.1, and ~402.2—402.9 eV, which correspond to
pyridinic-N (N;), pyrrolic-N (N,), and oxidized N (Nj,),
respectively (see Figure 2f). Here, no significant peak can be
seen at ~401 eV, which corresponds to graphitic-N for all of
the as-grown samples, indicating that pyridinic-N and pyrrolic-
N are both preferred to bond with C atoms over graphitic-N.
At a relatively low temperature of 100 °C, none of the N atoms
is expected to substitute a C atom and bonding with three C
atoms directly in hexagonal lattice structure at the basal plane.
Based on the results of core-level N 1s spectra, it is suggested
that the changes of the N bonding configuration in the N-
doped nanocrystalline graphene films are dependent on the
growth parameters. At a constant 10 W RF power, the growth
of N-doped nanocrystalline graphene films with 0.125 NH;/Ar
ratio tends to adopt more pyridinic-N over pyrrolic-N and
oxidized N configuration, especially at the edges or defects.

https://doi.org/10.1021/acsomega.1c01520
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Figure 3. Raman spectra measurements of N-doped nanocrystalline graphene films grown at low-temperature regimes. (a) Raman spectra of N-
doped nanocrystalline graphene films transferred on the SiO,/Si(100) substrate at different growth conditions. (b) Deconvoluted profile of the D,
G, and D’ bands in (a) after baseline correction. (c) Peak intensity ratio of the D band to G band (Ip/I;) and the density of defects (np) as a
function of growth temperature (T). (d—i) Raman map intensities of the 2D band, G band, D band, L,,/I, Ip/Ig, and FWHM of the 2D band. The
mapping area of the N-doped nanocrystalline graphene films is 20 gm X 20 ym. (j, k) Histogram plots of the peak intensity ratio of the 2D band to
G band (I,p/I;) and the full width at half-maximum (FWHM) of the 2D band indicating the distribution areas of Bernal-stacked and disoriented

nanographene (NG) domains.

When the NH;/Ar ratio is increased from 0.125 to 0.25,
pyrrolic-N tends to be a more dominant configuration
compared to others, in which the ratio of pyrrolic-N to
pyridinic-N (N,/N;) content increases from 0.72 to 1.12. A
similar trend of increasing pyrrolic-N is also observed when the
RF power is increased from 10 to 50 W, in which the N,/N;
increases from 0.72 to 1.33. Meanwhile, less oxidized N is
observed at a higher NH;/Ar ratio and plasma power because
this configuration is likely to break from the graphene lattice,
and eventually form volatile molecules upon breaking. Based
on the values of N,/N, in Figure 2e, the N doping with more
pyrrolic-N than pyridinic-N (N,/N; > 1) can be achieved
especially at a higher N doping concentration (>5.89 at.%)
and vice versa. The findings suggest that pyridinic-N- and
pyrrolic-N-dominated nanocrystalline graphene can be specif-
ically tuned by controlling the NH;/Ar ratio and plasma power
during the growth process.

Based on the above observations, a possible growth
mechanism for the dominant pyridinic-N or pyrrolic-N in
the graphene lattice based on XPS results is proposed to
understand the growth of N-doped nanocrystalline graphene
via plasma-assisted CVD. First, it should be noted that the
source of dehydrogenation of C4Hy in this study consists of
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two parts: plasma and Ni catalyst. Upon introducing the gas
mixture of C4Hg/NH;/Ar into the reaction chamber at 100 °C,
the uniform plasma generated by two parallel plates (e.g., gas
showerhead and heater stage) on the Ni surface continuously
dissociates CsHg—NH; molecules into highly reactive C,H,
species (radicals, ions) (x < 6, y < 6), NH, species (y < 3) and
generates reactive H species in a controlled manner. Through
this process, the H species may contribute to further
dissociation of the CgH4—NH; molecules and introduce H,
during the plasma-assisted process.”” In addition, the H and Ar
species also remove impurities and amorphous carbon
generated on edges and thus keep the edges active during
the nucleation and expansion process.”® Although the CqHj
molecules can be thermally dehydrogenated at low-temper-
ature regimes, the dehydrogenation of C¢Hg molecules
partially takes place,” and thus incorporating NH; molecules
is necessary to enhance the efficiency during the plasma-
enhanced dissociation reactions.”®** In particular, H species
from the dissociation of the NH; molecules are likely to
hydrogenate with H species from the dissociated C,H, species
and introduce additional H,; thus, the dehydrogenation
efficiency of C¢Hy increases. Possible chemical interaction to
produce N-doped nanocrystalline graphene can be expressed
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by the following equilibrium: C¢H, (g) + 2NH; (g) + Ar (g)
= N-doped graphene (s) + 6H, (g) + Ar (g) — Q, in which Q
is the heat. At a low NH;/Ar ratio or low plasma power, fewer
H species are likely to initiate the nucleation of small graphitic
clusters from the assembly of Cg4 rings on the Ni surface and
result in high coverage of the nanocrystalline graphene film on
the Ni surface. In parallel, more C,H, species in the form of C4
rings are generated to form covalent bonds with NH, species at
the edges and graphitic basal plane during the adsorption of
C,H,—NH, species on the Ni surface, hence resulting in more
pyridinic-N (sp*-coordinated, two N—C bonds in a hexagon)
than pyrrolic-N (sp*-coordinated, two N—C bonds in a
pentagon). This behavior is contrary to the early attempts of
low-temperature graphene growth that suffer from low surface
coverage and in the form of flakes rather than as a film.”" In
contrast, at a high NH;/Ar ratio or high plasma power, the
densities of C4Hg and NH; molecules tend to increase more
intensely and more H species are generated during the C;Hs—
NH; dissociation reactions probably lead to significant edge
etching. NH, species tend to attach to the edges and form NH-
terminated edges to increase the energy barrier for C species
attachment. On the other hand, some of the C¢Hy molecules
tend to partially dissociate into C radical fragments or broken
graphitic sp® carbon instead of forming Cy rings for the
assembly of the nanocrystalline graphene layer. Therefore,
strong interaction between the NH, species and the graphene
edges is expected to take place, especially at the edges or
defects, resulting in more pyrrolic-N than pyridinic-N due to
the strong influence of reactive NH, species.

Raman spectroscopy is another useful tool to characterize
the N-doped nanocrystalline graphene films. The influence of
growth temperature on the structural properties of N-doped
nanocrystalline graphene film was first investigated and
compared with the pristine CVD graphene, as shown in
Figure 3a. Raman spectra of pristine CVD graphene present
typical intense Raman features: the G band at 1583 cm™ and
the 2D band at 2684 cm™". In addition to these two peaks, the
N-doped nanocrystalline graphene film at lower growth
temperature presents a D band of much stronger peak
intensity located at 1357 cm ™", which is activated by intervalley
scattering, indicating the presence of higher defects or
impurities from the substitution of N atoms into the graphene
lattice. Meanwhile, at higher growth temperatures, the peak
intensity of the 2D band in the N-doped nanocrystalline
graphene film is much weaker compared to that in pristine
graphene, which is consistent with the previously reported N-
doped graphene.*” However, the peak intensity of the 2D band
almost deteriorates for the sample grown at 400 °C, which
indicates the formation of amorphous carbon. This could be
attributed to the higher electron—hole scattering rate from
either the N-induced electron doping or lattice defects.™
Additional weak D’ and D + D’ peaks located at 1624 and
2950 cm™" are also noticeable for the samples grown at 100,
200, and 300 °C, which are activated by intravalley scattering
and combination of phonons with different momenta around K
and I" points, respectively. Here, the D’ peak is merged into
the G peak due to intrinsic defects in the nanocrystalline
graphene films.>" From deconvolution of Raman spectra, as
shown in Figure 3b, a sharp G peak profile is expected for the
as-grown samples that is distinct from those of amorphous
carbon and diamondlike films grown by the plasma method.”
In addition, the shift of Raman peaks can also provide doping

information of the graphene lattice.”® In comparison to the

pristine graphene, the G and 2D bands for the sample grown at
100 °C are shifted to the higher frequencies with an average
blue shift of ~3.4 and ~18.7 cm™/, respectively. Noted that the
blue shift in the G band is due to the presence of pyridinic-N
and pyrrolic-N, which is in accordance with reported N-doped
graphene.”® This means that our nanocrystalline graphene
films are successfully doped by N atoms.

Generally, the peak intensity ratio of D band to G band (I,/
Ig) indicates the degree of defects in in-plane graphene,”
which usually shows a strong dependence on the growth
temperature. In this study, the mean values of the Ij,/I; ratio
are expected to increase from 1.0 to 2.13 when decreasing the
growth temperature from 300 to 100 °C (see Figure 3a). The
mean values of Ip/I; in this work are much higher than that of
typical polycrystalline N-doped graphene (Ip/I; = ~0.3—0.4)
produced by the high-temperature CVD method.”® From the
mean values of I/I;, the density of defects of the N-doped
nanocrystalline graphene can be evaluated using the following
general equation:™ np = ((1.8 £ 0.5) x 10%)-A~*(Ip/Ig),
where A is the laser excitation wavelength used for the Raman
measurements. Assuming that N doping is uniform in the
graphene film, here, we estimate that the average defect
densities of the N-doped nanocrystalline graphene are 5.49 X
10", 3.70 x 10", and 2.55 X 10" cm™ for the growth
temperatures of 100, 200, and 300 °C, respectively (see Figure
3c). The high I,/I; in this work also reflects a common feature
of polycrystalline nanodomains in the graphene grown using
plasma. From the peak intensity ratio of the D band to G band,
it is possible to estimate the graphitic domain size.”” The
domain size L, can be estimated by the Tuinstra—Koenig
relation L, = (2.4 X 107'°)-A*(Ip/Ig)™". In particular, this
yields an average domain size of 7.86 nm for the growth
temperature of 100 °C, about 1 order of magnitude smaller
than that of typical pristine graphene (>100 nm). This value
indicates that the deposited graphene is not pure single-
crystalline but nitrogen-containing polycrystalline graphene.

Next, Raman mapping measurements were also employed to
further investigate the structural properties of the N-doped
nanocrystalline graphene film at the lowest growth temperature
of 100 °C. Large-area Raman mapping images of the as-grown
sample within a 20 ygm X 20 ym area were carefully obtained
for the main 2D, G, and D bands, as shown in Figure 3d—f.
Among these bands, the results of the D band at 1357 cm™!
show the highest values of intensity due to a high number of
defects and high amount of N dopants in the graphene lattice,
which is relatively consistent with the results of Raman spectra
in Figure 3a. On the other hand, the results of the 2D band at
2703 cm™! and the G band at 1587 cm™ show fair values of
intensity, indicating that the as-grown sample possesses high
coverage of nanocrystalline graphene films over the large-area
substrate. To examine the stacking order of nanocrystalline
graphene films, further analysis of the Raman intensity map of
Lp/Ig and the full width at half-maximum (FWHM) of the 2D
band was performed, as shown in Figure 3g,i. It is worth noting
that the stacking order is determined based on the following
Lp/Ig and FWHM values of the 2D band: 0.6—2.0 (I,p/I;)
and 41.0-51.4 cm™ (FWHM of 2D) are for Bernal-stacked
nanocrystalline graphene, whereas 2.1-5.9 (I,p/I;) and 28.3—
40.5 cm™ (FWHM of 2D) are for disoriented nanocrystalline
graphene. Here, the distribution of the stacking order in
nanocrystalline graphene is shown in the histogram plots of
Lp/Ig and FWHM of 2D (see Figure 3jk), where both show
comparable results. The disoriented nanocrystalline graphene
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Figure 4. Raman spectra of N-doped nanocrystalline graphene films grown on the Ni film/SiO,/Si(100) substrate with different (a) NH;/Ar ratios
and (b) plasma power levels. Density of defects and N doping concentration as a function of (c) NH,/Ar ratio and (d) plasma power.
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Figure S. Characterization of the atomic structure of N-doped nanocrystalline graphene films grown at 100 °C. (a) TEM image of N-doped
nanocrystalline graphene films with an atomic N doping concentration of 1.42 at.%. (b) HR-TEM imaging in a red square area in (a); the inset of
(b) is the corresponding fast Fourier transform FFT pattern displaying the characteristic of the single-crystalline lattice structure. (c) Fourier
filtered HR-TEM image showing the pyridinic-N configuration. (d) TEM image of N-doped nanocrystalline graphene films with an atomic N
doping concentration of 11.28 at.%. (e) HR-TEM imaging in a blue square area in (d); the inset of (e) is the corresponding fast Fourier transform
FFT pattern showing the typical Debye—Scherrer-type ring pattern. (f) Fourier filtered HR-TEM image showing the pyrrolic-N configuration.
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Figure 6. Electrical characterization of N-doped nanocrystalline graphene films. (a) Sheet resistance and Hall mobility as a function of the N
doping concentration. (b) Source—drain current (I,4)—source—drain voltage (V4) characteristics at zero gate voltage (ng). (c) Iq—Vig transfer
characteristics at a constant V4 of 0.5 V for the N-doped nanocrystalline graphene (NG) films with N doping concentrations of 1.42 and 11.28 at.
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has relatively dominant coverage areas with 64.6—66.4%, while
the remaining areas of 33.6—35.6% are covered by the Bernal-
stacked nanocrystalline graphene. The observations also
suggest that the highly disoriented nanocrystalline graphene
region mostly correlates to a high number of defects, according
to the Raman intensity map of I/I; (see Figure 3h).

To confirm the tunability of the N doping concentration in
N-doped nanocrystalline graphene, we used Raman measure-
ments to correlate the defect density of the as-grown samples
with the N doping concentration at different NH;/Ar ratios
and plasma power levels (refer to Figure 2ab). Figure 4ab
shows the Raman spectra of the as-grown samples with
different NH;/Ar ratios and plasma power extracted from the
Raman mapping measurements (see Figure S4). It was
observed that the intensity of the D band increases, whereas
the intensity of the 2D band decreases with increasing NH;/Ar
ratio and plasma power, suggesting substantial N doping
accompanied by the appearance of structural defects. By
varying the NH;/Ar ratio, the I/I; ratio shows an increasing
trend with the mean values of 2.13, 2.21, and 2.48 for the
0.125, 0.1875, and 0.25 NH;/Ar ratios, respectively. Also, an
increase in plasma power may result in a drastic increase in the
Iy/I; ratio with the mean values of 2.13, 2.25, and 3.17 for the
10, 20, and 50 W RF plasma power levels, respectively. The
density of defects (np) in relation to the N doping
concentration is presented in Figure 4c,d. From the graphs,
the estimated np, of the N-doped nanocrystalline graphene is
proportional to the NH;/Ar ratio and plasma power, which
correlates well with the increase in the N doping concentration
as discussed previously.

The atomic structure of the N-doped nanocrystalline
graphene film was characterized by high-resolution trans-
mission electron microscopy (HR-TEM). Figure Sa,c displays
the low-resolution bright-field TEM image of N-doped
nanocrystalline graphene with N doping concentrations of
1.42 and 11.28 at.%, respectively. The N-doped nanocrystalline
graphene at a low N doping concentration (1.42 at.%)
transferred on a lacey carbon-coated Cu grid illustrates a few
hundred square nanometer thin layer that is highly electron
transparent in comparison to the lacey carbon support.
Meanwhile, the one at a high N doping concentration (11.28
at.%) displays a destructive thin layer with more uneven
features. The most transparent areas are likely identified as a
thin layer of nanocrystalline graphene, whereas the dark areas
indicate some structural folds and holes that were probably
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formed due to improper handling of the sample during the wet
chemical transfer process. Figure Sb shows the HR-TEM
image of N-doped nanocrystalline graphene at a low N doping
concentration (1.42 at.%) taken from the selected red square
area in Figure 6a. Both HR-TEM and its corresponding fast
Fourier transform (FFT) pattern show the single-crystalline
nature of the graphitic domains in the hexagonal lattice form
with some defects at the basal plane, which are quite similar to
the reported N-doped graphene from previous works.”>>’
Conversely, the HR-TEM image of N-doped nanocrystalline
graphene at a high N doping concentration (11.28 at.%)
reveals small graphitic domains in a polycrystalline structure,
which was further confirmed by the typical Debye—Scherrer-
type ring pattern from the FFT pattern (see Figure Se). From
the HR-TEM analysis, the domain sizes of the N-doped
nanocrystalline films with N doping concentrations of 1.42 and
11.28 at.% are estimated to be 5.22 + 0.93 and 3.16 + 0.88
nm, respectively.

To resolve an individual C atom in the hexagonal packing
arrangement and provide the topography of an individual N
dopant site, the HR-TEM image was carefully postprocessed
by a typical Fourier mask filtering method.*” From the images
of Fourier filtered HR-TEM of the N-doped nanocrystalline
graphene, as shown in Figure Sc,f, the atomic-scale measure-
ments reveal lattice spacings of ~0.25 and ~0.14 nm
corresponding to the (100) and (110) planes, respectively.
In addition, the C atoms that are bonding with the N atom in
the pyridinic-N and pyrrolic-N configurations within the
graphene lattice are also observed, which correlate well with
the XPS results in this study. The triangular dark spots
surrounded by bright spots in graphene at the basal plane are
assigned to the pyridinic-N configuration (see Figure Sc),
whereas the dark spots associated with vacancy defects at the
edges or defects are probably attributed to the incorporated N
atoms corresponding to the pyrrolic-N configuration (see
Figure 5f). Our observation here is quite similar to the
previously reported graphene with pyridinic-N and pyrrolic-
N.°" Overall, even though the low-temperature growth was
successfully demonstrated here, further optimizations of the
growth parameters are still needed to achieve high-quality
graphene films while maintaining substantial N doping in the
graphene lattice plane. For example, the design of a high-
quality single-crystalline catalyst would be a better route for the
low-temperature plasma-assisted CVD methods in the near
future.
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Figure 7. Experimental setup of low-temperature growth of N-doped nanocrystalline graphene films. (a) Schematic representation of the cold-wall
plasma-assisted CVD method. (b) Layout of the vacuum system of the plasma-assisted CVD method. (c) Schematic diagram of the reaction
temperature (T) versus duration (t) for the optimized growth parameters. (d) Schematic representation of the overall growth process of N-doped

nanocrystalline graphene films.

Electrical measurements based on the van der Pauw method
were first performed using a Hall-effect measurement system in
ambient air at 300 K to evaluate the sheet resistance (R;) and
Hall mobility (yy,;) of N-doped nanocrystalline graphene
films. The results of sheet resistance and Hall mobility as a
function of the N doping concentration are shown in Figure
6a. It was revealed that the measured sheet resistance of N-
doped nanocrystalline graphene films increases from 3.3 + 0.3
to 52.8 + 6.7 kQ sq”' with an increase in the N doping
concentration. As a direct consequence of the increase in the
sheet resistance, it was observed that the Hall mobility of the
charge carriers decreases from 65.5 + 4.4 to 11.7 + 1.9 cm?
V™' 57" with an increase in the N doping concentration. In this
case, the Hall mobility mainly decreases due to the high
scattering of defects and disorders in the graphene lattice,
which is related to a high degree of N doping. Noted that the
N-doped nanocrystalline graphene films dominated by
pyridinic-N and pyrrolic-N are usually accompanied by the
presence of defects that tend to localize the charge carrier
transport. To further study the influence of N doping
concentration on the electrical properties of N-doped nano-
crystalline graphene films, a back-gated field-effect transistor
(FET) using the N-doped nanocrystalline graphene films was
fabricated by a standard photolithography process and
characterized using a source meter unit (SMU) system
(Keithley 236) in ambient air at 300 K. The FET structure
consists of back gating of a p-type Si, 500 nm thick SiO, layer
as gate oxidation, N-doped nanocrystalline graphene, and
metal source and drain contacts (Au/Cr electrodes with 120/
60 nm thickness). Figure 6b shows the typical source—drain
current (Iy) versus the source—drain voltage (V4) for the
fabricated FET devices with the N-doped nanocrystalline
graphene films at low (1.42 at.%) and high (11.28 at.%) N
doping concentrations. Both devices exhibit a linear I 47—V
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curve at zero gate voltage (ng) with low contact resistance,
suggesting a good Ohmic contact between the N-doped
nanocrystalline graphene films and the Au/Cr electrodes.
Figure 6¢ shows the source—drain current (I5) versus gate
voltage (ng) at a constant V4 of 0.5 V for the fabricated FET
devices with the N-doped nanocrystalline graphene films at low
(1.42 at.%) and high (11.28 at.%) N doping concentrations, at
which the charge transport exhibits asymmetry in electron and
hole conduction. It can be seen that Iy increases with
increasing positive gate bias for both devices, indicating an n-
type semiconductor behavior.”* In addition, the Dirac gate
voltage was observed at —40 and —70 V for the devices with N
doping concentrations at 1.42 and 11.28 at.%, respectively,
suggesting the predominant electron transport in the N-doped
nanocrystalline graphene films. Here, a clear trend toward a
negative shift of the Dirac gate voltage (from —40 to —70 V)
could be attributed to the increase in electron density
distribution with increasing N doping concentration.”” From
the transfer characteristics of the devices, the electron and hole
mobilities were extracted by estimating the linear region of
I 4=V}, curves using equation® = (I/wC,V,)/(ALy/ AVy),
where [ and w are the channel length (50 ym) and width (50
um), respectively, and C,, is the gate oxide capacitance per
unit area (ca. 69.02 nF cm™2) for the 500 nm thick SiO, layer.
The electron and hole mobilities of the device at a low N
doping of 1.42 at.% are 57.7 and 12.7 cm® V™' 57!, respectively.
Meanwhile, at a high N doping of 11.28 at.%, the electron and
hole mobilities of the device are 9.1 and 8.7 cm? V! s7},
respectively. In this case, the electron and hole mobilities
decrease upon a further increase in the N doping concentration
and this finding is also consistent with the observation of a
decrease in the Hall mobility of the charge carriers mentioned
above (see Figure 6b). It should be noted that N doping
introduces a significant number of defects and causes changes
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in the structural and electronic properties of graphitic
materials.'”** As a general observation, a high density of
defects, resulting from high N doping in the form of pyridinic-
N and pyrrolic-N, leads to a decrease in the charge carrier
mobility as a consequence of the large number of 7 electrons
localized around the defect sites. Therefore, in this work, the
changes in the electron and hole mobilities in relation to the N
doping are well correlated with the density of defects in N-
doped nanocrystalline graphene films.

3. CONCLUSIONS

In summary, we reported an attempt of the direct growth of N-
doped nanocrystalline graphene films via a low-temperature
cold-wall plasma-assisted CVD method in a C¢Hg/NH;/Ar
system. It was found that fully covered N-doped nanocrystal-
line graphene films can be effectively grown on a pretreated Ni
film at low-temperature regimes as low as 100 °C. Unlike
existing N-doped graphene, the as-grown films here are
composed of highly defective N-containing polycrystalline
nanodomains. The influences of the NH;/Ar ratio and plasma
power on the N doping were systematically investigated,
wherein the synergetic effects are key to the fine-tuning
graphene growth with pyridinic-N or pyrrolic-N at low
temperatures. At a low NH;/Ar ratio or low plasma power,
the resulting graphene growth favored more pyridinic-N than
pyrrolic-N. Conversely, at a high NH,/Ar ratio or high plasma
power, pyrrolic-N-dominated graphene growth, which is
mostly associated with defects at the edges, presented
substantial N doping up to values of 11.28 at.%. In addition,
the N-doped nanocrystalline graphene films dominated by
pyridinic-N and pyrrolic-N  exhibit n-type semiconductor
behavior with a strong asymmetry in electron—hole conduction
under ambient air conditions. Our findings here provide
significant progress toward the establishment of a high-
throughput plasma-assisted CVD method and also contribute
to designing novel materials with a practical strategy of
heteroatom nitrogen doping at low temperatures for future
transparent nanodevices.

4. EXPERIMENTAL SECTION

4.1. Growth of N-Doped Nanocrystalline Graphene
Films. A 150 nm thick polycrystalline Ni film (99.99%, Kurt J.
Lesker), as a catalyst, was deposited on the SiO,/Si (100)
substrate via a radio frequency magnetron sputtering system
(Edwards TF-600) at a base pressure of 0.2 Pa and room
temperature. The growth of N-doped nanocrystalline graphene
films was performed in a cold-wall plasma-assisted CVD
system (Oxford Instruments, PlasmalabSystem 100), as
illustrated in Figure 7a,b. Prior to the growth process, the
samples were annealed at 700 °C by direct Joule heating under
continuous 100 sccm hydrogen H, (99.999%) and 100 sccm
argon Ar (99.99999%) at a pressure of 200 Pa for 60 min. H,
gas was introduced into the chamber to further remove the
remaining carbon and oxygen impurities. The samples were
then cooled down to the desired growth temperature (400,
300, 200, and 100 °C, respectively) in an Ar atmosphere. To
confirm the contaminant-free samples before and after the
annealing step, the samples were characterized and verified by
Raman measurements (see Figure S1). For the growth process,
after reaching the desired temperature by direct Joule heating,
the growth of N-doped nanocrystalline graphene films was
carried out in a mixture ratio of 1:1:8 (C4Hs/NH,/Ar) at the

same pressure with a minimum of 10 W plasma power for 1 h.
Noted that the uniform plasma field generated on the surface
can cover up to a diameter of ~230 mm with a vertical distance
of ~50 mm. For this system, the liquid benzene (C4H,) source
(>99.9%, Sigma-Aldrich) that was kept in a bubbler at room
temperature was transported into the reaction chamber with a
20 sccm Ar flow rate as the carrier gas, while purified Ar with
160 sccm flow rate (99.99999%) and NH; (99.999%) with 20
sccm flow rate introduced during the growth process were
transported separately. In this work, the influences of the NH;/
Ar flow rate ratio (0.125, 0.187S5, and 0.25) and radio
frequency (RF) power (10, 20, and S0 W) on the growth of
nanocrystalline graphene films were further investigated at 100
°C. Finally, the samples were transferred to a load lock and
rapidly cooled to room temperature in vacaum (<0.133 Pa).
The overall growth process in this work is shown in Figure
7¢,d.

4.2. Sample Characterization. Prior to the character-
ization of N-doped nanocrystalline graphene films, the as-
grown samples were transferred onto SiO,/Si (100), a quartz
substrate, and a lacey carbon-coated Cu grid by a wet chemical
transfer method.”” The transfer was initiated with spin coating
of 100 nm thick poly(methyl methacrylate) (PMMA) on the
as-grown samples (1 cm X 1 cm), followed by curing the
samples at 80 °C on a hot plate for 5 min and immersing the
whole samples in 0.1 M ferric chloride (FeCl;) for a sufficiently
long time to remove the Ni film. The resulting N-doped
nanocrystalline graphene films with PMMA in the form of a
transparent film were transferred in the deionized water to
clean the Ni residues and the FeCl; etching agents. Then, the
transparent film was transferred to the target substrate, where
the remaining PMMA was removed in acetone. The
morphology and structural properties of the transferred
samples were characterized by a field-emission scanning
electron microscopy (FESEM) system (JEOL, JSM-7500F)
operating at an accelerating voltage of 2.0 kV and a high-
resolution transmission electron microscopy (HR-TEM)
system (JEOL, JEM-2010) operating at an accelerating voltage
of 200 kV. To investigate their elemental composition and N
doping configuration in the graphene film, X-ray photoelectron
spectroscopy (XPS) measurements were carried out using an
X-ray photoelectron spectrometer system (Scanning XPS
Microprobe, PHI Quantera IT). The XPS system was operated
under the conditions of a maximum photon electron of 600 eV
with 0.1 eV kinetic energy steps for a narrow scan. For the
structural analysis of N-doped nanocrystalline graphene films,
Raman spectra measurements were performed at room
temperature with laser excitation at 514 nm using a Raman
spectroscopy system (WITec a 300). For the electrical
measurements, a Hall-effect measurement system (Ecopia,
HMS-5300) was used to characterize the transferred N-doped
nanocrystalline graphene films on the SiO,/Si substrate in
ambient air at 300 K. In the same conditions, the back-gated
field-effect transistor (FET), utilizing the N-doped nano-
crystalline graphene films, was also characterized using a source
meter unit (SMU) system (Keithley 236).
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Raman spectra analysis of the samples before and after
the annealing process (Figure S1), energy-dispersive X-
ray spectroscopy (EDS) elemental mapping analysis
(Figure S2), X-ray diffraction (XRD) pattern of the N-
doped nanocrystalline graphene films on the polycrystal-
line Ni film (Figure S3), and Raman mapping measure-
ments of N-doped nanocrystalline graphene films
(Figure S4) (PDF)
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