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Large-area substitutional phosphorous-nitrogen co-doped
monolayer graphene is directly synthesized on Cu surface by
chemical vapor deposition method wusing molecule of
phosphonitrilic chloride trimer as the phosphorus and
nitrogen sources. The doping levels of both phosphorus and
nitrogen atoms show a decrease as a function of the growth
temperature, in contrast, the doping effect is enhanced with
temperature because of the formation of more stable bond
configuration for dopants at higher temperature. Moreover,
the doping amount of nitrogen atoms is always higher than
that of phosphorus atoms at all used temperature. The
phosphorus and nitrogen co-doped graphene exhibits the
remarkable air-stable n-type characteristic. This work
demonstrates the critical role of phosphorus atoms in
achieving much enhanced capability of electron donation
compared to nitrogen atom doping of graphene, and is
important for various applications associated with the need of
air stable n-type graphene materials.

Materials engineering by structural and compositional
modifications provides unlimited possibility to develop novel
materials with desired properties. Graphene, a two-dimensional
monolayer form of sp>-hybridized carbon densely packed into a
honeycomb lattice structure,' has witnessed success in excellent

physical properties®™® and outstanding stability at
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ambient conditions.” The two-dimensional nature of graphene
allows for the effective modifications of its chemical and
physical properties by compositional and surface modifications
without damaging its basal structural integration, significantly
broadening the library of graphene-based materials and
applications. For example, graphene under ambient condition
usually exhibits p-type characteristic due to surface adsorption
of water or oxygen molecules,'™!" but its electrical properties of
graphene can be changed from p-type to n-type by heteroatom
substitution of carbon in graphene lattice'>™"® or surface
adsorption of suitable donor molecules.’>* The n-type
graphene itself is important for applications including lithium
batteries,”>2* electrochemical biosensing,25 ultracapacitors,%’zg
and most importantly, the combination of p- and n-type
graphene such as graphene p-n junctions could be used as a
basic building block for graphene-based optoelectronic
devices.?® In this case, the extra electron and hole can be
generated by a broadband light stimulation, and separated by
built-in electric field for light harvesting applications. However,
achieving air-stable n-type graphene has been proven to be
challenging, as n-type behavior of most reported n-type
graphene materials gradually disappear with extended exposure
time due to the neutralization effect of surface adsorption of
ambient molecules. This indicates that the majority electron
density of produced n-type materials is too low to compensate
the reverse p-doping effect from surface dopant doping.

Current methods for producing n-type graphene include
surface adsorption of external donor molecules, graphene edge
reaction with NHj at high temperature®’ and chemical vapor
deposition (CVD) method using gas (NH;),'> solid
(melamine)"® or liquid (pyridine)'*'**? as n-doping source. In
general, surface doping approach (for example,
triphenylphosphine,  triphenylamine,®  p-toluenesulfonic
acid*"*? and so on were studied previously) is limited in small
doping element concentration, leading to lightly doping, and
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subsequent encapsulation protection of graphene is also
required to prevent the desorption or the change of surface
donor spatial arrangement. Applying vacuum condition or
thermal process could also damage graphene doping effect.
Similar to conventional semiconductor industry, heteroatom
substitution into graphene lattice is in principle a promising
method to realize the stable doping effect with tunable doping
density. Along this line, most studies have focused on
introducing nitrogen atoms into graphene network by CVD
method. Detailed study showed that nitrogen atom indeed
replaced C atom in graphene lattice, and the electronic
perturbation caused by a nitrogen dopant is localized near the
dopant atom with 50—70% fraction of delocalized electrons.>
However, the high nitrogen doping level is difficult to realize
possibly due to high energy barrier by replacing C with N
atoms, and the competition among spontanuous adsorbed donor
doping, the low n-doping density and fraction of delocalized
electrons results in a general problem that n-doping effect of
graphene cannot be preserved at ambient condition.

Different from nitrogen atom, phosphorus atom has its
valence electrons located in the third shell and has lower
ionization energy compared with nitrogen atom, the features of
which could enhance the doping capability by increasing the
fraction of delocalized electrons per atom. It is also
fundamentally interesting to know whether or not the disorder
caused by incorporation of larger phosphorus atom into
graphene lattice could destroy the graphene basal structure.
Recently, post-synthesis doping phosphorus atom into pristine
graphene has been investigated by rapid thermal annealing of
phosphorus-contained compound sandwiched between two
graphene layers, and it appeared that phosphorus doping allows
for a strong n-doping effect compared to nitrogen doping.*?
However, this approach involves several processes to fabricate
desired graphene doping structure, and the substitution doping
mechansim is unclear. Moreover, rapid thermal annealing also
seems to be difficult to scale up or modulate the dopant
concentrations in a controlled manner. Direct synthesis of
phosphorus doped graphene with air stable n-type characteristic
by scaled-up CVD method is highly promising to overcome
these difficulties, but has not been reported, and consequently
various issues related to CVD process remained completely
unknown.

Here we report for the first time the direct synthesis of
large-area phosphorous-nitrogen co-doped monolayer graphene
on Cu surface by CVD method with remarkable air-stable n-
type characteristic. By using molecule of phosphonitrilic
chloride trimer as the phosphorus and nitrogen sources,
substitutional phosphorus and nitrogen doped monolayer
graphene films were produced at various experimental
conditions. It was found that, while the doping amount of both
phosphorus and nitrogen atoms gradually decreased with the
temperature, the whole doping effect enhanced with
temperature due to more effective replacement of C with
dopants at higher temperature. Moreover, we observed that the
doping amount of nitrogen atoms were always higher than
thatof phosphorus atoms at all temperature used, reflecting their
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Fig.1 SEM images of P, N-co-doped graphene grown on Cu surface for different
growth time of 10 (a), 15 (b), 20 (c), 25 (d), 30 (e and f) min at 900 °C,
respectively. The arrows in Figure 1f indicate the wrinkles of graphene on Cu
surface. The scale bars are all 10 um.

intrinsic relative ease to substitute C atoms in graphene lattice.
The evaluation of electrical properties of our phosphorus and
nitrogen co-doped graphene revealed the reliable n-type
properties in air conditions, and the electron mobility reached
8—15 cm?/V's, which is the average level of n-type graphene
obtained by high temperature CVD method.

We chose a small molecule of phosphonitrilic chloride
trimer containing both phosphorous and nitrogen elements to
investigate the CVD growth process of doped graphene on Cu
surface (Table S1). Exploring this system has advantages to
clearly address the key questions such as whether phosphorous
atoms can be incorporated into graphene lattice and the intrinsic
density difference of two kinds of atoms existed in synthesized
graphene. As schematically shown in Figure S1, the precursor
molecule breaks down into single phosphorus and nitrogen
atoms at high temperature, and then P, N and C atoms
participates surface reaction to form monolayer P, N-co-doped
graphene at high temperature at vacuum condition on Cu
surface. In experiments, phosphonitrilic chloride trimer was
dissolved in ethanol solution, and then was introduced into the
reaction chamber by carrier gas.

Figure 1 shows the typical scanning electron microscopy
(SEM) images of these products on Cu surface obtained at
different growth stages. As the growth time increased from 10
min (Figure 1a), 15 min (Figure 1b), 20 min (Figure Ic), 25
min (Figure 1d) to 30 min (Figure le, f), the average size of
individual doped graphene flakes separated by white Cu area
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gradually increased and finally coalesced to form the seamless
large-area film. This phenomenon is consistent with that
happened in the growth of pristine graphene, indicating that the
growth process of doped graphene also follows a surface
nucleation and growth mode. Specifically, precursor molecules
are first adsorbed on Cu surface, and then dissociated into the
atomic form at the grown temperatures. These atoms combine
with each other to form the cluster, i.e., nuclei that can be
further grown into large flakes. Note that in contrast to well-
defined shapes (hexagon or square) for graphene and nitrogen
doped graphene observed in various cases, P, N-co-doped
graphene flakes have no dominated geometric shape at explored
experimental conditions, indicating that the disorder introduced
by these doped atoms may alter the morphology of graphene
flakes. After extended growth time (for example, 30 min shown
in Figure le), the apertures among graphene flakes completely
disappeared with uniform appearance. A closed-up SEM image
of film in Figure 1f shows some black crooked lines marked by
arrows, which can be attributed to the film wrinkles associated
with the different thermal expansion coefficiences between
copper and film when the temperature decreased from 900 °C
to room temperature. Interestingly, we noticed that the wrinkles
of graphene on nickel and iron surface commonly appear white
color in SEM images,'" which is different from black-colored
film wrinkles (See more examples in Figure S3) generally
observed on Cu. This difference is general and may be due to
the fact that graphene on nickel and iron surface are few-layer,
and the heights of the wrinkles are higher than those of the
monolayer graphene wrinkles on Cu surface. Further
prolonging the growth time to 45 min, some black flakes
appeared on film surface, which can be identified as the second
layer graphene (Figure S4a). When the growth time reached 60
min, most of the Cu surface was covered by bilayer graphene
(Figure S4b).

Figure 2a shows the optical image of the grown film
transferred onto SiO,/Si substrate with 300 nm thick oxide
layer, reflecting the grown large-area, continuous and uniform
film. A place near the film edge was shown in Figure S5d for
viewing, which distinguished the SiO,/Si substrate and the film.
Figure 2b shows the SEM image of the same place with Figure
2a, and the same wrinkle can be clearly seen marked by the
white arrow. More similar SEM images of monolayer graphene
transferred onto SiO,/Si substrate were shown in Figure S5b
and S5c. In addition, partially-covered graphene film with 25
min growth was also shown in Figure S5a, demonstrating that
transferred film is preserved in its original structure in the
presence of several white apertures.

Raman spectroscopy is an effective way to evaluate the
layer number and the quality of graphene. We used the laser
with 633 nm excitation wavelength to characterize the produced
graphene film and the pristine graphene for comparison that
was grown on Cu surface using methane CVD at 900 °C at low
pressure condition. As shown in Figure 2c, the three most
pronounced characteristic D, G and 2D bands for doped
graphene appeared at locations of 1328, 1583 and 2664 cm™',
respectively. The D band is associated with defects in the
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Fig. 2 (a) Optical image of P, N-co-doped graphene transferred on 300 nm SiO,/Si
substrate. The scale bar is 10 um. (b) SEM image of graphene on SiO,/Si
substrate which is the same place with Figure 2a. The white arrows mark the
same wrinkle of graphene in Figures 2a and 2b, respectively. The scale bar is 20
um. (c) Raman spectrum (633 nm laser wavelength) of pristine and P, N-co-
doped graphene. (d) AFM image of P, N-co-doped graphene on SiO,/Si substrate.
The image is 1.3 x 1.3 umz. The bottom right inset shows the height profile along
the white line, indicating the monolayer nature.

graphene or graphene edge, while the G band is the result of the
first-order scattering of the E,, mode of sp? carbon domains.'
The intensity ratio of D band and G band (/p/;) reflects the
degree of defects in graphene or the edges. In our P, N-co-
doped graphene, the Ip/]; is about 0.57, higher than the pristine
graphene (Figure 2c¢) and the average value of N-doped
graphene, indicating the more topological defects introduced by
the insertions of phosphorus atoms into sp® C lattice as
compared with the case of nitrogen atoms. The 2D band, the
second order zone boundary phonon mode for graphene and
graphite, is the most important band to distinguish the layer
number of graphene, and its shape and intensity are very
sensitive to the layer numbers. In Figure 2c, the 2D band is a
single and symmetric peak with a full width at half-maximum
(FWHM) of 32 cm™!, which is the characteristic parameter for
monolayer graphene. In addition, the intensity ratio of 2D band
and G band (I,p/lg) is about 2.6, further confirming the
monolayer structure of our P, N-co-doped graphene. In
addition, G and 2D peaks for pristine graphene are located at
1583 and 2660 cm™, respectively, in which 2D peak is slightly
downshifted compared to that of doped graphene,
demonstrating the typical doping effect measured by Raman
spectra.>>*® Moreover, I,p/I; for doped graphene is smaller than
that for pristine graphene, and corresponds to an estimation of
electron doping level of >1 x 10'> cm™.* The atomic force
microscopy (AFM) image (Figure 2d) collected at the edge of
graphene film shows uniform appearance with a thickness
about 0.804 nm, suggesting that the P, N-co-doped graphene is
a monolayer film.
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Figure 3 shows the X-ray photoelectron spectroscopy (XPS)
results of the P, N-co-doped graphene on Cu surface under
different growth temperatures. As shown in Figure 3a, the main
C 1s peak is located at 284.8 eV, corresponding to the graphite-
like sp* C. Besides, a small peak located at 285.8 eV was
clearly observed near the C 1s peak, corresponding to the C—N
bonding structure with sp? hybridized carbon, originating from
the substitutional doping of N atoms. To further explore the
relationship between P and N bonding type/content in the
graphene and the growth temperature, four different
temperatures 700, 800, 900 and 1000 °C were examined. As is
known, the N atom bonding states can be distinguished as
pyridine, pyrrole and graphitic nitrogen in graphene network,
and the graphitic nitrogen is the most effective type to donate
their additional electrons to the full graphene network. As
shown in Figure 3b, with the temperature increasing, the
existence type of N atoms in graphene changed evidently.
Under 700 °C condition, the primary nitrogen type is pyridine
nitrogen, pyrrole nitrogen followed and the least is the graphitic
nitrogen. When the temperature increased to 800 °C, the
nitrogen existed as pyrrole and graphitic nitrogen type and the
content of them are almost the same. Further increasing the
growth temperature to 900 °C, the main nitrogen type is the
graphitic nitrogen and the pyridine nitrogen content is very
little. The origin of the presence of this small peak at 900 °C is
not clear at present, but may be related to the complex growth
process that is not linearly dependent on the growth
temperature. At last, when the temperature increased to 1000
°C, the nitrogen only existed as graphitic nitrogen, and the
pyridine and pyrrole nitrogen completely disappeared.
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Fig.3 (a—c) XPS spectra of P, N-co-doped grapheneat different growth

temperatures on Cu surfaces for C 1s, N 1s and P 1s peaks, respectively. (d) The

histogram of N and P content at different growth temperature of 700, 800, 900

and 1000 °C. The blue and red cylinders represent N and P content, respectively.

For the phosphorus element, the main existence types are
the P—C and P—O bonds which located at 130.0 eV and 133.8

4| J. Name., 2012, 00, 1-3

eV, respectively. The presence of O elements was possibly due
to physisorbed oxygen or decomposed ethanol. With the
temperature increased from 700 to 1000 °C, the proportion of
P—C bonds increased and the P—O bonds decreased, suggesting

<20 0 20 40
Ve (V)
Fig.4 (a) TEM image of P, N-co-doped graphene and the corresponding SAED
pattern (b).The bottom right inset in Figure 2b shows the diffraction intensity
taken along the 1-210 to -2110 axis of the pattern. (c) High resolution TEM image
directly showing single layer edge. (d) Transfer characteristics of a typical P, N-
co-doped graphene FET device measured in air. Note thatDirac point moves to a
value less than -40 V that can not be observed.The inset shows a top view SEM
image of a FET device.

-40

that higher temperature benefits the effective doping for
In addition, XPS analysis (Figure 3d)
provided strong evidence that the overall doping level for both

phosphorus atoms.
phosphorous and nitrogen elements decreased with the
temperature in the range of 700 to 1000 °C. This result is
reasonable by considering the thermodynamical stablility of
C-C, C-N or C—P network formation, and is consistent with
the observation for nitrogen doping by CVD method."” Note
that the different stability would in principle result in a different
probability of C—C, C—N and C—P formation, so the element
ratio of the final doped product is not consistent with relative
concentrations of each element existed in the reaction system.
Moreover, a rapid drop of doping level for both P and N
elements with the temperature increased from 900 to 1000 °C
was observed, and this indicates that doping level is non-
linearly dependent on growth temperature, which can be
understood in the Boltzmann statistical principle. To ensure the
quality and the P/N content in graphene network, the samples
grown at 900 °C were chosen for further characterizations in
this work.

The obtained P, N-co-doped graphene samples were also
directly transferred onto Cu grids for further transmission
electron microscopy (TEM) characterization. As shown in the
low magnification TEM image (Figure 4a), the broken edge of

P, N-co-doped graphene membrane tends to scroll. To

This journal is © The Royal Society of Chemistry 2012
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determine sample’s crystallinity, the selected area electron
diffraction (SAED) patterns were taken on different locations of
the film as shown in Figure 4b, which displays the typical
hexagonal crystalline structure of graphene. The SAED pattern
confirmed that the doped graphene film still remained well
ordered crystalline structures although large-sized P atoms
could introduce additional disorder in the graphene network.
Besides, the SAED images further confirmed that the P, N-co-
doped graphene is monolayer as the {1100} six spots appear to
be intense relative to the {2110} spots. The diffracted intensity
taken along the 1-210 to -2110 axis for the pattern was shown
in the right bottom inset in Figure 4b, giving the intense ratio
I00y/I 2110y = 2.5 that is characteristic of the monolayer
grahene. Figure 4c shows the higher resolution TEM image of
the folded edge as shown in Figure 4a, accurately confirming
the monolayer nature of doped graphene film. For graphene
samples with longer growth time, bilayer graphene was
identified by both high resolution TEM image of edge (Figure
S6d) and the value (about 1, Figure S6c¢) of intense ratio
Imoo;/l{2110}~37_39

To investigate the electrical property of the obtained P, N-
co-doped graphene, back-gate field-effect transistors (FETs)
were fabricated on 300 nm SiO,/Si substrates with Au as the
source/drain electrodes and doped silicon as the back gate. The
device fabrication and process is described in experiment
section, and a SEM image for a typical device was shown in the
right bottom inset in Figure 4d. Figure 4d and Figure S7 show
typical n-type transfer and output curves of the P, N-co-doped
graphene device measured in air at room temperature. Note that
the samples usually were exposed to air for several days during
the processes involving doped graphene transfer, device
fabrications and measurements, and the results for the same
the

measurements. As is seen in Figure 4d, the Dirac point of

device remained essentially same by repeated
doped graphene moved to a negative bias less than —40 V
beyond the applied gate voltage range. This negative value of
Dirac point is much smaller than —26 V for high nitrogen
doping (~16.7%) graphene using the same device fabrication
and measurement method in air,'* and is in sharp contrast to
most of nitrogen-doped graphene as they cannot exhibit n-type
behavior in air. Note that the estimated values of the overall
nitrogen doping and phosphorus doping from XPS data are
about 4.5% and 2.5%, respectively, which are much lower than
nitrogen-doped graphene grown by pyridine molecules.'* The
fact that this low phosphorus doping level produces air-stable
n-type behavior is remarkable, demonstrating a key role of
doped P atoms in significantly enhancing doping efficiency
compared to nitrogen doping and also pointing out a much
efficient doping approach for various specific applications. In
addition, the measured electron mobility of our devices were

1

found to be in the range of 8—15 cm?V's™!, which were in

accordance with the nitrogen-doped graphene synthesized by
CVD method at high temperature reported before.'* '*!?

In summary, we have developed for the first time a facial
CVD route to directly synthesize P, N-co-doped monolayer

graphene using a molecule of phosphonitrilic chloride trimer as

This journal is © The Royal Society of Chemistry 2012
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phosphorus and nitrogen sources on Cu surface. The P, N-co-
doped graphene exhibits a remarkably stable n-type behavior at
ambient condition and a reasonable charge carrier mobility.
This work demonstrates the role of P atoms in achieving much
enhanced capability of electron donation compared to nitrogen
atom doping of graphene, and is important for various
applications associated with the need of air stable n-type
graphene materials.

EXPERIMENTAL SECTION

The P, N-co-doped graphene were produced on Cu surface
using phosphonitrilic chloride trimer (P3N3;Clg, Sigma-Aldrich,
CAS: 940-71-6) as the P and N sources, and the ethanol as the
C source at various conditions. The phosphonitrilic chloride
trimer was first dissolved in ethanol to reach saturated solution.
The solution was then dropped into a plastic centrifugal tube
with a small hole on the side wall. After that, the centrifugal
tube was placed in the upstream of the quartz tube without the
heating area. Before heating, 500 sccm high pure Ar was
introduced into the system for 30 min to remove the air. Then
300 sccm Ar and 100 sccm H, were introduced into the furnace
and the furnace was heated to aimed temperature. During the
growth stage, the Ar gas is turned off and the H, gas is switched
to 15-20 sccm while turning on the mechanical pump to keep
the pressure of the quartz tube to 200-300 Pa for specified
time. Finally, the furnace and pump are turned off and the
system is introduced with the Ar gas until the pressure reachs
the ambient condition.

Graphene FET device fabrication is as follows: individual
organic ribbon was picked up by a mechanical probe and placed
over the graphene as an “organic ribbon mask”. After that, Au
source and drain electrodes (20—30 nm) were deposited on the
P, N-co-doped graphene by thermal deposition. Finally, the
“organic ribbon mask” was peeled off using a mechanical
probe. In this way, P, N-co-doped graphene contacted with
source and drain electrodes could be found and tested with
Keithley 4200 at room temperature in air condition. The
mobility of graphene charge carriers is extracted from the
equation

L dl
Raev = c W v,

where L and W are the device channel length and width, Vpis
the voltage between source and drain electrodes, and C,, (Cox
=11 nF) is the gate capacitance per unit area.

Characterizations

The samples were characterized by scanning electron
microscopy (SEM, Hitachi S-4800, 1 KV and 15 KV), Raman
spectroscopy (Renishaw invia plus, with laser excitation of 633
nm), atomic force microscopy (AFM, Vecco Nanoman VS in
the tapping mode), Transmission electron microscopy (TEM),
X-ray photoelectron (XPS) and optical
microscopy.

spectroscopy
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