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We found that nitrogen incorporation can induce the formation of vertically-aligned hydro-

genated carbon nanorods without the use of catalysts. These nitrogen incorporated hydro-

genated carbon nanorods (CNx:H) were synthesized by radio-frequency plasma-enhanced

chemical vapor deposition (PE-CVD). We have evaluated the structural and chemical evolu-

tion of these CNx:H films as a function of the deposition duration by using high-resolution

scanning electron microscopy (HRSEM), high-resolution transmission electron microscopy

(HRTEM), Fourier transform infrared spectroscopy (FTIR), and Auger electron spectroscopy.

Results indicate that the incorporation of nitrogen is responsible to the formation of these

nanorods. The alignment of the nanorods is enhanced at longer deposition period and is

correlated to the increase in nitrogen contents and isonitrile bonds [–N„C] in the nano-

rods. The growth mechanism of this catalyst-free formation of nitrogen incorporated car-

bon nanorods is proposed.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Theoretical prediction of b-C3N4 has stimulated tremendous

efforts on the synthesis of nitrogen incorporated carbon

materials [1]. While the formation of b-C3N4 requires nitrogen

contents of 57 at.%, most reported work could achieve up to a

typical of 30 at.%. Furthermore, feature-less amorphous thin

films are always formed [2] with predominated sp2-hybridized

C@N bonds [3]. Although, nitrogen incorporated carbon (CNx)

films with predominant sp3-hybridized C–N bonds can be

synthesized at 600 �C by rf-plasma assisted pulsed-laser

deposition (PLD), the achievable nitrogen contents are

<16 at.% [4]. Despite of the on-going debates on the reality

of C3N4 compounds, CNx films have lead to some useful appli-

cations including electron field emission [5] and protective

coatings [6]. Recent research interest on incorporating nitro-
er Ltd. All rights reserved
Rahman).
gen into carbon nanomaterials have shifted into introducing

donors and enhancing the electrical conductivity of carbon

nanotubes (CNTs) [7,8], and graphene nanoribbons (GNRs)

[9]. These nano-CNx compounds are promising for fuel cells

and nanoelectronic devices. However, the doping rates of

nitrogen into CNTs and GNRs are relatively low due to the

strong sp2-hybridized C@C bonding in the graphene

networks.

Here we report on the formation of new CNx nanorods that

can be synthesized at low temperatures (�100–220 �C). These

nitrogen incorporated hydrogenated carbon nanorods (CNx:H)

are having high aspect ratio (diameter 20–140 nm, length up

to 5 lm) with significantly high nitrogen contents (up to

�42 at.%). Furthermore, they are always grown vertically-

aligned on substrates with controllable diameters and spac-

ing without the use of catalyst. We believe that these CNx:H
.
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Fig. 1 – Top (left column) and cross-section (right column) views of CNx:H nanorods obtained at varied deposition duration.
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nanorods are promising for applications including large area

electron field emission devices, [5] vacuum electronics, [5]
miniature electron sources for X-ray generation, and electro-

chemical fuel cells [7].
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2. Experimental

Our CNx:H samples were grown in a custom-built rf plasma-

enhanced chemical vapor deposition (PECVD) system with a

parallel-plate electrode configuration. The plasma was gener-

ated using a conventional radio-frequency (13.56 MHz) power

supplier connected to the top electrode. The substrates were

mechanically attached on the bottom electrode with a stain-

less steel mask and were grounded. These electrodes are

identical in area (133 cm2) and separated by a gap of �1 cm.

Details of the system have been reported elsewhere [10]. A

mixture of methane (CH4) and nitrogen (N2) gasses was used
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Fig. 2 – Variation of average length and diameter as a

function of deposition duration.
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Fig. 3 – Variation of AES spectra for (a) wide spectra scan, and (b

time. The inset in (a) is the variation of N/C ratio as a function
as the source gas. Samples were deposited on bare p-type Si

(1 1 1) substrates at an rf power density of 2800 mW/cm2 for

time duration varied between 5 and 90 min. The chamber

base pressure was approximately 3 · 10�5 mbar. The starting

substrate temperature was set at 100 �C, though during film

growth the substrate temperature increases almost linearly

till it saturates after an hour of deposition at approximately

220 �C due to plasma heating. Prior to the actual deposition,

the substrates were subjected to hydrogen plasma treatment

for 10 min at an rf power density, a gas flow rate, and a cham-

ber pressure of 1750 mW/cm2, 50 sccm and 0.8 mbar,

respectively.

The growth morphologies (top and cross section view) of

our samples were obtained by field emission scanning elec-

tron microscopy (FESEM, FEI Quanta 200). Prior to the mea-

surement a splashed of Au was thermally evaporated onto

the films to decrease surface charging effect and improve im-

age resolution. Auger electron spectroscopy (AES) was em-

ployed for the study of the elemental composition of these

films using a Field Emission Auger Microprobe (JEOL JAMP-

9500F). A series of etching-measure cycles was carried out

(etching rate of 0.74 nms�1) during AES measurement to min-

imize signal distortion and variation due to potential surface

contaminants. Composition quantifications were carried out

using the standard sensitivity factors of the instrument. The

chemical bonding of the films was then analyzed by Fourier

transform infrared (FTIR) spectroscopy. FTIR spectra were ob-

tained in the transmission mode within the scanning range of
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1000–4000 cm�1 using a Perkin-Elmer System 2000 FTIR spec-

trometer. High-resolution transmission electron microscopy

(HRTEM) was used to characterize the nanorods using a JEOL

JEM-2100F system operated at 200 kV of acceleration voltage.

This system was equipped with an energy dispersive X-ray

(EDX) analyzer.
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Fig. 4 – FTIR absorbance spectra as a function of deposition

duration.
3. Results and discussion

The variation in growth morphology obtained from FESEM is

shown in Fig. 1 as a function of the deposition duration, Td.

As shown, the growth of the CNx:H nanorods begins with

the formation of short nanorods on the bare Si substrates.

These nanorods grew irregularly both in distribution and

length. The density of the nanorods and the vertical align-

ment were enhanced with the increase of Td. Fig. 2 summa-

rizes the variation in the length and diameter of the

nanorods as a function of Td. As shown, the lengths and the

diameters of the CNx:H nanorods increase progressively with

Td. The lengths are measured from the cross section images

in Fig. 1, between the tips of the nanorods and the substrate

surface, while the diameters are estimated at the center of

the nanorods. Fig. 1a–c indicates that within the initial

30 min, the nanorods are not well oriented and slightly bend-

ed. As shown in Fig. 2, the diameter of the structures in-

creases significantly after Td �30 min. We think that the

increase in diameter will create constriction between neigh-

boring nanorods and forced them to grow more vertically

aligned thereafter as shown in Fig 1d and e. The adhesion be-

tween the nanorods and Si substrates is relatively stronger

than what we typically observed for CNTs grown on Si sub-

strates. This was judged by scratching of the coatings by

tweezers.

AES measurements were carried out in a wide scan spec-

trum to investigate the composition of the films. The spectra

of the AES measurement and the corresponding first deriva-

tion of the spectra are shown in Fig. 3. The expected peaks

corresponding to those of carbon and nitrogen in the energy

range of 170–300 eV and 330–410 eV, respectively are apparent

for all the thin film samples. However, at longer Td the spectra

reveal a certain amount of contaminants which originates

from the sputtering of the components in the deposition

chamber itself. Since the contaminants (mostly metal such

as Fe and Al) were not measurable during 2/3 of the full depo-

sition duration (up to Td of 30 min), we think that these met-

als did not act as the catalyst for the formation of these CNx:H

nanorods. As we will discuss later, we proved that nitrogen

incorporation is the major factor for the formation of the

nanorods. The nitrogen to carbon (N/C) ratios for all samples

are summarized in the inset in Fig. 3a. The N/C ratio increases

linearly with Td and begins to saturate at Td > 60 min. The

maximum N/C ratio at Td = 60 min is significantly high

(�0.73) and corresponds to a nitrogen concentration of

42 at.%.

The first derivative spectra were used to investigate the

bonding properties of the structures in terms of the sp2 and

sp3 concentration in the films. As shown in Fig. 3b, the differ-

ence in the value of the most positive and most negative

excursions of the carbon KLL peak which is usually referred
to as the D value [11], changes according to the sp2/sp3 ratio

in the sample. This is most commonly done using the spectra

of graphite (pure sp2) and diamond (pure sp3) samples as

comparison. The D value of graphite is taken as approxi-

mately 21, while that of diamond is taken as 13–14 [12].

According to Turgeon and Paynter [11], the D value varies lin-

early with the sp2/sp3 ratio and thus the values obtained for

graphite and diamond could be used for calibration stan-

dards. From the CKVV spectra obtained for the nanorods,

the values calculated were approximately 21–22 and do not

vary with Td. This indicates that the sp2/sp3 ratios of the films

are similar and are not affected by the deposition duration.

Furthermore the values obtained are similar to that of graph-

ite and indicates that the sp2–C bonds in the films outweigh

any presence of sp3 in the film. On the other hand, an overlap-

ping peak at approximately 277 eV, which is particularly

noticeable for Td = 60 min, indicates the sp2 bonded carbon

atoms are present in a disordered carbon matrix [12].

FTIR absorption spectra for our CNx:H nanorods are shown

in Fig. 4 and are similar to that of polymeric hydrogenated

amorphous carbon nitride films reported elsewhere [13].

These spectra show the presence of the N–H, C@C, and/or

C@N stretching (1300–1800 cm�1), C–Hn groups (2800–

3000 cm�1), C„N groups (2000–2200 cm�1) and N–H and/or

O–H bonds (3000–3700 cm�1) [14,15] in our CNx:H nanorods.

The O–H bonds in a-C:H may be due to post-contamination

of hydroxyl absorbed in the pores of the material [16]. Though
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weak, the presence of sp3 bonds in the films contributed by

the C–Hn groups could not be ignored. Consistent with the

AES results, the preference of sp2 bonds in the samples is sup-

ported by the stronger and more prominent band in the re-

gion of 1000–1800 cm�1 contributed by the N–H, C@C, and/or

C@N stretching bands. In addition, there is an obvious in-

crease in C„N bonds after the 30 min deposition duration.

To further interpret the FTIR spectra of our CNx:H nano-

rods, two additional thin film samples were prepared for com-

parison. The first one is a hydrogenated carbon film (a-C:H)

deposited under similar conditions as our CNx:H nanorods ex-

cept that only pure methane was used without nitrogen gas.

This deposition gives a smooth hydrogenated carbon film

without any evidence of nanorods. This means, nitrogen

incorporation is responsible to the formation of CNx:H nano-

rods. The second sample is a polymeric a-CNx:H film similar

to those reported elsewhere [13]. Fig. 5 shows the variation

of the FTIR spectra and the corresponding FESEM images for

the (1) CNx:H nanorods reported here, (2) smooth a-C:H thin

film and (3) polymeric a-CNx:H film previously reported [13].

By comparing FTIR of these three types of samples, we

conclude that the type of incorporated carbon–nitrogen

bonds is crucial for the formation of our CNx:H nanorods.

As shown in Fig. 5, the obvious difference between these sam-

ples is that the CNx:H nanorods have a significant strong peak

in the region of the sp1 bonded C„N (�2115 cm�1). This
Fig. 5 – Comparison of FTIR spectra for (a) CNx:H nanorods repor

polymeric a-CNx:H film with the corresponding FESEM images.
prominent peak is not observed in the smooth a-C:H thin film

and the polymeric a-CNx:H film and thus is interpreted as one

of the main criteria for the formation of the CNx:H nanorods.

This peak has been assigned as isolated and/or fused aro-

matic rings bonded to isonitrile (�N„C) [15,17]. This bond is

non-terminating and would promote the formation of long

range ordering structures. This functional group is connected

to the graphitic ring through N atom rather than C. This

means, the nitrogen atom will have a positive charge while

C will be negatively charged (i.e., �N+„C�). Thus the resulting

carbon network would have a partial charge imposed on it by

the presence of this bond. From Fig. 4 the absorbance inten-

sity of this peak increases with the increase in Td and implies

that the contents of the charged [�N+„C�] bonds are in-

creased with Td. Furthermore, since the rf plasma is generat-

ing electric field in the direction perpendicular to the

substrate surface, we believe that this electric field will induce

aligned deposition of these polarized [�N+„C�] bonds and

contribute to the formation of vertically-aligned nitrogen

incorporated carbon nanorods reported here.

Fig 6 shows the HRTEM images of the CNx:H nanorods

deposited for 90 min. Fig. 6a shows the upper tip of the verti-

cally aligned nanorods. These nanorods appear to have ran-

domly distributed nanocrystallites with cluster size ranging

from approximately 2–20 nm in diameter. In Fig. 6b both the

selected area electron diffraction (SAED) pattern and the
ted here, (b) smooth and non-nitrogenated a-C:H film and (c)



Fig. 6 – (a and b) TEM images at varied magnification for the upper tip of the nanorods formed for the deposition time of

60 min. SAED patterns (inset) and (c) EDX spectrum on the nanocrystals are shown together.
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atomic resolution image (insets) show that these nanocrys-

tals have 6-fold symmetry hexagonal structure. The ratio of

inter-plane distances between d100 and d110 can be calculated

as �1.7, identical to that of graphite (d100/d110 = 1.732). We fur-

ther conducted high-resolution EDX analysis on these nano-

crystals. As shown in Fig. 6c, these crystallites consist of

carbon, with no detectable content of nitrogen. Au is detected

as the sample was coated with Au film prior to SEM imaging.

Other trace signals are from the TEM grid and contaminants

originated from the deposition chamber. Based on these re-

sults, we conclude that these clusters are graphite nanocrys-

tals. We believe that nitrogen is integrated in the surrounding

amorphous matrix.
Fig. 7 – The illustrations of the proposed
4. Growth mechanism

Based on what have been discussed so far, we propose a

growth mechanism for our CNx:H nanorods. The illustrations

of the proposed mechanism are shown in Fig. 7. We think that

the directional electric field generated by the rf plasma is

important for the formation of our CNx:H nanorods. This elec-

tric field initiated directional flux of ionic growth species of

carbon and nitrogen. Apparently, carbon nitrate phase is

energetically less stable than the graphite phase [4]. Thus,

crystallized phase of nano-graphite is formed while the car-

bon nitrate phase remained as amorphous as shown in

Fig. 7a. Due to the close proximity of the electrodes, intensive
growth mechanism for the nanorods.
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ion bombardment on the growing surface is expected. Appar-

ently, the crystallized graphite phase has higher resistance to

plasma etching than the amorphous carbon nitrate phase.

This has lead to higher etching rate of the amorphous compo-

nent and left behind the more stable islands that have more

graphite inclusion. This is why lower nitrogen contents were

detected at short deposition duration. The amorphous phase

functions as the matrix that holds the graphite nanoclusters

together and form scattered islands as shown in Fig. 1a. As

the grow process continue, these islands will grow in size

[Fig. 7c and d] and stabilize more amorphous carbon–nitrogen

phase as thus increase the overall nitrogen contents of our

samples with the increase of deposition duration. Owing to

the directional flux of the grow species, and the sub-implan-

tation process in the direction normal to the substrate sur-

face, the columnar growth mode will dominate the lateral

diffusion. Thus, vertically-aligned nanorods are formed on

the initial islands. In addition, the isonitrile bond [�N+„C�]

in the amorphous matrix creates a charge polarity that pro-

motes the columnar growth mode as they tend to align along

the direction of the electric field. Such an electric field driven

formation of aligned nanorods is as interesting and as novel

as a recently reported leaf-like carbon nitride nanorods [18].

5. Conclusion

The effect of deposition duration, Td on the formation of

CNx:H nanorods has been studied in terms of the structural

and chemical bonding characteristics. Our results provide

new insights on the synthesis of catalyst-free CNx:H nanorods

at low temperatures. Both the vertical alignment and nitrogen

contents of these CNx:H nanorods were increased with the

deposition duration up to Td = 60 min. The additional nitrogen

in the nanostructures is bonded in the isonitrile configuration

which incites a charging polarity in the nanostructured

strands. The incorporated nitrogen is presented in the amor-

phous phase which surrounds, encapsulates and holds the

nanographite crystallites together.
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