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The modification of nitrogen configuration is a viable way to control the electronic properties of nitrogen-doped single-walled
carbon nanotube (N-doped SWCNT). N-doped SWCNTs were synthesized by a conventional chemical vapor deposition pro-
cess with mixed carbon/nitrogen (C/N) feedstock. While higher feedstock flow rates promote the formation of encapsulated N,
molecules, lower flow rates show a predominance of pyridinic and graphitic nitrogen structures as revealed by X-ray photoe-
mission spectroscopy. Therefore the nitrogen doping in the sp? carbon network can be controlled by the flow rate of the C/N

feedstock.

1 Introduction

The properties of single-walled carbon nanotubes (SWCNT)
can be modified by incorporating dopants into the sp> car-
bon network !*. To that aim Nitrogen (N) is a very interest-
ing dopant?-©, which can either provide p- or n-types doping,
merely depending on how it arranges itself to bond with the
surrounding sp” carbon. Additionally, it can also affect cata-
lyst particles while growing nanotubes and lead to a reduction
of nanotube diameters®®. In general the electronic proper-
ties of N-doped SWCNTs can be affected by three different
configurations of N incorporation into the sp? carbon struc-
ture®. One principal configuration is to substitute one C di-
rectly with one N. In this case, one free electron is forced to
occupy the localized m* state, rendering substitutional N an
electron donor (n-type). The other two pyridinic N configu-
rations exhibit electron acceptor behavior due to localized 7
electrons and consequently p-type doping.

These different N configurations are commonly observed
in N-doped SWCNTs obtained in well-established synthe-
sis processes* . The relative yield of the different species
of incorporated N was shown to be controlled by changing
growth temperature> or feedstock concentration®’, yet the
influence of precursor flow rate on the relative yield of dif-
ferent N species has not been reported. P. Ayala et al.’
have previously demonstrated changes in the doping profile
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of N with the growth temperature, encapsulated N, was ob-
served at growth temperature lower than 800°C. Encapsulated
N, molecules are commonly observed in multi-walled carbon
nanotubes ! but can also exist in N-doped SWCNTs. In
our previous report 2, we have demonstrated the existance of
one-dimensional chains of encapsulated N, molecules inside
small-diameter N-doped SWCNTs. Changes in the N doping
profile were also observed by changing the additional ammo-
nia feed® atop a constant feed of acetylene.

Here we demonstrate that the N configuration can indeed
be modified by changing the C/N feedstock flow rate in ac-
tivated thermal chemical vapor deposition (CVD) in which
the feedstock was continuously purged during the CVD re-
action. As compared to no-flow CVD in our previous report?,
diameter control of N-doped SWCNTs seems to be not signif-
icantly affected by the feedstock introduction process even at
low feedstock flow rate. However, the N1s core level spectra
as measured by X-ray photoemission reveals a clear effect of
low flow rates on the frequencies of the distinct N configura-
tions. At low feedstock flow rates, the yield of encapsulated
molecular N, declines as N incorporation into the sp> C net-
work becomes predominant within the on overall significantly
increased amount of incorporated N.

2 Materials & Methods

N-doped SWCNTs were synthesized by conventional
CVD3-15. A 20% acetonitrile mixture in ethanol was used as
mixed C/N feedstock. The bimetallic Co/Mo catalyst particles
for the nanotube growth were prepared by liquid-dip coating
of silicon substrates. The ethanol solution contained 0.1 wt.%
each of cobalt (Co) and molybdenum (Mo) acetate 16,

Prior to the CVD reaction, the Co/Mo catalyst was reduced
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under 3% H; in Ar atmosphere. When the fixed growth tem-
perature of 800°C was reached, the reducing gas was evacu-
ated to the background pressure of 14 Pa. The feedstock mix-
ture was then released into CVD chamber. While the down-
stream part of the reactor was kept evacuating, the feedstock
flow rate was varied from 20 to 450 sccm. The reaction was
run for 10 min at a pressure of 1.3 kPa before the atmosphere
was replaced by Ar, and the CVD setup was cooled down to
room temperature.

As-grown SWCNT films were transferred onto Si wafer!”
and heated to dehydrate the samples. The transferred films
were characterized by resonance Raman spectroscopy (Jobin
Yvon Horiba with T64000 triple monochromator) at an ex-
citation wavelength of 532 nm. The local chemical shifts of
carbon and nitrogen were analyzed by photoelectron spec-
troscopy (XPS) measured with a PHI5000 VersaProbe setup
at AIKy = 1.486 keV (the beam size of 100 um in diame-
ter) on the transferred samples. The additional Mo 3d spec-
tra were also measured on the samples synthesized from low-
flow rate of C/N feedstocks. A thin layer of Au was sputtered
on top of as-grown samples for morphology observation by
scanning electron microscopy (SEM, JSM-6335F, Jeol Ltd.).
For additional morphology observation of N-doped SWCNTs
synthesized from low-flow rate of C/N feedstocks (20 and
100 sccm), as-grown N-doped SWCNTs on Si were dispersed
in ethanol (see Supporting information). Dispersed nanotubes
were observed by transmission electron microscopy (TEM,
JEOL JEM-2010 operated at 200kV).

For heterojunction diode fabrication of N-doped SWCNTs,
the as-grown nanotubes synthesized from 20 sccm were trans-
ferred onto p-type Si substrate without oxide layer. The Au
layer with the thickness of 40 nm was then deposited on the
film as depicted in the inset of Fig. 7. The aluminium paste
was used as anode electrode. The current-voltage (I-V) mea-
surement was performed in ambient condition.
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Fig. 1 SEM micrographs of N-doped SWCNT films synthesized
from different flow rates of C/N feedstock.
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Fig. 2 TEM images and of N-doped SWCNTs synthesized from
flow rate of 20 sccm (a,b) and 100 sccm (d,e) of C/N feedstocks, and
histrograms showing SWNT diameter distributions obtained from
TEM observations of N-doped SWCNTs synthesized from flow rate
of 20 sccm (c) and 100 sccm (f). The observed mean diameters are
0.8940.25 nm and 1.0640.24 nm, respectively.

3 Results & Discussion

Fig. 1 shows SEM micrographs of as-grown N-doped SWCNT
films synthesized from 20% of acetonitrile mixture in ethanol
with different feedstock flow rates varied from 20 sccm to
450 sccm. Vertically aligned growth could be observed at high
feedstock flow rates (more than 200 sccm), while the thickness
of nanotube forests quickly decreased with lower flow rate.
Note that SEM observation under high magnification with the
influence of charging effect and deposition of gold nanoparti-
cles during sample preparation could make the nanotubes fea-
ture becomes larger, which can be typically observed when the
nanotube density is low 8. To clarify the nanotube morphol-
ogy in case of lower-flow rate, the additional TEM observation
was performed as seen in Fig. 2. It can cleary seen that even
though flow rate of the C/N feedstock was reduced during the
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Fig. 3 Raman spectra recorded at 532 nm excitation wavelength
show a relative increase in small-diameter RBM peaks and more
pronounced G-line splitting with decreasing feedstock flow rates.

reaction, the nanotube morphology is still retained to be sin-
gle wall for both 20 scem (Fig. 2a,b) and 100 sccm (Fig. 2d,e).
However, at flow rates of 200 sccm and above the thickness
of the SWCNT films is rather uniform as the growth is well
saturated within 10 min.

Fig. 3 shows resonance Raman spectra of as-grown N-
doped SWCNT films obtained with an excitation wavelength
of 532 nm. The tangential G-band feature from atomic vibra-
tion along the axial direction do not show significant changes
with feedstock flow rate. The uniform sharp D-band indicates
a constant quality in all samples of N-doped-SWCNTs. Nan-
otube diameters are accessible via the radial breathing mode
(RBM), of the SWCNTSs that are in resonance with an ex-
citation wavelength of 532 nm. It has been shown that the
well resolved RBM peaks at 145 and 180 cm™! are character-
istic features of vertical aligned growth!. These peaks are
clearly more pronounced for N-doped SWCNT films synthe-
sized with high flow rates above 200 sccm, whereas the re-
duced intensity at lower flow rates is attributed to the ever
lesser relative contribution of upright SWCNTSs due to less
bundling of random nanotubes, indicating that the nanotube
population and their morphology play an active role on the
RBM intensity. We evaluated nanotube diameters following
the empirical relation®?. According to the Kataura plot??,
the resonance of the observed RBM peaks stem from the first
metallic transition (E}}).

With decreasing flow rates the high frequency RBM peaks
at 280 and 300 cm™! from the smallest diameters become rela-
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Fig. 4 Raman spectra of the 2D-band of N-doped SWCNT films
obtained at an excitation wavelength of 532 nm.

tively stronger, as the lower frequency RBM peaks are reduced
in intensity which is in consistent with the diameter distribu-
tions of N-doped SWCNTSs synthesized from 20 and 100 sccm
observed from TEM observation (Fig. 2¢,f). The gradual pro-
motion of smaller diameters in the distribution leaves also a
clear signature in the G-band which shows a more pronounced
splitting of the G~ and the G™ components.

Fig. 4 compares the Raman spectra of the 2D-band (or G')
in N-doped SWCNTs synthesized at the different feedstock
flow rates. The G’ lines were decomposed and fitted with
Voigtian peaks with a constant full-width at half maximum
(FWHM) of 13.6 cm~'. The primary peak at 2641.6 cm™! is
observed in all cases. At the lowest flow rate of 20 sccm the
2D band shows weak additional components at 2560 and 2800
cm™! which can not be assigned to the second order over-
tone of SWCNTs, they are rather indicative of high curvature
graphitic shell particle?' and defective sites of graphitic sp> C
network %2, respectively. Such carboneous species may be an-
ticipated to form on inactive catalyst particles residing at the
surface of the silicon substrate. From our previous report>3,
the main peak obtained from the samples synthesized by con-
tinuous flow CVD condition seems to be different from that
obtained from 5% acetonitrile feedstock mixture in ethanol in
no-flow CVD. The peak feature, on the other hand, has simi-
lar shape to the G’ line of SWCNT film synthesized from pure
ethanol. Even though 20% acetonitrile was mixed into ethanol
feedstock, this suggests that there was only partial decompo-
sition of the mixed precursors during CVD reaction. Then
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Fig. 5 XPS spectra of N-doped SWCNTSs reveal a shift from
trapped N, molecules to incorporated N with decreasing flow rate.

the nitrogen could not play an efficient active role to reduce
the nanotube diameter as seen in weak small-diameter RBM
peaks (Fig. 3) and a slight difference in the nanotube mean
diameter in case of 20 and 100 sccm flow rates (Fig. 2c,f).

The bonding environment of nitrogen in the sp? carbon net-
work was characterized by XPS spectroscopy (Fig 5). After
dehydrating the SWCNT films, only neglibile oxygen content
was observed for all samples (not shown here). The only two
main peaks were represented in the range of 279 eV to 298 eV
and 391 eV to 411 eV for carbon and nitrogen, respectively.
Fig. 5 shows a common narrow asymmetric Doniach Sunjié
lineshape in the sp? Cls of N-doped SWCNTSs synthesized
with different feedstock flow rates. The binding energy of the
Cls was found to be at 284.6 eV as seen in previous reports
with 7 — 7* electron shake up>7->*. Note that there is no shift
in Cls peak position with changing C/N feedstock flow rates.
However strongly varying chemical profiles of nitrogen are
observed for different flow rates. From Fig 5, the binding en-
ergy of about 404 eV indicates the presence of encapsulated
N, molecules inside the nanotubes!%!2, while signals from
both substitutional and pyridinic N configurations are antici-
pated in the range of 398-400 eV>7-12. At higher flow rates
where thick SWCNT films are formed there is an evident pre-
dominance of trapped N, molecules, whereas there is a clear
dominance of substitutional and pyridinic N incorporation in
thin N doped SWCNT films. This difference shows that the
growth dynamics are crucial for the achievable N doping. At
a high throughput of radical CN species in the catalyst parti-
cle, more N is formed before the CN units could be possibly
incorporated into the perticipating sp> C walls. On the other
hand, less N, molecules are formed with more incorporated
N into sp? C structure as C/N feedstock flow rate decreased.
At low flow rates, the strong CN bonds in diluted precursors
could be favoring pathways to pyridinic and substitutional ni-
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Fig. 6 Total nitrogen concentration as function of C/N feedstock
flow rate during the growth.

trogen incorporation, while the formation of N, gas is sup-
pressed. At higher flow rates and consequently higher concen-
trations of CN species in the catalyst particles, an increasing
fraction of N molecules may be formed instead of the incor-
poration of nitrogen. This dynamic idea can account for the
observed effect of the flow rate on the chemical profile of the
nitrogen.

To evaluate N content in N-doped SWCNTs, the 1.8 times
higher atomic cross section for N as compared to C and the
relative XPS peak intensities were used?. The abundance
of substitutional and pyridinic nitrogen in N-doped SWCNT's
was evaluated as shown in Fig. 6. Fig. 6 shows the nitro-
gen amount determined from the N1s area. It can be clearly
seen that the relative amount of nitrogen is inversely propor-
tional to the feedstock flow rate. It is dramatically increased to
approximately three times when the C/N feedstock flow rate
is reduced from 100 to 20 sccm. In addition, all the Nls
peaks were decomposed using two Voigtian peaks at 400.9
and 404.2 eV in case of 200 and 450 sccm, two Voigtian peaks
at 400 and 404.2¢eV in case of 50 and 100 sccm, and three
Voigtian peaks at 398.2, 400.9 and 404.2 eV for 20 sccm con-
dition to evaluate each N configuration (see Fig. S1). Each
nitrogen configuration content was obtained from the decom-
posed Nls core level. Considering signal-to-noise ratio, the
content of each configuration was evaluated compared to the
total nitrogen amount using peak areas. As shown in Fig. S2,
the amount of N, species is drastically reduced to less than
50 % of the total nitrogen content when the feedstock flow
rate was lowered from 100 to 20 sccm. On the other hand, the
amount of graphitic and pyridinic nitrogen are predominant at
lower-flow rate. It should be noted that there is possibility of
Mo signal observed from the thin nanotube samples in case
of lower-flow rate at a similar binding energy2°. In order to
obtain only the nanotube signal, we performed the XPS mea-
surement on transferred samples. The survey scans of trans-
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ferred nanotube samples synthesized from 20 and 100 sccm
of C/N feedstock (see Fig. S3) show a strong Cls peaks and
a minor Ols peaks. The absence of the signals from Mo 3d
core level as shown in Fig. S4 suggests that Mo particles do
not detached from the substrate during nanotube transfer due
to strong interaction between Co/Mo catalysts and substrate >’
This reveals that the obtained binding energy of approximately
398 eV belong to the nanotube samples.

Note that the constant D-band intensity at all flow-rates con-
firms a uniform defect concentration in all N-doped SWC-
NTs samples due to incorporation of nitrogen and interac-
tion of encapsulated N, with carbon walls?® (Fig. 4). It is
thus remarkable for the invariable quality of N-doped SWC-
NTs in this case as reported earlier?®°. N-doping induced
defects is typically found in multi-walled carbon nanotubes
(MWCNTs) in which nitrogens could incorporated into multi-
graphitic shells3'37. Y. T. Lee et al.’’ have demonstrated
the effect of growth temperature and ammonia flow rate on
production of nitrogen content in MWCNTSs. As more am-
monia flow rate was added, it was found that the nitrogen
content was drastically increased, and diminished when the
flow rate was more than 40sccm. Similarly, using carbon
precursor containing different nitrogen sources could also in-
troduce more defects in SWCNTSs as feedstock flow rate in-
creases 383 F. Villalpando-Paez et al. 3® have previously re-
ported N-doped SWCNTSs synthesis from thermal decompo-
sition of ferrocene/ethanol/benzylamine solution. Linear in-
creasing of point defects was found to be as a function of
nitrogen precursor concentration. A similar tendency was
also found when ammonia was used as nitrogen source®%.
Y. S. Min et al.>® have reported the use of methane and am-
monia as C/N precursor for the synthesis of N-doped SWC-
NTs. It was found that the D-band to G-band ratio in Raman
spectra slightly increases as more nitrogen source was added.
H. R. Barzegar et al.® have demonstrated an increase in N
content with increased ammonia feed in which more defect
sites were introduced by pyrrolic N during the growth pro-
cess. It was found that low nitrogen incorporation with a pre-
dominance of pyridinic structure was observed at low ammo-
nia feeds. This is in agreement with the appearance of the
anticipated XPS peak in the range of 398-400 eV for pyri-
dinic N in our study. A similar binding energy (~398¢eV) of
pyridinic N was also found in metal-free grown of N-doped
SWCNTs3®. While the incorporation of N into sp?> C net-
work can cause a bonding stress to nanotube structure giving
rise to high D-band>%?*, the constant D line intensity can be
considered from saturated N incorporation in nanotubes, inter-
action between encapsulated N, and carbon walls?3, and the
rest of N amount has formed graphitic nanoshell as in agree-
ment with the appearance of the 2D line (Fig. 4). This may be
the reason why high N incorporation was observed, whereas
the imperfection of nanotube structure remained unchanged.
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Fig. 7 The I-V characteristic of N-doped SWCNTs/p-type Si
heterojunction deiode in case of 20 sccm C/N feedstock. The
schematic of diode is illustrated in the inset.

The total N incorporation in our case, however, shows higher
abundunace in N-doped SWCNT samples at low C/N feed-
stock flow rate, compared to the previous report®.

Further characteraction of electrical property of N-doped
SWCNTs synthesized from 20sccm of C/N feedstock was
performed by heterojunction diode as shown in Fig. 7. The
heterojunction diode was fabricated from transferred thin film
of N-doped SWCNTs synthesized from 20 sccm of C/N feed-
stock. The formatin of p-n junction leads to I-V characteris-
tic of diode turned on at the forward bias direction. This re-
sult suggests that the obtained N-doped SWCNTSs synthesized
from lower flow rate contain more incorporation of sp? into
the carbon walls.

In our previous report®, the no-flow CVD was employed to
synthesize N-doped SWCNTs from different concentration of
acetonitrile-mixture in ethanol. As the feedstock mixture in-
creased, more nitrogen incorporation into the nanotubes was
observed and saturated at about 1.2 at.% in which a major con-
figuration of nitrogen was in form of N, molecules '?, and the
rest was incorporated N into the nanotube walls. The cata-
lyst lifetime was found to be shorter in the presence of more
nitrogen incorporation as seen in lower yield of the nanotube
film. This may be plausibly due to changing in growth mech-
anism from tangential to perpendicular growth mode?? by ni-
trogen, resulting in smaller in diameter and saturation of car-
bon precipitation on the catalyst so that the catalyst lifetime
could no longer be extended to activate the nanotube forma-
tion with more nitrogen incorporation. By considering the
the same acetonitrile feedstock mixture concentration (20 %),
more nitrogen incorporation could not be proceeded since the
feedstock mixture could not leave the system during the CVD
reaction in no-flow CVD, resulting in low nitrogen content
in the nanotube walls (less than 1 at.%) with abundant of N,
molecules (~1 at.%). On the other hand, the decomposition
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of C/N feedstock by continuous feedstock supply could pro-
duce water molecules spontaneously, which could re-activate
the catalyst during the reaction as reported on supergrowth
N-doped carbon nanotubes in which acetonitrile was used as
nitrogen source 3**°. Continuous introduction of water dur-
ing growth could prolong the catalyst lifetime, which allows
the nanotubes to keep growing. In our case, this would result
in more nitrogen atoms incorporating into the nanotube walls
and less N, molecules with slow flow rate, but lower nanotube
yield due to different growth mechanisms caused nitrogen?3.
However, faster flow-rate of the feedstock leads to inadequate
re-activation of the catalyst as seen in low nitrogen content.

4 Conclusions

Upon changing flow rate of carbon/nitrogen feedstock mix-
ture, the nitrogen configuration could be modified during con-
ventional CVD synthesis. The pyridinic and graphitic nitrogen
structures are predominant at low flow rate, whereas nitrogen
incorporation is more skewed towards to N, formation inside
the nanotubes. The total nitrogen content at low flow rate was
also evaluted to be approximately two to three times higher
than that obtained at higher flow rate. The formation of carbon
and nitrogen, as evidenced by Raman spectroscopy and diode
characteristic, is suggested that graphitic nanoshell particles
could be formed along with more defective sp? C structure.
The ability to alter incorporation of nitrogen into nanotube
structure is therefore one important step for modification on
SWCNT property.
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