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electron microscopy, X-ray photoelectron spectroscopy, Raman spectroscopy, and photoluminescence spectroscopy. The photoluminescence measurements show that the NCNTPs
predominantly emit a green band at room temperature while strong blue emission is generated at 77 K. It is shown that these very different emission behaviors are related to the
change of the optical band-gap and the concentration of the paramagnetic defects of the
carbon nanotips. The studies shed light on the controversies on the photoluminescence
mechanisms of carbon-based amorphous films measured at different temperatures. The
relevance of the results to the use of nitrogenated carbon nanotips in light-emitting optoelectronic devices is discussed.
 2012 Elsevier Ltd. All rights reserved.

1.

Introduction

Recently, low-dimensional nanomaterials have received considerable attention due to their tremendous contributions to
fundamental science and industrial applications [1–4]. In particular, carbon-related nanomaterials with a huge variety of
structures in all three dimensions, such as C60, single and
multi-walled nanotubes, nanorods, nanofibers, graphenes,
nanofilms, nanoribbons, nanocones, nanotips, and several
others, have been in the spotlight of extensive research efforts owing to their novel structures and outstanding chemical and physical properties [5–11]. Among these carbon
nanomaterials, carbon nanotips (CNTPs) can be prepared at

low temperatures and pressures, and they can form crystalline and amorphous phases with controllable degrees of crystallinity and tunable concentration of sp2 bonding
configuration [11,12]. Moreover, the nanotips feature high aspect ratios and weak electric field screening effects due to
their sharp tip structure. Interesting structural and electronic
properties of CNTPs make them promising for numerous
applications in the field of microelectronic and optoelectronic
technology, with relevant applications including scanning
microscope probes, electron field emitters, and several others
[13,14].
Traditionally, the CNTPs and related materials such as carbon nanotubes and carbon nanocones have been targeted for
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field emission devices. Recently, the range of applications of
such nanocarbons has been extended to biological and medical uses due to their biocompatibility. For instance, carbon
nanotubes can be used for biological imaging and drug delivery [15].
Another promising application of the CNTPs is in the area
of light emitting and other optoelectronic devices. This is because carbon-based amorphous films, e.g., a-C:H and a-C:N:H
films, have been reported as good light emitting sources [16–
21]. However, the physical mechanisms of photoluminescence (PL) emission from carbon-based amorphous films
measured at different temperatures are not clearly understood. For example, the results of Chernyshov et al. [17] indicate that the PL from a-C:H films shows a poor temperature
dependence, while the results of Liao et al. [18] show that
the PL from a-C:H films has a complex, non-monotonic (i.e.,
the PL intensity initially decreased, and then increased significantly with the increase of the temperature) dependence on
temperature. Furthermore, Papadimitriou et al. [21] observed
that the PL intensity from a-C:N films measured at 20 K increased by two orders of magnitude compared to the PL intensity measured at 300 K.
Although it is commonly accepted that the PL emission
from amorphous carbon films originates from the radiative
recombination of electrons and holes in the band tail states
of sp2 carbon clusters [16], there is no consensus on the
dominant mechanisms of photoluminescence at different
temperatures. For example, Liao et al. [18] suggested that
the temperature-dependence of PL was related to the
change in the structure of the films. Papadimitriou et al.
[21] attributed the increase of PL intensity to an increase
of defect concentration through the creation of dangling
bonds in the films at low temperatures. Robertson [16]
argued that the PL efficiency depended on the defect concentration in the absence of hopping at high temperatures.
On the other hand, Ilie et al. [22] claimed that the non-radiative recombination through defects was significantly suppressed because, at low temperatures, the mobility of
carriers is very low and their transport may only occur by
energy-loss hopping in the band tails. In this case, the carriers thermalize deeper into the tail states than into deep
defect states.
Very recently, it was found that the carbon
nanotip structures with a modest hydrogen and nitrogen
incorporation can generate photoluminescence [23]. For
these doped CNTPs, there is much less understanding of
the PL mechanism due to the very limited number of reports available. Inspired by many successful works on the
unique structural and electronic properties of the CNTPs
compared with carbon-based amorphous films, here we
study the properties and mechanisms of PL from nitrogenated CNTPs (NCNTPs) at room and low temperatures. It is
revealed that the NCNTPs predominantly emit a green band
at room temperature, whilst strong blue emission is generated at low temperatures. By investigating the morphological, structural, and PL properties of the NCNTPs, as well as
examining PL mechanisms of carbon-based amorphous
films, we propose viable physical mechanisms of the
NCNTP photoluminescence to interpret the experimental
results.

2.

Experimental

Nitrogenated carbon nanotips have been synthesized in a
two-step process. In the first step, a thin carbon film with a
thickness of about 60 nm has been deposited onto a Si(1 0 0)
substrate using a rf magnetron sputtering deposition system.
This thin carbon film acts as a seed layer for the subsequent
nucleation and growth of NCNTPs [11].
During the second step, the NCNTPs were synthesized in a
custom-designed plasma-enhanced hot filament chemical
vapor deposition (PEHFCVD) system. The details of the plasma reactor and its operation can be found elsewhere [11].
Briefly, a mixture of CH4, N2 and H2 precursor gases was let
into the chamber which had been pre-evacuated to a base
pressure of approximately 2 Pa through the use of a two-stage
rotary pump. The total working gas pressure was maintained
at 2 · 103 Pa. The filament was then rapidly heated to about
1600 C with the substrate surface temperature estimated to
be approximately 800 C (measured using a thermocouple).
Later, a bias with a preset DC current was applied to produce
plasmas and deposit NCNTPs. The detailed experimental
parameters for the growth of NCNTPs are listed in Table 1. It
is noteworthy that a minor variation of the measured bias
voltage at the same applied bias current is due to the change
of the N2 and H2 mass flow rates.
The morphological, structural, and photoluminescence
properties of the synthesized samples were characterized
using various advanced analytical tools, including scanning
electron microscopy (SEM), X-ray photoelectron spectroscopy
(XPS), high-resolution transmission electron microscopy
(HRTEM), Raman spectroscopy, and PL spectroscopy. SEM
measurements were conducted using a Hitachi-S4800 field
emission scanning electron microscope operated at 15 kV.
HRTEM measurements were carried out using a JEOL 2010F
(operated at 200 kV) transmission electron microscope. Raman measurements were performed using a Renishaw inVia
micro-Raman system with a 514.5 nm Ar+ laser as an excitation source. The temperature-dependent PL measurements
were undertaken via a SPEX 1403 Ramalog system using a
325 nm He–Cd laser as an excitation source. In order to
investigate the effect of the excitation energy on the PL
property of NCNTPs, a HR 800 micro-Raman system using
a semiconductor laser at 532 nm line as an excitation source
has also been used to perform the PL measurements. The
XPS measurements were carried out via an ESCALAB 250
X-ray photoelectron spectrometer using a Al Ka X-ray
source.

3.

Results

Fig. 1(a) and (b) show the SEM image and the Raman spectrum
of the thin carbon seed layer, respectively. From Fig. 1(a), one
can clearly see that the thickness of the carbon film is approximately 60 nm and that the interface between the Si substrate
and the film layer is well resolved and clear of defects. Two
scattering peaks centered about 1394 and 1578 cm1, shown
in Fig. 1(b), are attributed to the D and G peaks of the carbon
material [17,18]. The intensity ratio of the D to G peak is about
0.66, which suggests that the carbon film is amorphous [19].
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Table 1 – Deposition parameters for the samples A and B: mass flow rates of CH4, H2 and N2 gases; substrate temperature Ts;
bias current Ib and voltage Ub; growth time t.
Sample
A
B

CH4 (sccm)
20
20

H2 (sccm)

N2 (sccm)

Ts (C)

Ib (mA)

Ub (V)

t (min)

70
65

10
15

792
796

160
160

980
930

16
20

Fig. 1 – SEM image (a) and Raman spectrum (b) of the thin
carbon seed layer.

Fig. 2(a) presents the typical cross-sectional SEM image of
sample A. One can notice that the NCNTPs feature a needlelike shape. The typical bottom width, top diameter, and
height of the NCNTPs estimated from the SEM images are
within the ranges 58–92, 25–42, and 292–417 nm, respectively.
Fig. 2(b) shows a typical cross-sectional TEM image of the
individual NCNTPs. The layered structure (Si/a-C/NCNTPs)
can be clearly viewed from the image and the interface between a-C and NCNTPs is very sharp. The TEM result is consistent with the SEM analysis. HRTEM imaging (Fig. 2(c))
shows that the synthesized NCNTPs are amorphous.
Fig. 3(a) and (b) show typical low- and high- magnification
SEM images of sample B. One can notice that the morphology
of this sample is quite similar to that of sample A. However,
the bottom width, top diameter, and height of the NCNTPs
are different from those of sample A. In this case, the bottom
width, top diameter, and height of the NCNTPs are within the
ranges 50–75, 13–17, and 158–375 nm, respectively.
Fig. 3(c) shows the Raman spectrum of sample B. Two
broad Raman scattering peaks located at about 1350
and1609 cm1 can be observed, which can be assigned to
the D and G peaks of amorphous carbon materials [8,24]. In
comparison with the Raman spectrum for the thin carbon
film seed layer (shown in Fig. 1(b)), the G peak shows a blueshift of about 31 cm1, which suggests that nitrogen atoms

Fig. 2 – SEM and TEM images of the sample A: (a) crosssectional SEM image; (b) cross-sectional TEM image; (c)
high-resolution TEM image.
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Fig. 3 – SEM images and Raman spectrum of the sample B: (a) low-magnification SEM image; (b) high-magnification SEM
image; (c) Raman spectrum; (d) deconvoluted Raman spectrum. Positions of D1, D2, G1, and G2 peaks are given in Table 2.

have been effectively incorporated into the carbon nanotips
[25].
The asymmetry of Raman bands implies that they are
composed of many different peaks. Therefore, this spectrum
can be fit and deconvoluted following the approach proposed
by Kovács et al. [26]. The deconvoluted Raman spectrum is
presented in Fig. 3(d). One can notice that the spectrum consists of four Gaussian components: D1, D2, G1, and G2. The
details of these Gaussian peaks including the peak position,
full width at half maximum (FWHM), intensity, etc., are
shown in Table 2. Since the peak position of G1 (1568 cm1)
is lower than 1580 cm1 (standard G peak of graphite) while
the peak position of G2 (1610 cm1) is higher than
1580 cm1, we can deduce that the D1-G1 and D2-G2 pairs belong to the clusters composed of sp2 carbon atoms in chains
and rings, respectively [26].
Fig. 4(a) displays a typical wide-scan XPS spectrum of sample B. The dominant peaks are located at binding energies
(BEs) of about 284.6, 399.6, and 531.96 eV, which stem from
carbon, nitrogen and oxygen elements, respectively. To inves-

tigate the bonding states of the synthesized NCNTPs in detail,
narrow-scan XPS spectra of C 1s, N 1s and O 1s states were
measured. Fig. 4(b)–(d) present the narrow scan XPS spectra
of the C 1s, N 1s, and O 1s states, respectively. The broadness
and asymmetry of the C 1s, N 1s and O 1s XPS spectra suggest
that multi-component peaks should exist. This is why we
have used Casa XPS peak software to fit these spectra using
a least-square routine, after Shirley background subtraction.
The detailed deconvoluted peaks (including peak position
and FWHM) for the individual C1s, N 1s, and O 1s spectra
are shown in Table 3. Amongst these peaks, the A–C peaks
in Fig. 4(b) are attributed to sp2 C–C, sp3 C–C, and sp3 C–N
bonds, respectively [27–29]; the D and E peaks in Fig. 4(c) originate from sp3 and sp2 C–N bonds, respectively [29]; and the F
and G peaks in Fig. 4(d) can be assigned to the AOH and AC@O
groups on the surface of NCNTPs, respectively [30].
Fig. 5(a) shows the PL spectra of sample B measured at 77 K
(1) and 300 K (2), respectively. One can see that both PL spectra
are composed of two emission bands. At 300 K, these two
emission bands are centered at 406 and 508 nm, while at

Table 2 – Peak positions, full widths at half maximum (FWHMs), and intensities of D1, D2, G1, G2 Gaussian components for
the sample B.
Peak
D1
D2
G1
G2

Ramanshift (cm1)
1341
1349
1568
1610

FWHM (cm1)
221
80
138
50

Intensity
22653
6591
9664
5725
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Fig. 4 – XPS spectra for the sample B: (a) wide-scan XPS spectrum; (b)–(d) narrow scan XPS spectra of the C 1s (b), N 1s (c), and O
1s (d). Positions of deconvoluted peaks A, B, C, D, E, F, and G can be found in Table 3.

Table 3 – Peak positions and FWHMs of the deconvoluted peaks for the individual C1s, N 1s, and O 1s spectra for the sample B.
Peak
BE (eV)
FWHM (eV)

A

B

C

D

E

F

G

284.6
1.24

285.5
2.05

287.7
2.98

398.7
1.65

399.8
1.8

531.6
1.66

532.9
1.95

77 K the same bands are located at approximately 403 and
502 nm. It is obvious that the PL bands show a slight blueshift when the measurement temperature is reduced from
300 to 77 K. More importantly, one can notice that the dominant emission peak changes from 508 nm (green peak) at
300 K to 403 nm (blue peak) at 77 K.
Fig. 5(b) shows the room-temperature PL spectrum of sample B recorded by a HR 800 micro-Raman spectroscope using a
semiconductor laser at 532 nm line as the excitation source.
One can notice that five peaks are present in the spectrum.
Two sharp peaks located at 573 and 582 nm originate from Raman scattering of NCNTPs. This can be explained as follows.
According to the definition of the Raman shift (RS), the relationship of the RS with the scattering wavelength kS is
RS ¼

1
1

kL kS

620, 630, and 686 nm can be attributed to the photo-induced
emission of NCNTPs.

4.

Discussion

As shown in Fig. 5(a), the NCNTPs emit two PL bands. Moreover, the emission behavior of the NCNTPs at room and low
temperatures is different. In this section, a detailed physical
mechanism is proposed to explain this phenomenon. We believe that the different emission behaviors at room and low
temperatures are related to the significant structural changes
and the corresponding variation of electronic properties of
NCNTPs.

4.1.

Purpose of nitrogen addition

ð1Þ

where kL is the wavelength of the excitation source [31]. Following this formula, the calculated values for the RS corresponding to the observable sharp peaks at 573 and 582 nm
are approximately 1345 and 1614 cm1, which are in good
agreement with the corresponding Raman scattering peaks
observed in Fig. 3(c). The other three weak peaks located at

In our experiments, we found that no carbon nanotips could
be produced in our CVD system using only methane and
hydrogen as reactive gases. After the detailed analysis of
the formation process of the carbon nanotips, we believe that
this failure possibly involves the interaction of oxygen with
the substrate and a weak bombardment of hydrogen ions produced in the plasma. To be more specific, during the process
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Fig. 5 – PL spectra of the sample B: (a) measured using
325 nm line at different temperatures: (1): 300 K and (2):
77 K; (b) measured using 532 nm line at room temperature.

of substrate heating, the interaction between the residual
oxygen molecules and the substrate is unavoidable, which
prevents the nucleation and growth of carbon nanotips.
By adding nitrogen gas to the methane and hydrogen reactive mixture, oxygen atoms can be removed from the substrate fairly quickly because of the strong electronegativity
and the large mass of nitrogen compared with hydrogen.
Moreover, interaction of nitrogen ions with the surface can
accelerate the nucleation of carbon radicals and the subsequent formation of carbon nanotips [11]. More importantly,
nitrogen incorporation in the amorphous carbon films is able
to promote the transformation of sp3 carbon to sp2 carbon,
leading to the significant increase of the total number of sp2
clusters [32]. In addition, some energetic nitrogen ions can
effectively bombard sp2 carbon clusters and drastically reduce
their size. With the addition of nitrogen gas, the variation in
the number and size of sp2 clusters and the accompanied
incorporation of nitrogen in the clusters can alter the PL properties of carbon materials quite significantly.

4.2.
Effect of experimental parameters on
morphological, structural, and PL properties of NCNTPs

the

Our previous experimental works show that, the NCNTPs
deposited at an intermediate flow rate ratio of hydrogen to
nitrogen of approximately 4 (for example, sample B in this
work) feature the best size/shape and pattern uniformity, as
well as the highest nanotip density, compared with other
NCNTPs synthesized at higher or lower flow rate ratios of

hydrogen to nitrogen [33]. This can be interpreted in terms
of the combined effect of the sputtering and etching of
NCNTPs by nitrogen-based ions/radicals and hydrogen atoms
during the growth process.
In a typical plasma-based growth process of NCNTPS,
nitrogen-based ions including N2+, NH2+, NH3+ and NH4+,
etc., are generated in the plasma and these ions make a significant contribution to the sputtering and etching of the surface of NCNTPs [33,34]. At a high flow rate ratio of hydrogen to
nitrogen (e.g., sample A used in this work), the number of
nitrogen-based radicals is rather limited so that the sputtering effect is fairly weak. As a result, the deposition rate of carbon increases, eventually resulting in a poor uniformity of
NCNTPs. In addition, hydrogen etching of amorphous carbon
further deteriorates the uniformity of the NCNTPs.
If the flow rate ratio of hydrogen to nitrogen is too low, the
number of nitrogen-based ions with a large mass increases
significantly [33,34]. In this case, the sputtering effect during
the growth of NCNTPs is very strong. At the same time, the
etching rate of the nanostructured carbon surface becomes
higher due to the higher nitrogen flow rate. The reason is that
the etching rate is proportional to the product of the flux of
reactive ions and the reaction probability [33,34]. As a consequence, the strong sputtering and etching effects at a low
flow rate ratio of hydrogen to nitrogen also lead to a low density and poor uniformity of NCNTPs.
The flow rate ratio of hydrogen to nitrogen can be optimized to reduce the effects of the sputtering and etching of
the growth surfaces of NCNTPs by nitrogen-based ions and
hydrogen atoms. In this case, the sputtering/etching and
deposition processes are in a dynamical balance, and the uniform NCNTP structures can be formed [11].
However, the structural and photoluminescence properties of NCNTPS do not change significantly under different
flow rate ratios of hydrogen to nitrogen. HRTEM measurements show that all the NCNTPs are amorphous; Raman
and PL measurements reveal that all the NCNTPs have quite
similar peak positions and intensities. That is why the Raman, HRTEM, and PL results collected from samples A or B
are only shown here.

4.3.
Structural and electronic properties of NCNTPs at low
temperatures
Figs. 3 and 4 indicate the presence of sp2 C–C, sp2 C–N, sp3 C–C,
and sp3 CAN bonds in the NCNTP structures. Importantly, the
lengths of these bonds change with temperature. Mandal
et al. [35] reported that the mean distances between the two
nearest neighbor carbon atoms in the molecule composed
of phenalenyl units were 3.26 and 3.30 Å at 100 and 300 K,
respectively. The corresponding distances for the molecule
composed of ethyl radicals were 3.18 and 3.35 Å at 100 and
293 K, respectively. These results suggest that the bond
lengths for sp2- and sp3-hybridized configurations become
shorter at low temperatures. As a result, the size of sp2 and
sp3 carbon clusters reduces so that the band-gap of the
NCNTPs increases [36,37]. The variation of the band-gap with
temperature has also been observed in the synthesized diamond-like materials [38].
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At low temperatures, another important property of carbon-based materials, namely, paramagnetic defects, can
change significantly. For example, Watanabe et al. [39] reported that the electron spin resonance signal in the amorphous carbon films could be observed at low temperatures
after UV illumination. This is because there are very few paramagnetic defects in the amorphous carbon films at low temperatures, and some CAH and CAC bonds can be broken
during sufficiently long UV irradiation [39,40]. The significant
reduction of paramagnetic defects at low temperatures is
likely due to the re-arrangement of carbon atoms caused by
the increased bond energies which are a consequence of the
shortened bond lengths. The increase of the band-gap and
the reduction of paramagnetic defects are two significant factors that affect the photoluminescence efficiency of amorphous carbon films [16]. This effect will be discussed in the
following sub-section.

4.4.

Photoluminescence of NCNTPs at low temperatures

4.4.1. Analysis of the blue shift of PL bands at low
temperatures
For the amorphous carbon films, it is generally accepted that
the PL emission originates from the radiative recombination
of the electrons and holes in the band tail of sp2 carbon clusters, which are created by photo-excitation in p and p* states
[16]. Thus, the PL process is closely related to the p and p*
states. As follows from Fig. 4(c), sp2 and sp3 CAN bonds are
formed in the NCNTPs. This in turn suggests that nitrogen
atoms have effectively substituted carbon atoms in these
sp2 and sp3 CAC clusters. As a result, the lone pair (LP) electrons in the sp2 and sp3 CAN bonds can form LP states within
the p band and between the p and p* bands, respectively
[36,37,41,42].
However, Füle et al. [43] reported that, in order to enable
the direct transition between the p and p* bands, the size of
sp2 carbon clusters should be within the range 0.94–1.15 nm.
For the NCNTPs considered here, the size of the sp2 clusters
L can be estimated by
ID 126 þ 0:033k
¼
L
IG

ð2Þ

where ID and IG are the integrated intensities of the D and G
Raman peaks, and k is the laser excitation wavelength [21].
Using the data shown in Table 2, the calculated size of the
sp2 clusters in chains and rings appears to be about 1.9 and
3.8 nm, respectively. Thus, it is unlikely that the direct transition between the p and p* bands is generated in our samples.
Therefore, we conclude that the PL bands centered about 406
and 508 nm are attributed to the transition between the r*
and LP valence bands which are related to sp2 and sp3 CAN
bonds, respectively [23].
As mentioned previously, at low temperatures, the shortening of the bond lengths results in the size reduction of the sp2
carbon clusters so that the band-gap is increased [36,37].
Therefore, the separation between the p and p* bands also increases [44,45]. At the same time, the LP valence band shifts
in the direction of the p band [41], which is indicative of the increase in the separation between the LP valence and p* bands at
low temperatures. For example, Heitz et al. [44,45] reported that
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the PL peak shifted from 2.4 to 2.2 eV when E04 (i.e., the energy
of the photons for which the absorption coefficient is 104 cm1)
decreased from 4.0 to 1.5 eV, and that the separation between
the p and p* bands became larger with the increase of E04.
Therefore, the separation between the p and p* bands may become comparable or even larger than the PL peak energies.
Moreover, due to the size reduction of sp2 carbon clusters, it
is likely that there are more sp2 carbon clusters of about 1 nm
at low temperatures. Hence, the probability of the direct transition between the p and p* bands also becomes higher. Furthermore, at low temperatures, the recombination of electrons and
holes is dominated by the radiative recombination in the band
tail of sp2 carbon clusters [22].
According to the above analyses and the PL mechanism
suggested by Iwano et al. [20], the PL band at 502 nm may
be assigned to the transition between the p* and LP valence
bands, which is related to sp3 CAN bonds. On the other hand,
the PL band at 403 nm may be assigned to the transition between the p* and LP valence bands and between the p and p*
bands, which is related to sp2 CAN bonds. Moreover, due to
the increase in the separation between the p and p* bands at
low temperatures, the PL spectra are slightly blue-shifted
compared to the spectra at room temperature.

4.4.2. Interpretation of generation of strong blue emission
band at low temperatures
As shown in Fig. 5, a strong blue emission band located at
about 400 nm has been observed at low temperatures. The
origin of the blue emission peak at low temperatures is possibly due to the combined effect of the increase in band-gap
and band tail width, the reduction of paramagnetic defects,
and weaker thermal vibration of atoms. These effects enhance the efficiency of photoluminescence generated by
amorphous carbon materials.
It has been shown previously that the PL efficiency of
amorphous carbon films increases in an exponential fashion
with the increase of the optical band-gap [16]. Thus, the PL
efficiency of the NCNTPs is significantly enhanced at low temperatures due to the significant increase of the band-gap (see
the detailed analysis in Section 4.4.1).
At low temperatures, the reduction in the size of sp2 clusters can also lead to the higher degree of localization so that
the width of the band tail distribution is increased [22,43]. It is
generally believed that the relation of the PL quenching temperature TL with the width E0 of the band tail distribution is
expressed as follows,
kB TL ¼ E0 = lnðm0 s0 Þ

ð3Þ

where kB is the Boltzman constant, m0 is the hopping attempt
frequency (typically 1012–1013 s1), and s0 ¼ 108 s [16,22].
From this equation, one can clearly see that TL is directly proportional to E0. Furthermore, the relationship between the PL
efficiency and the temperature is expressed by


T
ð4Þ
g / exp 
TL
where T and g are the temperature and the PL efficiency,
respectively [16]. From Eq. (4), it is obvious that the PL efficiency increases exponentially with the decrease of the temperature due to the significant increase of TL.
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As mentioned in Section 4.3, the paramagnetic defects are
greatly reduced in amorphous carbon films at low temperatures. This makes the radiative recombination of electrons
and holes as the dominant recombination process in this
case. It was previously reported that non-radiative recombination in amorphous carbon nitride films becomes less
important at low temperatures [22]. Therefore, it is likely that
the PL efficiency increases through the reduction of paramagnetic defects.
At low temperatures, the recombination of electrons and
holes is dominated by the radiative recombination in the
band tail of sp2 carbon clusters [22]. In this case, the PL emission is generated by the transition between the p* and p
bands. In addition, the thermal vibration of atoms is weakened at low temperatures. Hence, the effect of scattering of
incident photons by phonon vibrations becomes weaker
thereby increasing their energy. In this way, the enhancement
factors mentioned above may lead to the substantial increase
of the PL efficiency of the emission band at 403 nm. As a result, a strong blue emission band can be observed at low
temperatures.

4.5.
Explanation of PL of a-C:H and a-C:N films at
different temperatures
The analysis in Section 4.4 indicates that the PL of amorphous
carbon materials can be effectively controlled by the size of
sp2 clusters and the paramagnetic defects. Clear understanding of these effects may resolve several persistent controversies on the origin of photoluminescence from a-C:H and a-C:N
films at different temperatures.
It was previously reported that the dependence of the PL on
temperature was quite weak [17]. This result may be due to the
insufficient energy of the photons from the excitation source,
which was not specified in Ref. [17]. Indeed, PL can only be
emitted when the excitation energy is larger than the bandgap energy or the transition energy. When the measurement
temperature decreases, the sp2 clusters become smaller and
their band-gaps increase. In this case, the excitation with a
short wavelength should be used; otherwise some of the sp2
clusters may not produce photoemission. This is why the weak
temperature dependence of PL of a-C:H films is most likely a
measurement-specific, rather than a common observation.
Furthermore, the results of Liao et al. [18] showed that PL
from a-C:H films had a complex dependence on temperature.
Specifically, the PL intensity initially decreased with temperature between 25 and 75 K, and then increased, eventually
reaching its maximum value at 250 K. Since the sizes of sp2
clusters in a-C:H films vary quite significantly, the band-gap
distribution is also quite non-uniform. The band-gaps of
small clusters are large and higher-energy photons are
needed to generate the emission. When the measurement
temperature decreases, their band-gaps will further increase.
As a result, the PL from some sp2 clusters may no longer be
generated using the same excitation source. Therefore, the
PL intensity is reduced at lower temperatures. After the temperature is reduced below a certain threshold, the band-gaps
of some relatively large sp2 clusters increase and they may
start emitting PL. However, the number of these clusters is

quite small, which leads to weaker PL at low temperatures.
On the other hand, at high temperatures the rates of nonradiative recombination via defects increase, which explains
the observed weaker photoluminescence at higher temperatures. The interplay of these effects explains the observed
non-monotonic temperature-dependent PL from a-C:H films
[18].
For the a-C:N films, Papadimitriou et al. [21] observed that
the PL intensity measured at 20 K increased by two orders of
magnitude compared with the results at 300 K. They attributed this significant intensity increase to the creation of a
large number of defects (mainly dangling bonds) at low temperatures. However, the dangling bonds are believed to be the
non-radiative recombination centers, which contribute to the
quenching of the emission [46]. Therefore, the increase of the
PL intensity at low temperatures may be attributed to the effects of weaker thermal vibration of atoms and the increase
of the band-gap at low temperatures, according to the analysis presented in Section 4.4.
We emphasize that in this work we were only able to
measure PL at 77 K and room temperature by using a
325 nm laser. However, the following effects are expected
with the gradual decrease of measurement temperatures
from 300 to 77 K:
(i) The green peak located at 508 nm measured at 300 K
should show a slight blue-shift and eventually reach
the 502 nm position measured at 77 K. Moreover, the
intensity of this peak is expected to show a tendency
to decrease.
(ii) The blue peak located at 406 nm measured at 300 K
should also display a tendency of up-shift and eventually reach the 403 nm position measured at 77 K. Moreover, the intensity of this peak should show a trend of
gradual increase.
These expectations are based on the combined effect of
the variation of optical band-gap, band tail width, paramagnetic defects, and thermal vibration of atoms as we have discussed previously. To be more specific, with the increase of
the PL measurement temperature, the band-gap and band tail
width decrease. This is caused by the longer bond lengths for
sp2- and sp3-hybridized configurations at a higher measurement temperature. This gives rise to the red-shift of PL peaks
of both 403 and 502 nm with the increase of the measurement
temperature. It also explains the gradually increased PL peak
intensity of 502 nm and the gradually decreased PL intensity
of 403 nm. Indeed, at a higher measurement temperature,
the total number of clusters with smaller band-gaps increases
significantly, which leads to the increased PL peak intensity of
502 nm and the decreased PL peak intensity of 403 nm. Furthermore, the increased paramagnetic defects (main nonradiative recombination centers) and strong thermal vibration of atoms at a higher measurement temperature further
reduce the intensity of the 403 nm peak. This is because in
this case the photo-generated carriers produced across the
band-gaps have a high chance of non-radiative recombination through hopping or tunneling, and do not contribute to
the PL emission [47].
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In comparison with the previous works, we have accounted for many factors such as the optical band-gap,
band tail width, paramagnetic defects, and thermal vibration of atoms. Careful consideration of these effects leads
to better understanding of the mechanisms of temperature-dependent PL emission. We have also considered the
variation of size of sp2 and sp3 carbon clusters at different
temperatures and their effects on the PL process. Moreover,
the PL bands centered about 406 and 508 nm have been
attributed to the transition between the r* and LP
valence bands which are related to sp2 and sp3 C–N bonds,
respectively.

4.6.

Analysis of PL bands under the 532 nm excitation

As shown in Fig. 5(b), three PL bands located at 620, 630 and
686 nm are generated under the 532 nm laser excitation. For
the PL bands at 620 and 630 nm, their generation is related
to the large sp2 clusters. This follows from the following
analysis. As presented previously in Section 4.4, the PL generation results from the transition between the two bands.
From Fig. 3(b), one can see that the size distribution of the
NCNTPs is broader. In addition, the wide D and G peaks
shown in Fig. 3(c) imply that the size distribution of the particles also becomes broader. For the large sp2 clusters, their
band-gaps become narrower so that the separation between
the two bands reduces. Namely, the separations between the
p* and LP valence bands and between the p and p* bands become smaller. That is why the 620 and 630 nm PL peaks can
be observed under the 532 nm laser excitation. To be more
specific, the PL band at 630 nm results from the transition
between the p* and LP valence bands, which is related to
sp3 CAN bonds. On the other hand, the PL band at 620 nm
originates from the transition between the p* and LP valence
bands and between the p and p* bands, which is related to
sp2 CAN bonds. The PL band at 686 nm presumably originates from the AOH radicals on the surfaces of NCNTPs. A
similar PL peak has also been observed from AOH radicals
[48]. This is further confirmed by the XPS analysis (presented
in Fig. 4(d)), which shows that AOH radicals are formed on
the NCNTP surfaces.

4.7.

Effect of excitation energy on the PL of NCNTPs

Comparing Fig. 5(a) with (b), one can see that there are different PL bands generated under different excitation energies. It is known that the transition can occur when the
excitation energy is larger than or equal to the energy difference between two bands. Due to the wide band-gap of small
sp2 clusters, it is difficult to excite the carriers from the conduction band to the valence band using the 532 nm excitation source. Only those clusters with small band-gaps such
as large sp2 clusters can be excited by a 532 nm laser, which
results in the emission peaks at a lower energy side, which
can be seen in Fig. 5(b). Moreover, when the large sp2 clusters
with lower band-gaps are excited by the 325 nm source, the
high excitation energy possibly results in the generation of
many phonons so that the PL efficiency is low or even
quenched to produce the emission peaks at a low energy
side [49].
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4.8.
Potential applications of NCNTPs in optoelectronic
devices
Comparing the PL spectra shown in Fig. 5 with the PL results
for a-C:H and a-C:N films reported by other authors [18,21],
one can notice that the NCNTPs can selectively generate PL
in different spectral ranges at different temperatures. For
example, the blue band emission can be dramatically enhanced at low temperatures. Hence, the NCNTPs are a viable
candidate material for the development of next-generation
blue light emitters. According to the above analyses, the generation of a strong blue band from NCNTPs primarily originates from the band-gap increase caused by the reduction
of the size of sp2 clusters. This mechanism suggests that the
blue light emitters can be fabricated by incorporating small
NCNTPs into flexible organic matrices. Before the incorporation, ion bombardment can be used to increase the number
of small sp2 clusters in the NCNTPs to enhance the emission
properties [50].

5.

Summary

Nitrogenated carbon nanotips were synthesized from a methane, hydrogen and nitrogen reactive gas mixture using a custom-designed plasma-enhanced hot filament CVD. The
morphological, structural, and photoluminescence properties
of the nanostructures have been investigated by SEM, TEM,
XPS, Raman spectroscopy, and PL spectroscopy. In particular,
the PL results show that: (i) every spectrum consists of two
emission bands centered at 406 and 508 nm; (ii) at low
temperatures, the blue band emission becomes strongly dominant. The detailed analyses suggest that these very different
emission behaviors at room and low temperatures are related
to the change of the optical band-gap and the concentration
of the paramagnetic defects of the carbon nanotip structures.
Our results are highly-relevant to the development of the
next-generation optoelectronic devices with tunable spectral
responses.
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