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Carbon nanostructures were prepared by RF magnetron sputtering at deposition times from 30 to
120 min and temperatures on silicon substrates from 390 °C to 510 °C. Scanning and transmission
electron microscopy (TEM) observations showed that carbon films deposited at 510 °C consisted of na-
nostructured polycrystalline carbon nanoflakes. Dark field TEM images showed carbon nanocrystals of
1 nm average size. The sp? hybridization decreases with increasing deposition time, as it was confirmed
by X-ray photoelectron spectroscopy. The nature of these carbon nanostructures would be turbostratics,
an intermediate state between hexagonal and amorphous phases.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Nanostructured sheet-like carbon, also called carbon nano-
flakes (CNF), consists of petal-like graphite sheets with a thickness
of less than 20 nm. These nanostructures are of interest for energy
storage [1], electronic [2], and biological applications [3] due to
their high surface area in the order of 1000-2000 m?/g [4], and
their resistance to oxidation and high electrical conductivity [5].
Field emission cathodes based on arrays CNFs normally oriented to
the substrate are considered promising materials for electrical
applications [6], and can also be used in supercapacitors, since the
high capacitance depends on the high specific area of conductive
materials [4].

Previous works have reported the growth of CNF by hot fila-
ment chemical vapor deposition (HFCVD) [7] and by RF magnetron
sputtering. In these methods, Hirase [8] proposed a growth mode
of CNF related with the magnetron orientation and established
that temperatures higher than 550 °C are not suitable for CNF. Zhu
et al. [9] used an Ar atmosphere to grow CNF at temperatures
higher than 800 °C, which has the advantage of needing neither
catalytic processes nor special substrate preparation, as compared
with HFCVD. This paper presents the growth of CNF by RF mag-
netron sputtering on silicon substrates using pure Ar plasma, but
at lower temperatures than Hirase et al. [8] and Zhu et al. [9]. We
study the influence of the substrate temperature and different
deposition times on the carbon films.
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2. Experimental procedure

Carbon films were deposited by RF magnetron sputtering using
targets of pure carbon graphite (Lesker 99.999%, 50 mm in dia-
meter). Polished silicon (100) (Silicon Quest Int.) wafers were used
as substrates. The base pressure of the vacuum chamber was
3 x 10~* Pa. Argon gas was introduced to generate plasma apply-
ing 150 W of RF-power at a constant pressure of 0.8 Pa. The films
were deposited at three temperatures: 390, 460 and 510 °C using
different deposition times: 30, 60, 90 and 120 min and at a con-
stant substrate/target distance of 5 cm. The microstructure of the
films was characterized by field-emission scanning electron mi-
croscopy (FESEM, FEI Inspect F50), transmission electron micro-
scopy (TEM, FEI Tecnai F20 G?) and X-ray Diffraction (XRD, Bruker
D8 Advance with Cu Ko radiation). Samples for TEM were pre-
pared by scraping the deposited films and placing them onto a
holey carbon supported by a copper grid. The sp?/sp> content of
the films was determined by Raman (LabRam 010 Spectrometer,
A=633 nm) and X-ray photoemission (XPS, Physical Electronic
model 1257) spectroscopies.

3. Results and discussion

The XRD patterns (see supplementary material) of the films
exhibited an amorphous character for all the conditions under
study, indicating that either they are non-crystalline or the do-
mains are smaller than the resolution of the diffractometer. FESEM
images of the carbon films deposited at different temperatures
during 120 min reveal various morphological structures. The films
deposited at 510°C exhibited an irregular pattern of CNF
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Fig. 1. FESEM image of carbon film with (a) CNF structures deposited at 510 °C
during 120 min, inset image corresponds to the cross section of the film;
(b) granular structures deposited at 460 °C during 120 min.

structures as it is shown in Fig. 1(a). This film consists of a large
amount of clusters with leaves-shape or petals of about 100 nm
size and thickness about 6 nm. The film thickness was of 480 nm,
as it can be seen in the cross-sectional image depicted in the inset
of Fig. 1(a). Fig. 1(b) displays a FESEM image of a film deposited at
460 °C, which has a granular microstructure of grains less than
30 nm size. Similar morphology was observed in the films de-
posited at 390 °C.

Fig. 2 displays TEM images of the CNF film deposited at 510 °C
showing nanocrystalline graphite phases. The rings observed in
the diffraction pattern (inset in Fig. 2) demonstrates the poly-
crystalline nature of the CNF. The broad inner ring is identified as
the reflection (002) corresponding to an interplanar distance of
0.39 nm. This value is larger than the characteristic 0.34 nm re-
ported for graphite [10], and can be associated to graphitic carbon
with poor stacking order and small number of layers [11]. The
other reflections were associated to the interplanar distances of
0.213 nm and 0.123 nm, and identified as the (100) and (110)
graphite planes, respectively. Dark field (DF) images obtained with
the (002) reflection (see Fig. 2(b)) reveal the nanocrystalline do-
mains of the CNF with an average size of 0.9 + 0.2 nm. These ul-
trafine particles observed by TEM are not suitable to be detected
by XRD, due to the peak broadening produced by the size reduc-
tion of crystalline domains.

Characteristic Raman spectra of CNF films prepared under

s 10 nm

Fig. 2. TEM images of a carbon film with CNF structures deposited at 510 °C during
120 min. (a) Multibeam image, Inset SAED pattern; (b) Dark Field (DF) image
showing the dimension of the nanocrystalline domains.

different deposition conditions are displayed in Fig. 3. All the
spectra present the distinguishable carbon peaks, known as D
(disorder) and G (graphitic) bands, which can be fitted by Lor-
entzian and Breit-Wigner-Fano (BWF) functions, respectively [12].
From this fit, the position of the G peak and the ratio between the
intensities of D and G peaks, Ip/l;, can be calculated. The values
obtained the different temperatures and times of deposition are
listed in Table 1. The G peak at 1584 cm~! of the film deposited at
390 °C shifts to 1603 cm~! in the film prepared at 510 °C, while
the Ip/I; ratio increases from 0.9 to 1.6 for the same samples.

It is well known that the G band of pristine graphite is at
1581 cm !, while the intensity of the D band is almost zero as well
as the Ip/l¢ ratio. The shift of the G peak to 1603 cm~! in the CNF
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Fig. 3. Raman spectra of samples grown at different temperatures (left) and times (right). Samples with different times were grown at 510 °C.
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Table 1

Deposition parameters and characteristic values calculated from Raman and XPS
results (L, calculated from (1) and sp?% is calculated from XPS fitting).

Deposition parameters (time, G peak (cm~') Ip/lc L, (nm) sp?%

temperature)
120 min-390 °C 1584 09 08 60
120 min-460 °C 1593 11 09 55
120 min-510°C 1603 1.6 11 58
90 min-510 °C 1604 14 11 65
60 min-510 °C 1603 11 09 67
30 min-510 °C 1606 11 09 73

films prepared at 510 °C, and the increase in the Ip/l; ratio are
interpreted as a reduction in grain size of the ordered graphite
layers [13]. This confirms the observation of nanocrystalline gra-
phitic domains by TEM, and is consistent with the three-stage
model proposed by Ferrari and Robertson [14], who proposed a
quadratic model correlating the crystallite size L, with the in-
tensity ratio of the D and G peaks: Ip/Ic=CL2, where Cis a constant
that depends on the excitation laser wavelength [15]. This relation
was used to calculate the crystallite size value of the films pre-
pared at the highest temperature of 510 °C, listed in Table 1. The L,
value obtained for the CNF prepared at 510 °C and 120 min of
deposition is 1.1 nm, very close to the size of the nanocrystals
measured from DF TEM images.

The deposition time does not affect significantly the position of
the G peak, but the Ip/l; ratio decreases to lower values at the
shorter deposition times. This is interpreted as an increment of the
amorphization associated to smaller crystalline domains according
to Ferrari model [14], which supports the L, values calculated for
the carbon films prepared at lower temperatures.

Fig. 4 shows the high-resolution C 1s core level XPS spectra
acquired from the CNF films grown at 510 °C at different deposi-
tion times. These spectra were fitted by four curves with maxima
at 284.5, 285.4, 287.4 and 289.0 eV; the ratio of the areas of the
two main fitted curves is included in Table 1. These binding en-
ergies have been assigned to chemical environments associated
with C-C sp?, C-C sp®, C=0 and 0-C=0, respectively [16]. The
binding energy associated to the shift between sp® and
sp3-hybridized carbon is 0.9 eV, similar to reported values for
graphite and diamond [17]. The smaller contributions of C=0 and
0-C=0 are attributed to the surface contamination of the samples
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Fig. 4. High-resolution C 1s core level XPS spectra acquired from carbon films
grown at 510 °C at different deposition times.

by air-exposure and from the preparation process. The sp? content
of the CNF prepared at 510 °C and 120 min is 58%, which increases
as the deposition time decreases. This analysis agrees with Raman
results, where the change in the Ip/I; ratio can be attributed to the
formation of an amorphous carbon (a-C) film below the CNF for
longer deposition times. This a-C film acts as a base for the for-
mation of sp> hybridization according to the subplantation model
of Robertson [13]; in the early deposition stages there is not en-
ough material for sp hybridization, leading to an increase of the
sp? bonds formation for the shorter deposition times.

On the other hand, the temperature seems to have no clear
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influence on the sp? content. The Raman measurements suggest
that the shift of the G peak at higher temperatures would be re-
lated to a softening of the vibrational modes. The planar sp?
clusters deposited at intermediates temperatures gradually
transforms into ultrasmall turbostratic graphite type clusters that
we observed as CNF at the highest deposition temperature, similar
to the results of Pandiyan et al. [18]. The CNF here reported were
obtained at 510 °C, which is significantly lower than the 800 °C
reported by Zhu et al. [9]. Besides, Zhu deposited the CNF on Mo
substrates while the silicon substrates employed in this study
supports applications on microelectronic devices and field emis-
sion purposes that will be further studied. Moreover, the deposi-
tion temperature (510 °C) of the CNF is in contradiction with the
minimal temperature proposed by Hirase et al. [8] for CNF growth.
They suggested that the substrate temperature gives the migration
energy of the carbon clusters on the substrate surface. When the
substrate temperature is low, the carbon clusters have lower en-
ergy to migrate and the deposition rate becomes slower, which
leads to the formation of the granular amorphous structures.
While at higher temperatures, the carbon clusters from the plasma
could first condense, and then grow along a direction almost
normal to the substrate to form CNF [8]. Regarding this, an addi-
tional advantage of our results is the growth of CNF in the non-
reactive sputtering regime reported by Hirase, which simplifies
the preparation process.

4. Conclusion

We successfully developed a simple method to produce carbon
nanoflakes (CNF) using RF magnetron sputtering and a carbon
graphite target. The CNF were deposited on silicon substrates at
lower temperatures than previous reports. A leaves-shape mor-
phology was observed by SEM, while the ultra nanocrystalline
graphitic structure in the order of one nm was confirmed by TEM
and Raman spectroscopy. XPS showed that longer deposition
times decrease the sp? content of carbon films, which was asso-
ciated to the formation of an amorphous carbon (a-C) film below
the CNF that acts as a base for the formation of sp> hybridization
according to the subplantation model of Robertson. We demon-
strated that the substrate temperature is a key parameter for the
CNF growth.
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