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Carbon nanodot arrays (CNA) are grown on silicon substrates by using pulsed laser deposition and porous alumina
membranes as a mask. The masks are grown directly on silicon substrates, thus allowing the fabrication of homog-
enous CNAs on macroscopic areas. Reproducible CNAs were grown using an argon background in the deposition
chamber, at pressures up to 17 mTorr. Carbon plasma plumes were analysed to examine the properties of the
ejected materials and surface analysis techniques were employed to characterize the resulting CNAs.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

The possibility of growing regular nanodot arrays (NA) of different
materials is an attractive topic due to their potential application in differ-
ent fields, such as optoelectronic devices, information storage, sensors
and microscopy [1-6]. In particular, carbon nanodot arrays (CNA) have
been used as a substrate for direct immobilization of DNA [7], electron
field emitters [8], bioimaging devices [9], radiometric fluorescent
nanosensors [10], and temperature probes [11], or to perform chemical
analysis [12] and cytotoxicity studies [13], among others. Several tech-
niques have been used to produce NA of different characteristics, which
include a combination of cathodic arc plasma and anodic alumina pore
arrays [14], hydrothermal processes [15], electrochemical synthesis
[16], and template assisted pulsed laser deposition [17-19]. In order to
broaden the applicability of NA it is necessary to explore their fabrication
in extended areas with a high degree of reproducibility and low cost. In
this work we report the fabrication of CNA with a method that meets
these conditions. Extended CNAs on silicon substrates have been grown
by using pulsed laser deposition (PLD) and porous alumina membranes
(PAM) as a mask. The masks are grown directly on silicon substrates,
which has comparative advantages over similar methods reported in
the literature [14,17,20], improving reproducibility and allowing the
fabrication of homogenous CNAs on macroscopic areas. Depending on
the synthesis conditions, resulting CNAs can have a sp> bond content of
up to 50%.
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2. Experimental details

To produce the PAMs, high purity aluminium (99.999%) was deposit-
ed on polished n-type Si(100) wafers (1 to 10 Q cm) by using electron
beam evaporation. An evaporation rate of 0.2 nm/s was used and the vac-
uum chamber pressure was kept below 2 x 10~ Torr throughout the
evaporation process. The resulting aluminium film, with 5 pm thickness,
was anodized at 40 V using a 0.3 M oxalic acid solution as electrolyte,
which was cooled at 5 °C. In order to obtain a porous pattern with high
regularity, and to have control on the final thickness of porous mask,
we performed the anodization in two steps [21], as shown in Fig. 1.
The anodization time of the first step should be calibrated according to
the initial thickness of aluminium, aiming to leave a suitable aluminium
thickness for the second anodization. For an initial aluminium thickness
of 5 um, the anodization time of the first step (under previously men-
tioned conditions) should be around 90 min. In order to selectively re-
move the first porous alumina layer we used a solution with 6.0 wt.%
phosphoric acid and 1.8 wt.% chromic acid, kept at 60 °C for 15 min.
The second step of anodization was run under the same conditions as
of the first step, yielding homogeneous and highly ordered PAMs with
a final thickness between 250 and 500 nm. Before carbon deposition,
an etching step is required in order to remove the alumina barrier layer
at the bottom of the pores. This etching was carried out for 60 min by
using a 5 wt.% phosphoric acid solution at room temperature. With this
treatment the pores are widened without affecting the order of the
membranes. Growing the PAM directly onto the silicon substrate avoids
relying on Van der Waals force for proper bonding [8], which in turn
requires high surface cleaning and precludes using thinner PAMs.

The PLD was carried out in a vacuum chamber (base pressure below
3 x 107 Torr) with an external laser source. We used a short, high
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Fig. 1. Sch. of the CNA fabrication process. An aluminium layer is deposited on top of a silicon substrate, and then, by a double anodization process, the mask is fabricated. The widening of
the pores is performed before the PLD. After deposition, the mask is removed with an etching treatment.

energy Nd:YAG laser pulse, 345 m]J, 4.4 ns, at 1.06 pm, focused onto a
graphite target, at 7 J/cm? fluence. A porous alumina thin film attached
to a silicon substrate was placed parallel to the target and located at
50 mm from the laser focal spot, in order to obtain a homogeneous
deposit covering about one centimetre square. The growth rate was
estimated close to 1 nm/s, from the ratio between thickness and depo-
sition time of a carbon film on a silicon substrate. The exposure time
ranged from 10 s to 120 s, with the laser operating at 10 Hz. Argon
was also introduced in the vacuum chamber, in a pressure range from
8 to 170 mTorr, to investigate the effect of dominant carbon plasma
species on the properties of the resulting nanodots. To remove the
PAM mask with the carbon deposit, we used a 10 wt.% NaOH solution
at room temperature between 15 min to 1 h, depending on the deposi-
tion condition.

The carbon films and nanodot arrays were characterized by several
techniques. Scanning electron microscopy (SEM) was used to imagine
the surface and a topographic study was carried out with atomic
force microscopy (AFM). Raman micro-analysis, using a LabRam010
Spectrometer with a 632.8 nm laser excitation was performed in order
to determine the binding state of carbon atoms in the samples.

Plasma characterization was carried out by optical emission spec-
troscopy (OES), in order to determine the carbon plasma species. The
spectra were obtained with a Spectra Pro 275 (1200 g/mm) spectrom-
eter, with a gated avalanche diode array, with 20 ms exposure time,
and averaged over fifteen shots. A fast response, negative biased,
Faraday cup was also used to measure the characteristic energy and
flux of the plasma ions depositing onto the PAM.

3. Results and discussion

It has been found in previous investigations that a low pressure neu-
tral background gas has a strong effect on plasma species composition of
laser produced carbon plasma plumes [22]. To explore this effect on
CNA growth, we introduced argon in the deposition chamber, at pres-
sures ranging from 8 to 170 mTorr. We found that reproducible CNAs
were obtained at base pressures, 8 mTorr and 17 mTorr. In all these
cases, CNAs showed similar morphological properties, as inferred from
SEM and AFM images. As the argon background pressure was increased
up to 43 mTorr and beyond, we did not observe any nanodot formation.
As we discuss below, this observation can be explained on the base of
the observed plasma properties.

Fig. 2 shows SEM and AFM images of PAM used as a template and a
characteristic CNA resulting from processes. Fig. 2(a) is a SEM top view
image of the membrane with a histogram of the mean pore diameter, as
obtained from the micrograph. Image 2(b) is a SEM top view of a CNA
deposited at base pressure, with 10 s deposition time. We observe
that both, regularity and shape of the porous are transferred to the
nanodot arrays. Fig. 2(c) and (d) shows AFM topographic images of a
PAM and CNA deposited at 8 mTorr, with 40 s deposition time, respec-
tively. The distribution of porous and nanodots are consistent with the
SEM images. In the PAM images, seen in Fig. 2(c) we observe a regular
pattern of pores surrounded by “mounds” of alumina [23]. In this

study, the average pore diameter of PAM was fixed to a value close to
66 nm (see histogram in Fig. 2a). This dimension, which is practically
the dot diameter (obtained from the SEM image), can be tuned by
changing the anodization parameters and the chemical etching time [5].

The thickness of the PAM mask is a critical parameter to be consid-
ered in NA fabrication. If the aspect ratio of the pore (height/diameter)
is too large, the bottom of the pores becomes inaccessible to the mate-
rials containing the plasma plume. On the other hand, the PAM must
be thick enough to ensure a good lift-off after deposition. As we have al-
ready mentioned, PAM without carbon deposited can be removed by
using a solution with 6.0 wt.% phosphoric acid and 1.8 wt.% chromic
acid at 60 °C per 15 min. This chemical etching is also suitable to carry
out the lift-off of the mask when metals such as Au, Cu, Ag, Fe or Ni are
deposited [5], but due the particular properties of the carbon films
deposited in this case [24], its use was not effective. Alternatively, we
used a 10 wt.% NaOH solution at room temperature between 15 min to
1 h, depending of deposit conditions. Employing sodium hydroxide is ap-
propriate for this case; however, their use with others materials, as some
transition metals, is not advisable. We found that PAM with thickness be-
tween 250 and 500 nm are suitable to fabricate these CNA; however, the
shadow effect produced by the carbon deposited on the top and also in
the pore wall might limit the height of the CN, as ballistic access to the
pores bottom by carbon ions and molecules becomes impeded, leading
to pore occlusion.

The main properties of amorphous carbon films are derived from the
hybridization state of their carbon bonds. Of particular interest is the
case of the diamond-like carbon (DLC) films, in which atoms are bonded
mainly in sp> hybridizations. Micro-Raman spectroscopy was per-
formed in order to determine the sp> contained in the CNA. Fig. 3
shows representative Raman spectra of CNA and carbon film before
PAM removal, obtained at 8 mTorr argon pressure, with 40 s deposition
time. Spectrum labelled R1 corresponds to the carbon deposit on top of
the PAM, before using the treatment for mask removal. Spectrum
labelled R2 corresponds to the CNA, resulting after PAM removal. Spec-
trum R1 can be fitted and deconvoluted in two main resonances, the D
(1390 cm™ ') and G (1528 cm™ ') peaks, with a Lorentzian and a Breit-
Wigner-Fano (BWF) function, respectively [25-27]. By using the tree-
stage-model proposed by Ferrari [26], the percentage of sp> bonds con-
tent in the carbon deposit can be estimated around 20%, considering the
peak positions and their intensity ratio (I(D)/I(G) = 0.36); see Figs. 11
and 16 from reference [26]. As for the spectrum R2, it shows a character-
istic resonance from the silicon substrate located between 900 and
1000 cm™', and a wide low intensity resonance around 1500 cm™'.
By amplifying the intensity of this peak by a factor of ten, we observe
that this resonance exhibits a similar shape as in R1; however, these
curves can be fitted using only the Breit-Wigner-Fano (BWF) function
(1505 cm™1). In this case, and using the same model as above, the sp’
content in the nanodots is estimated to be around 50%. The reason of
this higher content of sp> bonds, as compared with the deposit on the
PAM, is due to the fact that the grow mechanism of carbon films on
silicon is different from the one on the membrane. Further evidence
that supports the estimation of sp® content in the nanodots is inferred
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