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Abstract
The synthesis of carbon nanotubes (CNTs)within porous anodic alumina (PAA) templates requires
better understanding regarding their dynamic growth evolution, and how this is influenced by the
geometrical features of the PAA.The growth of nanostructures, such asCNTs, becomesmore complex
when an exponential voltage decrease process is applied to thin the dielectric layer of the PAAmatrix,
because this process leads to the formation of a branched structure at the bottomof the pores. Here,
we present direct evidence of the impact of the branched structure at the bottomof the PAA at
different time-stages of theCNT synthesis. These studies reveal that when numerous branches are
created, competition between the growing nanotubes is established during their formation.
Additionally, large pores lead toflattened catalyst electrodeposition, promoting tube entanglement
sincemore than one tube can grow in each pore. Interestingly, two different electrical behaviors are
measuredwhen considering PAA/CNTdevices: linear response in the case of CNTs connecting two
parallel electrodes, and nonlinear when junctions between the tubes are being promoted. These results
highlight the relevance of having an in-depth understanding of the CVDgrowth evolution of carbon
nanostructures within PAA templates, and simultaneously serve as a guiding procedure towards the
fabrication of devices based on parallel organizedCNT arrays.

1. Introduction

Carbon nanotubes (CNTs) have beenwidely used in various applications due to their exceptional thermal [1],
mechanical [2], electronic [3] and optoelectronic [4] properties and their remarkable chemical stability [5].
However, several applications, such as energy storage [6],field emitters [7] and composites [8, 9] among others
[10–12], require strict control of the CNT size, location and orientation. The confined synthesis of CNTswithin
porous anodic alumina (PAA) templates appears to be an attractive solution to address the problemof collective
self-organized growth, considering that PAA templates offer awide range of pore sizes and distribution patterns
that can be easily obtained by varying the anodization parameters [13, 14].

Carbonnanostructure growth inside porous templates can be performedusing twodifferent approaches. The
first one consists of the deposition of an amorphous structure on the internal porewalls by the high-temperature
pyrolysis of a carbon feedstock [15]. However, such a procedure leads to carbon nanostructures characterized by
poor crystallinity, and the tube growth is limited by the pore length. The second approachusesCNTgrowth by
chemical vapor deposition (CVD)methods onmetal nanoparticles (NPs)pre-deposited, for example, by an
electrodeposition process at the bottomof the pores [16, 17]. In this case, the resulting nanostructures present a
significantly higher crystalline quality, which is a desirable characteristic for electronic applications.

The two-step anodization process [18] is the simplest and cheapestmethod for PAA template fabrication.
However, suchmethods lead to the formation of an oxide barrier layer at the bottomof the pores, which
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constitutes an important limitation for subsequent electrodeposition implementation. In order to successfully
performmetal-catalyst electrodeposition and overcome the drawbacks related to the oxide barrier layer of the
bottompore [19–22], preliminary procedures/steps have to be introduced before CNTgrowth. In the present
work, an exponential decrease of the anodization voltage at the end of the second step of the anodization process
[23, 24] is applied followed by awet chemical etching procedure. This appears to be a very effective procedure to
thin the barrier layer at the bottomof the pores and avoid its expansion.Nevertheless, the exponential voltage
decrease process also leads to the creation of a branched structure at the bottomof the pores, which can impact
the subsequent synthesis of the nanostructures [25].

Despite the fact that various applications based onCNT arrays synthesizedwithin PAA templates have been
developed [17, 26–29], it is worth pointing out thatmany reports havemainly focused on carbon nanostructure
synthesis [30–33] rather than the impact of the porous template features on the synthesizedCNT. For instance,
Sui et al [34] studied the structural and thermal stability as well as the deformation of CNTs inside PAA
templates, with andwithout the utilization of a catalyst. Additionally, Haase et al [35] addressed the templating
influence on theCNTby studying the effect of porous alumina support onCNTs grown from variousmetal
thicknesses of the catalyst. In consequence, there is a lack of information concerning the influence of the pore
structure on the as-grownCNTs.

Themain difficulty for addressing the influence of the template effects lies in the complicated experimental
measurement procedure for determiningCNT yields, the number of tubes grown per each pore and theCNT
characteristics in terms of length, diameter and growth rate. It is complicated to extract suchCNT characteristics
when a lowdensity of tubes per unit of area is grown [25, 36–38], or when a rather dense, spaghetti-like
distribution of CNTs occurs [16, 39, 40]. In an attempt to solve such an inconvenience, Jeong et al [41]
performed an ultrasonication process in order to cut the part of the tube that emerges from the pores of the PAA.
Such amethod can produce a high-density CNT array inside the pores, but the applied process can also degrade
the structure of the tubes.

In the present work, we synthesisedCNTswithin PAA templates using the double hot-filament CVD (dHF-
CVD)method previously described [42]. In order to achieve the effective thinning of the oxide barrier layer at
the bottomof the pores, an exponential voltage decrease process was applied followed bywet chemical etching.
Herein, we studied the impact of the pore structure close to the bottom zone, on the resulting CNTdistribution
in terms of their size and yield, emerging/or not from the template pores. A detailed structural and
morphological characterization is obtained by preparing thin lamellas by a focused ion beam (FIB) technique
and further TEM/STEManalyses, including chemicalmapping, through a spectroscopic technique such as
energy dispersive x-ray spectroscopy (EDX) [43, 44]. These studies providemore insight and better
understanding of the growth dynamic of carbon nanostructures within the pores, and for the first time the
supplementary geometrical features that are addedwhen a branched structure is created at the bottomof the
pores are accounted for. Finally, electrical characterizations through I–Vmeasurements were carried out, by
fabricating devices with topmetallic electrodes deposited on samples inwhich theCNT synthesis stopswhen the
tube tips begin to emerge from the top of the nanopores. The different observed electrical behavior correlates to
the template structure at the bottomof the pores. Since ametallic top electrode is deposited, the electrical
transport behavior is determined by the nature of the synthesized carbon nanostructure and thework function
value of the electrode [45, 46]. For instance,multi-walledCNTswith diameters larger than 15 nmpresent
metallic electrical behavior [47]. Therefore, ohmic responses are expected for devices based onCNT arrays
grown inside PAA templates, as shown inRochford et al [48]. However, nonlinearities can arise in the case of
CNTbundles or forests grown on planar substrates due to the tunneling of charge carriers crossing nanotube
junctions [49]. So, different electrical behavior is expected depending on theCNTdistribution grownwithin the
PAA, imposed by different pore geometries. In the case of hierarchical templates, nanotube junctions are
promoted, leading to nonlinear responses. Under the configuration of a PAAwith straight pores, parallel tubes
directly connected between the electrodes aremainly obtained, and consequently resistor behavior occurs. The
present article aims to set the basis of a controlled fabrication process of future devices based onCNTs grown
inside PAA templates, providing amethod for growing individual tubes inside the pores or by tailoring the
number of branches, intentionally creating CNT-CNT junctions.

2. Experimental

2.1. PAA template preparation and characterization
High-purity aluminum foils (Alfa Aesar 99.99%)were cut into pieces 1 cm×1 cm in size. The aluminum
substrates were first cleaned in acetone followed by isopropanol in an ultrasonic bath for 15 min and
subsequently rinsedwith deionizedwater. The aluminum substrates had been electropolished in a solution
containing a 1:4mixture ofHClO4:C2H5OHat 5 °C temperature for 6 minwhile applying a 20 V potential. For
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the PAA template fabrication, a two-step anodization process was used in a two-electrode electrochemical cell
system. A graphite counter electrodewas chosen as the cathode and the polished aluminum foils as an anode.
Thefirst anodization stepwas performed for 2 h in a 0.3 Moxalic acid solution at 17.5 °C.Various anodization
potentials were applied in the range 20–60 V in increments of 10 V in order to study the branch formation. For
each sample, the resulting PAA layer was removed in amixture solution of 0.2 MCrO3 and 0.6 MH3PO4 at
60 °C for 2 h in order to create nano-imprints with closely packed hexagonal arrays on the aluminum surface.
The second step of the anodization process was carried out under the same conditions as thefirst step for 8 min.
In order to reduce the thickness of the oxide barrier layer, an exponential voltage decay process was applied
immediately at the end of the second anodization step. The voltage as a function of timeU(t) is expressed in the
following equation:

*= + ¢h-( ) ( )( )U t V Vexp . 1t
0

The time constant η gives the rate of the voltage decrease. On the other handV0 andV′ are free parameters
whose ideal values will depend on the chosen applied constant voltage during the anodization process. In the
present study, for all the studied anodization potentials, the same exponential decay time constant was used,
taking as reference a previous work performed byMarquadt et al [24], where h = ´ -2 10 .

s
3 1 Concerning the

voltage constantsV0 andV′, their values were determined considering the following expressions:

= + ( )V V 10 V 2A0

¢ = - ( )V 10 V 3

whereVA is the anodization potential. Thefinal applied anodization potential valuewas set at 4.97 V. In order to
fully remove the oxide barrier layer at the bottomof the pores, the resulting PAA templates were immersed in a
wet chemical etching solution of 0.3 MH3PO4 at 30 °C for 25 min.

The PAApore characteristics, such as the pore diameter, interpore distance and regularity of the pores, are
shown in the supporting information section following previously reported procedures [50, 51].

2.2. Electrodeposition of the nickel catalyst nanoparticles within the PAA template
Nickel nanoparticles were depositedwithin the PAA templates via an electrodeposition process using a three-
electrode setup, with aAg/AgCl electrode as a reference electrode, the PAA template itself as aworking electrode
and a graphite counter electrode. The setupwas suppliedwith a Bio-Logic potentiostat and EC-lab software for
setting the electrodeposition parameters and designing the shape of the pulses applied to theworking electrode.
The electrodeposition process was performed in aWatts bath solution consisting of amixture of 330 g l−1

NiO4·6H2O, 45 g L
−1NiCl2·6H2O, and 45 g l

−1H3BO3. Pulses of 5 mswith a potential amplitude of−5.5 V
followed by a 90 ms resting time in an open voltage circuit were applied to electrodepositedNiNPs. The number
of total pulses was set at 50 for all the fabricated samples. Amore detailed description of the electrodeposition
technique is explained elsewhere [24].

2.3. Synthesis of CNTswithin PAA templates
TheCNT synthesis within the PAA template was carried out bymeans of a double-hot-filament-assisted
chemical vapor deposition (dHF-CVD) technique usingmethane (CH4) as a gas precursor. The dHF-CVD
technique enables the local thermal pre-decomposition of themolecules involved in the synthesis prior to
reaching the sample with the catalyst nanoparticles. This implementation of the dHF-CVD technique enables
the synthesis of CNTs at relatively lower temperatures (500 °C–800 °C) than the conventional thermal CVD
process. The set-up characteristics are detailed elsewhere [42]. The PAA/Ni assemblies were placed inside a
tubular quartz reactor and thermally treated at 500 °C for 2 min underH2 flow for the activation of theNi
nanoparticle catalyst. After the activation step, theH2flowwas further replaced by amixture of CH4 /H2while
the reactor temperature was kept at the same temperature for thewhole synthesis process. The pretreatment and
synthesis conditions are summarized in table 1. Various synthesis durations from45 s to 900 swere used in order
to determine themoment that the tubes begin to emerge from the pores.

Table 1.Pretreatment and synthesis conditions involved in the synthesis of CNTswithin PAA templates using the dHF-CVD technique.

Process

Pressure

(mbar)
H2

flow (sccm)
CH4

flow (sccm)
HF-PowerH2

(W)
HF-Power

CH4 (W) Temperature (°C) Duration (s)

Pretreatment 50 100 0 0 0 500 120

Synthesis 50 50 50 180 130 500 45–900
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2.4.Device fabrication
Electricalmeasurements were performed ondevices where theCNT tips reach the top surface of the PAA.Metal
electrodes were deposited in a Plassys Evaporator at a pressure of 1.00×10−7 Torr, with a current of 0.2 A at a
deposition rate of 0.3 nm s−1. Four different electrodematerials were considered for the deposition: nickel (Ni),
aluminum (Al), palladium (Pd) and gold (Au). The thickness of the electrodes was set at 10 nm.A simple shadow
maskwasmounted on top of the PAA structure. The resulting deposited counter electrodes are squares of
approximately 62 500 μm2.

2.5. Characterization techniques
Scanning electronmicroscopy (SEM) analyses were performed using afield-emission scanning electron
microscope, FE-SEM,HITACHI S4800, with a 5 nm spatial resolution. In order to avoid beam charging effects
during analysis, the samples weremounted on a double faced graphite tape. Concerning the TEMobservations,
a preliminary step consisting of FIB (focused ion beam) lamella preparationwas completed [52, 53]. Thus, PAA
cross section lamellas were prepared using an FEI-Scios dual beammicroscope. Transmission electron
microscopy (TEM) and scanning transmission electronmicroscopy (STEM) analyses were performed on a Jeol
2010F and aTitan-Themis electronmicroscope, both operating at a 200 kV accelerating voltage. The Titan-
Themis is equippedwith aCs probe corrector and a SuperX detector, which allows the chemical analyses of light
and heavy elements with a spatial resolutionwithin the picometer range. Chemicalmappingwas carried out in
different areas at the top and bottompores using the EDX technique.

The crystalline quality of the CNTwas checked using a high-resolution confocal Ramanmicroscope
(LabramHR800;HORIBA Jobin Yvon,λ=633 nm) in the normal incident backscattering configuration.

Electricalmeasurements were achieved using a Keithley 4200 SCS apparatus using a two-probe system. Such
measurements were executed in a closed stainless steel chamber under aN2 atmosphere.

3. Results and discussion

3.1.Number of branches created by primary pore as a function of the anodization voltage
The exponential voltage decrease process used for thinning the oxide barrier layer at the bottompores leads to
the formation of a branched structure. In the present work, we introduce a novel approach to quantify the
number of secondary branches created during the thinning process. The adopted strategy consists of comparing
the pore density at the top surface and the pore distribution at the bottomof the pores. Figure 1 shows a
schematic representation of the procedure implemented to obtain the number of branches generated by the
primary pore (NBPP). After the electrodeposition process, a wet chemical etching step is performed to remove
the PAA layer (see figure 1(a)), subsequently, the ratio between the density of pores and nanoparticles can be
estimated. Chemical etching is performed in an identical way to the removal of the PAA layer after the first
anodization step; this etching process does not impact on theNPdistribution because the acidic solution
selectively attacks the alumina layer [54]. Such an approach is currently used to remove the PAA template and to
expose the previous depositedmaterial [55, 56]. Figure 1(b)highlights a comparison between the pore density
(top images) and the density of the deposited nanoparticles (bottom images) giving the procedure and the
formula used to calculate theNBPP.Moreover, it can be seen that the pore shape at the bottomof the PAA can be
easily estimated bymeasuring the density of the electrodeposited nanoparticles, which present a higher contrast
between the aluminum surface and the deposited nanoparticle, facilitating site counting. If 100%pore filling is
achieved, after the deposition process, the nickel nanoparticles completely cover the related ‘hole’fingerprint left
by the bottompore. Taking into account that an over-deposition state was avoided, themetal electrodeposition
will thus reflect the fingerprint of the previous shape/state of the bottomof the pores. The presented approach is
an alternative and faster procedure comparedwith the direct observationmethod based on transmission
electronmicroscopy analysis with ionmilling [57].

Figure 2 provides information on the calculation of the number of branches generated for each pore.
Figure 2(a) plots the density of pores and nanoparticles per unit of area as a function of the anodization voltage.
TheNP and pore densitymean values for each anodization potential were extracted after the counting of the
pores andNPs, at ten different spots in the three samples identically prepared. As can be seen, the density of
pores decreases as the anodization voltage increases. This is related to the increment of the cell structure size: for
a higher anodization potential (as shown infigure S1 of the supplementarymaterial available online at stacks.
iop.org/JPMATER/1/015004/mmedia) the pore diameter and interpore distance linearly increase with the
applied anodization potential. Concerning the density of the depositedNP, such a value does not significantly
vary in the range 20–60 V; this phenomenon is attributed to the similar barrier thinning conditions. From the
relation between the density of nanoparticles and the density of the pores, we derived the plot shown in
figure 2(b), which estimates theNBPP. Asmentioned, when the anodization voltage increases, the number of
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Figure 1. (a)A schematic representation of the formation of secondary brancheswithin the PAA template during the removal of the
PAA layer bywet chemical etching, where an electrodeposition process has been performed. (b)Acomparison of the pore density (top
images)with the density of the deposited nanoparticles (bottom images) and the procedure used to calculate the number of branches
generated by the primary pore (NBPP) due to the exponential voltage decrease at the end of the anodization process.

Figure 2. (a)The distribution of the number of pores andNPs per nm2 as a function of the anodization voltage. (b)The calculated
relation between the number ofNPs deposited in each pore during the electrodeposition process as a function of the anodization
voltage.
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nanoparticles deposited in each pore increases significantly in relative terms. For instance, for an anodization
voltage of 20 V, only two nanoparticles are deposited per pore; on the other hand for an anodization voltage of
60 V an average of ten nanoparticles are deposited in each pore. In conclusion, for higher anodization potential,
greater branchmultiplication is obtained. This phenomenon is related to the fact that the same exponential
voltage decrease is imposed regardless of the chosen anodization voltages. As the voltage drops and the final
applied voltage is the same in all cases, the boundary conditions for the exponential decrease process imply that
the higher anodization voltageswill requiremore time tofinalize the thinning process. Consequently, longer
exponential voltage decrease processes promote higher branchmultiplication.

3.2. Influence of the PAA structure on the synthesis of CNTswithin PAA templates
Due to the porous structure, the growth of CNTs inside the PAA is completely different comparedwith the
growth on conventional plane substrates. In the porous configuration, it ismore difficult for hydrocarbon
species to reach the catalyst nanoparticles. The scenario is aggravated by the presence of a branched structure at
the bottomof the pores. Such a structure leads to energy loss in the hydrocarbonmolecules due to collisionswith
the porewalls complicating the carbon precursor’s diffusion path towards the catalytic nanoparticle.
Representative SEMmicrographs of theCNTs grown inside the PAA templates, anodized in the range 20–50 V
are presented infigure 3. Aside from the exponential voltage changes, the same conditionswere used for the
CVD synthesis of all samples. The growth durationwas set at 15 min. The SEManalysis indicates that CNT
synthesis successfully occurs for anodization voltages of 20 V and 30 V, seefigures 3(a) and (b). For both samples,
a high and homogeneousCNTdistribution is evidenced, presenting a typical spaghetti-likemorphology
covering the entire PAA template surface. In contrast, when a PAA template is fabricated using a potential of
40 V, theCNTdistribution drastically decreases, seefigure 3(c).Moreover, when 50 V is used as an anodization
voltage it is observed that practically no tubes reach the PAA top surface, as one can see infigure 3(d).

The obtained results are in complete agreementwith the previously proposedmodel, which predicts that a
higher branched structure at the bottomof the pores created during the exponential voltage decrease process
may significantly hinder theCNTgrowth. At this stage of analysis, one can conclude that the anodization
conditions highly affect theCNT formation. In order to getmore insight into the effect imposed by the
geometrical features of the PAA templates, TEManalyses were performed on a PAA template fabricated at 40 V.
Figure 4 shows cross-section TEMmicrographs obtained by lamella preparation, at a low and high
magnification of PAA anodized at 40 V and electrodeposited withNiNP, and finally used for the synthesis of
CNT.As can be observed,most of themetal nanoparticles remain in the branched zone, despite the fact that a
carbon precursor has been inserted into the reactor for CNT growth.Most of such structures cannot successfully
evolve outside the branched pore region.We attributed this phenomenon to thementioned branched structure
at the bottomof the pores that hinders theCNT formation. Figure S2 in the SI, contains TEMmicrographs taken
at differentmagnifications on a cross-section lamella, of a branched PAA template containing the catalyst
nanoparticles deposited at the bottompores before initiating the growth.

Figure 3. SEMmicrographs illustrating the as-synthesizedCNTs at the surface of the PAA templates fabricated at different anodization
voltages (a) 20 V, (b) 30 V, (c) 40 V and (d) 50 V. The same synthesis conditionswere applied for all the samples.
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The above-presented results guided us to select voltages in the range 20–30 V for future anodization
experiments. As established, the PAAmatrix synthesized using these anodization voltageswill present rather
disordered pore structures [58–60], but theywill be able to guarantee the growth of CNTswith higher yields.

3.3. Characteristics of CNTs grown inside PAA templates
To access themorphological and structural information of the synthesizedCNTs, Raman spectroscopy and
TEManalysis were performed on different samples. No significant differences were observed in the crystallinity
of CNTs grownwithin templates fabricatedwith anodization voltages in the range of 20–40 V. Figure 5 shows
the representative Raman response of carbon nanotubes that have reached the PAA template surface. The
spectrum evidences the feature characteristics of CNTswith a strongD-bandmode at 1330 cm−1 and aG-band
mode at 1590 cm−1.

The TEM image represented infigure 5(b) illustrates themorphology of aCNT that has reached the bottom
of the PAA templated anodized at 30 V. As can be seen, the tubes present a small diameter varying in the range
from20–40 nm, a characteristic imposed by the PAA templates for which the pore diameter is in the same range.
For the analyzed tubes the presence of an irregular channel is related to the defective sidewalls of the tubes, which
are characteristic of carbon nanostructures grown at relatively low temperatures.

3.4. CNT growth evolutionwithin PAA templates anodized at 30 V
The dynamic growth evolution of theCNTs inside the PAA templates was investigated, as shown infigure 6. For
this purpose, TEManalyses have been performed on FIB cross section lamellas containing the PAA/CNT

Figure 4.TEManalysis of the FIB cross-section lamella of a PAA template anodized at 40 V, where synthesis of theCNThas been
executed: (a) a lowmagnificationTEM image showing the porous structurewith theNP located at the branched zone. (b)Zoomon an
area of the bottompores evidencing its branched structure containing theNi catalyst NP after performingCNTgrowth.

Figure 5.Raman spectra (a) andTEM image (b) of theCNTs grown inside PAA templates anodized at 30 V.
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Figure 6.TEManalyses of the FIB cross section lamellas of a PAA/CNTassembly obtained fordifferent growthdurations. (a) and (b)60 s,
(c) and (d) 120 s and (e) and (f), 180 s.TheCNTswere synthesized using the samePAAtemplates. The blue dashed lines indicate the
averageheight that theCNTreaches inside the pores. Thewhite dashed linespoint out the standard deviationwith respect to themean
height value.
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assembly at three different growth times. This procedure sheds light on theCNT growth dynamics inside the
PAA structure. For instance, figure 6 shows the grownCNT inside the PAA structures interrupted at different
times: 60 s forfigures 6(a) and (b), 120 s forfigures 6(c) and (d), and 180 s forfigures 6(e) and (f).We observe that
the three prepared samples still containNi catalyst at the bottomof the pores. Their presence indicates an excess
of deposited catalyst for the carbon nanostructure growth.On the other hand, the PAA/CNT assembly obtained
after 180 s highlights that tip-growmode occurs since there are catalyst-terminated tubes that reach the PAA top
surface, as shown infigure S2(c) in the SI.However, it is important to point out that in such cases the diameter of
the grown tube is comparable to the pore diameter.When this observation is encountered, only tip-growth
mode can occur because the tubes are confined and carbon feedstock can only diffuse through the catalyst. On
the other hand and as illustrated infigure 6, some of theNi catalyst nanoparticles remain at the bottomof the
pores. Therefore, a possible base-growthmodemechanism cannot be discardedwhen the synthesizedCNTs are
not confined by the porewalls.

A closer analysis of the TEM images for each sample allowed us to determine the average height reached by
theCNTs inside the PAA structure as a function of the synthesis duration. The dashed blue lines infigures 6(a),
(c) and (e) indicate themean height that the CNT can reach inside the PAA structure for a different synthesis
duration. Thewhite dashed lines indicate the standard deviation of the height reached by theCNT from the
mean value. It is important to point out that the height reached by theCNT can highly differ from theCNT
length, sincemore than oneCNT can grow in each pore; consequently, the CNTs are not totally confined by the
porewalls, as clearly shown infigure 6(d). For example, for a synthesis time of 60 s theCNTs reach an average
position of (450±90)nm from the aluminum side; in this case, noCNT tipwas detected on the top surface of
the PAA structure (seefigure S2(a) in the SI). For a synthesis duration of 120 s, the CNTs achieved an average
height of (570±160)nm.Under such conditions, just a fewCNTs can reach the top surface (see figure S4 in SI).
When the synthesis takes place for 180 s, the average height reached for theCNTwas (645±110)nm; in this
case, oneCNT tip reaches the PAA top surface, in 30%of the pores (see figure S3(b) in the SI). The growth rate
outside the PAA structure ismore complicated to quantify because as alreadymentioned, without porewall
confinement, as the CNT synthesis evolves with time, the distribution of grown carbon nanostructures leads to a
spaghetti-like distribution on the top of the PAA template. Thus it is very difficult to estimate the length of
individual CNTs on the PAA surface.

To complete the TEMobservation, further chemical analyses using energy dispersive x-ray spectroscopy
techniques in the STEM imagingmode of the electronmicroscopewere performed. This type of analysis enables
better identification of theCNT and catalyst within the PAAporous structure. As elements of interest, we have
chosen theK edges of carbon at 0.27 eV and nickel at 7.47 eV. Figure 7 summarizes the STEM-EDX chemical
analyses performed on two different areas, close to the top surface of the PAAporousmatrix pores (figures 7(a)
and (b)) and close to the bottom surface of the PAA structure (figures 7(c) and (d)), on the sample inwhichwe
considered twominutes for tube growth. The poor contrast between the tubes and the PAA in the STEM-
HAADF imagesmakes it difficult to identify them inside the pores. In theHAADF-STEM images, theNi catalyst
can be easily identified at the tube tips due to its high atomic number (Z=28). From the STEM-EDX elemental
maps,figures 7(b) and (d), obtained for carbon and nickel their exact localization is revealed.Moreover, a closer
analysis of the cross section lamella allowed us to observe that for each pore, just one tube arises at the surface of
the PAA structure, in agreementwith the SEM images infigure S2(b) in the SI section. These results indicate that
the tubes that reach the PAA top surfacemainly have the same diameter as the host pore. In contrast, we did not
observemore than one nanotube tip coming fromone pore. This can be attributed to the competition that is
expected to take placewhenmore than one tube per pore is nucleated, as evidenced infigure 6(d); entangled
CNTs are identifiedwith diameters that are smaller than the pore diameters. This kind of growth highly restricts
the tube evolution inside the pore since some of the tubes can be blocked among those trying to emerge from the
host pore. Alternatively, if they are not blocked inside the pore, CNTswith amore entangled distribution need
more time to reach the PAA top surface since a greater growth length is required, as we can deduce from the set of
figures 6 and S2. The competition between the tubes, in this case, is associatedwithNPmorphology. Figure 6(d)
shows an areawheremost of the tubes are entangled and theirNP size is smaller than the pore diameter. These
kinds of tubes are not observed at the top surface infigures 6(a), (c), and (e); rather tubes with an associatedNP
size similar to the pore diameter are observed close to the PAA surface as evidenced infigures 6 and S2.

It is generally accepted that the nanotube diameter ismainly determined by the catalyst size. In the present
work, we propose that themorphology of the catalyst nanoparticle can determine the carbon nanotube growth
behavior inside the vertical-PAA templates. In certain pores, just one carbon nanotube growswith the same
diameter as the host pore. However, as confirmed byfigure 6, there are pores wheremore than one tube can
nucleate and evolve. In this case, the tubes have a smaller diameter than the host pore. These sets of results
evidence that the growth behavior is strongly related to the catalyst nanoparticlemorphology at the bottom
pores.We proposed a growthmechanismwhich takes into account the superficial area of the catalyst
nanoparticle determined by the host pore.We assume that during the electrodeposition process the samemass
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of catalyst has been deposited in each pore. Basically, when the deposited catalyst nanoparticles do not present a
spherical geometry,more than one active site for theCNT synthesis can be created during the pretreatment
applied in anH2 atmosphere. Figure 8 schematizes the proposed growth behavior of the CNT inside the PAA
templates depending on the catalystmorphology, which is governed by the bottompore shape. For the sake of
simplicity, in ourmodel, we consider the growth of theCNTwithout the presence of a nanopore’s branched
structure, but two different pore shapes, as shown infigure 8(a). After the catalyst electrodeposition, we assume
that the catalyst follows the bottompore shape in both cases (see figure 8(b)).When there is a higher superficial
area, after pretreatment inH2, the catalyst can break/de-wet andmore than one catalytic nanoparticle can be
formed, as pointed out infigure 8(c). Finally, depending on the nanoparticlemorphology, as indicated in
figure 8(d), the number of tubes is determined during the synthesis of the CNT. The proposedmechanism takes
into account the observations (see figure 6 above) of an excess of the catalyst at the bottomof the pores after the
synthesis.

These findings lead us to conclude that the different growth behavior frompore to pore is not only
determined by the presence of a branched structure but additionally by the nanoparticlemorphology. From the
presented results, we presume that the first tubes that arise from the pores are those inwhich theNPdiameter
and pore diameter are similar. In this case, no competition is established inside the pore , and the tubes grow as
the carbonmolecules reach the catalyst. On the other hand, we deduce that there are two reasonswhy the carbon
nanotube cannot emerge from the host pores: (i) the branched structure can block growthwhen the carbon
nanostructures reach the primary pore channel, as shown infigure 4. This growth behavior has been verified for
PAA templates fabricatedwith an anodization voltage of 40 V,where 5.5 branches are created per primary pore.
For anodization voltages in the range 20–30 V, between two and three branches per pore are estimated, therefore

Figure 7. STEM-EDX chemical analysis of two different areas on the sample forwhich the tube synthesis has been carried out for
120 s. (a)AnHAADF-STEM image of the area close to the top of the PAAmatrix; (b) the corresponding C/Ni relativemapwith the
carbon represented in red and nickel in pink; (c) anHAADF-STEM image for the area close to the bottomof the PAAmatrix; (d) its
corresponding C/Ni relativemapwith the carbon represented in red and nickel in pink.
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such a phenomenon can also occur (see figure S3 in the SI). (ii)TheNPdepositedwith a high superficial areawill
inducemore than one active site per pore, leading to the competition of numerous tubes with diameters smaller
than the pore host diameter, as supported by figure 6(d). However, further studies will have to be performed in
order to directly corroborate the influence of the catalystmorphology on the growth of CNTs inside the PAA
templates.

3.5. Electrical behavior of devices based onCNTs grown inPAA templates
The electrical behavior of the devices based onCNTs grown in PAA templates wasmeasured after nickel counter
electrode deposition on top of the PAA/CNT surface. Figure 9 summarizes the obtained current–voltage (I–V )
curves for different voltage ranges. Different electrical regimes and corresponding behaviors have been
identified depending on the branched structure at the bottomof the pores. For instance, the device anodized at
20 V, as shown infigure 9(a), presents typical resistor-like electrical behavior (see figure S3 to corroborate the

Figure 8.A schematic representation of the proposed growthmechanismused to explain the formation of carbon nanostructures
inside the PAA templates. For the sake of simplicity, we considered the growth in a primary pore. (a)The bottomof the pores with
different shapes. (b)The catalyst electrodeposited at the bottomof the pores with differentmorphologies assuming that the same
amount ofmass has been deposited in each pore. (c)The catalystmorphology after the pretreatment in aH2 atmosphere. (d)The
growth of carbon nanostructures.

Figure 9. I–V curves of devices based onCNTs grown inside PAA templates anodized at different voltages with different CNTdensity
values. Right inset: CNTs emerging from the pores. (a) For the PAA anodized at 20 V, theCNTdensity emerging from the pores is
2×1010 CNT cm–2 and (b) for the PAA anodized at 30 V, the density of CNTs emerging from the pores is 6×109 CNT cm–2.
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density of CNTs depending on the anodization voltage). In such template fabrication, as a lownumber of
branches are created from the primary pore, the growth of individual tubes in each pore is promoted.We can
then consider that the equivalent electrical circuit consists of a CNT connected in parallel between the remaining
aluminumand the deposited nickel electrode. On the other hand, when the template is fabricated at 30 V
anodization voltage, the number of generated secondary branches are increased and the resulting templates
induce a lower density of tubes grown per unit of area, due to the competition between the tubes growing inside
the primary pores (see for example theCNT emerging from the PAA shown infigure S2 in the SI). Such a
branched structure also induces contact among the tubes inside the pores, which could be correlated to the
observed overall increase of the electrical resistance of the device, when the template is anodized at 30 V. Also,
the observed nonlinear electrical response for these types of devices can be correlated to the presence of such
tube-tube contacts inside the pores. This kind of behavior has previously been reported by Bockrath et al [61],
providing experimental evidence that the conductance inCNTbundles exhibits Luttinger liquid behavior at low
temperatures for the individual CNT [62].More recently Kozlov et al [49] revealed an abnormal zero bias at
room temperature in a forest of CNTs. This phenomenon is attributed to the tunneling of the charge carriers
across the nanotube junctions, which is enhanced by temperature gradients created bymeasuring currents and
used for the characterization of the nanotube junction network [63]. This phenomenon is consistent with the
greater hysteresis effect in the reverse regime sincemore power is dissipated, which emphasizes the
nonlinearities of the device. The nonlinear electron transport inCNTbundles upon exposure to chemical
analysis has recently started to be developed as a potential sensing system [60]. To this end, the present
fabrication process offers the possibility of obtaining PAA/CNTassemblies with great potential for application
in different domains where linear [64] or nonlinear [65] responses are required, by adjusting the number of
created branches at the bottomof the pores.

Differentmetal electrodes have been deposited on the top of the fabricated devices. The electrical behavior is
the same for all the top- depositedmetals (for further information see figure S5 in SI).

4. Conclusions

The present article explores the growth of CNTswithin PAA templates where an exponential voltage decrease
process is implemented in order to partially reduce the thickness of the oxide barrier layer at the bottomof the
pores. Such a process induces the formation of a branched structure which can determine the density of the
subsequently grownCNTs and their growth evolution inside the pores, as well as the electrical behavior of the
devices based on suchCNTs. The growth dynamics of the CNTs has been analyzed at different time-stages by
TEMobservations on cross-section FIB lamellas. Such a study provides crucial information on the growth
evolution of the tubes and the impact of the PAA structure.Wewere able to verify that a higher number of
branches leads to the competition of the tubes growing inside the primary pores. Such competitive growth
conditions inside the pores can even blockCNT formationwhenmore than four branches are created. The
superficial area of the catalyst is also a geometrical parameter, which can lead to a competitive CNTgrowth
inside the pores. Herein, we propose amodel which takes into consideration the shape of the bottompore.We
conclude that under the same electrodeposition conditions, bigger bottompores promote the electrodeposition
ofNPswith a bigger surface area, creatingmore than one nucleating site per pore. The electrical behavior of the
devices fabricated from such grownCNTarrays is also determined by the PAA structure at the bottomof the
pores.When the number of secondary branches is relatively low, the device behaves as an equivalent resistor
formed by parallel connectedCNTs between two electrodes. In contrast, the presence of a branched structure
induces supplementary tube-tube contacts inside the pores leading to an overall nonlinear response, and an
increase of the device’s resistance value. Collectively, the presented results provide useful information for
establishing a robust process to fabricate devices based on parallel organizedCNTarrays, using electrodeposited
catalyst nanoparticles inside PAA templates with a tailored bottompore structure. Additionally, this study
provides a novel understanding of theCVDgrowth evolution of carbon nanostructures inside PAA templates
and the impact on the electrical behavior infinal devices based on such nanostructures.
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