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A B S T R A C T   

The ability to determine the radial growth rate of atomic layer deposited (ALD) films on quasi-inert surfaces can 
enable precise control of decorative particle size or film closure for specific applications. The radial-growth-per- 
cycle (rGPC) is proposed in this work to quantify how thin films nucleate and grow from defect sites on carbon 
surfaces until film closure. The ALD of TiO2 on non-functionalized singled-walled carbon nanotubes (SWCNTs) 
was monitored using in-situ Raman measurements, which collects signal of hundreds of SWCNTs during depo-
sition. The gradual increase of the intensity ratio between the D- and G-band ID/IG from the sp2-to-sp3 hybrid-
ization reveals the progression in which TiO2 nuclei grow from surface defects towards the pristine surface until 
nuclei coalescence. The radial overgrowth of TiO2 along the inert surface is mainly bound by Van der Waals 
forces. Chemical bonding to the surface only occurred on average every ~12 nm, equivalent to only ~1% of the 
carbon atoms chemically bonded to the film. The in-situ Raman measurements determined a nuclei rGPC of 
~0.19 ± 0.02 nm at temperatures lower than 120 ◦C, the point of film closure at the SWCNT circumference and 
axis, and a finite induced compressive stress of ~1 GPa to the nanotubes.   

1. Introduction 

Surface functionalization and thin film coating remain as one of the 
fundamental routes to preserve or improve the chemical and physical 
properties of the parent material or develop new functionalities [1]. In 
this regard, carbon nanostructures (i.e., carbon nanotubes (CNTs), gra-
phene, etc.) can benefit greatly from partial or full surface coverage by 
decoration or complete coating of the surface with thin homogenous 
films in order to be integrated into a wide range of applications and 
devices [2–5]. For this, Atomic Layer Deposition (ALD) offers an unri-
valled advantage to coat high aspect ratio nanostructures with a precise 
control of the film thickness by sequentially adding precursor molecules 
to the substrate in a self-limiting manner [6–9]. The nucleation of ALD 
thin films and subsequent homogenous growth depends on the 

adsorption of the precursor molecules on surface active sites (i.e., OH 
groups) to promote the ligand exchange reaction and eventual chemi-
sorption of the precursor molecules. In contrast, the reduction or lack of 
active sites inhibits the homogeneous nucleation of the ALD film. For 
instance, it is well known that on chemically inert sp2 carbon materials 
(CNTs, graphene), this nucleation process depends entirely on the 
preferential chemisorption at defective sites as well as the adsorption/ 
desorption behavior of the precursor molecules on the pristine surface 
[10,11]. Thus, the growth of ALD films on such materials is strongly 
influenced by the defect density and the competition between adsorp-
tion and desorption of the gas precursor molecules. Most of the under-
standing we have about the growth of ALD films on these sp2 carbon 
surfaces is limited to the variability of the defect density but not on the 
growth characteristics of the film on the inert CNT surface. 
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In the case of graphene or CNTs, chemical pre-treatments (acid, 
plasma, etc.) are still to date the preferred methods to prepare the sur-
face prior to the ALD coating deposition process, by significantly 
increasing the number of defects to promote a more uniform film 
growth. Nevertheless, it has also been shown that using plasma or acid 
treatments can lead to an uncontrolled damage of the carbon structure 
and affect their electronic properties [12,13]. Besides defect density, it 
was shown that the substrate temperature during the ALD process can 
influence the nucleation and growth behavior of a film (i.e. TiO2, pre-
cursors: Titanium tetraisopropoxide and H2O) on non-functionalized 
multi-walled CNTs (MWCNTs, [14–16]) and on single-layer graphene 
(SLG) [17]. 

As mentioned, there is a good evidence that ALD films nucleate at the 
defect sites of sp2 carbon materials and eventually coalesce into a ho-
mogenous film [18–21]. However, we are still lacking the full under-
standing of the latter process. By understanding how ALD films grow on 
carbon surfaces and how fast, we can precisely control the surface 
coverage of the carbon surface for a specific functionality. Additionally, 
it can help us understand the growth process of ALD films on similar 
surfaces with a low density of active sites, such as on noble metals or 
surfaces with self-assembled monolayers as used in selective-area ALD. 
In order to study these nucleation and growth phenomena, we used 
vertically-aligned single-walled carbon nanotubes (SWCNTs) as a model 
substrate to monitor the sp2 domains with in-situ Raman spectroscopy 
during ALD of TiO2 from titanium tetraisopropoxide (TTIP) and water 
precursors. It has been demonstrated that the combination of these two 
techniques can be useful to identify surface species during the deposition 
of Al2O3 on Ag nanospheres [22]. 

Raman spectroscopy is one of the most important characterization 
tools to investigate the degree of functionalization in sp2 carbon struc-
tures and stresses induced in the nanostructure. The resonant Raman 
frequencies, associated band shifts and intensity ratio changes in carbon 
materials are well-documented for functionalization [23–29], induced 
defects [30–36], gas adsorption [18–21], elastic and compressive strains 
[37–40], and oxidation and thermal treatments [41,42]. Each of these 
effects has a specific Raman signature; the most notable processes to 
consider are the following:  

(i) Chemisorption (surface functionalization) to the carbon atoms 
through different treatments (i.e. acid treatments, oxidation, 
plasma, etc.) has a particular Raman signature on the carbon 
structures. There is a clear increase of the D-band intensity upon 
functionalization, which is attributed to the sp2-to-sp3 transition 
of carbon atoms where functional groups are attached [1,43–45]. 
The intensity ratio between the D- and G-band (ID/IG ratio) is then 
the current measure of covalent bonding and sp3 hybridization 
[24–32].  

(ii) Physisorption is a reversible process in which adsorbates weakly 
bond to the carbon surface by Van der Waals forces, and this 
adsorption has a small and reversible effect in the Raman signa-
tures of the CNTs [18,21,46]. Coating of carbon nanostructures 
with metal oxides via ALD has shown variation of the ID/IG ratio 
and frequency shifts of the Raman bands with relation to the 
number of cycles or deposition temperatures [14,16,47–49].  

(iii) Induced tensile and compressive stresses present a unique linear 
frequency downshift [37,38] and upshift [50–53] of the Raman 
bands, respectively. This is caused by elongation or shortening of 
the C––C bonds of the lattice. Nevertheless, the Raman bands 
return to their original position after removing the applied stress, 
if no failure was induced.  

(iv) Thermal treatments on SWCNTs are known to downshift the 
Raman frequencies, the values reported are comprised between 
0.010 cm− 1/◦C [54] and 0.025 cm− 1/◦C [55]. Only above 250 ◦C 
a slight reduction in the intensity of the D-band is observed on 
both double-walled CNT (DWCNT) and SWCNT. Above 450 ◦C, 
this reduction becomes considerably more pronounced [41,42].  

(v) Inducing defects to carbon structures has been an approach to 
elucidate the nature of the Raman bands, particularly to deter-
mine the source of the D-band intensity and its extent by delib-
erately increasing the defect density [30,31,33,34]. The model 
developed by Lucchese [34] and Cançado [31] for SLG correlates 
the ID/IG ratio to the size and distance between induced defects 
on the carbon surface. 

In order to perform a detailed investigation on the effect of pro-
gressively adding ALD precursor molecules onto SWCNTs, we performed 
all of our Raman measurements in-situ during the ALD of TiO2 at 
different substrate temperatures. This comes with the advantage of 
monitoring the Raman bands of SWCNTs at every stage of the TiO2 
deposition process and probing the same location without breaking 
vacuum. To do so, we built a mobile-ALD system, including fabrication 
of a custom-made micro-ALD reactor, which fits under the Raman mi-
croscope, as illustrated in Fig. 1a. 

2. Experimental 

2.1. Synthesis of SWCNTs 

A 30 nm thick alumina film was deposited on a Si wafer by electron 
beam evaporation at a deposition rate of 0.2 Å s− 1 and a chamber 
pressure of ~1–2 × 10− 6 mbar. By bombarding the as-deposited alumina 
with an Ar+ beam (Oxford Ionfab 300Plus) at 100 mA and 600 eV at an 
impingement angle of 20◦ for 1 min, we obtained ion-beam-treated 
alumina. On the prepared alumina support, 2 Å of Fe were deposited 
via electron beam evaporation. The CVD of the vertically aligned single- 
walled carbon nanotubes (SWCNTs) was carried out in a cold-wall 
vertical reactor (Black Magic). The sample stage was heated up to 
700 ◦C at 200 ◦C/min and kept at this temperature for 60 s. During the 
annealing, 200-sccm Ar and 800-sccm H2 were flown at 8 mbar of 
pressure. Following the annealing, the chamber was stabilized at 700 ◦C 
and 5-sccm of C2H2 were added into the gas flow for the SWCNT growth. 
The vertically aligned SWCNTs had a mean diameter of ~3.8 nm with a 
length of ~10 μm measured by scanning electron microscopy (SEM). 
Around 2/3 of the SWCNTs were identified to be semiconducting with a 
random chiral distribution. A full detail of the synthesis can be found in 
[56]. 

2.2. Deposition of ALD TiO2 

The mobile-ALD system consists of a manifold with a line of Ar gas 
controlled by a mass flow controller and two precursor inlets leading to 
the micro-reactor [57]. The SWCNT samples were loaded into the micro- 
reactor, which was mounted underneath the Raman microscope (see 
Fig. 1a). The reactor is covered with a 500 μm thick fused silica window 
(Markoptics) transparent to the wavelength of 532 nm. The same 
heating tape that heats the reactor was also wrapped around the edges of 
this window, so the temperature of the window is expected to be similar 
to the reactor. The depositions of TiO2 on the SWCNTs were performed 
at a reactor temperature of 60 ◦C, 120 ◦C, and 220 ◦C. For TiO2 we used 
Titanium tetraisopropoxide (Ti(OCH(CH3)2)4 - TTIP, Aldrich 97%) 
heated to 90 ◦C and deionized H2O kept at room temperature. The 
manifold and vapor delivery lines leading to the micro-reactor were 
heated to 100 ◦C to avoid condensation. One ALD cycle consisted of 
alternating pulses of TTIP and H2O of 5 s followed by a 5 s exposure, then 
purging with Ar for 30 s. The pulsing times used ensured the complete 
coverage from top to bottom of the vertically aligned SWCNTs with 
TiO2, as we have reported in a previous work [14], which were chosen 
conservatively compared to the calculated amount elsewhere [58]. The 
average growth per cycle on Si substrates was found to be ~0.055 nm at 
60 ◦C, as reported to be the average growth rate of TTIP-H2O [59]. 

For every ALD experiment, TiO2 was also deposited on the inner side 
of the fused silica window of the micro-reactor. Due to the heating setup 
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explained above, we expect the window temperature to be similar and 
we expect the same thickness of TiO2 deposited on the samples to be 
deposited on that window. However, this thin TiO2 layer on the window 
has no effect on the in-situ Raman measurements, detailed in the next 
paragraph, or their resolution. Due to the 3D structure and arrangement 
of the CNTs, the interaction volume of the TiO2 coating for Raman 
spectroscopy is much larger as compared to the same coating in form of a 
single thin film (2–10 nm) on the silica window. For instance, it was 
therefore possible to measure and detect a 2 nm TiO2 anatase coating on 
CNTs due to the large interaction volume, which would prove impos-
sible in single thin film form. Furthermore, conclusions drawn within 
this manuscript are based on analysis of the carbon signal originating 
from CNTs and for every experiment a new silica window was installed. 

Because of the very small size of the samples needed for the in-situ 
micro-reactor, we performed additional depositions on a home-made 
ALD reactor with similar parameters on SWCNT samples to use for X- 
ray photoelectron spectroscopy (XPS) measurements, SEM, and trans-
mission electron microscopy (TEM) observation. 

2.3. In-situ Raman spectroscopy during ALD 

Confocal Raman spectroscopy was performed using an upright NT- 
MDT NTEGRA Raman microscope featuring a laser source with a 
wavelength of 532 nm and a 50× objective lens with a numerical 
aperture of 0.55. Spectra were recorded at a spectral resolution of ~2.5 
cm− 1 with a 30 s exposure. The use of a neutral density filter kept the 
laser power below 100 μW after the microscope objective in order to 
avoid inducing any side photochemistry or phase transformation of 
TiO2. We found that increasing the laser intensity above 1 mW could 
locally induce phase transformation of amorphous into anatase TiO2. 
The SWCNT samples were measured before and after vacuum, and at 
room temperature before increasing the substrate temperature. After 
equilibration of the substrate temperature and before deposition, a 
measurement was performed to be the reference (0 cycles) for every 
experiment. After that, we measured a Raman spectrum at the end of 
every ALD cycle for the first 5 cycles and then after every other 5 to 20 
cycles. All measurements were performed in vacuum with an Ar flow of 
10 sccm at the end of a cycle. The thermal shift of the peak positions for 
SWCNTs has been reported to be a downshift between 0.010 cm− 1/◦C 
and 0.030 cm− 1/◦C [54,55], which agrees well to our measurements 
performed at room temperature and after heating to a certain deposition 
temperature. Therefore, after the initial shift of the band positions at our 
substrate temperatures, we do not expect any subsequent shift during 
deposition caused by thermal shifts. 

2.4. Additional characterization methods 

The ex-situ XPS measurements were performed in a Quantum2000 
from Physical Electronics using a monochromatized Al Kα source 
(1486.6 eV). The X-ray spot had a diameter of 150 μm and operated at a 
power of 30 W at 15 kV. A neutralizer gun was used at 1.3 V and 20 μA. 
The core level spectra were fitted using a nonlinear least-squares line 
shape analysis after subtraction of a Shirley background. The spectra 
were aligned to the characteristic asymmetric peak of graphite struc-
tures at ~284 eV, and fitted with an asymmetric Doniach-Sunjic (DS) 
line-shape and a FWHM of 0.98–1.1 eV. The other C 1s components were 
fitted using a Gaussian-Lorentzian line-shape and setting the FWHM 
between ~0.9 and ~1.2 eV. SEM images of the cross-section were ac-
quired using a high-resolution scanning electron microscope (SEM, 
Hitachi S4800, Japan) after cleaving the samples in half and analyzing 
the cross-section. Transmission electron microscopy (TEM) samples 
were prepared by dispersing the SWCNTs in methanol, ultrasonication 
for 5 min and pipetting a few droplets of the solution onto a lacey carbon 
film. TEM was conducted on a JEOL2200FX microscope operated at 200 
kV. A short exposure time of typically 0.5 s was used in high-resolution 
TEM to avoid beam-induced damage or phase transformation. 

3. Results 

The main tangential modes of the SWCNTs are shown in Fig. 1b. 
These are characterized by the high energy modes (~1500–1600 cm− 1) 
or G-band which is the main Raman signature for all sp2 carbon struc-
tures and originates from the graphitic in-plane sp2 C-C stretching modes 
from tangential and longitudinal optical phonons (iTO and iLO). In 
SWCNTs, owing to its curvature, there are three higher frequency modes 
(HFM) and three lower frequency modes (LFM), labelled here as G1- G6 
for practical purposes. The LFM, G1 – G3 are located at ~1500, ~1520, 
and ~1542 cm− 1, respectively, which stretch along the circumference of 
the nanotubes. The HFM, G4- G6 located at ~1567, ~1591 and ~1600 
cm− 1, respectively, arise from the stretching modes along the carbon 
nanotube axis [26,60,61]. The main G-band considered in this work and 
other studies is the fitted G5 band at 1591 cm− 1, referred to as only the 
G-band here. This peak is the one considered for the ID/IG calculations. 
The D-band is activated by the scattering of one iTO phonon and then 
inelastically scattered by a defect in the hexagonal lattice. The D-band 
at ~1324 cm− 1 is thus assigned to the amount of disorder in the sp2 

lattice caused by defects, vacancies, and sp3 atoms, etc. For this reason, 
the intensity ratio between the D- and G-band (ID/IG) is indicative of the 
quality of the nanotubes, and can qualitatively determine the sp2-sp3 

transition states upon functionalization and the distance between these 

Fig. 1. (a) Schematic diagram of the micro-reactor placed under the Raman microscope covered with a fused silica window (~500 μm thick). There are two 
precursor bottles connected to the inlet and a vacuum pump connected to the outlet. (b) Normalized Raman spectra of the SWCNTs obtained during the deposition of 
TiO2 at a substrate temperature of 60 ◦C and the corresponding Lorentzian peaks at 0 cycles (pristine) for the main Raman bands. Laser wavelength is 532 nm. 
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sites [26,60]. The additional peak close to the D-band is labelled D2 at 
~1470 cm− 1 and resembles that of amorphous carbon in MWCNTs [62]. 
In addition, SWCNTs present second-order and combination modes, 
which are less mentioned in literature, but still used here in the fitting 
procedure. 

The M− bands, M− and M+, respectively, are overtone bands located 
at ~1710 and ~1745 cm− 1 attributed to out-of-plane optical phonons. 
The peak at ~1950 cm− 1 referred to as iTOLA, is a combination mode 
for the in-plane transverse optical (iTO) and longitudinal acoustic modes 
(LA) [63]. 

Once the SWCNTs samples were placed in the micro-reactor, they 
were measured before every deposition at their respective deposition 
temperature, which is the reference at 0 cycles. After that, we measured 
a Raman spectrum at the end of every cycle for the first 5 cycles and then 
after every other 5–20 cycles until reaching 400 cycles of sequential 
addition of TTIP and water. Fig. 1b then shows the spectra obtained 
during the deposition of 400 cycles of TiO2 at a substrate temperature of 
60 ◦C, and the corresponding fitted Lorentzian peaks of the pristine 
sample. From the spectra, one can already observe a shift and broad-
ening of the G-bands and a clear increase in the intensity of the D-band, 
as well as the inner G-bands, all compared to the main G-band (G5). In 
Figs. S1–S5 in the supporting information, we show how the frequency 
and FWHM upshifts during ALD until reaching a plateau at about 120 
cycles. The final upshift of ~9 cm− 1 of the D-band corresponds roughly 
to ~1 GPa of compressive stress [52,64–66]. The upshift of ~6 cm− 1 of 
the G-band in SLG is due to hole doping and corresponds to an upshift of 
the Fermi level by ~0.2 eV [67,68]. 

3.1. The ID/IG ratios 

As already observed from Fig. 1, during the deposition of TiO2 the 
intensities of the D-band, as well as of the inner G-bands (shown in 
Fig. S6 in the supporting information), increase with the number of 
cycles. Fig. 2a compares the ID/IG ratio measured during the deposition 
of TiO2 on SWCNTs at different substrate temperatures. The first thing to 
notice is the relatively smaller ID/IG ratios before deposition (0 cycles) at 
higher temperatures, which can be appreciated in the inset in Fig. 2a. 

It has to be noted first that not all of the SWCNTs samples or even 
different areas within the same sample have the same ID/IG ratio. This is 
because naturally, not all the SWCNTs or bundles have exactly the same 
amount of defects. The small difference between the ID/IG ratios then 
translates to a small difference in the defect density of the pristine 
samples, which is independent of temperature. When the temperature 
was increased from room temperature (RT) to the respective tempera-
ture of the ALD process (60 ◦C, 120 ◦C, 220 ◦C), a small decrease of the 
ID/IG ratio was observed, by comparing measurements of the samples at 
RT to the first measurement after a stable temperature had been reached 
(Fig. 2a, 0 cycles). The measured decrease of the ID/IG ratio was 5 × 10− 5 

and 2 × 10− 3 when heating from RT to 60 ◦C and to 220 ◦C, respectively, 
caused by a “healing” effect of the carbon surface [23,41,42,69]. It is 
reported that only after increasing the temperature above 450 ◦C the ID/ 
IG ratio starts to decrease considerably by removing some of the amor-
phous material and defects [41,42]. 

Thereafter, during the first 5 to 10 cycles of pulsing TTIP and H2O 
there is a further decrease of the ID/IG ratio. This is related to an addi-
tional “healing” effect which became more significant when the sub-
strate temperature increased towards 220 ◦C, dropping down ~0.005 
during the first 5 cycles (see inset in Fig. 2a). This may be similar to the 
ALD “self-cleaning” behavior (i.e. removing the oxide surface) during 
the first cycles on other substrates [70,71]. 

After this effect the ID/IG ratio remained relatively unchanged until it 
increased at about ~30 cycles onwards, indicating there is a gradual sp2- 
to-sp3 hybridization of the carbon atoms as the cycles progress. Then, 
the ID/IG ratios at 60 ◦C and 120 ◦C reached a plateau after ~150 cycles, 
whereas at 220 ◦C it did not reach a defined plateau during the 400 
cycles of the experiment. 

What this shows is that there is a progression in the hybridization of 
sp2-to-sp3 carbon atoms during deposition, which ultimately halts, due 
to film closure (i.e., there is no further interaction between gas precursor 
and substrate). 

It is known that ALD films deposited from certain precursors can 
contain carbon impurities, which can change as a function of tempera-
ture (lower temperature = higher amount of carbon residues). As 
mentioned in the supplementary data, approximately <1 at.% of carbon 
is still inside the TiO2 films deposited at 60 ◦C, and this amount de-
creases to a value below detection limits at deposition temperatures 
higher than 120 ◦C. However, the D and G bands during Raman spec-
troscopy arise stricly from the CNTs and therefore, these carbon residues 
do not affect the measured ID/IG ratios. This is because the signal comes 
from the continuous sp2 domains (G-Band) and the disruption of these 
sp2 domains form an sp3 carbon (D-Band). The isolated unreacted car-
bon ligands from the TTIP precursor do not contribute to the ID/IG ratio 
presented in Fig. 2a. The Raman spectra of a sample of dried TTIP pre-
cursor residues, exhibiting no D or G bands, is included in the supple-
mentary material (Fig. S18). 

Another important point to consider is the relation between the ID/IG 
ratio and the ratio of the integrated areas AD/AG. It is often debated 
whether the area or the intensity ratio should be used for further anal-
ysis, since the Raman signal intensity depends on different hardware 
variables [33]. For this reason, we show in Fig. S7 in the supplementary 
information that the integrated area ratio AD/AG scales linearly with the 
ID/IG ratio, being the former ~2.5 times more the value of the intensity 
ratio throughout the deposition at different temperatures. 

The plateaus reached by the ID/IG ratio correlate to the SWCNT 
surface coverage and film closure of the TiO2, which we observed from 
SEM images. Fig. 2b–c show as an example the SEM images of SWCNTs 

Fig. 2. (a) The difference in the intensity ratio between the D- and G-bands (ID/IG) of the SWCNTs coated with TiO2 at different temperatures as a function of the 
number of cycles. SEM images of (b) 100 cycles and (c) 200 cycles of TiO2 deposited at 60 ◦C. 
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coated with 100 and 200 cycles of TiO2 at 60 ◦C. One can observe that at 
100 cycles (Fig. 2b), the deposition of TiO2 at 60 ◦C is not fully covering 
all the SWCNTs, as some nanotubes seem to display film closure and 
others are still not completely covered along the axis. Nevertheless, 
there is a majority of SWCNTs in which adjacent nuclei started to coa-
lesce at the axis, which can be seen as grooves or “necked” film regions 
perpendicular to the nanotube axis (see Fig. S8 in the supporting in-
formation for more images). Likewise, one can also observe the isolated 
nuclei growing from different locations at the SWCNT circumference, 
which is the reason why from the 2D perspective from which these 
images were taken, the nuclei appear to have different thicknesses in 
each of the sides of the SWCNT. 

As schematically illustrated in Fig. 3a, the nucleation centers (de-
fects) on the SWCNTs are distributed in different locations along the 
nanotube circumference and axis. Once the TiO2 film starts to grow from 
these nucleation centers, it will do so in the radial direction (2D) while 
still growing in volume (3D). Thus, the different apparent “thicknesses” 
of the nuclei is a matter of perspective of which side we are observing 
and from which point in the nanotube the nuclei started to grow. Any 
attempt to quantify a (3D) growth-per-cycle (GPC) from SEM images has 
to consider this situation. Fig. 2c then shows that at 200 cycles the TiO2 
film deposited at 60 ◦C (when the ID/IG ratio has already reached a 
plateau), appears to be fully coating the SWCNTs. Nevertheless, we still 
observed thickness gradients along the SWCNTs and a slight coarse 
morphology from the coalescence of neighboring nuclei (see Fig. S9 in 
the supporting information). Notwithstanding, it is remarkable which 
degree of homogeneity and SWCNT surface coverage can be achieved in 
such a pristine surface without any functionalization pre-treatment, 
using the specific TiO2 precursors TTIP and H2O. We observed a 
similar behavior for the deposition at 120 ◦C, although with a more 
evident coarser morphology (see Fig. S10 in the supporting informa-
tion). The deposition at 220 ◦C displayed larger uncoated regions even 
with 200 cycles as compared to the lower deposition temperatures (see 

Figs. S11–12 in the supporting information). This agrees well with the 
fact that the ID/IG ratio did not reach a plateau as it did at the lower 
temperatures. 

The rise of the ID/IG ratio with the number of cycles is directly related 
to the degree of functionalization of the SWCNTs, caused by the irre-
versible adsorption of TTIP molecules to the carbon surface and eventual 
chemisorption. Consequently, this results in the sp2-to-sp3 transition of 
some of the carbon atoms. This was further confirmed with ex-situ XPS 
measurements discussed in Figs. S13–S14 in the supporting information. 

The progressive increase of the ID/IG ratio is thus directly related to 
the sp3 formation, and one can determine the distance between point 
defects, or in this case, the distance between nucleation centers and the 
newly generated sp3 sites as we keep adding TTIP and water molecules 
in an ALD fashion. 

3.2. Quantifying the nucleation sites 

As a starting point, we can assume the SWCNTs to be a rolled gra-
phene sheet and thereby, the intensity ratios between the D- and G- 
bands and their nature are physically comparable to that of SLG. That 
being said, first consider the pristine SWCNTs with a random distribu-
tion of point defects, such as a C–H, C–OH, C–O–C, C––O, etc., with 
an average distance Ln0 between them as depicted in Fig. 3a. As 
formulated by Lucchese et al. and Cançado et al., [31,34] the point 
defects with radius rS will not contribute to the D-band’s intensity, since 
the excited electrons from this point will be scattered outside of this area 
and mainly contribute to the G-band. On the other hand, in the region 
outside this point, termed the “activated” area with radius rA, the excited 
electrons are close and live long enough to experience a scattering 
process by said defect, and will be mostly contributing to the D-band’s 
intensity. The distance rA – rS is then defined as the relaxation length in 
which the D-band is activated. This distance has been determined to 
keep the relation rA-rS = 2 nm [31,34]. 

Fig. 3. (a) Schematic illustration of the horizontal projection of the distance Ln0 between nucleation centers (not to scale). (b) Schematic illustration of the radial 
growth of the TiO2 nuclei along the SWCNTs with a distance between nucleation centers, Ln0, and the distance between sp3 sites, Ln, with radius rA = 2 nm. (c) The 
distance between sp3 sites Ln for every experimental ID/IG ratio measured during the deposition of TiO2 on SWCNTs at different temperatures using Eq. (1). (d–f) The 
radius rn of the TiO2 nuclei as a function of the number of cycles at (d) 60 ◦C, (e) 120 ◦C, and (f) 220 ◦C. The shaded areas represent the boarders using CA = 5.4 ± 1.6. 
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Then, we considered the model derived by Cançado et al. to quantify 
the distance LD between structural defects, namely holes breaking the 
lattice in SLG:[31] 

ID

IG
≈ CA∙

(rA
2 − rS

2)

(rA
2 − 2rS

2)

⎡

⎢
⎣e

−

(
πrS

2

LD 2

)

− e
−

(
π(rA

2 − rS
2 )

LD2

) ⎤

⎥
⎦ (1)  

where CA corresponds to the maximum ID/IG ratio in the hypothetical 
event in which the D–band is activated across the sample without losing 
the hexagonal structure and reported to depend on the laser’s energy by 
~(160 ± 48)/eV^4 or CA = 5.4 ± 1.6 for a wavelength of 532 nm [31]. 
The parameters rS and rA correspond to the structural radius of a defect 
and the radius of the area activated by this defect, respectively, as 
defined previously [34]. 

To adapt this model to our scenario we considered the radius of any 
single sp3 site to be rS = 0 and therefore rA ≈ 2. In the case study of ion 
induced holes in SLG from Lucchese and Cançado [31,34], rS is intended 
for the radius of a structural defect breaking the lattice (see Fig. S15a in 
the supporting information). In that case, the defective carbons at the 
perimeter of the hole contribute to the D-band’s intensity through the 
activated area, whereas in our case, hybridized sp3 carbons do not break 
the lattice. Even though a single sp3 carbon atom itself does not 
contribute to the D-band, the activated area around it does. Then, by 
fixing rS = 0 and rA = 2 nm we can rewrite Eq. (1) in terms of the dis-
tance between defects, or in our case, nucleation sites, Ln: 

ID

IG
≈ CA∙

⎡

⎢
⎣1 − e

−

(

4∙π
Ln 2

) ⎤

⎥
⎦ (2) 

This means that we are considering that no sp3 hybridized carbon 
atom breaks the hexagonal ring. It has been reported that even during 
oxygen plasma treatment on SLG, first there is a generation of partially 
oxidized carbons, which are mainly sp3 without breaking the graphene 
lattice, see Zandiatashbar et al. [36] for details. In our case, we assume 
that the eventual chemisorption of a TTIP molecule with a carbon atom 
proceeds similarly without breaking the lattice. By choosing rS = 0 then, 
in the hypothetical scenario in which new hybridized sp3 carbon atoms 
increase in number until covering the whole surface, consequently 
reducing the distance Ln between them to the C-C bond length (0.142 
nm), then the ID/IG ratio reaches the maximum possible. This occurs 
when the D-band is fully activated and hence the ID/IG ratio reaches the 
value of CA = 5.4 ± 1.6 (see Figs. S15–16 in the supporting information 
for further discussion). 

First, we quantified the distance between the initial nucleation 
centers Ln0, (before coating) using Eq. (2) and the experimental ID/IG 
ratio of the pristine SWCNTs measured at 60, 120 and 220 ◦C. The 
average distance between nucleation centers on the pristine SWCNTs at 
60 ◦C was about ~30 ± 5 nm in average, which is comparable to the 
defect density reported for SLG [35,72]. As discussed previously, we 
observed that for the SWCNTs measured before deposition at 120 and 
220 ◦C, the ID/IG ratio is slightly lower and during the first 5 cycles the 
small decrease in the ratio caused this distance to increase to ~34 ± 5 
nm, and ~36 ± 5 nm, respectively. This is to be expected if some of the 
defect sites are removed from the walls (“self-cleaning”) at higher 
temperatures. 

The concept of self-cleaning processes of CNTs and other surfaces at 
elevated temperatures and during ALD deposition is well established in 
literature [23,41,42,69]. For CNTs, the proposed mechanisms during 
annealing induced self-cleaning include thermally activated removal of 
defects and amorphous material [41,42], inducing mild changes in the 
carbon surface chemistry that shift the Raman reading. On other sub-
strates, removal of the oxide surface during the first few cycles of ALD 
has been identified as a cleaning mechanism [70,71]. Strictly speaking, 
the cleaning process envisaged in this work comprises both of these 

components: (i) thermally activated self-cleaning, as previously pro-
posed and notably/significantly observed for CNTs above 250 ◦C/450 
◦C, respectively [41,42], and (ii) cleaning assisted by ALD precursor 
molecules. The first effect is visible in a very small reduction of the ID/IG 
ratio after heating from room temperature to the respective ALD tem-
peratures, as described earlier. The second effect takes place during the 
initial stages of ALD deposition and manifests itself as a decrease in the 
ID/IG ratio during the first few ALD cycles. While this is mainly attrib-
uted to cleaning induced by ALD precursor molecules, it is impossible to 
unambiguously separate and exclude potential contribution from pure 
thermal annealing at this point, because of the elevated temperature 
during ALD deposition. Certainly, precursor assisted cleaning is tem-
perature dependent, as the observed decrease in ID/IG during the first 
5–10 ALD cycles becomes more pronounced with increasing tempera-
ture (inset Fig. 2a). 

Fig. S15b shows that for ID/IG ratios below 0.1, a small difference in 
the ID/IG ratio has a significant effect in the distance between nucleation 
centers, Ln. We also keep in mind that this average entails a combination 
of smaller and larger distances between nucleation centers within a 
SWCNT. These nucleation centers are fixed in the sidewalls, and the 
nucleation of TiO2 then starts from these centers with the chemisorption 
of a TTIP molecule. As we continue sequentially adding TTIP and water 
molecules, the TiO2 nuclei grow radially from these centers. Conse-
quently, this generates a certain amount of “new” sp3 sites as the nuclei 
grow, as illustrated in Fig. 3b. The creation of sp3 sites for example solely 
by pulsing water has been previously observed through experiments and 
modelling. Vecera et al. [24,25] have shown by Raman measurements 
and DFT calculations that the amount of these defects is very small, 
approximately 0.1% of sp3 sites. Similarly, the amount of new sp3 sites 
generated by the growing TiO2 nuclei is equally low. 

Thereafter, we quantified the average distance between the “new” 
(and existing) sp3 sites as the number of cycles increases. Fig. 3c shows 
how the experimental ID/IG obtained from the in-situ Raman measure-
ments during deposition of TiO2 at different temperatures translates into 
Ln using Eq. (2). Every ID/IG measured corresponds to a specific Ln. The 
grey area in the following plots represents the boarders using CA = 5.4 ±
1.6. 

The evolution of the ID/IG ratio with the number of cycles and the 
resulting Ln, show that the deposition of TiO2 onto SWCNTs entails a 
progression of increasing the nuclei size radially along the SWCNTs from 
the nucleation centers, as the average distance between them and the 
“new” sp3 sites is gradually reduced as the number of cycles increases. 
The average distance reached between them after the ID/IG plateaus is Ln 
~ 12 ± 2 nm, 14 ± 2 nm, and 15 ± 2 nm at a deposition temperature of 
60, 120 and 220 ◦C, respectively. 

The small ID/IG ratios of <0.4 obtained after coating and the corre-
sponding average lateral distance between sp3 bonds of ~12 nm 
constitute only 1.2 ± 0.2% of SWCNT functionalization (Ln ≈ 0.142 nm 
is the 100%). In other words, as the nuclei grow, only a very small 
percentage of the carbon atoms are hybridized into sp3 and hold the 
TiO2 film by a chemical bond, the rest ~99% of the coalesced film is 
bound by van der Waals forces. The ~1% of chemical bonds between the 
TiO2 coating and the carbon surface correspond to an average linear 
distance between sp3 bonds of ~12 nm, i.e. ~60–80 carbon atoms in a 
straight line, or about 7 bonds per 1000 nm2, or about 1 bond per ~916 
C-hexagons. This average distance involves that within the growing 
nuclei the distance between “newly” generated sp3 sites and the initial 
nucleation center Ln0 is shorter, as one can observe from the progression 
of Ln with the number of cycles, but the initial separation between 
nucleation centers of ~30 nm and larger modifies this average. This is 
the reason why the ID/IG ratio remains almost unchanged for the first 
~20 cycles; it is only when the average distance Ln starts to become 
shorter that there is a visible increase of the ratio. 

Nevertheless, the scarce but eventual incorporation of sp3 sites with 
the number of cycles shows the gradual growth of the TiO2 nuclei along 
the SWCNT surface until coalescence of the majority of the nuclei and 
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hence, film closure occurs. We show in Fig. 3d–f the average radius of 
the TiO2 nuclei from the relation rn = Ln0 - Ln, as a function of the number 
of cycles for every deposition temperature. We use Ln0 to be the baseline 
of the average distance to be subtracted, because these initial sites are 
fixed in the carbon nanotubes, and will maintain this distance 
throughout the whole deposition process. One can observe that for the 
depositions at 60 and 120 ◦C, the radius of the nuclei plateaus (i.e., the 
nuclei stopped growing) at roughly half the distance of the initial sep-
aration between nucleation centers. At 60 ◦C, the nuclei stopped 
growing when they reached ~17 nm in average size and at 120 ◦C when 
they reached ~19 nm. This is about half of the distance of the (fixed) 
initial separation between the nucleation centers of ~30 ± 5 nm and 
~34 ± 5 nm at 60 and 120 ◦C, respectively, and is the point where most 
of the SWCNTs reached film closure at the nanotube’s axis. At 220 ◦C, 
the radius of the nuclei does not quite reach this half distance at the end 
of 400 cycles. The rn at 220 ◦C reached larger values at the end of 400 
cycles, due to the larger distance between the initial nucleation centers 
of Ln0 ~ 36 ± 5 nm. 

In Fig. S17 in the supporting information we show the histograms of 
the radius of the nuclei we measured from the SWCNTs after 100 cycles 
of TiO2 deposited at 60 and 220 ◦C (from the SEM images shown in 
Figs. S8–12), as well as for the SWCNT diameter. The measured nuclei 
radii correspond to those calculated in Fig. 3d–f. 

3.3. Quantifying the radial growth rate of the TiO2 film 

Thereafter, we calculated the radial (2D) growth rate-per-cycle 
(rGPC) of the TiO2 nuclei by deriving the rn as a function of the num-
ber of cycles from Fig. 3d–f. The rGPC represents the rate in which the 
base of the nuclei grows radially in contact with the surface of the CNTs, 
which is what can be directly calculated from the Raman measurements. 
This is different to the width of the nuclei that may not be “wetting” the 
surface. 

In Fig. 4, we show the rGPC obtained at every deposition tempera-
ture. The depositions at 60 ◦C and 120 ◦C present almost exactly the 
same trend, increasing to a maximum rGPC of ~0.19 ± 0.02 nm between 
30 and 60 cycles and then decreasing towards zero due to film closure. 
For the deposition at 220 ◦C, the maximum rGPC (~0.15 ± 0.02 nm) is 
lower than those at the lower temperatures are, and does not reach zero 
due to a lack of film closure, but it reaches a constant value of rGPC ~ 
0.03 nm/cycle after 200 cycles. The first thing to notice is that the rGPC 
is not constant throughout the number of cycles as it does for the known 
layer-by-layer growth of ALD, and at some point it reached larger values 
than the conventional 3D GPC of 0.055 nm/cycle. Let us analyze the 
meaning of these values. 

Contrary to the known growth of ALD on hydroxylated surfaces, the 
ALD growth on inert surfaces differs drastically in the number of 
available active sites at every new cycle. In a conventional hydroxylated 
planar surface (i.e., silicon substrate), the number of active sites (i.e., OH 
groups) is relatively constant in every new cycle, and therefore the GPC 
is constant and is influenced directly by the steric hindrance landscape 
[9,73]. In a quasi-chemically inert surface, the nucleation and growth 
starts from just one active site, the defect (nucleation center). During the 
first cycles we have seen there is a “healing effect” in which some of 
these defects are removed or not all react with the incoming TTIP 
molecules, often referred to as a “nucleation delay”, but is due to a “self- 
cleaning”, as discussed in [70,71]. Consequently, at the starting point, 
the rGPC in average is close to zero during the first cycles. The surviving 
defects can react with only one ligand from a single TTIP molecule, 
which leads this adsorbate to become the center of the nuclei (see 
Fig. 5a). Upon hydrolysis after the water pulse, this single adsorbate can 
provide (ideally) 3 more OH groups in the next cycle, and so on in the 
subsequent cycles. However, we cannot know how many of these ligands 
can be hydrolyzed and how many remain adsorbed to the carbon sur-
face. Thereafter, the succeeding TTIP molecules experience a “steric 
hindrance-free” surrounding, because there are just no molecules in the 

vicinity. As the cycles progress, the number of active sites at the growing 
perimeter at the base of the nuclei will increase. Therefore, due to the 
changing density of OH groups, the rGPC does not display a constant 
rGPC but increases during growth, and can reach larger values than the 
conventional 3D GPC due to the “steric hindrance-free” landscape. The 
rGPC reached a maximum of ~0.19 ± 0.02 nm/cycle, which is half of 
the size of a Ti – O molecule [74]. In a similar situation, the growth of Pt 
nanowires on the step edges of HOPG also presented a larger lateral GPC 
than the conventional GPC [75]. From the width of the nanopillars, they 
have measured a total width GPC of 1.3 Å/cycle (or rGPC ~ 0.065 nm/ 
cycle), which is half the size of the Pt atomic radii [74]. 

After this point, the rGPC starts to decrease from ~60 cycles on-
wards, which is the point when the nuclei reached a radius of ~6 nm 
(see Fig. 3d) and have coalesced with themselves at the opposite side of 
the circumference of the nanotube, as illustrated by the outer circle in 
red in Fig. 5a. The SWCNTs have an average of ~12 nm in circumference 
for a diameter of ~3.8 nm (see Fig. s17a in the supporting information). 

Fig. 4. The radial growth-per-cycle (rGPC) at (a) 60 ◦C, (b) 120 ◦C, and (a) 
220 ◦C. 

C. Guerra-Nuñez et al.                                                                                                                                                                                                                         



Applied Surface Science 555 (2021) 149662

8

The nuclei grow radially from a nucleation site and coalesce with 
themselves at the opposite side of the circumference of the nanotube 
when they reach ~6 nm, after which the perimeter of the nuclei de-
creases as they grow towards both ends at the nanotube axis. The 
reduction of the nuclei perimeter size and consequently the density of 
OH groups decrease the rGPC. The rGPC continues to decrease towards 
zero as some of the nuclei coalesce with neighboring nuclei at the axis of 
the CNTs while some others still continue to grow until reaching zero, 
which is when film closure occurs and the surface of the CNTs is covered. 
The rGPC at a specific number of cycles represents the average of what is 
happening in these scenarios, the Raman measurements take into 

account hundreds of CNTs and sp3 sites. 
On the other hand, at 220 ◦C, the “healing effect” during the first 

cycles is stronger and is seen as a longer “nucleation delay”. The 
maximum rGPC (~0.15 ± 0.02 nm) is reached until 80 cycles, which is 
also, when the nuclei reached ~6 nm (see Fig. 3f) and coalesced with 
themselves, after which it starts to decrease. This rGPC is lower than at 
lower temperatures, most likely due to a weaker adsorption to the car-
bon surface and preferential chemisorption to the nuclei itself. At 40 
cycles, the average rGPC of ~0.04 nm/cycle is close to that of the 3D 
GPC of TiO2, which means the width of the nuclei grew as fast as the 
height, leading the nuclei to have a more spherical shape. This explains 
the spherical shape of the TiO2 nuclei we have observed at this depo-
sition temperature compared to the flat morphology of the nuclei 
deposited at lower temperatures, observed here on SWCNTs and on 
MWCNTs for only 20 cycles [14]. 

After 200 cycles, the rGPC reaches a constant value of about ~0.03 
nm. This constant rGPC occurs when the perimeter on both sides of the 
nuclei is that of the SWCNT circumference without having coalesced 
with neighboring nuclei, as illustrated in Fig. 5a. At lower temperatures, 
this happens at 100 cycles when the rGPC is about ~0.11 ± 0.01 nm. 

As ALD entails a sequential growth upon the presence of surface 
functional groups then, as soon as there are hydroxyl groups at the 
surface provided by the growing number of hydrolyzed TTIP adsorbates, 
the film grows vertically while it grows radially along the SWCNTs (3D 
growth). This GPC proceeds as it would with TTIP reacting with Ti-OH 
adsorbates (0.055 nm/cycle). Therefore, a nucleus exhibits a conical 
growth shape, having the thickest region at the initial nucleation site 
where the nucleation started. 

In Fig. 5a, we schematically illustrate the radial growth on an 
unrolled SWCNT by sequentially adding TTIP molecules around a 
nucleation center, and how the nucleus simultaneously grows in 3D 
from the nucleation center towards both ends of the nanotube axis. The 
numbers represent the order in which a nucleus can grow depending on 
the possible available sites that start from the center, but are not related 
to the number of cycles. In the case when it is possible to find a region on 
the SWCNTs that the nucleation centers are further apart so that there is 
no coalescence between neighboring nuclei during growth, one can 
observe clearly this type of morphology. 

In Fig. 5b, we show the TEM image of an isolated TiO2 nucleus 
without apparent coalescence with other nuclei, which shows this type 
of morphology. The SWCNT with ~3.3 nm in diameter is coated with 
180 cycles of TiO2 at 60 ◦C. The TiO2 nucleus extends up to ~44 ± 1.7 
nm in length along the SWCNT. 

The SWCNT seems to be in a parallel position with respect to the 
point of view of the image (i.e., the shape of the nucleus is symmetrical). 
Since there is no coalescence with other nuclei, we are considering then 
that at ~100 cycles the nucleus already coalesced with itself at the 
circumference, reaching an rn of 13.3 ± 1.8 nm (see Fig. 3d). 

At this point, the perimeter of the growing nucleus is constant (as 
depicted with the red triangle in Fig. 5a), and at this point we can 
consider the steady rGPC of ~0.1 ± 0.01 nm obtained at 100 cycles (see 
Fig. 4a). At this rGPC for the remaining 80 cycles adds to a total rn of 
21.5 ± 2.6 nm at the end of the 180 cycles, which is very close to the 
radius we have measured in the TEM image. Likewise, the SEM image in 
Fig. 5c shows a SWCNT coated with TiO2 at 60 ◦C for 600 cycles. A 
portion of the SWCNT present a continuous coating when the neigh-
boring nucleation centers are closer with each other and coalesced 
during growth, but still a groove from this merging can be observed at 
the middle of the image. However, in the case that nucleation centers are 
far apart, large areas of the SWCNTs can remain uncoated even after 600 
cycles. Some nucleation centers seem to be even ~100–200 nm apart. 
The two individual nuclei at both ends of the SWCNT extend up to ~144 
± 4 nm in length along the SWCNT (~72 nm in radius). Applying the 
same criteria, in which the nuclei reach an rn of 13.3 ± 1.8 nm at 100 
cycles coalescing with themselves but without coalescing with neigh-
boring nuclei, then the remaining ~58 nm for the rest 500 cycles 

Fig. 5. (a) Schematic diagram of the growth behavior of TiO2 on SWCNTs 
visualized as an unrolled graphene sheet starting from a nucleation center 
(green point) and growing radially. The circumference of the CNT is from top to 
bottom. As the nucleus grows radially, the circumference of the SWCNTs is 
coated first and then proceeds to grow axially along the nanotube while 
simultaneously growing in 3D. (b) TEM image of a SWCNT coated with 180 
cycles of TiO2 at 60 ◦C. (c) SEM image of a SWCNT coated with 600 cycles of 
TiO2 at 60 ◦C. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.) 
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correspond to an rGPC of 0.11 ± 0.01 nm, which agrees well with those 
calculated previously. There is a smaller nucleus of ~85 ± 4 nm in 
length, but we suspect that a nucleation center may have been created 
during the 600 cycles of deposition and therefore presents a shorter 
length along the SWCNT. 

3.4. Nucleation and growth mechanism 

The deposition temperature contributes in two ways: first, the tem-
perature inevitably modifies the surface chemistry; for higher temper-
atures (i.e., >120 ◦C) some of the defects or functional groups at the 
surface are removed (“self-cleaning”), resulting in a slight increase in the 
average distance between nucleation centers. The decrease in the ID/IG 
ratio when this distance is >20 nm is so small (within 0.005) that it is 
often overlooked. However, a small decrease of the ID/IG ratio could 
mean a drastic increase in the average distance between nucleation 
centers. The TTIP molecules (surface) diffuse until adsorbing to a 
nucleation center (defect) and eventually chemisorbing. As it appears, 
during the first 10–20 cycles, not all of these sites may be consumed, and 
at higher temperatures, some of these sites are even removed. The initial 
TTIP molecules that chemisorbed to these sites, after hydrolysis, serve as 
the starting point for subsequent TTIP molecules to attach with and thus 
become the center of the nuclei. As the number of cycles increases, the 
TTIP molecules chemisorb with the Ti-OHx adsorbates at the perimeter 
of the growing TiO2 nuclei, while physisorbing to the carbon surface. 
This consequently provides a growing number of hydrolyzed adsorbate 
sites at the perimeter for the incoming TTIP. The rate, at which the 
nuclei grow radially, the rGPC, reached a maximum of ~0.19 ± 0.02 nm 
at low temperatures, which is about half of the Ti-O molecular size. This 
maximum rGPC was reached at about 40–60 cycles (see Fig. 4a–b), 
which coincides with the maximum possible perimeter size of the nuclei, 
just before coalescence with themselves at the opposite side of the 
SWCNT circumference, after which the nuclei perimeter decreases and 
consequently the rGPC. 

Secondly, the temperature influences the adsorption of the gas 
molecules to the carbon surface. At higher temperatures the adsorption 
to the carbon surface is weaker and vertical growth is preferred rather 
than laterally (radially) and thus a lower rGPC, which explains the more 
spherical shape of the TiO2 nuclei deposited at 220 ◦C. 

The radial (2D) growth of TiO2 is bound by van der Waals forces and 
therefore, the carbon surface retains the majority of its sp2 nature. The 
relatively small increase of the ID/IG ratios and corresponding distance 
between sp3 sites after coating show only ~1% of functionalized carbons 
(from an initial ~0.5%). The surface coverage of the carbon surface then 
depends on: i) the initial separation between the nucleation centers and 
ii) the rGPC of the metal oxide (i.e., dependent on temperature). When 
the distance between nucleation centers are far apart, the nuclei will 
coalesce at larger number of cycles. When the distance between nucle-
ation centers is shorter than those presented here for pristine SWCNTs, 
the nuclei can coalesce at a shorter number of cycles and thus films 
appear to be more homogenous and continuous as demonstrated to be in 
non-functionalized MWCNTs [14,16]. For a rGPC close to the conven-
tional 3D GPC then, nanopillars can be fabricated [75]. 

The precise knowledge of the radial growth rate of different mate-
rials on sp2 carbon surfaces allows controlling the coating for decoration 
or full surface coverage for a specific application. The in-situ Raman-ALD 
system was essential to study this process and may therefore be useful to 
study different precursor chemistries and substrate materials. This may 
be particular interesting for any quasi-inert surface such as with self- 
assembled monolayers for selective ALD. 

4. Conclusions 

In this work, we have investigated how atomic layer deposited thin 
films (TiO2) nucleate and radially grow on inert surfaces (SWCNTs). The 
in-situ Raman spectroscopy during the ALD of TiO2 on SWNCTs at 

different temperatures was essential to characterize the same region of 
hundreds of carbon nanotubes at every stage of the deposition without 
breaking vacuum. The frequency shifts of the D- band suggest a gradual 
increase of induced compressive stress up to ~1 GPa during the growth 
of the TiO2 nuclei, which starts to plateau after the nuclei have sur-
rounded the SWCNT circumference. The frequency shifts of the G- bands 
corresponded to hole doping of the SWCNT. Both bands gradually 
increased with the number of ALD cycles and reached a plateau once the 
TiO2 film closed at the surface, meaning that these effects are purely at 
the TiO2-SWCNT interface, and do not continue after depositing more 
TiO2 material. The ID/IG ratio presented a progressive increase with the 
number of ALD cycles, also reaching a plateau once TiO2 film closure 
occurred. We then adapted the model developed by Lucchese and Can-
çado to translate the ID/IG ratio to the distance between sp3 sites and 
subsequently to the size of the TiO2 nuclei and the radial growth-per- 
cycle (rGPC). We determined a maximum rGPC for TiO2 of ~0.19 ±
0.02 nm at 60–120 ◦C and 0.15 ± 0.02 nm at 220 ◦C. A TiO2 nucleus 
grows radially (while growing in volume) from a nucleation center, first 
covering the circumference of the SWCNT as it continues growing in the 
axial direction until meeting neighboring nuclei to coalesce. The radial 
growth of TiO2 is mainly bound by the physisorption of TTIP molecules 
to the carbon surface once they are attached to the perimeter of the 
growing TiO2 nuclei; and the eventual chemisorption of a TTIP molecule 
to a carbon atom occurs every ~12 nm (translating to a surface density 
of ~7000 μm− 2). Only 1% of the carbon atoms are chemically bonded to 
the TiO2 film, keeping the majority of the carbon surface as sp2. The 
reason why at higher temperatures (i.e. 220 ◦C) larger areas of uncoated 
nanotube surfaces are observed is because initially at these high tem-
peratures one inevitably reduces the number of nucleation centers by 
“self-cleaning” and therefore increases the distance between them. This 
is also combined with a weaker adsorption of TTIP to the carbon surface 
leading to a lower rGPC. Quantifying the rGPC and thus the nuclei size of 
ALD coatings at any number of cycles allows determining the exact point 
of film closure in order to tailor the partial or complete surface coverage 
of quasi-inert substrate materials for a particular application. 
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Appendix A. Supplementary material 

The frequency shifts of the RBM, D- and G Bands, the FWHM, the 
comparison between the ID/IG and AD/AG ratio, SEM images of 100 and 
200 cycles of TiO2 deposited at 60, 120 and 220 ◦C. XPS measurements 
and comparison between ID/IG and sp2/sp3. The discussions and plots 
regarding the adaptation of the model from Lucchese and Cançado. 
Histograms of the diameter of the SWCNTs and TiO2 nuclei sizes for 100 
cycles at 60 and 220 ◦C. All this information is supplied as supporting 
information. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.apsusc.2021.149662. 
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