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High Quality Carbon Nanotubes on Conductive Substrates

Grown at Low Temperatures

Muhammad Ahmad, Jose V. Anguita, Vlad Stolojan, Tony Corless, Jeng-Shiung Chen,

J. David Carey, and S. Ravi P. Silva*

For carbon nanotubes (CNTs) to be exploited in electronic applications, the
growth of high quality material on conductive substrates at low temperatures
(<450 °C) is required. CNT quality is known to be strongly degraded when
growth is conducted on metallic surfaces, particularly at low temperatures
using conventional chemical vapor deposition (CVD). Here, the production
of high quality vertically-aligned CNTs at low substrate temperatures
(350-440 °C) on conductive TiN thin film using photo-thermal CVD is
demonstrated by confining the energy required for growth to just the cata-
lyst using an array of optical lamps and by optimizing the thickness of the
TiN under-layer. The thickness of the TiN plays a crucial role in determining
various properties including diameter, material quality, number of shells, and
metallicity. The highest structural quality with a visible Raman D- to G-band
intensity ratio as low as 0.13 is achieved for 100 nm TiN thickness grown at
420 °C; a record low value for low temperature CVD grown CNTs. Electrical
measurements of high density CNT arrays show the resistivity to be

1.25 X 102 Q cm representing some of the lowest values reported. Finally,
broader aspects of using this approach as a scalable technology for carbon

Amongst others, the Raman Ip/Ig ratio
analysis method is the most common
for judging both electronic and struc-
tural quality of CNTs; lower Ip/I; values
indicate better CNT quality.”] CNTs pro-
duced by arc-discharge or laser ablation-
based methods typically show the highest
material quality, though such production
methods are incompatible with micro-
electronics and complementary metal
oxide semiconductor (CMOS) technolo-
gies due to the prohibitively high growth
temperatures (3000-4000 °C) present.!
Furthermore, in-situ patterned growth
of vertically aligned CNTs, which is a
requirement in many electrical and elec-
tronic applications, is not possible using
either of these methods. Considerable
progress has been made to improve the
yield and quality of CVD grown CNTs on
insulating surfaces, such as SiO, or alu-

nanomaterial production are also discussed.

1. Introduction

High structural quality and low temperature chemical vapor
deposition (CVD) of carbon nanotubes (CNTs) on conducting
surfaces is essential in order to utilize their attractive electronic
properties for a number of applications such as CNT-based
electronic devices, sensors, field emission, through-Si-vias,
and CMOS interconnects.'" The quality of CNTs produced
can be judged by various methods such as TEM imaging, elec-
trical characterization, visible Raman Ip/I; ratio analysis, etc.
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mina,®1% however similar progress has

been lacking in the growth of CNTs on

metallic surfaces. The general approach
to achieve high quality CNTs, regardless of the substrate
type, is to use elevated growth temperatures in the range of
600-1100 °C,”"-13] which cannot be applied where tempera-
ture sensitive substrates are used or tight thermal budgets are
present. Shamsudin et al.'¥ produced CNTs in their two stage
CVD system using camphor oil (carbon feedstock) and fer-
rocene (catalyst) in the temperature range of 700-900 °C and
found the corresponding Raman Ip/I; ratio decreased from
0.72 to 0.52. Meshot et al.' in their decoupled CVD method
used a substrate temperature from 675-875 °C for the growth
of CNTs on Si/SiO, samples coated with Al,0;/Fe and found
the Ip/I; ratio decreased from 1.3 to 0.5. Kim et al.l¥l per-
formed CVD growth of CNTs on silicon dioxide substrate using
acetylene (carbon feedstock) and ferrocene (catalyst), in the
temperature range of 600-800 °C and reported a corresponding
decrease in Ip/I; ratio from 0.87 to 0.44. Lee et al.l™ con-
ducted CNT growth in the temperature range of 800-1100 °C
using C,H, (carbon feedstock) and Fe particles (catalyst) coated
on Si substrate and found Ip/I; ratio decreased from 0.82 to
0.45. Although, CNT growth at low temperatures (400-500 °C)
on metallic surfaces has been demonstrated by a number of
groups,l'®21 the quality of CNTs is largely degraded when the
growth is conducted at low temperatures.l’! As a consequence
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the realization of high quality CNT growth at low tempera-
tures on conductive substrates has proven to be challenging.
Here, we demonstrate high quality (Ip/Ig: 0.97-0.13) nanotube
growth at low substrate temperatures, 350-420 °C, on conduc-
tive TiN layer using photothermal chemical vapor deposition
(PTCVD).

PTCVD is a potentially large scale production method that
relies on high power optical sources to deliver energy onto the
growth surface while the bulk of the substrate is held at much
lower temperatures.?22 We show that high quality growth
of CNTs is achieved through engineering the thickness of the
underlying TiN layer such that the energy necessary for growth
is concentrated into the metallic catalyst with little being trans-
mitted to the underlying substrate. The tuning of the TiN thick-
ness results in a controllable catalyst diameter accompanied by
a narrow spread in diameter distribution; correct engineering
of the TiN thickness to concentrate optical energy is there-
fore crucial for the production of high quality CNTs with con-
trolled diameter. This method of concentrating optical energy
at the catalyst or growth front by optimizing the thickness of
an under layer has not been previously reported and provides a
route to achieve scalable production of high quality nanomate-
rials with tunable properties at low temperature. Electrical char-
acterization of CNT-based vias fabricated in a chain structure
is also performed, where the vias are connected by alternating
top and bottom metal lines. The resistance values measured for
two sizes of vias, 10 x 10 and 5 x 5 pm?, are 25 and 100 Q,
respectively, representing some of the lowest resistance for
CNT-based vias when compared with recent studies.?%2>-28]

2. Results and Discussion

2.1. CNT Growth on Metallic TiN-Si Substrates

CNT growth is carried out on n-Si substrate coated with TiN,
Al (10 nm) and Fe (3 nm), respectively (Figure 1a), using a
PTCVD system Figure 1b. The thickness of
the TiN film is varied from 50 to 200 nm
on various samples. Electron microscopy
images (45° tilted) of CNTs grown in a bulk
substrate temperature range of 350-440 °C
(corresponding catalyst surface tempera-
ture is 550-715 °C) for various thick-
nesses of TiN layers are shown in Figure 2.
The images of the CNTs grown at 375 and
420 °C are given in the Figure S1 of the Sup-
porting Information. It can be observed that
the growth of CNTs is not only sensitive to
the temperature but also to the thickness of
the TiN under layer. For example, vertically
aligned CNT growth is achieved for 50 and
100 nm TiN films at 350 °C, whereas short
and tangled CNT growth is achieved for
150 and 200 nm TiN films. Furthermore,
the nanotube density grown at 400°C is esti-
mated to be 2 x 10! and 8 x 10 cm™2 for
50 nm TiN and 100 nm TiN films, respec-

tively, using the weight gain method thermocouple.

Al: 10 nm
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described by Esconjauregui et al.l?’l (detail given in the Sup-
porting Information). The CNT growth profile for the two
parameters, temperature and the thickness of the TiN layer, is
summarized in Table 1.

Visible Raman spectra, using 514 nm laser excitation wave-
length, of the as-grown CNTs are presented in Figure 3. Well-
defined first and second order Raman features are observed
with a D peak centered at 1340 cm™, a G peak around
1580 cm™! and a 2D peak around 2680 cm!. The normally
Raman inactive D peak becomes active in presence of defects
with its intensity increasing with defect concentration or in the
presence of amorphous carbon.’% The strongest feature in the
Raman spectra is the G peak associated with the Raman-active
E, vibration of sp? bonded carbon atoms and its presence is a
signature of graphitization in the material. The intensity of the
G peak increases as the degree of graphitization in the mate-
rial increases, therefore, the intensity ratio of the D peak to
the G peak (Ip/Ig) is often used as a quantitative measure of
material quality of a graphite-like materials.’!) The 2D peak is
the overtone of the D peak but its intensity does not increase
with defects, since in this second order Raman process both
scattering events are phonon assisted.?” The intensity of the
2D peak is reported to increase as the quality of the material
increases.3032:33]

We find the I/l ratio of as-grown CNTs varies from 0.97 to
0.13 over the entire growth temperature range of 350-440 °C.
Lower Ip/I¢ values and higher intensity 2D peaks are indicative
of higher quality of CNTs. Behler et al.}4 performed vacuum
heat treatment (up to 2000 °C) to grow CVD MWCNTs and
found higher intensity of the 2D peak in the Raman spectra of
heat-treated CN'Ts and a decrease in the Ip/I; ratios as the mate-
rial became more graphitic, which is also supported by their
TEM analysis. For comparison, the general trend of I/l ratios
(for 514 nm laser wavelength) reported in the literaturel”-'1-13l is
found to decrease from 0.9 to 0.4 as the CNT growth tempera-
ture is increased from 600 to 1100 °C. The Ip/Ig ratio is much
higher (>2) for CNTs grown in the low temperature range
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Figure 1. a) Schematic of the layer structure. The thickness of the TiN is varied from 50 to
200 nm while the Al (10 nm) and Fe (3 nm) layer thickness is kept constant for all samples.
b) Schematic of photothermal CVD (PTCVD). Optical energy is delivered from the top while the
sample is placed on a water-cooled chuck. The bulk temperature of the substrate is measured
by a pyrometer at the bottom side whereas the catalyst surface temperature is measured by a
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Figure 2. Scanning electron microscopy images (45° tilted) of the CNTs grown at substrate
temperatures 350, 400, and 440 °C for different thicknesses of TiN from 50 to 200 nm as indi-
cated in each row. The scale bar for all the images in each column is the same.

(400-550 °C).”3! Thus, the overall low Ip/I; ratios and the
presence of well-developed 2D peaks in the Raman spectra of
Figure 3 are indicative of high quality nanotubes grown in the
low temperature range.

The key observation in Figure 3 is the change in the Ip/I¢
values at a constant temperature when the TiN thickness is

www.afm-journal.de

changed. For example, the CNTs grown
at 400 °C the Ip/I; values are 0.65, 0.25,
0.24, and 0.63 for 50, 100, 150, and
200 nm TiN, respectively. This result shows
that the quality of the CNTs has been largely
decoupled from the temperature of the sub-
strate and now depends strongly on the TiN
thickness. This de-coupling between growth
and substrate parameters is an important
result of the approach presented here. Pre-
viously, improving the CNT quality neces-
sitated a rise in the growth temperature,
thereby posing a hindrance for growth on
temperature-sensitive substrates. The Raman
spectrum of the CNTs grown at 420 °C for
the 100 nm TiN (Figure 3) shows a small
D peak, Ip/I¢ ratio of 0.13 (Ig/Ip = 8), which
is a record low value when compared with
other low temperature grown CNTs on con-
ductive substrates using conventional CVD
methods”**l and comparable in quality to the
arc-discharge produced CNTs.3¢

In Figure 4a—c, the Ip/I; ratio, FWHM
(full width at half-maximum) of the G peak
and growth rate of the as-grown CNTs are
plotted as a function of the TiN thickness over
the entire temperature range (350-440 °C).
The dependence of Ip/I; values on both
temperature and thickness of the TiN layer
can be observed in Figure 4a. While the
decrease in the Ip/Ig values with increasing
growth temperature is in-line with previous
studies,'!13 the dependence on the thick-
ness of conductive TiN under layer has not
been revealed previously and therefore acts
as an independent growth control parameter.
The dependence of the Ip/I¢ on TiN thick-
ness is found to be more sensitive at higher
temperatures (400-440 °C) than at lower
temperatures (350-375 °C). In Figure 4b, the
values of the FWHM of the G peak range from 90 to 29 cm™
and the trend of the FWHM as a function of the TiN thick-
ness for 350-440 °C is observed to be similar to that of Ip/I¢
shown in Figure 4a. The lower values of Ip/I; and sharper
G peak is related to the higher structural quality of CNTs.1’]
Thus, a Raman G peak FWHM of 29 cm™ and a corresponding

Table 1. Growth profile of as-grown CNTs at various temperatures on the samples containing the thickness of TiN from 50 to 200 nm. VCNT =

vertically aligned carbon nanotubes.

TiN thickness

Growth temperature

(] 350 °C 375°C 400°C 420°C 440°C
50 VCNTs VCNTs VCNTs VCNTs VCNTs
100 VCNTs VCNTs VCNTs Short VCNTs Short tangled
150 Short tangled VCNTs VCNTs Short VCNTs Tangled
200 Short tangled Short VCNTs VCNTs Tangled VCNTs
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Figure 3. Visible Raman spectra of the CNTs grown as a function of temperature and thickness of the TiN layer. The spectra show well-defined Raman

features; a G peak around 1582 cm

-1

growth temperature, as well as on the thickness of the TiN layer.

Ip/Ig ratio of 0.13 represents high quality CNTs grown at
420 °C on 100 nm TiN thickness.

In Figure 4c, the growth rate of CNTs at different tempera-
tures is plotted as a function of the thickness of TiN layer. Over
the entire temperature range, the growth rate ranges from
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, a D peak around 1338 cm™, and a 2D peak around 2660 cm™'. The Ip/I ratios show strong dependence on the

0.9-5, 0.7-5.6, 0.4-1.4, and 0.3-2 pm min~! for 50, 100, 150,
and 200 nm thicknesses of the TiN layer, respectively. The
overall trend of the growth rate is first to increase and then
decrease with increasing temperature, which is attributed to the
poisoning of the catalyst at higher temperatures.*® The highest
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Figure 4. a—c) Variation of the Raman Ip /I ratio, FWHM of the Raman G peaks and nanotube growth rate verses thickness of the TiN layer for various
temperatures. d) Representative transmission electron microscopy image of the CNTs grown at 400 °C for 100 nm TiN.
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achieved growth rate is 5.6 pm min~! for CNTs grown at 400 °C
on the sample containing a 100 nm thick TiN underlayer,
which is a significantly higher value than reported in literature,
typically 0.05-1.3 pm min~! for CNTs grown on metallic layers
at low temperatures.?*?>3] Figure 4d shows a representa-
tive TEM image of CNTs grown at 400 °C on a 100 nm thick
TiN layer and reveals that the nanotubes are clean, maintain
a long range structural order and free of amorphous carbon.
Statistical analysis of over 100 nanotubes reveals that there are
MWCNTs with 9 + 3 nm diameter and 4 * 2 shells for 50 nm
TiN thickness, whereas the CNTs for 100 nm TiN are mainly
double-walled (2 £ 1 shells) with a diameter of 5 £ 1 nm, but
a considerable fraction of single-walled and triple-walled CNTs
are also observed. Similar analysis can also be performed using
UHV STM studies.0!

The production yield of semiconducting and metallic
SWCNTs can be estimated by analyzing the RBM (radial
breathing mode) region of the Raman spectra.?**l With a
laser energy of 2.41 eV (514 nm wavelength), 150 to 210 cm™!
spectral range corresponds to semiconducting SWCNTs
whereas 210 to 280 cm™! corresponds to metallic SWCNTs.[*!
The CNTs grown from the 100 and 150 nm TiN at 400, 420,
and 440 °C contain a considerable fraction of SWCNT5, a rep-
resentative TEM image showing SWCNTs is given in Figure S2
of the Supporting Information, which allows us to analyze
their Raman spectra in order to estimate the respective type
of as-grown SWCNTs. Figure 5a—c show the RBM spectra of
the CNTs grown from 100 nm TiN; the spectra are normal-
ized with respect to the G-band intensity and analyzed by the

Metallic
420°C
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160 200 240 280
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_Bo.018] m
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Lorentz function. It can be observed that at 420 °C (Figure 5b)
and 400 °C (Figure 5c), there is a preferential growth of metallic
SWCNTs and as the temperature increases to 440 °C, the sample
is dominated by the semiconducting SWCNTs (Figure 5c).
In order to compare the preferential growth quantitatively,?4l
the ratio of the total intensity of the Raman spectra from the
RBMs to the G-band intensity, Izpy/Ig, of the samples grown
from 100 and 150 nm TiN from 400 to 440 °C is shown
in Figure 5d. It can be observed that the production yield of
SWCNT is enhanced with increasing the growth temperature
and the CNTs grown from 100 nm TiN possess higher yield of
SWCNTs as compared with the CNTs grown from 150 nm TiN.
Furthermore, the sample grown from the 100 nm TiN at 420 °C
exhibits the highest preferential growth of metallic SWCNTs.
The key result from Figures 4 and 5 is the highest quality
and preferential growth of metallic CNTs, as judged by Raman
spectra analysis, is found at 100 nm TiN layer thickness. In
order to understand this result, Figure 6a—d shows atomic force
microscope images of the Fe catalyst islands formed on sam-
ples of 50, 100, 150, and 200 nm TiN annealed at 400 °C for
10 min in H, environmentat 2 Torr pressure. A Gaussian fitto the
measured particle diameter distribution is shown in Figure 6e,
where the mean diameter of the catalyst particles is found to
be 10+ 6,5%3,7+£5,and 7 £ 4 nm for 50, 100, 150, and
200 nm TiN thick layers, respectively. The mean particle
diameter of 10 £ 6 nm and 5 £ 3 nm for 50 nm and 100 nm
TiN layers resulted in the CNTs of the mean diameter of
9+ 3 and 5 £ 1 nm, respectively, as found via TEM analysis. In
Figure 6f-h, the mean catalyst diameter, standard deviation and
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Figure 5. a—c) Raman radial breathing (RBM) mode spectra of the CNTs grown from 100 nm TiN. d) The variation of the intensity ratio of the summed
RBM intensity to the G-band intensity to the growth temperature. Here Isgu/lc and Ikkw/lc represent the RBM intensity ratio of semiconducting and

metallic tubes to the G band intensity, respectively.
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Figure 6. a—d) Atomic force microscope images of the samples annealed for 10 minutes at 2 Torr H, pressure at 400 °C, containing 50, 100, 150,
and 200 nm TiN layers, respectively. The scale bar given in (a) is also valid for (b—d). e) The Gaussian fitted diameter distribution of the Fe catalyst
nanoparticles for the respective thickness of the TiN layer. f~h) Mean diameter, standard deviation, and FWHM of Gaussian curves are plotted as a
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function of the TiN thickness for 350, 400, and 440 °C temperatures, respectively.

FWHM determined by Gaussian fit are plotted as a function of
the thickness of TiN layer for 350, 400, and 440 °C annealing
temperatures, which also show a dependence on the thickness
of the TiN layer. In each case the minimum value measured is
found to occur at a thickness of 100 nm TiN.

From Figures 4-6, the thickness of the TiN layer plays a
crucial role in determining both catalyst morphology and sub-
sequent nanotube properties. Key to PTCVD is the ability to
engineer the substrate parameters to reflect the optical energy
to the topmost layer, that is, the catalyst. We calculate the
wavelengths for thin film constructive interference, and hence
maximum energy reflected to the catalyst is at 240, 480, 720,
and 960 nm for 50, 100, 150, and 200 nm layer thicknesses of
TiN, respectively. The reflectance of the structure of Figure 1la
has been calculated*? and is shown in Figure 7. Wavelengths
below 300 nm are blocked by the quartz plate in front of the
lamps and hence are not present in the chamber during the
growth. Analysis of Figure 7 shows that the energy reflected
back to the catalyst by the TiN-Si interface can be controlled
effectively by adjusting the thickness of the TiN layer. This ena-
bles us to engineer the condition for maximum coupling of
energy at the CNT growth front which results in the growth of
extremely high quality CNTs, despite growth at a low substrate

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

temperature (420 °C). For example, for the samples with 50 nm
TiN layer (solid line in Figure 7a), little energy is reflected to the
catalyst, whereas for 100 nm TiN layer (dashed line), a single
broad peak of reflected light centered around 480 nm supplies
continuously high energy at the growth front of CNTs, hence
the lowest Ip/I (highest material quality) values are achieved at
all temperatures compared with all of the other selected thick-
nesses of TiN. For the samples containing 150 and 200 nm TiN,
an alternating pattern of constructive and destructive peaks
is observed (Figure 7b), resulting in lower coupling of energy
reflected back to the catalyst layers and lower growth rates. The
method of concentrating optical energy at the growth front by
tuning the thickness of underlying layer for the growth of high
quality material at low temperatures may not be limited to the
CNT growth; it can be readily extended for PTCVD growth of
other materials, such as graphene.

2.2. Electrical Characterization of CNT Based Vias
High density forests of high quality CNTs grown at low tem-

peratures can be employed for a wide range of CNT-based elec-
tronic devices, field emission display, through-Si-vias (TSV)

Adv. Funct. Mater. 2015, 25, 4419-4429
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Figure 7. Simulated reflectance of the Si/TiN structure as a function of wavelength for a) 50 nm and 100 nm TiN thicknesses and b) for 150 and

200 nm TiN thicknesses, respectively.

and interconnect applications. For all these applications, high
electrical conductivity of CNT bundles is needed. In order to
measure the conductivity of the CNTs, vias are fabricated using
the process flow outlined in Figure 8. The CNT-based vias are
fabricated in a chain structure where each via is connected by
the alternating top (M2) and bottom metal (M1: Ti/Cu/TiN)
lines. Two different sizes of vias, 10 X 10 and 5 x 5 um?, are
fabricated to distinguish the resistance of vias from the metal
lines. The center-to-center distance of neighboring vias is set to
50 pm and the dimensions of the metal lines for both M1 and
M2 are set to 65 pm (length) and 15 pm (width). The number
of vias in a chain structure is varied from 2 to 100 for both
10 x 10 and 5 X 5 pm? sizes.

Scanning electron microscopy images of the CNT-based vias
are shown in Figure 9. A uniform vertically aligned CNT growth

Fe Catalyst
1) — (2 Y
Ti/Cu/TIN/A X/
¥ Sio,
SiO,: 150 nm Si0,: 150 nm

Si Si

AL300Nm  (4) o (3) CNT ‘L
Sio Sio
SiO,: 150 nm SiO,: 150 nm
Si Si

Figure 8. Process flow for the fabrication of CNT-based vias. A layer stack
of Ti/Cu/TiN (50/200/50 nm) is sputter deposited on a 150 nm SiO,
coated Si substrate and patterned lithographically using lift-off process
(step 1). After this a 300 nm SiO, film is grown and patterned to define
via holes (step 2). A layer stack of Al/Fe (10/3 nm) is sputter deposited
as catalyst for CNT growth. CNT growth is conducted in a PTCVD system
and a 300 nm Al film (M2) is sputter deposited and patterned to form
top contact.
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occurred in all holes, producing a 100% yield. The length of the
as-grown CNTs is 20 £ 3 pm and from electron microscopy
analysis the estimated nanotube density is 10' cm2. Figure 9a
is a tilted (45°) scanning electron microscope (SEM) image of
100 CNT-based vias of 10 x 10 um? area and Figure 9b,c are cor-
responding magnified images. Figure 9d,e are the images for
5 X 5 pm? CNT-based vias. Figure 9f is a representative TEM
image showing clean (i.e., no catalyst particles present or amor-
phous carbon layer), hollow and well graphitized multiwall CNT
(MWCNT) maintaining a long-range crystalline order. Analysis
of over 150 nanotubes shows that their average diameter is
14 £ 4 nm and average number of shells is 9 + 4. The Raman
Ip/Ig ratio is 0.5 for these nanotubes, comparable to the CNTs
grown above 800 °C using conventional CVD techniques.['?! It
is worth noting that the profile of CNTs grown on Ti/Cu/TiN
layer structure (in vias) is different than the CNTs grown on 50
nm TiN under layer (Figure 2) at the same temperature (400
°C), indicating the effect of additional under layers (Ti/Cu) on
the growth of CNTs. For example, the value of Ip/I;, average
diameter and average number of shells per CNT for growth on a
50 nm TiN underlayer is 0.62, 9 nm and 4 respectively, whereas
these values are 0.5, 14 nm and 9 for the CNTs grown over Ti/
Cu/TiN layer structure.

Figure 9g shows the lower magnified SEM image of a com-
pleted via chain structure after patterning with 300 nm Al (M2)
as a top metal contact. No filler material is deposited to hold
the CNTs in vias and no chemical mechanical polishing (CMP)
has been applied. Al is directly deposited onto as-grown CNTs,
and then patterned and etched. In this way, CNT contact with
solvents, which is inevitable if a lift-off process is used which
often leads to deformation of their alignment through densifi-
cation,?! can be avoided. Figure 9h shows a 300 nm Al coated
CNT via where the formation of uniform top metal-CNT con-
tact can be observed. It is important to note that the electrical
conduction in the vias is expected through the whole length of
CNTs, from top to the root, since: (1) most of the CNT5s are in
contact with the metal (Al) at the top and (2) conduction in a
CNT bundle is anisotropic.*l Indeed, the outermost CNTs in
the ring of the square vias are in contact with the metal from
the sides and may conduct from there. However, Vo et al.*4
showed that the contribution of these CNTs in the total conduc-
tion would be negligible because of the small number of tubes
present at the outermost ring.
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Figure 9. a) Scanning electron microscopy image of PTCVD grown CNTs in 100 vias of 10 X 10 pm? size on bottom metal strips (M1). b—e) Magnified
images for the CNTs grown in vias of 10 X 10 and 5 x 5 pm? sizes on M1. f) High resolution transmission electron microscope image shows straight
and well graphitized walls of in multiwall CNTs. g) Structures containing 100 and 50 vias after the deposition of 300 nm Al as a top metal contact (M2).
h) Magnified image of CNT-based via after deposition of 300 nm Al as top metal (M2).

There are different views on whether to use MWCNTs or
single-wall CN'Ts (SWCNT5) for enhanced electrical conductivity
and applications.*>*’] The performance analysis of Li et al.*!
of SWCNTs being better than MWCNTs is mainly because of
their calculations of lower density of conducting CNT shells
when MWCNTS are used. This happens because of the assump-
tions that all SWCNTs are metallic and the inner diameter of
a MWCNT is half of its outer diameter, which in our view is
an underestimate for a MWCNT. About a third of SWCNTs in
a bundle are expected to be metallic, however for MWCNTs
even semiconducting shells are expected to become effectively
metallic because of their larger diameter, as is mentioned in
the same study.*’] Majumder et al.*®l presented their analysis
showing better performance of MWCNTs over SWCNTs in
terms of cross-talk based induced time delay in the metal lines.
A single MWCNT can be used in a via hole of up to 60 nm
diameter instead of using a bundle of SWCNTs which may pro-
vide ease and reliability in the process.*8) Growth of MWCNTs
is relatively easy and cost effective as compared with that of
SWCNTs. Electrical conduction through the contribution of sub-
bands in MWCNTs has been observed” and a conductance of

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

460G, has been reported for a MWCNT having 74 shells, which
exceeds the maximum expected value of 148G.[*)l A negative
thermal coefficient of resistance for MWCNT-based vias has
also been reported which is particularly suitable for intercon-
nect applications where the operating temperature is generally
above 90 °C.120]

In Figure 10a, current-voltage characteristics of the struc-
tures containing 100 vias of both 10 X 10 and 5 X 5 um? sizes,
before and after thermal annealing, are presented. A significant
improvement in the conductivity is achieved after annealing the
sample, which is the result of improved metal-CNT contacts.
Figure 10b shows that the resistance of the structures increases
linearly as the number of vias increase. The measured resist-
ance of the chain structure is the sum of the total resistance of
the CNT-based vias and that of the metal lines. The mean (and
standard error) resistance of a single via and a single metal line,
before annealing, for the structures containing 10 x 10 and
5% 5 pm? vias is

Rriy=R,10+R, =7851£51 Q (1)
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Figure 10. a) Current-voltage characteristics of 100 CNT-based vias
for both structures containing 10 x 10 and 5 x 5 pm? vias, before and
after annealing. The linear current-voltage relationship indicates a good
Ohmic contact. b) Electrical resistance as a function of number of vias.

and

Rps=R,s+R, = 2448 £267Q 2)

where Rpjy and Rps are the total resistances of the structures
containing 10 x 10 pm? vias and 5 x 5 pm? vias, respectively,
R,p and Ry5 are the resistances of a single 10 x 10 and a
5 x 5 pm? CNT-based vias, respectively and R,, is the resistance
of a metal line. Since the dimensions, and hence resistance, of
the metal lines are the same for both sizes of vias, subtracting
Equation (1) from Equation (2) gives

Rrs— Rrig = Rys — Ryyo = 1663+ 272Q (3)

As the resistance of a CNT bundle is inversely proportional
to the number of conducting tubes, R is taken as four times
larger than R, since 5 x 5 pm? via would have 1/4 the number
of tubes (2500 tubes) as that of 10 X 10 pm? via (10* tubes),
assuming a CNT density of 10!° per cm?. Using this relation-
ship, Rs and R,y are calculated from Equation (3) as 2217 £ 363
and 554 £ 91 Q, respectively. After annealing, the values for Rys
and Ry, are found to be 351 £ 20 and 276 £ 18 Q; the cor-
responding values for Rs and R, are 100 £ 36 and 25 £ 9 Q,
respectively.

The resistance values after annealing the samples are reduced
significantly, and are attributed to the improved electrical con-
tact between the metal and CNTs. The reduction in resistance
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with annealing has been previously reported?®>%>1l though
not to such low values as that found here. Katagiri et al.>%
noted a decrease in the resistance from 3.8 to 1.5 kQ after
annealing of a 160 nm diameter CNT-based via and Chiodarelli
et al.28 reported a decrease from 26 to 7.9 kQ (from 104 to
40 Q for 576 vias in parallel) of 300 nm diameter CNT-based
via. Our resistance values, corresponding to a resistivity of
1.25 x 1072 Q cm, are lower when compared with the CNT-
based vias reported in the literature.20252644 For example,
upon scaling to the equivalent dimensions the values of the
5x 5 and 10 X 10 pm? vias reported by Dijon et al.2% (resis-
tivity = 7.85 x 107! Q cm) would be 6280 and 1570 Q, by Volle-
bregt et al.?% (resistivity = 2.2 x 1072 Q cm) would be 176 and
44 Q, by van der Veen et al.l®® (resistivity = 3.0 X 1072 Q cm)
would be 240 and 60 Q, and by Jiang et al.?”] (resistivity =
2.1 x 1072 Q cm) for a flip-chip densified CNT bundle would be
170 and 42 Q, respectively; values more than twice that found
in this study. However, the resistivity of CNT-based vias
reported by Yokoyama et al.l°! is better (6.98 x 107* Q cm)
than this work which may be because of CMP applied to the
vias and higher CNT density (1.6 X 10! cm~2 with seven shells
per tube) in their case. CMP is known to disrupt the capped
CNT structure and give good electrical contact to many inner
CNT shells.P) A CNT density higher than 10'2 cm™ has been
reported by various groups?'?652 using different techniques;
some may be applicable for the PTCVD production of densely
packed high quality CNTs for future work. The resistivity of our
CNT vias is higher than that found with conventional metals.
The resistivity of CNT bundles can be improved by optimizing
the metal-CNT contacts, applying CMP and increasing the den-
sity of carbon nanotubes.

For a density of 10" tubes per cm? and assuming only one
conducting shell per tube, the resistance of a single nanotube
is calculated to be 250 kQ and corresponding resistivity to be
12 kQ pm™, which is comparable to the CNTs grown at tem-
peratures above 900 °C.35% Although the average number of
shells is 9 in our CNTs, the assumption of one conducting shell
per tube is in accordance with previous studies!?>>1>4¢ and is
reasonable since no additional treatment (such as CMP) was
given to get access to the inner shells for a direct metal con-
tact. In the case of pure ballistic conduction and perfect metal-
CNT contact, each CNT should pose a quantum resistancel®’]
of 6.45 kQ in the bundle, resulting in the resistance values of
0.645 and 2.58 Q for 10 x 10 nd 5 x 5 pm? vias, respectively,
which are much smaller than our calculated values of 25 and
100 Q. The origin of additional high resistance may be because
of imperfect metal-CNT contacts, diffusive conduction in the
CNTs because of structural defects and oxidation of catalyst, as
the sample was exposed to the atmosphere when transferred
from sputter deposition system to the PTCVD system.[16:50:58]
Assuming diffusive conduction and perfect metal-CNT contact,
the resistance of a single CNT (250 kQ in our case) is given
—zlcﬂ, where h/4e? (6.45 kQ) is the
4e lmfp
quantum resistance, lcyy is the length (20 pm in our case)
and I, is the mean free path of electrons. Using the above
equation the mean free path of electrons for as-grown CNTs
is estimated to be 515 nm which is two orders of magnitude
higher when compared with low temperature (470 °C) grown

from ref.’”) as Renr =
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CNTs by Chiodarelli et al.,['® indicating a high structural quality
of our tubes.

Finally, the value of R,, after annealing is found to be
251 + 41 Q and is worthy of comment. The sheet resistances
of M1 (Ti/Cu/TiN) and M2 (Al) are measured separately, using
dedicated structures, as 0.16 and 0.18 Q sq %, respectively, which
subsequently give the resistance of a metal line as 0.6 £ 0.05 €;
a negligible value as compared with the calculated value of
251 Q. The increased resistance of R,, is likely be due to the
poor metal contact at the joints of the two metal strips due to the
step coverage problem as observed in the SEM image analysis
of Figure S3a, Supporting Information, and poor metal contact
around the edges of the CNT-based vias as observed in SEM
image of Figure S2b,Supporting Information. Increased resist-
ance can also be due to the formation of native oxides during
the CNT growth process.’®>% Hofmann et al. studied the CNT
growth process on a Ta/Fe structure and observed the oxidation
of Ta and reduction of Fe as the temperature exceeds 550 °C,
using in situ X-ray photoemission spectroscopy.’®! Similarly,
Zhang et al. reported the formation of Al,O; after annealing an
Al/Ni bilayer structure in a H, gas environment at 800 °C.5
In view of these reports it is possible that the portions of the Al
which are under the CNT growth sites may have been oxidized
and so further improvements will be possible with better con-
trolled processing steps.

3. Conclusion

The growth of high quality multiwalled carbon nanotubes on con-
ducting metallic layers at substrate temperatures below 440 °C
is demonstrated. The CNT growth profile is observed to vary
with respect to the thickness of TiN under-layer which provides
an opportunity to fine-tune the various parameters of the CNTs
such as diameter, density, number of shells, metallicity and mate-
rial quality. The highest quality (Ip/Ig = 0.13) and high growth
rate (5.6 pm min!) of carbon nanotubes is achieved using a
100 nm TiN layer. The achieved quality of low temperature
(420 °C) grown CNTs on metallic layers is the highest reported
thus far and is comparable with arc-discharge produced tubes.
Key to the material quality is the ability to control the energy cou-
pled to the catalyst particles. The growth of high quality MWCNTs
in via-chain structures is demonstrated under CMOS compatible
conditions. At a density of about 10'° tubes per cm? the electrical
resistance values of 25 and 100 Q for a 10 x 10 and 5 X 5 pm? via,
respectively, are some of the lowest reported to date.

4. Experimental Section

The multilayer structure for the growth of high quality CNTs is shown
in Figure 1 where TiN is first sputter deposited on a n-Si substrate
followed by the deposition of 10 nm Al (as co-catalyst) and 3 nm Fe
(as catalyst) layers, respectively. TiN is used because it acts as a
thermal barrier layer in PTCVDI® and a diffusion barrier layer for Cu in
interconnect technology. These layers are sequentially deposited without
breaking vacuum using JLS-design MPS 500 sputter kit. The thickness
of the TiN layer is set as 50, 100, 150, and 200 nm for various samples.
Nanotube growth is carried out in a PTCVD system at substrate bulk
temperature of 350-440 °C. The method for PTCVD growth of carbon

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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nanomaterials has been reported elsewhere.?2230 Briefly, during
PTCVD, energy is delivered directly to the catalyst from the top by optical
lamps situated in the head of the reaction chamber, while the sample
is placed on a water-cooled platform, as shown in Figure 1b. There are
eight lamps (GE lighting model reference 88449-CP77 FEP 230-240 V)
arranged in a circular geometry and deliver energy in the reaction
chamber through a quartz plate, which acts to isolate the optical head
from the chamber. The bulk temperature of the sample is recorded by
a pyrometer present at the reverse under side of the substrate whereas
the catalyst top surface temperature is recorded by a thermocouple.l?2-24
The sample temperature is mainly controlled by the electrical power
supplied to the optical lamps, process pressure and flow rate of the
gases.[®¥l Under the current CNT growth conditions, the catalyst top
surface temperatures reaches 550-715 °C, while the corresponding
bulk temperature of the sample remains between 350-440 °C, as
the electrical power supplied to the optical lamps is increased from
30%-50% (100% power = 8 kW). Samples are preheated in flowing H,
(100 sccm) for 10 min at 2 Torr pressure followed by the CNT growth for
5 min using 10 sccm C,H; as carbon feedstock.

The process flow for the fabrication of CNT-based vias is shown
in Figure 8. A layer stack of Ti/Cu/TiN (15/200/50 nm), referred to as
“M1,” is sputter deposited onto a 150 nm SiO, coated n-Si substrate
and patterned lithographically using lift-off process (Figure 8 — step 1).
Ti/Cu/TiN layer stack is commonly used in integrated circuit
interconnects, where Ti and TiN act as diffusion barrier layers for Cu.
Samples are air transferred to |LS-design DP 80 kit where a plasma
enhanced CVD of 300 nm SiO, film is carried-out using silane and N,0O,.
The SiO, film is patterned lithographically and etched down to M1 to
define via holes (Figure 8 — step 2). A 10 nm Al film as a co-catalyst and
a 3 nm Fe film as a catalyst for CNT growth are sputter deposited in
the etched holes and samples are air transferred to the PTCVD system
where CNT growth is carried out at substrate bulk temperature of 400 °C
(Figure 8 — step 3) under the conditions described earlier. Finally, a
300 nm Al film (M2) is sputter deposited, patterned and etched (Figure 8 —
step 4) as top metal lines. Samples are then annealed at 450 °C in a He
environment for 30 min and electrical measurements were performed
before, and after the annealing. The as-grown CNTs are characterized
using a FEl Quanta 200 scanning electron microscope, Raman
spectroscopy (Renishaw Systems 2000) using 514 nm laser wavelength,
a Philips CM200 transmission electron microscope (TEM) and a Keithley
4200 analyzer for electrical measurements.
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from the author.
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