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Abstract

This study aimed to investigate effects of temperature dependent parameters on vertically aligned carbon
nanotube (VACNT) forest height such as catalyst treatment temperature and growth temperature and optimize
these parameters to grow long VACNT forests. These growth parameters were examined and optimized on
samples including three different thicknesses of Fe catalyst layers which catalyze VACNT growth. Heights of
VACNT forests grown on different Fe catalyst layers linearly decreased at various rates with the increment of
the catalyst treatment temperature from 500 °C to 800 °C. Moreover, optimum growth temperature to grow long
VACNTSs was found to be independent from Fe catalyst layer thickness while their height distributions showed
variations. As a result of optimization of these parameters, we have found that it is possible to grow millimeter
long VACNT forests from all three Fe catalyst layers with substantially low gas flows in 30 min growth. Raman
spectroscopy approved that disorder of grown VACNTSs is very low. Use of low gas feedstock, achieved in this
study, ensures green and economic production of VACNTS.
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Milimetre Uzunlugunda Dikey Hizalanmus Karbon Nanotiipler Biiyiitmek icin Sicakhga Bagh
Parametrelerin incelenmesi ve Optimize Edilmesi

Oz

Bu ¢aligma katalizér hazirlama sicakligi ve biiyiitme sicakhigi gibi sicakliga bagli parametrelerin, dikey
hizalanmig karbon nanotiip (DHKNT) yiginlarinin boylar1 {izerine olan etkilerini arastirmayi ve uzun
DHKNT’ler biiyiitmek igin bu parametreleri optimize etmeyi amaglamuigtir. Bu parametreler, DHKNT
biliyiimesine aracilik eden Fe katalizor tabakasinin ¢ farkli kalinligint igeren ornekler iizerinde test edilip
optimize edilmistir. Farkli kalinliklardaki Fe katalizor tabakalarindan bityliyen DHKNT yiginlarinin boylari,
katalizor hazirlama sicakliginin 500 °C’den 800 °C’ye arttirilmast ile farkli hizlarda dogrusal bir azalma egilimi
gostermislerdir. Diger taraftan uzun DHKNT biiyiitmek i¢in gerekli optimum sicakligin Fe katalizor tabakasinin
kalinligindan bagimsiz oldugu fakat farkli kalinliklardaki Fe katalizor tabakalarindan biiyiiyen DHKNT
yiginlarinin yiikseklik dagilimlarinin degisiklikler gosterdigi bulunmustur. Bu parametrelerin optimizasyonu
sonucunda oldukga diisiik gaz oranlar1 kullanilarak 30 dakikada ii¢ farkli kalinliktaki Fe katalizor tabakalardan
milimetre uzunlugunda DHKNT yiginlarinin  biiyiitilmesinin miimkiin oldugunu bulduk. Raman
spektroskopisi, biiyiitilen DHKNTlerin diizensizliginin oldukga diisiik oldugunu gostermistir. Bu ¢aligmada
ulasilan diigiik miktardaki gaz kullanimi, ¢evreci ve ekonomik DHKNT iiretimi imkani saglamaktadir.

Anahtar Kelimeler: Karbon Nanotiip, Kimyasal Buhar Cokeltme
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1. Introduction

Carbon nanotubes (CNTSs) exhibit multi-
functional material properties due to their
unique structural, electrical, mechanical and
thermal capabilities (Jorio et. al., 2007). For
more than two decades, they have been
investigated by many researchers and used as
the building material in broad range of
applications such as nanoelectronics (Pan et.
al., 2015; Che et.al., 2014), sensors (Giil et.
al., 2016; Jacobs et.al., 2010), energy storage
(Corso et. al.,, 2014; Lee et. al.,, 2010),
composites (Shokrieh et. al., 2010) and many
others. CNT growth studies still go on in order
to achieve low cost, eco-friendly, high quality,
controllable and scalable CNT production
(Wang et. al., 2010; Liu et. al., 2017).

Their integration to technology has been
employed in many fields and this requires
significant amount of CNT production.
Estimated amount of commercial production
of CNTs at 2011, not including research
purposed productions, was calculated as more
than 4.5 kiloton/year (De Volder et. al., 2013).
This amount of production needs excessive
carbon feedstock and it causes exhausting
high carbon waste products that threat the
environment and living creatures. On the
other hand, high carbon feedstock necessity
negatively effects wide usability of CNT in
technology in a cost-effective manner.
However, it is possible to reduce used carbon
feedstock amount by investigating optimum
growth parameters that improves CNT growth
quality.

Chemical vapor deposition (CVD) is the most
scalable and controllable technique in CNT
growth that allows location and diameter
controls of CNTs (Su et. al., 2000). CNTs are
grown by CVD technique on a metal coated
oxide layer. Typically, a thin layer of a

transition metal such as Fe, Ni, Co, Pd, Pt, Ag,
Au is used as catalyst nanoparticles for CNT
growth (Huh et. al., 2005; Takagi et. al.,
2006). For vertically aligned CNTs
(VACNTS) growth, additional Al>Os layer as
a support to catalyst nanoparticles is usually
preferred (Mi et. al., 2007). Al2Os support
layer and a transition metal layer are deposited
on Si/SiO2 by e-beam, thermal evaporator or
magnetron sputter. VACNT growth occurs in
the presence of a carbon source gas like
ethylene, acetylene, methane at a temperature
range about 500-1000 °C in a CVD furnace.

CVD grown VACNTSs quality depends on

some independent and interdependent
parameters such as catalyst type, catalyst layer
thickness,  catalyst treatment, growth

temperature, growth duration and gas flow
rates. There is no standard recipe that gives the
best result for VACNT. On the other hand,
VACNT growth results exhibit variation from
one CVD system to another even same
parameters are used. However, meticulous
optimization of these parameters for each
CVD system can result with high density, well
aligned, mm-long CNT forest.

Herein we investigated some growth
parameters for optimization of VACNT
growth in our CVD system in order to achieve
high quality VACNTSs. We have studied on
temperature dependent parameters such as the
catalyst treatment temperature and the growth
temperature. We prepared samples coated
with three different thicknesses of Fe catalyst
layers, 1nm, 3nm, 5nm, and use them in all
experiments side by side in order to find out
the effect of these parameters on different
catalyst layer thicknesses. As a result of
optimization of these parameters we have
found that we are able to grow mm long
VACNT forests from all Fe layers with
substantially low gas flows in 30 min growth.
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Use of low carbon feedstock provides an
advantage since it ensures green and
economic production of VACNTSs. Moreover,
the optimization of temperature parameters
studied in this work may provide significant
input to VACNT growth researches.

2. Materials and Methods

One side polished (100) Si wafers coated with
300 nm SiO2 layer on top are used for VACNT
growth experiments. Si/SiO, wafers are first
cleaned chemically by acetone, isopropyl
alcohol (IPA) and deionized (DI) water, then
treated thermally at 130 °C for 10 minute.
After the cleaning, catalyst layer deposition
on Si/SiO, wafers is performed with e-beam
evaporation (Vaksis E-Beam Evaporator).
High purity Al203 (99.99%) and Fe (99.9%)
pellets are used as evaporation targets. First,
10 nm Al>Os as a support layer is deposited on
SiO2 with a rate 0.3-0.5 nm/s, then Fe as a
catalyst layer is deposited on Al>O3 with a rate
0.1-0.2 nm/s in low pressure chamber, 10
Torr. Thicknesses of Fe catalyst layers for
different wafers are established as 1 nm, 3 nm
and 5 nm. Wafers are then diced into pieces of
7X7 mm in order to be used as substrates in
different VACNT growth experiments.

VACNT growth is carried out in a small,
horizontal quartz tube furnace (22 mm inner
diameter and 300 mm hot zone length) at
atmospheric pressure (Figure la). Gas flow
rates are controlled by flow controllers that are
managed with a custom-built computer
program. High purity Ar (99.99%), H>
(99.99%) and C2H4 (99.95%) gases are used
in experiments. Substrates loaded on a quartz
boat are located at the cold zone of the
furnace, then the open end of the quartz tube
is closed. The quartz tube is flushed with 300
standard cubic centimeter per minute (sccm)
Ar for 5 min before ramping temperature up.
Temperature of the furnace is ramped up to

catalyst treatment temperature with the rate of
100 °C/min in the presence of 300 sccm Ar
flow.

Figure 1. (a) CVD furnace. (b) The view of the quartz
boat loaded with substrates in the hot zone of the
CVD furnace.

The quartz boat loaded with substrates are
inserted into the hot zone with the help of a
stainless bar (Figure 1b). The catalysts are
treated in 40/10 sccm Ho/Ar for 5 min at
various temperatures for the catalyst treatment
temperature experiments otherwise at a
constant treatment temperature. After the
catalyst treatment, the furnace temperature is
ramped up to the growth temperature in the
presence of 50 sccm Ar flow. The growth
temperature is set to 800 °C except growth
temperature experiments which temperature
varies about 720-840 °C. VACNTS are grown
in 10/40/10 sccm of C2Ha/H2/Ar in 30 min.
Substrates are cooled down rapidly by
opening the cover of the furnace while
flowing 300 sccm Ar. After the fast cooling,

1356



Investigation and Optimization of Temperature Dependent Parameters for Growing
Millimeter-Long Vertically Aligned Carbon Nanotubes

the furnace is flushed with 300 sccm Ar for 5
min before opening the quartz tube for taking
substrates out.

Heights of VACNT forests are measured in
scanning electron microscope (SEM) at 5 kV
(Nova NanoSEM). VACNTS are
characterized by Raman spectroscopy using
532 nm laser (Renishaw inVia InSpect) in
order to determine their crystal structures.

3. Results and Discussions

Figure 2 shows representative SEM images of
VACNT forests that were grown with
different growth parameters. They clearly

represent the variety of VACNT forests
heights. Forests heights in our CVD system
for typical 30 min growth vary from 10 um to
1.6 mm depending on VACNT growth
parameters. Average growth rates of
VACNTs for the highest and the lowest
forests are 53 pm/min and 0.33 um/min,
respectively. The substantial difference
between the two growth rates is an indicator
for understanding the importance of
determining the optimum growth parameters
for a CVD system in order to achieve the
efficient growth.

1000 pm

Figure 2. SEM images of VACNT forests grown with various growth parameters.

Treatment of Fe catalyst layer in the presence
of Hz gas is a crucial step for Fe nanocluster
formation before VACNT growth (Sakurai et.
al. 2012). One factor that is responsible for Fe
nanocluster formation to grow long/short
VACNTSs is the catalyst treatment temperature
(Zhan et. al. 2011). Figure 3 shows catalyst
treatment temperature dependence of VACNT
forests heights that were grown on different Fe
thicknesses at 800 °C. All catalyst treatments
were carried out for 5 min. VACNT forests
grown on each Fe thickness showed same
height trend that decreases with increasing
catalyst treatment temperature. A linear
decrease on height of VACNT forests have
been observed for all.
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Figure 3. The variation of VACNT forests heights with
catalyst treatment temperature. Three plots correspond
to heights of VACNT forests that grown on 1nm, 3nm
and 5 nm Fe catalyst layers. Dashed lines are linear fits
to each data set.
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The equation that describes the height
decreases of VACNT forests with increasing
catalyst treatment temperature could be
expressed by

H(T) = hy — r(T — 500), (1)

where H is the height of the forest that is the
function of the catalyst treatment temperature
T which varies in the range 500 < T < 800, h,
is the theoretical heightat T = 500 °C, r is the
height reduction rate. The equation indicates
linear decreases of VACNT forests heights
with respect to catalyst treatment temperature.
Table 1 shows the values of fitting parameters
in the Equation 1.

Table 1. Fitting parameters on the equation 1 for
VACNT forests grown on 1nm, 3nm and 5nm Fe
catalyst layers.

InmFe 3nmFe 5nmkFe
he (um) 1308.00 1598.00 1117.00
r (um/°C) 1.52 1.32 0.38
H(800) 844.00 1202.00 1003.00

The height of VACNT forest, grown on 1 nm
Fe, decreased from 1300 um to 800 um with
the rate of 1.64 um/°C. The reduction of the
forest height, grown on 3 nm Fe, occurred
from 1600 pum to 1200 um with a slightly
slower rate 1.32 um/°C. On the other hand, the
height of VACNT forest, grown on 5 nm Fe,
decreased only from 1080 um to 1000 um
with a very slow rate of 0.38 um/°C.
According to the height reduction rates on
Table 1, while the thickness of the catalyst
layer increases, the degree of variation on
VACNT forests heights with the catalyst
treatment temperature become smaller. The
optimum catalyst treatment temperature, in

terms of VACNT forest height, was found 500
°C for 1nm and 3 nm Fe catalyst layers and
600 °C for 5nm Fe catalyst layers in Figure 3.

VACNT growth temperature is another
parameter that effects VACNT forest height
(Wirth et. al. 2009). Growing VACNT forest
with varying heights at different temperatures
in a broad range is possible. In Figure 4, height
distributions of VACNT forests grown on
different Fe catalyst thicknesses in a
temperature range from 720 °C to 840 °C are
seen.  Temperature dependent  height
distribution of VACNT forests exhibited
gaussian-like behavior. Regardless of the
catalyst thickness, the optimum growth
temperature to grow longer VACNT forest
was found as 800 °C. Moreover, we observed
sharp decreases at the forests heights around
800 °C indicating that even a small
temperature change plays an important role on
the forest height.
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Figure 4. Temperature dependent height distributions
of VACNT forests grown on 1 nm, 3nm and 5 nm Fe
catalyst layers.

Height distributions of VACNT forests grown
on 1 nm and 3 nm Fe catalyst layers presented
very similar behavior in whole range. On the
other hand, VACNT forests grown on 5 nm Fe
catalyst layer were more effected from
temperature changes, especially at low and
high temperatures and it resulted with very
short forests grow. According to Figure 4, 3
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nm Fe catalyst thickness resulted with longer
VACNT forest growth comparing to 1 nm and
5 nm thicknesses in 30 min growth.

We have determined the crystallinity of
VACNTs by Raman spectroscopy. Raman
spectrum of VACNTs grown on various
catalyst thicknesses at 820 °C were shown in
Figure 5. In general, the tangential mode (G-
band) corresponds to existence of crystalline
graphitic carbon in CNTs while the disorder
mode (D-band) indicates disorder in the
structure. The G-band and the D-band of multi
walled CNTs (MWCNTS) are seen at ~1580-
1600 cm™ and ~1330-1350 cm?, respectively.
The ratio of the intensity of the D-band peak
(Ip) to the intensity of the G-band peak (lg) is
an indicator of the amount of CNT disorders
(Dresselhaus et. al., 2005).
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Figure 5. Raman spectrum of VACNTSs grown on 1 nm
(top), 3nm (middle) and 5 nm (bottom) Fe catalyst
layers.

In our study, the G-band peak of VACNTSs
grown on all three Fe thicknesses are located
at 1571-1584 cm™ indicating the presence of
MWCNTSs in forests (Table 2). The D-band
peaks arising at 1328-1341 cm™ show the
existence of disorders which is usual in
VACNTs. However, Ip/lc ratios for all
VACNTS are reasonably smaller than 1. This
means that disorder of VACNTS are less and

their crystallinity is considerably good.
Disorder amount of VACNT slightly
decreases while Fe catalyst layer thickness
increases.

Table 2. Raman Parameters for VACNTSs grown on
1nm, 3nm and 5nm Fe catalyst layers.

InmFe 3nmFe 5nmFe
D (cm?) 1341.03 1332.40 1328.07
G(cm?) 1583.86 1567.03 1571.24
G'(cm?) 2683.90 2658.00 2665.41
Io/lc 0.5943  0.5282 0.4882

4. Conclusions

In summary, we investigated effects of
catalyst treatment temperature and growth
temperature on VACNT forest height and
found optimum temperature values for
achieving maximum height. Optimum growth
temperature for all Fe catalyst layer
thicknesses, we tested, was found 800 °C.
Besides, optimum  catalyst treatment
temperature was found to be lower than the
growth temperature. Height of VACNT forest
linearly decreased with the increment of the
catalyst treatment temperature. Optimization
of temperature dependent parameters yielded
mm long VACNT forests grow for all Fe
catalyst layer thicknesses, we used.
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