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Growth of carbon nanotubes by gas source molecular beam epitaxy
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Multiwall carbon nanotubes have been grown by gas source molecular beam epitaxy in the presence
of Ni catalyst. Some nanotubes show thinner bases compared with their heads. First- and
second-order Raman scattering spectra are used to study the structure of samples with different
initial thicknesses of Ni layers. The second-ord® Raman mode of carbon nanotubes shows a
downshift compared with the graphite-like structure. The growth of carbon nanotubes is found to
depend on the size of the metal droplets. When the initial Ni layer is either too thick or too thin, few
carbon nanotubes are observed. The Raman spectra show graphite and glassy carbon structures for
too thick and too thin initial Ni layer films, respectively. Only when a proper range of Ni catalyst

film is used, carbon nanotubes could be found. 2@1 American Institute of Physics.
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I. INTRODUCTION Ill. RESULTS AND DISCUSSION

In 1991, the discovery of multiwall carbon nanotubes
was first reported. A few years later, single wall carbon
nanotubes were also obsenfeBue to their potential appli-

Figure Xa) shows a low-magnification scanning electron
microscopy(SEM) image of carbon nanotubes grown on a

cations in electronic devices, nanotechnology tools, an&ubstrate wh a 5 nm Nilayer at 750 °C. The nanotubes had

high-performance nanoscale materfifscarbon nanotubes €ngths of 300—700 nm and diameters of about 30—-50 nm.
have been widely studied theoretically and experimentallyBecause of their larger diameters and the Raman spectra,
At present, carbon nanotubes can be synthesized by akhich will be discussed later, they are multiwall nanotubes.
discharge;® laser ablatioff, pyrolysis of hydrocarbon§, The areal density of the nanotubes was 218° cm 2. Fig-
chemical vapor deposition (CVD),21® ijon beam ure 1b) shows a SEM image with higher resolution. The
irradiation!* and scanning tunneling microscoffelt was  base of a nanotube located at a hole, indicated by arrow “A”
also reported that carbon nanotubes could be grown frorh Fig. 1(b), and the top of the nanotube were capped with a
carbon vapor under ultrahigh vacuum conditions without theyj nanoparticlegindicated by arrow “B”). It should be noted
presence of a catalytt.The growth mechanisms of carbon hat some nanotubes had thinner bases than heads, as indi-

nanotubes using these methods were different and complizyiqq by arrow “C,” the reason for which needs further
cated. Compared with these methods, molecular beam epé'- ’

tudy. Fi EM i f th -

taxy (MBE) is an easy growth process and offers powerful udy. Figures ) and 1d) are S 'mages 0. € hano
. . . tubes grown on a substrate with a 15 nm thick Ni layer.
tools, such as reflected high energy electron diffraction, Au-

ger electron spectroscopy, etc., forsitustudy of the growth  compared with Figs. &) and 1b), the density of the nano-
mechanism. Previously we have grown Si whiskers on a AufuPes is lower and the diameter of the nanotube is larger
Si(111) substrate using this methd#.In this article, the (about 100 nm For the sample grownroa 1 nm Nilayer,

growth of carbon nanotubes by gas source MBE with thealmost no carbon nanotubes were obserfved shown herg
presence of a Ni catalyst is reported. This means that the growth of nanotubes is influenced by the

initial thickness of the Ni layer. For growth of carbon nano-
tubes by CVD using catalyst particles, both base-growth and
Il. EXPERIMENTS tip-growth modes appear to be possible. the base-growth

(100 p-Si substrates were thermal oxidized to have amode, the carbon nanotubes were formed by extrusion, re-

100 nm thick SiQ layer. A Ni layer of 1-15 nm thickness sulting in a closed top end. In contrast, in the tip-growth

was then deposited on the substrate via e-beam evaporatifPde, a metal catalyst particle remained on top of each
in a vacuum of 106T0rr at room temperature_ Subse- nanotube dUring grOWth. In our MBE methOd, the grOWth of

quently, the substrate was introduced into a gas source MBEarbon nanotubes seemed to be tip-growth mode, since the
chamber. Carbon nanotube growth was performed by introNi droplets were observed to be on the tops of the carbon
ducing pure GH, gas at a pressure 0b310 ° Torr with the  nanotubes, as seen in Figgblland Xd). In this mode, GH,
substrate temperature held at 750 °C. The growth time wagas molecules were absorbed on the metal droplets and dis-

about 2 h. solved into carbon atoms, then dissolved carbon atoms ag-
gregated and formed into nanotubes. During growth, the

dElectronic mail: jwan@ee.ucla.edu metal domain was pushed upwards by the carbon nanotube
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FIG. 1. SEM images of samples
grown by MBE at 750°C fpo2 h on

Ni layers with different thicknesses.
(a) Low-magnification and(b) high-
magnification images of carbon nano-
tubes grown o a 5 nmthick Ni layer
substrate. Arrows “A” and “B” are
the base and tip of carbon nanotubes,
respectively. The base of one nanotube
was much thinner than the bulk, as in-
dicated by arrow “C.” (c), (d) Low-
and high-magnification images of the
sample grown on a 15 nm Ni sub-
strate. The top of the nanotubes is big-
ger, as indicated by arrow “D.”
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and formed a metal cap on the top of the nanotube. Therenm line of an Ar laser as the excitation source. Figur@)3

fore, the growth of carbon nanotubes was certainly influ-shows the first-order Raman spectra of the deposits on Ni

enced by the size of the metal droplets. films with different initial thicknesses. Without the deposited
Figure 2 shows atomic force microscopy images of theNi layer, no carbon-related Raman peak was observed, as

substrates after Ni metal layer deposition and annealing &een in Fig. &), which indicates the importance of the Ni

750°C for 10 min in the growth chambébefore GH; in-  layer as a catalyst. For the 1 nm thick Ni layer sample, two

troduction. The images in Figs.(a)—2(d) correspond to 1,

3, 5, and 15 nm thick Ni layers, respectively. The heat treat-

ment changes the smooth Ni films into Ni droplets on the

SiO, surface. The droplets of Ni are semispherical particles. nm

From the AFM images, it is seen that 750 °C is a sufficiently

high temperature to get droplet formation of Ni particles; and 8

it is consistent with Ref. 9, in which it was reported that Ni

films were transformed into Ni droplets by heat treatment at

700 °C. For the 1 nm thick Ni lay€Fig. 2(a)], the diameters

of droplets were 15—-20 nm. As the thickness of the Ni layer

increased, the diameter of the droplets increased. For the £ 0 02 04pm

nm thick Ni layer[Fig. 2(c)], the droplets showed the most

uniformity with diameters of 100—200 nm, so the density of

nm
carbon nanotubes on this substrate was highest, as shown i ™ 200
Fig. 1(a). When the thickness of the Ni layer was increased ©

100

to 15 nm[Fig. 2(d)], the Ni droplets became much larger and
nonuniform even with the diameter increased to 500 nm.
Fewer carbon nanotubes were observed, as shown in Fig
1(c). The dependence of the initial Ni layer thickness on the
growth of carbon nanotubes was consistent with previous
CVD results, where the carbon nanotubes could grow only
from Ni droplets with specific diametefs.

Raman spectroscopy has been recognized as one of th&s. 2. Atomic force microscopy images of the annealed substrates with
most sensitive methods with which to study the structural/@ious Ni layer thicknesses at 750 °C for 10 min. Imag@s (d) corre-

. . spond to substrates with 1, 3, 5, and 15 nm Ni layer thicknesses, respec-

properties of carbonaceous materials. The Raman MeasUlifely. The 5 nm Ni sample shows droplets of quite uniform size after
ments were performed at room temperature, using the 514 &mnealing.
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= Fig. 1, theG mode peak is close to its value in graphite of

—é ' 1596§ larger diamete 15 nm thick Ni layer, 100 nm diam nano-
(S 3 \/ 15925 tube, 1582 cm?) and is higher for a smaller diametés nm
IR e U | thick Ni layer, 30~50 nm diam nanotube, 1588 ¢ Ex-
S5 z 7/ \ 1584 & cept for theD andG modes, the distinctive Raman mode for
s [E 'S ok G mode nanotubes is the radial mode spectra. We attempted to char-
z ineiness (M| o mode acterize the radial mode of the samples. However, no distin-
S L guishing peak is observed. According to Jantogalal.® the
= i e intensit_y_ ratio of t_he radial mode to tl@@mode is about 1_:50
— for purified multiwall nanotubes. As the areal density of
i MM nanotubes on our sample is not high enough and the nano-
o T N tubes are not purified, it is understandable that the radial
1000 1200 1400 1600 1800 200 mode is not observed.
@ Raman Shift (cm™) Compared with the first-order Raman spectra, the
second-order Raman spectra also gave a wealth of informa-
= tion on the formation of carbon nanotubes. The second-order
';32700_ Raman spectra of our samples are shown in Rig). For the
L2 / 1 nm thick Ni layer sample, two peaks located at 2678 and
S gy S l 2D mode 2920 cm ! were observed. The 2678 ¢hpeak is believed
S 1 2es0] / to downshift from the peak at 21352 cm 1=2704cm?,
%‘ _g R RV IR \ 04G mode which was denoted as theD2mode. The 2920 cim' peak
S Nithickness (nm) \ X was close to 13521581 cm 1=2933 cm?, which was as-
= L \g//// \M | signed to theD + G mode. This combination pealb( G)
Wm Ni represents the sum of two phonons with two unequal ener-
i M:: Ni gies while the overtone peak 9 was from two phonons
i M _ belonging to the same branch of the phonon dispersion
s s , L Ni curves. In general, because of the wave vector conservation,

2400 2600 2800 3000 the Raman intensity of the overtone peakd(2should be

(b) Raman Shift (cm™) stronger than that of the combination peak. However, it is
FIG. 3. (a) First-order and(b) second-order Raman spectra of samples not the Case,for the 1 nm thick Ni layer samples, in Whl(.:h the
grown by MBE at 750 °C for 2 h. The intensity ratio between Bhand G D+ G peak is stronger than the2peak. The réason might
modes and the Raman shifts of Benode are shown in the inset@. The  be that the carbon structure grown on the 1 nm Ni layer was
Raman shift of the B mode is shown in the inset ¢b). For the 5 nm Ni g glass-like structure, as confirmed by the first-order Raman
sample, the B mode showed an obvious downshift compared with that °fspectrum in Fig 33) In the glassy or microcrystalline car-

a graphite-like structure. ) ) . .
bon, the wave vector conservation restriction was reld%ed,
and the peak of theQ(+ G) mode could be observed more
easily. For the Ni layer 15 nm thick, the position of thB 2

peaks located at 1352 and 1596 ¢mvere observed, show- Mode was at 2703_?‘3" which is very close to 2
ing a typical Raman spectrum of the glassy carbofiThe ~ X1352cm~=2704cm*. The D+G peak intensity was
peak around 1352 ¢, known as theD mode, was ex- rather. Iol\gvlgmd this Raman.spectrum was.muc_h like that of
plained in terms of the relaxation of the wave vector selecdraphite-""For the case with the 5 nm thick Ni layer, i.e.,
tion rules in solid carbon, resulting from the finite crystal between_tlhe above two extremes, tti2 @eak showed up at
size, which allowed theM point phonon to contribute to 2692 ¢cm ™ and had an 11 cmt downshift compared with
Raman scatterinif The 1596 cm® peak is called theG that of the 15 nm thick Ni layer sample; als'o, thB Deak
mode, which was assigned to the vibrational mode corre?’as much stronger than tiz+G mode. In this case, many
sponding to movement in the opposite direction of twocarbon nanotubes were observed,_as seen in Fy.1h Ref.
neighboring carbon atoms in a graphite sHéetvhen the 16, the D mode of nanotubes with a diameter of 30 nm
thickness of the initial Ni layer and therefore the size of theShowed an~25 cm = downshift C?Gmpared with those of
Ni droplets increased, as for the cases shown in Figg—2 highly oriented pyrolytic graphit&® therefore, the down-

2(d), the intensity ratio between tH@ mode peak and thB shift or 2D mode in our sample is consistent with the former
mode peak increased. This indicated that the deposited cai€SUlts:

bon related materials became more and more crystalline

when the size of the Ni droplets increased, sincelihraode

peak is in terms of relaxation of the wave vector selectiony, coNCLUSION

rules in solid carbon. At the same time, tBemode showed

a downshift with an increase of the initial Ni layer thickness. Multiwall carbon nanotubes were grown by gas source
When the thickness of the Ni layer was increased to 15 nmMBE and studied by SEM and Raman spectroscopy. The
the 1596 cm* peak shifted to 1582 cnit, which is the value  growth mechanism of nanotubes was attributed to the tip-
of graphite. Considering the nanotube diameters observed igrowth mode. The yield of carbon nanotubes was found to be
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