HTML AESTRACT * LINKEES

JOURNAL OF APPLIED PHYSICS VOLUME 96, NUMBER 8 15 OCTOBER 2004
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We present a detailed study of the growth of multiwall and single-wall carbon nanqSWASNTY

by chemical-vapor deposition using a thin-film triple metal/ Fe/Mo) catalyst. Using Nanoauger
spectroscopy, a full map of the metals in the sample surface is constructed and their evolution
followed at different deposition temperatures. During the formation of SWCNTs at high
temperature$~1000 °Q, the initial iron layer(~1 nm) is transformed into nanosized particles at

the surface. In addition, the Al layer also plays a critical role during the annealing process by being
altered into AJO, particles. These particles act as a suitable underlayer to stabilize the nanosized Fe
catalyst for nanotube growth. We also show that it is possible to resolve SWCNTs by mapping the
areal intensity of carbon KVV Auger electrons. Z004 American Institute of Physics

[DOI: 10.1063/1.1794339

I. INTRODUCTION effective technique to prepare clean and isolated single-wall
carbon nanotubeslt is well known that one of the key dif-
Carbon nanotubes are a potential building block for theficulties in producing single-wall carbon nanotubes is to cre-
next generation of electronics and hence are the subject efte metal catalyst seeds with sizes in the order of 1—-7 nm,
intensive research recentlyn the past few years, the growth because particles larger than that mostly produce multiwall
techniques employed have progressed greatly. In particulagarbon nanotube’S.Wet chemical methods help to solve this
there has been a large effort put into producing single-walproblem because it is possible to prepare nanometer-sized
carbon nanotube6SWCNTS. This particular kind of tube catalyst particles in solution; they are therefore commonly
has only one cylindrical wall and therefore is a naturalysed for the growth of SWCNTs, especially by thermal
nanometer-sized material for use in electronic applicatidhs. chemical-vapor depositiof® It has also been demonstrated
Significantly, the way the single layer of graphene wrapshat the catalyst size is the determining factor for the diam-
around itself determines whether the nanotube will behave aster of SWCNTS*2The production of SWCNTs by using a
a semiconductor or a metal. Single-wall carbon nanotubeget catalyst is understandable because there is a predeter-
can be prepared by techniques such as laser ablation and afned dispersion of nanometer-sized catalyst particles.
discharge. However, these techniques produce by-products Recently, thin-film catalyst layers have been successfully
such as amorphous carbon, graphitic particles, and multiwamployed in the single-wall carbon nanotube groWt’ In
carbon nanotubesMWCNTSs) in addition to the desired gz recent work, we also demonstrated that by using a rapid
single-wall tubes. At the moment, there are several obstaclq\gfrowth method and a thin-film triple lay¢Al+Fe+Mo) as
to overcome before the material can be applied in microfhe catalyst, one could deposit isolated SWCNTs without the
nanoelectronic products. Problems such as controlling thﬁresence of unwanted amorphous carbdrhis technique
nanotube chirality, which determines the semiconductor ohas several advantages. Firstly, it allows a reliable and an
meta”iC behaVior, St|" need to be demonstrated. Some SUCaccurate patterning of the Cata'yst using ||thograph|c tech-
cess has been achieved in controlling nanotube position ofiques. Secondly, depositing the thin-film metal catalyst is
patterned structurés® This success is mainly attributed to scalable, reproducible, and can be performed using standard
the use of thermal chemical-vapor depositi@VD) as the  techniques such as sputtering and evaporation, techniques
synthesis techniqué® This deposition method uses hydro- which are widely employed in microelectronic device pro-
carbon gases as the carbon source and has proven to be @fxtion.
However, there is presently no clear growth model for
dAuthor to whom correspondence should be addressed; electronic maiSWCNTS using thin-film catalysts. Understanding the
,al26@eng.cam.ac.uk _ _growth process can lead to new insights about the growth
'The University Chemical Laboratory, Cambridge, CB2 1EW, United mechanism and possibly even a method of controlling the

Kingdom. L . .
®Department of Materials Science and Metallurgy, University of Ch_'ra“ty of the tubes. I_n spite of the amount of papers using

Cambridge, Cambridge CB2 3QZ, United Kingdom. this method, the physical phenomena of transforming a thin
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metal layer into nanosize particles has not been fully under-
stood. One of the reasons for this is that more widely used
techniques such as Raman, atomic force micros¢amm),
scanning electron microscogpEM), or transmission elec-
tron microscopy(TEM) do not provide significant informa-
tion about the layer. The fact that the thickness of the catalyst
layer is very small(~1 nm) also makes it very difficult to
characterize. In this situation, surface-sensitive techniques
are highly advantageous. However, there has not been many
studies in the literature using surface-sensitive tools such as
Auger or photoemission spectroscopy. The combination of
Auger spectroscopy with the spatial resolutid® nm of a
SEM makes the Nanoauger spectroscopy a powerful tech-
nique to investigate the role of the catalyst metal layer for
SWCNT growth.

The aim of this work is to study the growth process of
SWCNTs from thin metal catalyst in detail by using the
Nanoauger spectroscopy. How the catalyst is transformed
and how it diffuses at different growth temperatures are elu-
cidated. A surface elemental map study is also presented pro-
viding a clear view of the distribution of the catalyst on the
surface. In addition, we will show how the Nanoauger spec-
troscopy can also be used to directly observe the single-wall
carbon nanotubes.

500 nm i 55 500 nm

Il. EXPERIMENT

The nanotubes were grown by a thermal CVD usingriG. 1. Growth of carbon nanotubes using a single burst of acetylene
a 1in. quartz tube vacuum furnace. The substrate§-59 at temperatures ofa) 700 °C, (b) 800 °C, (c) 900 °C, and(d)
were prepared as follows: oxidized silicon substrates ard000 °C.
sequentially  sputtered with a thin-film catalyst

[Algq nm/Fe(1 nm)/Mo(0.2 nm], similar to Delzeitet  yhe morphology of the nanotubes produced. For every tem-
al.” in a standard rf-magnetron sputtering system. Th&,eratyre, nanotubes with lengths in the range of 540
thickness of the layers was controlled with a quartz-oscillatof, are ohserved. which equates to a deposition rate of about 1
thickness monitor. Substrates were placed in a quartz tubg, 2 um/s. This deposition rate is similar to that found by

that had been evacuated to 0.2 mbar and then heated to tn’?e otherd®1° Between 700 and 800 °C mostly curly mul-
growth temperature for 35 min and maintained there fortiwall carbon nanotubes were found, as shown in Figa) 1

1Q min in SOO.sccm(d.enotes standard cubic centimeter Peryng 1b). At 700 °C, the yield of nanotubes is very poor;
minute) of flowing helium at 15 mbar. After the temperature however, at 800 °C, a dense entanglement of the curly mul-

had stabilized, the helium was.shut off and the tube Wa%wall carbon nanotubes is observed. The single-wall carbon
evacuated(§1 mbaj, f"md a single burst of acetylene nanotubes begin to appear at 900 °C, mixed with the other
(~5 ) was introduced into the chamber. The acetylene rowmuItiWaII tubes[Fig. 1(c)]. 1000 °C seems to be the opti-
rate used was 250 sccm, corresponding to a chamber Pres im temperature .for th.e SWCNTs growth because very
sure of 2.5 mbar. The experiment was repeated at temper%fraight tubes were obtaindeig. 1(d)]. A closer examina-
tures varying from 700 to 1000 °C. These samples were in: ’ i

vestigated by a Physical Electronic PHI 680 Augert|0n of Fig. 1(d) shows that the tubes are coming out of

nanoprobe. Arin situ 2 keV Ar-ion gun was also used to _pamcle_s Iyl_ng on the surface. This will be explained further
in detail using the Nanoauger spectroscopy.

sputter the surface in order to provide depth-resolved chemi- . .
cal analysis. The presence of _multlwall or single-wall tubes on the_
samples was first verified by the Raman spectroscopy. This
technique is useful in distinguishing between the multiwall
and single-wall carbon nanotubes because the spectra of
Figures 1a)-1(d) are micrographs of the nanotube SWCNTs contain particular vibrational modes. The Raman
growth samples prepared at different temperaturespectra in Fig. 2 show high-quality single-wall carbon nano-
(700-1000 °¢ with the same metal catalyst layers tubes obtained for temperatures in the range between 900
(Al/Fe/Mo). At every temperature, a single burst of acety-and 1000 °C. The quality of the tubes can be identified using
lene(~5 s) was introduced into the chamber. It is important the very low ratio between the (disordej andG (graphitio
to note that the yield of nanotubes observed is reasonablgeaks and by noting the characteristic signature for
despite the short deposition tinfe-5 ). As the deposition SWCNTSs, such as thé peak splitting and the radial breath-
temperature increases, one observes significant changes ing modes(RBM).zo'21 The RBM mode found at 183 crh

IIl. CARBON NANOTUBE CHARACTERIZATION
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FIG. 2. Raman spectrum of the single-wall carbon nanotubes deposited a
1000 °C. The inset shows a typical Raman spectra for the multiwall carbon
nanotubes deposited at lower temperatures 700—900 °C.

suggests that a great number of our SWCNTSs have diameter
of 1.3 nm. The inset in Fig. 2 shows the Raman spectra of
the samples prepared at the lower temperatures of 700 ar. 4. (a) Atomic force microscopyAFM) of SWCNTs coming out of the
800 °C. These show high-intensify andG peaks, which is  patterned dot. Inset: AFM height profile showing that most SWCNTs were
strong evidence for the presence of mostly multiwall carborfound to be isolated and having a diameter of 1.3 nm.

nanotubes. At temperatures around 900-950 °C, there is a

transitional temperature range, and hence, nanotubes with. NANOAUGER SPECTROSCOPY

thin diameterd(1—4 nm are obtained, Figure %a) shows the sample surface of the as-deposited

TEM also confirmed the existence of SWCNTs. The .
- . “metal layers. The surface is smooth/featureless, and the el-
samples for TEM were prepared by depositing the triple-

. . i emental mapping of Al, Fe, and M@ot shown demon-
layer catalyst directly onto the b, grids and placing them L
into the furnace for the CVD growth. Figure 3 shows a typi_strates a homogeneous distribution of the elements. A depth

cal TEM image of the single-wall tubes. An important obser_profile done by the sputtering with Ar ions is depicted in Fig.

vation of the TEM study is that most of the SWCNTs were
found to be either isolated or to exist in bundles. Some triple-
wall and double-wall nanotubes were also seen. Our TEM
analysis agrees with the results reported byell_;iil.,22 where

the carbon tubes have a closed-end cap, indicating a base-
growth mechanism for CVD growth. For a better idea of the
yield of the single-wall carbon nanotubes, we also performed
AFM on the nanotubes grown from patterned catalyst dots
1 um in diameter(Fig. 4). It was possible to produce on
average 1-3 nanotubes of predominant diameter of 1.3 nm
per catalyst dot. This is in excellent agreement with the RBM
results obtained by the Raman spectroscopy and also dem-
onstrates that the nanotubes are isolated. In these samples, 10 um
the tubes are seen to emerge from small metal catalyst par-
ticles, which we have explored using the Nanoauger spec- 100 r -
troscopy, as discussed in the next section.

6.00 8.00 um

(a)

P
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100nm \ i ’ m Sputtel'time (min)

FIG. 3. Low(a) and high(b) transmission electron micrograph of SWCNTs FIG. 5. (a) Scanning electron microscog$EM) micrograph andb) depth
deposited at 1000 °C. profile of the as-deposited triple layéil+Fe+Mo).
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FIG. 7. (a) SEM of the sample deposited at 1000 °C &byl 12 h map
profile of Fe Auger electron@nset: corresponding Fe Auger spegtra
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we have already verified by the Raman and high-resolution

Mo SEM that there were SWCNTSs on the same surfaee Fig.

Y T e sy 1(d)]. An interesting result was obtained when carbon Auger

0 10 20 30 40 mapping(KVV) was performed on the sample surface. Sur-

Sputter time (nm) o .

prisingly, we were able to extract an Auger electron image of

the single-wall nanotubg#ig. 6b)], despite being unable to

evidently resolve the nanotubes when operating the Auger

I

FIG. 6. (a) SEM picture of the sample deposited at 1000 {k), Carbon
electron Auger(KVV) map showing the single-wall nanotubes, am)

Depth profile of the SWCNT sample deposited at 1000 °C. nanoprobe in the SEM mode. A detailed study on this result
is currently underway and will be presented in the subse-
quent work.

5(b). It shows the presence of Fe and some carbon contami- Figure Gc) depicts the depth profile of the SWCNT
nation in the outer surface. It is interesting to note that soogample (1000 °Q after growth. The Al layer is shown to
after the deposition, the initial 1 nm Fe layer has alreadyhave been fully transformed into aluminium oxi¢&l,O,).
been transformed into Fe oxide, which is probably due to therhis change most likely takes place during the annealing
sample’s exposure to atmosphere. Note that iron oxide paprocess via the residual oxygen in the chamber. Si and Al
ticles have been extensively used in literature to producevere also detected at the surface, and their presence was
carbon nanotubes.’ With further sputtering, we observe the probably due to the interdiffusion between the elements and
presence of a layer of Al oxide and pure Al. By going eventhe transformation of the flat Al layer into &b, particles,
further, we can finally distinguish the Sj@ayer and the Si  which reveal the underlying SiKOAn unexpected result was
substrate. the absence of a strong signal from the Fe catalyst layer. A
Figure @a) shows the SEM image of the sample depos-12-h-long acquisition of the Fe signal was then performed,
ited at 1000 °C made by collecting secondary electrons imwhich provided a clear Fe signal as well as a map profile of
the Auger nanoprobe. Due to the relatively low resolution ofit on the surface. Figure(&@ and 1b) show the SEM picture
the Auger microscopél5 keV), single-wall tubes could not of the area studied with a corresponding Fe map profile and
be clearly seen using the secondary electrons. Nevertheless) Fe Auger spectréinse, respectively. This examination
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FIG. 8. (3) SEM of the probed area for the sample deposited at 1000 °C. &
Auger elemental map fai) C, (c) Al, and (d) Fe.

indicates that as expected, there is Fe in the sample surfac
but in very small quantities, barely within the detection limit g
of the Auger spectroscopy. This shows that at 1000 °C, thejs

original Fe metal layer has been transformed into particles

that are very small and distributed on the surface. A similaFIG. 9. (a) 800 °C and(b) 900 °C SEM picture of the MWCNTSs(c)
survey of the other elements is shown in Fig. 8. Carbor$oo °C andgd)QOO °C cartlon Auger elect_ron map picturing the nanotubes,
mapping shows the SWCNTs. Al was detected wherever %?:;_e) 800 °C and(f) 900 °C analog profile of the Fe catalyst of the same
particle of ALO, was observed on the surface. These par-

ticles can be clearly seen in Fi , and the tubes, as al- . . .
y o the curly tubes grew from these islands. This phenomenon is

ready mentioned, are actually coming out of thesgOl 7
particles. It is important to point out that at 1000 °C, the Fe VY similar to those observed for the growth of MWCNTS

. . .. from dc plasma-enhanced chemical-vapor deposition. In this
catalyst does not seem to diffuse into the substrate as it is : ) .
. case, the metal layer sinters during the annealing to form
supported on the AD, particles.
XY T clusters for the nanotube growﬁ?l’he Al, though seems to
The metal distribution is different for the samples depos-]c derl ) d h f h

ited at lower temperaturgs<900 °C. As already shown in orm an underlayefFig. 1qd)] at the surface. The Mo top
Fi b) and d f ¢ f' bon tubes is obtai dIayer(not shown can barely be detected and looks homoge-
igs. Xb) and Xc), a dense forest of carbon tubes is obtaine neously distributed along the surface. Figure 11 shows the

at deposition temperatures of 800 and 900 °C. However, % : . -
. . epth profile of the triple metal layers for depositions at 700,
800 °C, we produced mainly MWCNTs and a mixture of Pt p P y P

MWCNTs and SWCNTs for temperatures ranging from
900 to 950 °C. Figures(8)-9(f) show the SEM, C Auger
electrons, and Fe Auger electrons map for temperatures of
800 and 900 °C. The first thing to note is that because therc#i
is a strong presence of MWCNTs at these temperatures, th
nanotubes were easily imaged using the low-resolution SEM
of the Auger microscope. We could also obtain a clear pic-
ture of the MWCNTSs using the carbon Auger electrons. Con-
versely to what happens for the SWCNT deposition at
1000 °C, the presence of an Fe signal is very strong at thes
temperatures and a long acquisition time was not necessar
to obtain an Fe map of the surface. We can see more localfs *}
ized areas of Fe that support the growth of MWCNTSs; how-
ever, since the mat of carbon nanotubes is very dense, the F
signal could be underestimated.

At 700 °C, the analysis again shows a very different
result. The yield of carbon nanotubes is very |gsee Fig.
1(a)], as well as poor in quality, because only fat and curly
MWCNTSs were obtained. Figures E)-10d) show the Au-
ger elemental map distribution of the metals at 700 °C. The:g_ 10. () SEM of the sample deposited at 700 °C. Auger elemental map
Fe has agglomerated into patchy islands, and it seems thatt(b) Fe, (c) C, and(d) Al.
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(a) SEM 800°CERESI (b) Al - 800°C

Atomic percentage (%)

FIG. 12. (a) SEM of the sample deposited at 800 °C &gl Al profile
demonstrating the presence of Al in the islands.

tures (~950-100 °Q. Thus, the reduced deposition tem-
peratures are probably the reason for the low efficient
formation of ALO, particles.

D
N

V. DISCUSSION

IS
o

The results presented previously are very interesting be-
cause they demonstrate that with the same initial catalyst
triple layer (Al 10 nm+Fe+1 nm+Mo 0.2 nim the growth

0 conditions can be tuned for both the multiwall and the
o 5 10 15 20 25 30 35 single-wall tubes, depending on the deposition temperature.
Sputter time (min) This means that the growth temperature provides the key to
100 _ , . the structural changes in the metal lay@nsparticular the Fe
i catalyst layey, which creates suitable conditions for the
growth of the single and multiwall carbon nanotubes. In the
deposition conditions used, it was found that the best tem-
perature condition for growing SWCNTs was at 1000 °C. At
this temperature, we found that the Al layer was transformed
during the annealing into an AD, layer. It is known that the
Al melts at temperatures around 660 °C, thus, the annealing
process melts the Al and this reacts with the residual oxygen
in the chambe(10™* mbar base pressurto transform it into
more stable particles ,Q(Dy.z“ Simultaneously, the initial Fe
layer, which has been altered into iron oxide due to atmo-
FIG. 11. Depth profile of the sample depositedat700 °C, (b) 800 °C, sphere exposure, is trgnsformed into nanosized Fe patrticles.
and (c) 900 °C. These FgO, nanoparticles are adsorbed onto the larger
AlLOy particles[see Fig. 1d)]. The physical mechanism be-
hind the generation of pure Fe nanoparticles might be related
800, and 900 °C. We can detect, in the case of the depositiof a reduction process, where the iron oxide loses its oxygen
at 700 °C, that there is an indication of some diffusion of theatom to the Si or Al underlayér.Furthermore, in spite of the
Fe catalyst layefFig. 11a)]. The relatively low deposition experimental evidence that demonstrates that a small addi-
temperaturgand some Fe diffusiorcould be the reason for tion of Mo increases the yield of nanotubes, the role of the
the poor yield of nanotubes found at this temperature. At 8000 top layer is still not cleat>*° It has been suggested that
and 900 °C, diffusion of the Fe could also be happeningthe addit_ion (gfﬂl\/lO could help stabilize or form small Fe
However, in those cases, the tubes yield is very high and spanoparticles”

a large contribution of the carbon Auger electrons is visible Amodel for the growth is depicted in Fig. 13. As already

in the beginning of the depth profile. This is because thementloned previously, the initial triple layer is transformed

Atomic percentage (%)
N
o

[o3
(=)
I

o
@

IS
Q

Atomic percentage (%)

10 15 20
Sputter time (min)

. R . during the annealing into 4D, oxide particles. The anneal-
h|gher tempgrgturé800—900 ¢ pr.owd_es a better cluster- ing to higher temperatures also causes the essential change of
ing of the initial iron layer, resulting in a dense forest of
nanotubes. It is also known that the higher the depositio
temperatures, the higher is th(_e degree c_>f diffusion of carbor RTINS cae oime N, o

species into the catalyst, leading to a higher growth rate fo I::> @ I:>

CNTs. Another interesting phenomenon to be noted is th ® ¢ ® Va=® oy

lower yield of ALO, particles at lower temperatures m m

(<900 °O. At these temperatures, large islands of@l

(Fig. 12) are sparsely Obse.rved’ which is re.markably dif'fer'FlG. 13. Schematic model for the growth of SWCNTSs using the triple metal
ent than those of AD, particles formed at higher tempera- layers.
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