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We describe a method to reliably pattern monolayers of iron nanoparticle (FeNP) colloids into submicron
features for growth of single-walled carbon nanotubes (SWNTSs) by chemical vapor deposition. Our process
results in very clean patterns that are readily imaged by atomic force microscopy, which has allowed the
observation of nanoparticle size evolution before and after high-temperature nanotube growth. For our
growth conditions, SWNTs grew only from nanoparticles smaller tah@mm high. At the high growth
temperature of 850C, nanoparticle sintering was clearly evident and had important effects on nanotube
yield from the FeNP catalyst. The nanoparticle sintering and growth are drastically accelerated by brief
reduction in H, resulting in nanoparticles that were too large to catalyze SWNT growth. The results
suggest that if ultimate control over SWNT diameters is to be achieved from patterned nanoparticle
catalysts, it will be critical to control nanoparticle aggregation and sintering during SNWT growth.

Introduction

In the brief decade since their discovery carbon nanotubes,
have inspired a tremendous amount of research into under
standing their unique properties as well as their potential

technological applicationsSingle-walled nanotubes (SWNTs)

have shown promise in high performance electronic applica-

tions such as chemical senséfsjonvolatile memory,and

has been achieved by growth of SWNTs from patterned
nanotube catalysts positioned on pre-defined electrdtfes.

While nanotubes bridge most of the electrode pairs, there is

little control over the type of nanotubes, the number of nano-

tubes, and the direction of growth. To improve control over

nanotube growth for nanoscale device integration, further
understanding of the parameters that determine nanotube

growth is required, as well as new methods for patterning

electron field emission sourc@§.To realize their potential nanoscale catalysts tailored for the growth of specific

as nanodevices, there still remains the hurdle of controlling
- . . nanotubes.

the growth or placement of a specific type (i.e., semiconduct- here has b deal of . q di

ing or metallic) and size (diameter and length) of nanotube hT ere has feen a gLeat eal o prpgrless IrI]I UCT erstan blng

at a desired location and orientation on a chip. A great deal '€ Various factors that govern single-walled nanotube

of progress has been made beyond the many fascinatinggrOWFh' including the'tl:atalyst composition, particle size,

devices made by the laborious process of first finding a reactive gas composition, pressures, and temperatures.

desired nanotube on a substrate and then patterning electrodes VN Ts have be_er|1 egf?é’vn f/rorog a 1\éar|ety /Of (;:gtalysts such
to fabricate the final nanotube device. Control over the @S Iron nanoparticles, ® Fe/Mo’*"-*or Co/Mo™ on sup-

direction of nanotube growth has been achieved along thePOrted on alumina particles, and evaporated*ontrolling

direction of gas flow or applied electric field.Large scale
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nanotube growth will be essential for fabricating nanotube- microscopy (AFM) to characterize the sintering of nanopar-
based devices. The various growth methods have usedicles within patterned regions and show how controlling the
methane or other hydrocarbons to grow single-walled nano-fusing of nanoparticles is critical to obtaining good SWNT
tubes from dispersed metal or metal oxide catalysts at highgrowth. While it is has been possible to grow SWNTs from
temperature (usually800—-1000°C), often with hydrogen patterned regions of a few micrometers, the growth substrates
to minimize the amount of amorphous carbon that is have been difficult to characterize because the alumina-
produced. One study has found that SWNTs grow in a supported catalysts form uneven mounds with varying
narrow window of H to CH, ratios, with growth being  amounts of catalystBy another method, iron nanoparticles
suppressed by too much hydrogen or overwhelmed by were successfully formed after first patterning Fe@iut
pyrolytic growth (i.e., no SWNTSs) with insufficient hydro-  control over particle size (2.2 0.9 nm) and monodispersity
gen. The growth substrates have also proven to be criticalwas limited*® Our method patterns pre-synthesized Fe
in obtaining good SWNT growth. Growing SWNTs on nanoparticles stabilized with oleic acid into regions as small
metallic electrodes has proven challenging because theseas 200 nm, allowing the nanoparticle diameters to be
electrodes poison the catalysts. This is understandable sinceontrolled prior to patterning. We have found that PMMA
iron easily forms alloys with many of the electrode materials resists give superior control over the amount of catalyst
that have been employed for device fabrication. To alleviate deposited and result in much cleaner liftoffs than photoresists
this difficulty, controlled SWNT growth has been achieved which have been used previously to pattern iron nanopar-
on electrodes by using alumina-supported catalysts or oxideticles! Additionally, we have explored how three parameters
barrier layers to protect the catalyst from the underlying determine the degree of nanopatrticle sintering and impact
electrode’! the SWNT yield: (1) the order of gas introduction, (2) the
An important issue is how the nanotube diameter dependsannealing time, and (3) the gas flow near the sample.
on the size of a catalyst particle. Some mechanistic studies
have shown a close correlation between catalyst size and Experimental Section
the resulting nanotube diamefé#*??In one study, the mean . . . . .
nanotube diameters of 3, 7, and 12 nm closely corresponded.. T_he iron nanc_)partlcles used in these_ studle_s were synthesuzed
. . . __similar to a published proceduf¢ The primary difference in our
to thos_e of |ron.nan0partlcles that were synthesged with procedure is that we omitted the oxidation to,®Bg¢ so that our
monodisperse diameters of 3, 9, and 13imespectively.  EeNps are composed of an Fe core with a nativ©fshell. The
Interestingly, achieving the desired nanotube diameter re-gistribution of nanoparticle diameters was 548 2.0 nm as
quired increasing the partial pressure of hydrocarbon with determined by transmission electron microscopy (TEM) using an
increasing particle size, where too small a partial pressureAkisha EM-002b at 100 kV. The distribution was made intentionally
resulted in small nanotube diameters for all particle sizes. It wide to maximize the probability of having catalytic particles,
has also been suggested that the catalyst particles can evolvalthough they can be made with narrow size distributfrison
during the course of a growth process. In fact, the same n.a.noparticles were patterned intqlmn dot region§ onto oxidized
sumin-supparisd FelMo-bassd cataysts ussd to makef e Sbsiacs 08 00 e (et o
SWNTSs WQre initially used t0 grow_multlv_valled nf’mOtUb.es photoresist (Clariant) baked at-9805°C. Aft:;r patterning holes
(MWNTS) in a process requiring an inductive heating period

A . . . into the resist, a typical procedure begins with descumming the
in H, to grow sufficiently large catalytic particlé$.Char- bottom of the holes with an oxygen plasma (100 W, 0.5 Togr O

acterization of the catalytic nanoparticles is made difficult 1 min ) This step was essential for reliable sticking of the FeNPs
in this type of catalyst because of the preponderance of thetg the patterned regions. A few drops of FeNPs in a hexane solution
supporting alumina particles. It was also reported that iron (1.5 mg/mL§5 is deposited onto the resist and allowed to sit for
nanoparticles decreased in population during CVD because5—10 s, adding a drop of hexane as needed to avoid drying. This
of evaporation or sinterirf§ and could fuse into larger  allows the FeNPs to self-assemble onto the substrate at the bottom
particles that grow thick MWNT& While controlling the resist holes. Without allowing the substrate to dry, it is spun to
starting size of nanoparticles is important for determining 2000 rpm while rinsing with hexane{L=2 mL) and then dried
the SWNT diameters, it is essential to understand how PY heating at 95°C for 5-10 min. The resist is removed by
aggregation and sintering during CVD affects SWNT growth. immersing the subst_rate in acetone for 2 min followed b_y a brief

. . acetone rinse. The liftoff was characterized by AFM using a DI

We report a method to reliably pattern monolayers of iron

. . . . Nanoscope Il using silicon probes in TappingMode. Figure 1A
nanoparticles into submicron features. We use atomic force g, \vs an AEM image of an array ofidn dots produced using a

(17) Snyder, C. E.; Mandeville, H. W.; Tennent, H. G.; Truesdale, L. K.; PMMA resist after the re5|§t strip and oxygen plasma F:Ieanlng for
Barber, J. J. Carbon Fibrils; Hyperion Catalysis International. U.S. 3 Min. There are several things to note. The FeNPs stick very well
Patent 5,707,916, 1998. and allow for facile AFM imaging as also shown in the high-

(18) i:g%s;elllc,)?él:l/lé;‘lRaymakers,J. A.; Kong, J.; Dai,HPhys. Chem. B resolution image in Figure 1B. The FeNPs are well packed as
(19) Alvarez, W. E.; Kitiyanan, B.; Borgna, A.; Resasco, D.@rbon individuals and as small agglomerates of43 particles. Close

2001, 39, 547. ‘ _ packed hexagonal structures are short range, extending only over
(20) Nerushev, O. A.; Dittmar, S.; Morjan, R.-E.; Rohmund, F.; Cambell, 3 few nanoparticle diameters, but this is expected given the wide
E. E. B.J. Appl. Phys2003 93, 4185.
(21) Seidel, R.; Liebau, M.; Duesberg, G. S.; Kreupl, F.; Unger, E.; Graham,

A. P.; Hoenlein, W.Nano Lett.2003 3, 965. (24) Hyeon, T, Lee, S. S,; Park, J.; Chung, Y.; Na, HIJBAm. Chem.
(22) Li, Y.; Kim, W.; Zhang, Y.; Rolandi, M.; Wang, D.; Dai, H.. Phys. Soc.2001 123 12798.

Chem. B2001, 105 11424. (25) The solution is stable for over 9 months but is made unstable by further
(23) Choi, H. C.; Kim, W.; Wang, D.; Dai, HJ. Phys. Chem. R002 dilution in hexane. The dried FeNPs could be easily re-dispersed in

106, 12362. hexane and used for SWNT growth after two years.
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Figure 1. Iron nanoparticles patterned into uniform monolayer dots with average heights of 5.7 nm. The AFM height images show (A) a low magnification
image of a dot array, (B) a high-resolution image of a single dot with inset of single nanoparticles, and (C) iron nanoparticles patterned intiie20&em-
dots. The images were obtained using a Digital Microscopes Il in tapping mode using a Si probe at 150 kHz.

size distribution. Analysis of the image shows a height distribution
centered at 5.% 1.8 nm which roughly corresponds to a monolayer
of nanoparticles and is consistent with TEM measurements. Closer
examination shows that voids without FeNPs and bilayers each
make up~%15 of the dot area while a monolayer covers the
remaining 70% of the area. Thus, the overall composition of the
dot is roughly a monolayer of iron nanoparticles. Also, the substrate
surrounding each dot is very clean and the pattern formation is
excellent across a 1-cm chip. This rinsing procedure is important
for obtaining regions between the dots that are free from FeNPs.
Using this method, FeNPs have been patterned reliably into
200-nm dots (formed by e-beam lithography) as shown in Fig-
ure 1C. It was possible to obtain FeNP patterned into dots using
AZ5214 photoresist, however, the regions between dots always
contained residual FeNPs, the amount of which was very sensitive
to small variations in deposition and rinsing proced@dfe®ther
photoresists were not tested.

The clean patterning of monolayers of FeNPs depends on the e -
oleic acid capping of the nanoparticles. The oleic acid capping : =i, . P
allows the nanoparticles to form a stable colloid in hexane. The Eigyre 2. SWNTs grown from patterned FeNP dots. The AFM image was
amount of FeNPs that is deposited into the resist holes is determinedobtained aftegrowth 1which has no Hpretreatment. The average heights
by self-assembly onto the substrate rather than by sedimentationof the 1um-diameter catalyst dots and SWNTs are 4.8 and 1.1 nm,
as would be the case with an unstable colloid such as the supported©SPectively.
alumina catalysts. Rinsing with hexane removes excess nanopar-

ticles and leaves approximately a monolayer in the holes. The oleic Results and Discussion
acid also renders the nanoparticles highly insoluble in acetone and . . .
causes them to stick to the substrate during liftoff. For the FeNPs, the highest yield of SWNTs was obtained

The substrates patterned inteuir dots of FeNPs were used for by initiating the CH and H flows at the same timegfowth
the SWNT growth studies. Since patterning was consistently 1). In Figure 2 an average of 15 SWNTS grow from each
uniform and produced dots with roughly a monolayer of FeNPs, 1-um-diameter dot with lengths ranging from 0.2 to 4.
SWNT yields from different growth runs could be easily compared. Most of the diameters were1.1 4 0.1 nm indicating that
The growths were performed using a tube furnace with a 2-in.- they were single-walled nanotubes, while some had diameters
diameter quartz tube. All the growths were done at 85Qusing of ~2 nm suggesting bundles may be present. For most of
CHj, (1500 sccm) and (50 sccm) at a pressure of 780 TOI.  yhe panotubes in Figure 3A, it was possible to identify
Substrates were ramped to 850 in 15 min under argon and 10 nanoparticles attached to their ends. The heights of the
min growths were initiated by simultaneously turning the argon attached nanoparticles ranged from 0.9 to 4.2 nm which is a

off and the reactive gases on. As will be discussed, minor changes . . .
in the order and timing of when the reactive gases are initiated are smaller size range than the original nanoparticles<3.8

critical for determining the degree of particle sintering and the NM). This can be explained by realizing that upon heating,
resulting SWNT vyield. spherical particles will wet the surface to form small mounds.
For nanoparticles in the range of 3:8.8 nm, one would
(26) PMMA that was photopatterned via a top layer of AZ5214 resulted expect the heights to decrease to abotub2xim. A few of
in clean liftoff only after completely removing the AZ5214 after i i i
defining the holes in the PMMA. Removal of the AZ5214 top layer Fhe attached nanOpartICIeS had dlame@mm’ bUt.m every
was not necessary if a 15-nm titanium layer separated the bottom instance the height was convoluted with an adjacent taller
PMM? ar;]d top r{\ZSSM- In this CaS%, thleFtltNaglurE layer Calr);te ftflff as cluster of nanopatrticles, likely making the height measure-
a single sheet, thereby removing residual FeNPs. However, liftoff using : : P
the Ti barrier layers was only reliable for isolated dots and not closely _ment n . these mStance_S too large. Significantly, . early
spaced arrays. introduction of H dramatically reduced the SWNT yield.
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Figure 3. High-resolution images of &m dots of FeNP catalyst after (A) . . . . o
growth 1 without H, pretreatments and (Byrowth 2 with 30 s b Figure 4. Schematic illustration of FeNP size distribution and nanotube

pretreatment. There are 17 SWNTSs growing from the dot in (A) and none growth. High-temperature treatment causes nanoparticle sintering and an
from the dot in (B). The average heights of the nanoparticles within the increase in the average nanoparticle size. The initial FeNP size distribution

dots are (A) 4.8 nm and (B) 3.8 nm. was ideal for growing 1.1-nm-diameter SWNTs at 880in CHy/H> (1500:
50 sccm). Brief H pretreatment accelerated nanoparticle sintering, quickly
Table 1. Nanoparticle Parameters and Nanotube Yield pushing the FeNP size distribution outside of our growth regime.
nanoparticles nanoparticle SWNT yield . L. .
sample perlumdot  dimensions (nnf)  per 1um dot concomitant size increases demonstrate that the nanopatrticles
before growth ~10 000 H=57118 sinter during the growth process, and that introduction of
W =13-18 H, before CH (growth 2 causes rapid acceleration of the
growth 1 1634 v%iig—izcl)'s; 5 coalescence, probably by reduction of the passivating iron
growth 2 251 H=384 12 oxide shells to the more mobile Fe species.
W = 30-50 <0.1 The results are consistent with previous research showing
2 As measured by AFMH is the height andW is the width. Note that  that growth of SWNTSs from nanoparticles is highly sensitive
W is convoluted with the~15 nm diameter of the probe tip. to growth conditions (gas composition, pressure, and tem-

perature)t1214.1920n fact, this notion was our motivation

By initiating the H flow only 30 s before the Cifflow, the for synthesizing FeNPs with a moderate size distribution (as
yield of SWNTSs is reduced to less than 1 SWNT per 10 opposed to a narrow size distribution varyirngo10) so as
dots growth 2. Longer lead times can completely suppress to improve our chances of having particles of the right size
the SWNT growth from the FeNP regions. Complete for good SWNT growth. In our growths, the initial FeNP
suppression of SWNT growth can also be achieved by distribution had a fraction of FeNPs ideal for nucleating
allowing the substrate to anneal at 88D for an extended =~ SWNT growth using our growth conditions. Annealing the
period prior to introduction of reactive gases. The results FeNPs into larger particles, by prolonged heating or prean-
are summarized in Table 1. nealing with H, pushed the size distribution outside of the

Insight into the growth mechanism can be gleaned from growth regime as illustrated in Figure 4. It should be noted
AFM images of the catalyst regions before and after growths that we did not explore how the nanotube growth was
under different conditions. Height images of a single dot are affected by changing the carbon precursor or gas composi-
shownbefore growthFigure 1B), after high-yieldrowth 1 tion. Thus, it is reasonable to expect that, under the
(Figure 3A), and after the no-yielgrowth 2 (Figure 3B). appropriate conditions, nanotubes would grow from the larger
Before growth, individual FeNPs can be distinguished and inactive FeNPs that resulted from sintering in our studies.
are relatively uniform and moderately packed (Figure 1B). For instance, Cheung found that single and multiwalled
In growth 2the particle widths have increased to-3tb nanotubes grew from 9- and 13-nm-diameter iron nanopar-
nm indicating that the nanoparticles have fused. After the ticles!* whereas in our study, nanotubes grew only from
high-yieldgrowth 1, the particle widths of 15 nm are at the nanoparticles less than 5 nm in diameter. While a full
resolution of the AFM probe tip, so particle widening cannot comparison to the results of Cheung is not possible since
be ruled out. However, the particles are no longer well nanotube yields were not reported, there are some important
packed and appear to have fused. The AFM of the no-yield differences between the two systems. A key difference
growth shows the greatest degree of particle fusion. To between our study and that of Cheung is that the larger
quantify the degree of fusing, particle counts were determined nanoparticles in our study were formed by sintering, even
for each image since widths less thai20 nm are highly  for the best case ajrowth 1 It is thought that prevention
convoluted with the AFM tips. It was not possible to directly and termination of nanotube growth occurs by overcoating
count the particles in Figure 1B. To estimate the particle of catalytic nanoparticles with carbdhand this mechanism
densitybefore growth a moderately packed monolayer of likely played an important role in our system, where only
individual and small aggregates of 5.8-nm particles was an average of 15 out of an initial 10 000 particles resulted
assumed in order to calculate a lower bound~df0 000 in nanotubes. It is possible that overcoating occurred on the
particles in the dot. Fogrowths 1and2, the particles were  fused particles before nanotube growth could initiate, sug-
easily identifiable in the AFM images and were counted
directly and listed in Table 1. These particle counts and (27) For the particle counts @frowths 1and2 and heights of-5 and 4
dimensions are consistent with conservation of total iron mass 1M respectively, one expects the widths to b3 and~36 nm,

> i TR ] . respectively, assuming an initial particle count of 10 000 before
after sintering”” The reduction in nanoparticle counts with heating.
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gesting that fusing and overcoating is more favorable than Initially, we would preanneal in Hfor 1—2 min using boat-
nanotube growth. This could also explain why so few FeNPs shaped sample holders withl-cm-high lips. The yields
lead to nanotube growth, since most are consumed in fusing.from FeNPs varied from 0 to a few SWNTs peufs dot.
Another important difference is that we used methane, When we switched to flat sample holders, the SWNT vyield
whereas Cheung used ethylene for most of the growthsfrom FeNPs was consistently O until we stopped preannealing
reported. The fact that ethylene decomposition is more jn H,, To understand this difference, we imaged the gas flows
favored than for methane might explain why Cheung at room temperature using smoke generated from a heated
observes growth from larger nanoparticles which require fjjlament soaked with oil. The flat holder allowed laminar
more feedstock. However, in one instance, they report growthgo over the sample, whereas the boat had stagnant re-cir-
of double-walled nanotubes from 9-nm nanoparticles using culating zones near the lips. The difference in SWNT yield
methane as a feedstock. Here comparison is difficult since can be explained by the stagnant gas pockets that slow the
the exact gas composition was not reported and results ofHZ from reaching the sample, effectively diminishing the
growth from other.sized na_moparticles from methane were degree of FeNP aggregationj The variation between runs
not reported. Again, the kinetics of overcoating could be using the boat was a result of differing degrees of gas mixing

significantly different in our closed packed nanoparticle db I ch : | 4 boat tioni
system, thereby preventing nanotube growth from particles caused by smail changes in sample and boat positioning.

>5 nm in diameter. We have demonstrated a reliable method to pattern FeNP
Our results have important implications for growing single- monolayers into 200-nm dots on substrates and to grow
walled nanotubes from patterned catalysts. The primary SWNTs from the patterned regions. The growth of SWNTs
motivation for growing nanotubes from monodisperse nano- from FeNPs is highly sensitive to both the size of the
particles is to control the nanotube diameter and ultimately nanoparticles and the gas composition. By characterizing the
its chirality. To date, control over SWNT diameters has been eyolution of FeNP size under different growth conditions,
achieved by growing from iron nanoparticles isolated from \ye have determined that it is important to regulate nano-
one another on a substrate. This situation is more difficult article aggregation to have good control over SWNT growth
to achieve in patterned regions where catalyst is typically om patterned nanoparticles. Our FeNP patterning method,

concentrated or packed. In this case, our results show that,o \ el as our SWNT growth model, should be important
sintering will tend to grow the nanoparticles during heating. for developing nanotube-based devi(’:e technology
To maintain control over SWNT diameters for technological ’

applications, it will be critical to prevent FeNP aggregation.
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