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ABSTRACT

Single-walled carbon nanotubes (SWNT) are grown by a plasma enhanced chemical vapor deposition (PECVD) method at 600 °C. The nanotubes
are of high quality as characterized by microscopy, Raman spectroscopy, and electrical transport measurements. High performance field
effect transistors are obtained with the PECVD nanotubes. Interestingly, electrical characterization reveals that nearly 90% of the nanotubes
are semiconductors and thus highly preferential growth of semiconducting over metallic tubes in the PECVD process. Control experiments
with other nanotube materials find that HiPco nanotubes consist of ~61% semiconductors, while laser ablation preferentially grows metallic
SWNTSs (~70%). The characterization method used here should also be applicable to assessing the degree of chemical separation of metallic
and semiconducting nanotubes.

Single-walled carbon nanotubes (SWNTSs) have been estab- RF Plasma Coil Sample Holder
lished as ballistic metallic and semiconducting molecular

wires potentially useful for future high performance
electronics:™ To realize this potential, it is necessary to
achieve preferential growth of semiconducting versus metal-
lic nanotubes or enable high degrees of separatiaf the

two types of nanotubes. Here, we present synthesis of high
quality SWNTs by a plasma enhanced CVD method at 600 gigyre 1. Schematic drawing of the PECVD reactor used for the
°C, and an unexpected result that the PECVD method synthesis of SWNTs.

preferentially grows semiconducting nanotubes at a high

percentage 0f90%. The preferential growth has prompted SWNT can occur depending on the growth method. The

us to investigate the percentages of semiconducting (s-results and characterization method presented here should
SWNT) and metallic SWNTs (m-SWNT) in materials grown also have implications to chemical separation of nano-

by other methods, both as control experiments and to types.

elucidate these previously unknown parameters for some of A home-puilt radio frequency (RF, 13.56 MHz) 4-in.
the widely used nanotube materials. We conclude that theremote PECVD systetnwas used for nanotube growth
relative abundances of semiconducting and metallic nano- rigure 1). The plasma discharge source consisted of a copper
tubes grown by various methods are different and do not coj| wound around the outside of the 4-in. quartz tube near
necessarily follow the 2:1 ratio expected for random chirality he feed-gas entrance. We operated the plasma in capacitive
distribution. Highly preferential growth of a certain type of mode with the interior furnace wall acting as an electrode
and the coil acting as the counter electrode. This created a
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(80% CH, in Ar) was introduced into the reactor at a flow
rate of ~60 sccm (standard cubic centimeter per minute)
under vacuum pumping to reach a pressure500 mTorr.
The plasma source was then turned on (RF powgs W)

for 3 min for PECVD growth. The plasma and ¢kere
then switched off and the system was cooled to room
temperature in Ar.

Atomic force microscopy (AFM) revealed that nanotube-
like structures grew from ferritin and thin Fe film catalysts
(Figure 2a,b). Topographic height measurements revealed
tube diameters ofl = 0.8 nm to 1.5 nm with a mean of
~1.2 nm. TEM provided direct evidence that the nanotubes
grown directly on the grids were single-walled (Figure 2c)
| d and free of obvious kinks or other types structural defects.
= Furthermore, resonant Raman spectrostdgdata, recorded
with a Renishaw 1000 micro-Raman spectrometer with a
laser excitation ot = 785 nm, clearly resolved the radial
breathing modes (RBM) and the G-band of the SWNTs
R . (Figure 2d) grown from a thin Fe film on a SiSi substrate.
Raman data confirmed the diameter distributionl f 0.8—

A PR B IR R 1.5 nm for the PECVD tubes accordingtaggu(cm™?) =
150 200 250 1500 1600 1700 12.5+ 223.5/d(nm)wherewgrgy is the Raman shift for the
Raman Shift (cm™) RBM.
Transport measurements of the PECVD SWNTs were
Figure 2. SWNTs grown at 600C. (a) AFM image of nanotubes  performed to elucidate the electrical properties and test the
grown from low-density ferritin deposition on a SiGubstrate. (b) quality of the nanotubes. Substrates with nanotubes grown

AFM image of a tube grown from an iron-film island (nominal from ferritin particles with vari densiti df
thickness 1 A). (c) TEM image of an as-grown SWNT (diameter omfe particies arious densiues were used for

= 1.2 nm). (d) Left panel: Raman data for the RBMs of SWNTs device fabrication. We randomly fabricated an array of
grown by PECVD. Right panel: The G-band of SWNT vibration source/drain (S/D) electrode pairs on such a substrate, and

(clear peaks at 1578 and 1608 ctindue to splitting of the in-  then ysed AFM and electrical probing to identify the devices
plane graphene mode at 1580 crfrom graphene to tubes). Raman with nanotubes bridging the S/D. In control experiments

data here was obtained with a SWNT mat grown on a uniform Fe ™| _g 9 = ) p_ !
film deposited on Si@ and the data were sum of 75 spectra HiPco or laser ablation materials were sonicated in chloro-

recorded over the sample. form for 15 min, to afford mostly individual nanotubes, and
deposited onto substrates by spin casting. Electrical devices
sample underwent no local heating due to the plasma, aswere then obtained similar to the case for PECVD nanotubes.
verified by a thermocouple located directly under the Pd was used for S/D electrodé$ in the top-contact
sampleholder. The design of the PECVD system is such thatgeometry, and the gap between the S/D electrodes was small
the plasma can be operated in inductively coupled mode as(L ~ 300 nm) for all of our devices.
well, though the transition from capacitive to inductive mode ~ We found that at the high end of the diameter range,
occurs at far higher input power than is used for the current PECVD s-SWNTs withd ~ 1.5 nm exhibited ON-
work. conductance 06G,, = 0.06G = 0.06 x 4 €/h (resistance
Nanotube growth was carried out on %8 wafers (SiQ Ron~ 100 k&2) and an on- and off-current ratio &/l =
thicknesdox = 67 nm) or on holey-Si@films supported on 1P (Figure 3a) withlo, near 1QuA (Figure 3b). Two of the
transmission electron microscope (TEM) grids. Two types performance parameterS,, andl,,, were at least compa-
of catalysts were used in this work. The first was discrete rable to s-SWNTs witld ~ 1.5 nm grown by regular CVD
ferritin particles with an average of300 Fe atoms per and laser ablation. However, since the majority of the
ferritin,'° adsorbed randomly onto the SiSi substrates or  PECVD SWNTs were smaltl ~ 1 nm, the devices typically
onto the SiQ TEM grids from a solution. The density of exhibited lowG,, ~ 0.001G andlq, ~ 1 uA. Very similar
the ferritin particles, controlled by the ferritin concentration properties were measured for HiPco tubes vty 1 nm.
and the adsorption time, was less than one monolayer. TheThese electrical characteristics do not necessarily imply low
second type of catalyst was nominatyi A thick Fe films quality of either the PECVD or the HiPco material. Small
formed by slow electron beam evaporation at a rate of 0.1 diameter SWNTs have band gaps near 1 eV and the
A for 3—12 s monitored by a quartz crystal microbalance. formation of highly transparent contacts to these tubes were
SiO,/Si substrates with patterned catalyst isldfd$ ~1 A difficult even with the high work function metal PdThe
Fe films were also used for growth. The catalyst-deposited existence of Schottky barriér¥ at the contacts could be
substrates were heated to 6@in Ar, after which methane  mainly responsible for the low conductance.
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Figure 4. A 5-tube-in-parallel transistor derived by PECVD. (a)
Schematic drawing of the device. (b} vs Vy for the five-tube
device showing conductance depletidpy/(of = 10°, Vgs = 100
mV). (c) lgs VS Vgs Showing sequential electrical breakdown of the
tubes in the device. (d) RBM micro-Raman data of the area between
the S/D electrodes identifies four semiconductor SWNTs in
resonance with the laser. The peaks were labeled with structural
(m,n) indices (all corresponding to s-SWNTSs) using earlier
methods'13
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Figure 3. A transistor based on a PECVD SWNT. (a) Current
(las) vs gate voltage\(y) for a single-tube device recorded under a
bias ofVygs= 10 mV. The inset shows an AFM image of the device
(SWNT d ~ 1.5 nm, channel length ~ 300 nm). The on-state . .
resistance iR = 100 kQ underVy= —5 V. (b) Current vs bias ~ !Mprecise. . .
under various/, for the device showing a high on-current near 10 ldentifying individual nanotubes in large arrays of devices
uA. Note that this particular device was passivated with a poly- by AFM imaging is laborious. A second method that we used
(methyl methacrylate) layer to eliminate hysteresis caused by {q quantify s- vs m-SWNTs was based on devices consisting
adsorbed water moleculés. . . o .

of multiple (~1—7) SWNTs bridging wide £10 um) S/D

electrodes. Note that for a given areal density of nanotubes

In the initial stages of this work, we noticed unusually on a substrate, the width of the S/D electrodes can be varied

high percentages of devices fabricated with as-grown PECVD (515 4m) to obtain approximate control over the average
SWNTs behaving like semiconductor FETs with complete number of SWNTs bridging the S/D in each device. The
conductance depletion under electrostatic gating (“depletion” humbers of m- and s-SWNTSs in each device were measured
or “depletable” hereafter is defined for devices with'lor by using electrical breakdown of SWNFsind counting the
> 10%). This prompted us to perform a systematic investiga- number of abrupt current drops under increased S/D bias
tion with six batches of samples (with a total-ef20 chips)  voltage. For a depletable device, we applied a high negative
to quantify the percentage of s-SWNTs grown by PECVD. gate voltage\(; = —5 V) to ensure all s-SWNTs bridging
One method of quantification is to use AFM to identify the gap were in the “on” state, and increased the bias voltage
electrically connected devices with individual SWNTSs bridg- until the current dropped to zero. Figure 4c shows a
ing the electrodes, and then determine if the nanotubes exhibitdepletable device exhibiting five abrupt current drops. For
semiconducting or metallic characteristics by electrical a nondepletable device (defined gl < 10%), we first
measurement. With one batch of sample, we obtained aboutcut (V; = +10 V under which s-SWNTs were off) and
30 single-tube devices out of 98 on each chip. With a total counted the number of m-SWNTs until the device became

investigated and is-1.96 x [p(1 — p)/Nt]¥2 = 5.0% for a
confidence coefficient of 95%6. Note that it is critical to
survey large numbers of nanotubes in order to avoid large
errors in the statistics. For an example, if a percentage of
p ~ 67% was obtained based on oMy = 30 tubes, then
the error bar would be-17%, making the statistics very

of four chips, we measureldr = 138 individual nanotube
devices and found that the number of s-SWNTNJs= 124,
corresponding to a high percentagepef 89.8%. The error

depletable, and then cut and counted s-SWNTSs (uNgter
—5 V). Figure 5 shows that a 7-tube nondepletable device
became depletable (Figure 5a) after cutting one m-SWNT

bar for the statistics is determined by the number of tubes (Figure 5b inset). Continued cutting of the now depletable
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large numbers of devices was not needed. We did carry out
AFM on some of the devices and found that the number of

10 8 nanotubes revealed by AFM matched that found by the
cutting method, which suggests that simultaneous breakdown
—_ 10‘9 of multiple nanotubes during cutting is very rare. With a
S, particular batch of 157 devices, the cutting and counting
%10_10 method identified 89.5% s-SWNTs out of a total i¢f =
- 439 tubes.

We also used resonance micro-Rafiapectroscopy to
acquire the spectroscopic signatures of PECVD SWNTSs in
devices that had been characterized by electrical measure-
ments. For multitube depletable devices, Raman spectroscopy

- |
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4 2 0 2 4 consistently revealed s-SWNTSs with identifiable chiral (m,n)
V (V) indiced213(Figure 4d) and never encountered m-SWNTSs in
g9 the devices. Raman measurements of multitube nondepletable

devices were able to occasionally identify m-SWNTs (Figure
5c), but the occurrence of m-SWNTs was much less frequent
than s-SWNTSs. Note that micro-Raman spectroscopy (similar
experimental setup and procedure as in ref 13) was used here
to provide a local spectroscopic sampling of tubes in our
devices. It was by no means intended to characterize the
relative abundance of m- and s-SWNTs and identify every
tube in the devices, since the 785 nm laser excitation only
resonates with a fraction of SWNTSs.

Out of a total of Nt = 701 nanotubes characterized by
the two electrical characterization methods combined, we
found a percentage of 898 2.3% s-SWNTs grown by
PECVD (Table 1). This unusually high percentage strongly
suggests preferential growth of semiconducting SWNTs in
our CVD process. In control experiments, we investigated
as-grown HiPc# and laser ablatidf SWNTs using the
electrical cutting method described above. We fow&d..0
C (10,2) + 7.6% and~30.0+ 6.0% s-SWNTs for HiPco (Table 1)
and laser ablation (W. Kim and H. Dai, unpublished data)
materials, respectively. Noteworthy is that these percentages
were unknown in the literature despite the wide use of these
nanotube materials. Interestingly, the percentage of semi-
conductors in HiPco samples falls within the margin of error
(15,6) for materials with no chirality preference (similar to SWNTs
grown by regular CVD-?9, while laser ablation preferen-
tially produces metallic SWNTs~<70%).

Our current work was initially aimed at lowering the
T N A A growth temperature for SWNTs from800—900 °C typi-

Intensity (a.u.)

160 200 240 280 cally involved in CVD!20 [ower temperature should
significantly enhance the compatibility of nanotube synthesis
Raman Shift (cm'1) with CMOS technology for hybrid electronics. Also, the size

and shape of catalytic nanoparticles should be more stable
Figure 5. Counting of metallic and semiconducting SWNTs. (a) at lower temperatures, which should facilitate better control
las Vs Vg (underVgs = 100 mV) data for a seven-tube device before gver the size and potential chirality of nanotubes. With
(higher curve) and after (lower curve) cutting one m-SWNT. (b) pecyD, we were indeed able to significantly lower the

Inset shows cutting of one m-SWNT, after which the lower curve . .
in () was recorded. The main panel shows continued cutting of growth temperature for SWNTs. The plasma-assisted dis-

six s-SWNTs in the device. (c) Micro-Raman data reveal one (15,6) Sociation of CH into more reactive higher hydrocarbons and
m-SWNT and one (10,2) s-SWNT resonating with the 785 nm laser more reactive radicals must be responsible for efficient

in this device. SWNT growth at 600°C. No nanotubes were grown with-
out the plasma assistance under otherwise identical condi-

device revealed 6 s-SWNTSs (Figure 5b). This cutting and tions. Note that a low temperature growth method for

counting method was very efficient since AFM imaging of SWNTs was reported recently by CVD of alcoRblAfter
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Table 1. Summary of the Diameter Distributions and Percentages of s- and m-SWNTs Grown by PECVD (with several batches of
devices) and HiPco

measured Raman diameter range total # of total # of # of sS-SWNTs # of s-SWNT

RBM (cm™1) (from Raman) devices Tubes (NT) (Ns) m-SWNTs % = (p)
PECVD 161—284 0.8 nm—1.5 nm 375 701 626 75 89.3 £ 2.3%
HiPco 201-264 0.8 nm—1.3 nm 80 164 100 64 61.0 £ 7.6%
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