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Conformal atomic layer depositidLD) on as-grown suspended single-walled carbon nanot@&¥NT9 is not possible due to

the inertness of ALD precursor molecules to the SWNT surface. Here, we present a functionalization technique that makes SWNTs
reactive with ALD precursors, and deposit higloxides(Al ,0; and HfO,) onto the nanotubes to illustrate this method. Reactivity

of the precursors with the functionalized nanotubes is due to,-N@rtional groups attached to the nanotube sidewalls. The effect

of the functionalization on the nanotube conductance is shown to be reversible, and doping caused by the deposited oxides is
discussed.
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Many of the promising applications that exploit the unique prop- using optical lithography, electron beam evaporation, and lift off
erties of suspended single-walled carbon nanotyS¥gNTs, such processing to pattern a several micrometer wide metallic line
as surround-gateransistors with large charging energfesill only (Pt 50 nm/Ti 5 nm onto a 200 nm thick self-supporting 38i,
be achievable if the nanotubes are surrounded by a protective pasnembrane. A focused ion bea(fiB) was used to mill a Jum wide
sivation layer. The extreme sensitivity of SWNTSs to their chemical s|it through the line and the supportingSj, underneath. The newly

environment is well documented, and is a major obstacle in the fieldseparated halves of the metallic line served as two addressable elec-
of nanotube device fabricatidit. SWNTs coated with both metalfic  trodes separated by thepim wide gap. Fe catalystl.6 nm) was

and superconductii materials have been demonstrated to produceeyaporated onto the substrate surface for CVD nanotube growth,
interesting phenomena, but such coatings do not preserve the elegzhich was carried out at 900°C in a flowing GHatmosphere
tronic properties of the nanotubes. Encasing SWNTs with insulating(zoo scc for 5 min 7 During growth, one or several SWNTs
material is therefore highly desirable. This has been previously.,,qe themselves electrically accessible by growing over the gap
demonzt_ratgd uilng chemlfet[lhv?por depﬁs'(ﬁ??)' C\?Igwevelr’d' and bridging the two electrodébig. 1&).18 Agglomeration of the Pt
many disadvantages exist that are innerent to » INCIUAINGy-cyrred at this temperature, which limited the number of current
f|Im nonun(;for_mlt_y and h_|gh temperature, which increases COntaCtpathways through the patterned line, and thus limited the number of
resistance’ Liquid-chemical deposition methods have also been SWNTSs that were electrically contaéted

used to coat SWNTs with SiG™"? a low dielectric, but this A flow-through style ALD reactdr was used to make two dif-
approach has not been adapted for the deposition of higher- ferent highk oxides for this study: AlOs (x = 8) and HfO, (x

materials. .
Atomic layer depositiofALD) on SWNTs is of interest because 16). The metal sources used forl; and HfO, were trimethy-

it allows for the deposition of a wide variety of materials at rela- /aluminum and tetrakjsliethylamindhafnium, respectively. b0
tively low temperatures with superior thickness precision and highas used as the oxygen source for both materials, and 225°C was
composition uniformity®> Conformal ALD coating around multi-  the deposition temperature used in both cases. 10 nm of either oxide
walled carbon nanotubeé®IWNTs) is a straightforward and highly ~Was deposited onto the as-grown nanotube samples. The purpose of
reproducible proces$. The same, however, cannot be said about this ALD step was twofold. While it left the main body of the sus-
SWNTs, which are chemically inert to ALD precursor molecules. As Pended nanotubes bare, it helped to anchor them to the supporting
a result, continuous ALD coating is impossible to achieve without Substrate by growing up and around the segments that were in con-
the assistance of a supporting substrate onto which the material cai@ct with the SiN, membrane. This limited the lateral motion of the
be deposited(substrate-assisted growfti'!® The benefit of this ~ nanotube, ensuring that it stayed attached during the liquid-chemical
chemical inertness is that it allows for the creation of a totally be- functionalization treatment that followegtig. 10. This initial ALD
nign dielectric/nanotube interface that does not adversely affect thétep also coated any existing non-SWNT structures, guaranteeing
electrical properties of the nanotube. In fact, this property has beerthat SWNTs were the only current carrying species that could take
shown to be crucial for the fabrication of SWNT field effect devices part in the chemical treatment.
that exhibit ballistic transport at room temperattfté drawback of Chemical functionalization was carried out withsitu generated
this chemical inertness is that it requires ALD fabrication techniquesdiazonium compound®. The samples were submerged in solutions
to rely on substrate-assisted growth, which adds a constraint tgonsisting of 10 mL 1,2-dichlorobenzene, 5 mL acetonitrile, and
SWNT device design. For instance, in substrate-assisted growth?.6 mmol of an aniline derivative. In these experiments, two types
ALD coatings go only part way around the nanotubes, so the fabri-of aniline derivatives were used for comparison purposes: aniline
cation of surround-gate SWNT devices cannot be achieved. Susand nitroaniline. The solutions were sealed and bubbled for 10 min
pended nanotube geometries are needed for such devices to be realith nitrogen, and heated to 60°C. 4.0 mmol of isoamyl nitrite was
ized, which means that the SWNT inertness must be overcome. It ishen quickly added to generate the reactive species, and the samples
therefore desirable to establish a functionalization technique that notvere allowed to sit in this solution for at least 15 h to ensure reac-
only makes SWNTs reactive with gas-phase ALD precursor mol-tion completeness. During functionalization, the reactive diazonium
ecules, but also allows the nanotubes to retain their electrical propspecies were covalently bonded to the SWNT sidew&ig. 10. A
erties. We describe such a technique here, and show its effect ogeries of dilutions were then used to clean the samples. Copious
electrically contacted suspended SWNTs and SWNT bundles. amounts of dimethylformamide were first added until the solution
In our experiments, suspended SWNT samples were fabricatedvas clear. This was followed by extensive dilutions in diethyl ether
and high purity hexanes, respectively. To determine if the function-
alization succeeded in making the SWNTs more susceptible to ALD
* Electrochemical Society Active Member. reactions, an additional 10 nm of ALD oxide was deposited onto the
Z E-mail: gordon@chemistry.harvard.edu samplegFig. 10.
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Figure 1. Schematic cross-section of the sample processing steps. 2 [—— | _
SWNTSs are grown across a gap in the supportingl Smembrane(b) ALD T ]|
oxide is deposited onto the sample, but does not grow on the inert SWNTs. . [ [ |
(c) The liquid chemical treatment is carried out, which functionalizes the %0 i
exposed portion of the SWNTg&) A second ALD run is performed, which 20 . i
uniformly coats the functionalized SWNTs. time (h)

Figure 3. (a) Current-voltage analysis of suspended SWNTs. The conduc-

The fact that the SWNTs were suspended over a gap made thert@nce of the as-grown SWNTSiled circles after 10 nm HfQ deposition
ideal structures for transmission electron microscoiM) studies increaseqopen circles Functionalization results in a substantial conduc-

" . . . tance decreas€illed squares An additional 10 nm of HfQ results in a
The TEM images in Fig. 2 compare Ab; coated SWNTs function- conductance increagepen squargsand subsequent annealing results in a

alized using the two different aniline derivatives. In both cases, thefrther conductance increagsolid line). (b) In a more detailed study of the
functionalization resulted in the attachment of aryl ligands to the annealing behavior, the room temperat@ne situ resistance is shown to

nanotube sidewalls. It is clear from these micrographs, however, thagiecrease exponentially with annealing time. 30Qfilled circles, 325°C
only SWNTs functionalized using nitroaniline result in conformal (open circle, 350°C (open squares
coating. The aniline treated SWNTs produced structures that are
similar in appearance to as-grown ALD coated SWNTSs, exhibiting
purely localized oxide nucleatiofFig. 2a. However, ALD oxide
spheres on as-grown SWNTs are typically the same size and cor@xide layer, and had a diameter of 2 nm. The diameter of the oxide
centric around the nanotub®while the oxide spheres on aniline nanorod after 100 ALD cycles is 22 nm, which corresponds well
treated SWNTs are not. This may be the result of steric hindrancevith the established growth rate of 0.1 nm/cycle fop@d. In other
caused by the attached ligands, which can temporarily obstruct prewords, SWNTs functionalized using nitroaniline showed little if any
cursor molecules from reactive sites on the nanotube surface. Suchighibition of nucleation. These results show that the nitro functional
mechanism could cause various degrees of nucleation inhibitiongroup specifically facilitates reaction with the gas-phase ALD pre-
resulting in oxide spheres of different sizes. Unlike their aniline cursor molecules. This type of reaction is common in organometallic
treated counterparts, SWNTs functionalized using nitroaniline ex-chemistry?1 and illustrates the importance of appropriate ligand se-
hibit Al,O3 coating that is strikingly uniform and continuous. The lection when functionalizing SWNTs for ALD coating purposes.
encased SWNTFig. 2b can be adequately resolved through the =~ Room-temperature current-voltagé/) measurements of sus-
pended SWNTs functionalized using nitroaniline and coated with
HfO, were made in between the different stages of sample process-
ing (Fig. 39. The IV curve of the as-grown SWNT is slightly non-
linear, corresponding to a nanotube with semiconducting
propertiesz.2 The slope of the curve slightly increases after the initial
ALD step, indicating a slight conductance increase. It has been pre-
viously demonstrated that individual semiconducting SWNTs gener-
ally exhibit p-type behaviot? This suggests that the presence of
the oxide at the metal/nanotube junction is effectively doping those
regions to have a greater p-type character. High-frequency
capacitance-voltageCV) analysis of our HfQ thin films supports
this assertion. The CV curves exhibit flatband voltage shifts to more
positive values, which is indicative of negative charge trapping in
the oxide®* In other words, the metal centers of the Hf@t the
metal/nanotube junction are functioning as electron traps, the overall
result being stronger p-type behavior.

Chemical functionalization has the opposite effect on the SWNT
conductance properties, causing a dramatic resistance increase. This

. . - o is to be expected considering that the SWNT is initially in & sp
Figure 2. Reaction schematic with TEM results of functionalized suspended - . .
SWNTs exposed to 100 ALD cycles of A, () SWNTs functionalized hybridized electronic state, and the ligand attachment converts the

using aniline exhibit localized ALD nucleation. The,® spheres here mea- Nanotube into the more resistivesponfiguratiorf’’ This type of )
sure 15, 17, and 20 nnib) SWNTSs functionalized using nitroaniline exhibit ~ resistance increase Is well documented, and has been observed in
continuous ALD coating. The diameter of the,® wire is 22 nm.(Scale  both carbon films and functionalized carbon nanotBé8.

bar: 20 nm. Partial recovery of the conductance was attained in the second
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negative charge, so a conductivity increase upon deposition was
expected. The IV results confirm thigig. 4), showing a slight
increase in conductivity after the initial 10 nm were deposited.
Chemical functionalization caused a decrease in conduction through
the bundle, as expected, and the subseques®Atieposition re-
sulted in another small conduction increase. Finally, a 600°C anneal
in argon for 1 h restored the bundle’s conductivity close to its initial
value. The magnitudes of the conduction changes were different
because the bundle consists of many nanotubes with varying degrees
of conductivity, but the trends mirror what was observed in the
suspended SWNT case.

In summary, conformal coating of suspended single-walled car-

bon nanotubes with higk-dielectric materials has been achieved

Figure 4. Current-voltage characteristics of SWNT bundles,GAlALD is

using atomic layer deposition. The change in the electrical proper-

used instead of Hfg but the conductance trends are identical to what was ties due to the functionalization technique employed has been shown
found in the suspended SWNT case. The conductance of as-grown SWNTg be reversible, which is crucial for attaining room temperature

(filled circles increases after 10 nm of #D; deposition(open circles
Chemical functionalizatiorffilled squarep causes a conductance decrease.
Another 10 nm AJO; deposition results in a conductance increésgen
squarel while additional conductivity is attained after a 600°C anneal for
1 h (solid line).

ballistic transport through insulator-coated nanotubes. It is antici-
pated that this technique will have a significant impact in many
SWNT device applications, including SWNT devices with ultrathin

dielectrics and surround-gate structures.
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decrease can be observed starting at a temperature of 250°C, whic
is close to the ALD deposition temperature used in these experi-
ments(225 + 5°Q. Considering that the entire deposition takes sev-
eral hours, it is possible that a portion of the attached ligands were o
dissociating from the nanotube sidewalls during the deposition pro- ¢
cess. This would result in a conversion back to arsfbridized state 7'
in the areas of dissociation, and a corresponding resistance decreagg
in those areas. However, the fact that the SWNTs could be uni-
formly coated under these deposition parameters suggests that the
amount of ligand cleavage is not extensive before the first several,
monolayers of oxide can react with the functional groups.

Anneals in an inert argon atmosphere were performed to achieve,
complete ligand cleavage along the entire nanotube length, effec;,
tively restoring the SWNT to its original hybridization state and
corresponding conductive properties. It can be €& 3b) that the 14,
resistance decreased exponentially with annealing time, signifying
ligand dissociation. The mean lifetime of the attached ligands at, ¢
300°C has been calculated from the data to H86 min (R?
= 0.9, which is more than three times higher than reported for ;¢
functionalized, uncoated nanotubes. This may be due to a caging
effect caused by the surrounding Hf@yer. Such an arrangement 17,
can increase the stability of the ligands on the nanotube sidewalls;g.
making the dissociation rate slower compared to the rate on un-
coated nanotubes. Anneals at 325 and 350°C caused further resiss.
tance decreases at faster rates. Proper combination of annealing time.
and temperature resulted in the full recovery of the SWNT conduc-21.
tivity. 22

The suspended SWNT results were supported by experiments
done on SWNT bundles. Bundled SWNT samples were fabricated irp3.
a similar fashion with the exception that the nanotubes were growrpa.
at a temperature of 800°C. The lower growth temperature avoids the
Pt agglomeration that occurs at 900°C, thereby increasing the numgs.
ber of SWNTSs that are electrically accessible both over the gap and
between much wider electrodes that are connected in parallel. ALDys.
Al, O3 was used instead of HfOfor the bundled SWNT experi-  27.
ments. Like HfQ, the metal centers in AD; are known to trap
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