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Patterned growth of single-walled carbon nanotubes on full 4-inch wafers
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Patterned growth of single-walled carbon nanotut®8/NT9 is achieved on full 4-in. SigYSi
wafers. Catalytic islands with high uniformity over the entire wafer are obtained by a deep
ultraviolet photolithography technique. Growth by chemical vapor deposition of methane is found
to be very sensitive to the amount of Eo-flow. Understanding of the chemistry enables the growth
of high quality SWNTs from massive arrays (£0L0°) of well-defined surface sites. The scale up

in patterned nanotube growth shall pave the way to large-scale molecular wire devic26010©
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Single-walled carbon nanotubesSWNT9 are ideal diffuser by Spectral Energy Developing the exposed re-
guantum systems for exploring basic science in ongions resulted in large arrays of wells in the PMMA. A sus-
dimensiont These molecular-scale wires, derived by pension of A}O; supported Fe/Mo catalyst in methattol
bottom-up chemical synthesis approaches, are also promisingas spun onto the wafer at a low speed of 250 revolutions-
as core components or interconnecting wires for future elegper-minute followed by baking at 160 °C for 5 min. The
tronics. Indeed, rich quantum phenomena have been revealgdifer was then immersed in dichloroethane to lift off the
with SWNTE® and functional electronic devices have beenPMMA, which afforded remarkably uniform catalyst arrays
built such as transistors' chemical sensord’ and memory over the entire 4-in. wafefFig. 1(a)]. The catalyst islands
devices From both fundamental and practical point of vary in size down to Jum, limited by the mask resolution.
views, it is desirable to assemble nanotubes into orderee employed DUV and PMMA resist for catalytic patterning
structures on large surfaces for addressable and integratéthce PMMA was not dissolved by methanol in the catalyst
devices. Not only should the assembly methods be able teuspension. Further, lift off of PMMA afforded a clean and
place nanotubes at specific locations with desired orientasmooth wafer surface with no PMMA residue left on the
tions, the methods must be scalable to large areas. surface. With commonly used photoresists however, an un-

Patterned growth of carbon nanotuljesy., by chemical desired “scum” residue layer with roughness on the order of
vapor depositiofiCVD)] represents an assembly approach tol0 nm was always left on the surface upon lift off.
place and orient nanotubes at a stage as early as when they CVD was carried out in at 900 °C for 7 min with the
are synthesized!? Catalyst patterning defines the locations wafer placed in a 4-in.-diameté#8-in. long heating zone,
from which nanotubes originaté;** and van der Waals Lindberg Blue quartz tube furnac¢Fig. 1(b)]. Pure CH
self-assembf?1>®or external fields determine their ori- (99.999% at a fixed flow rate of 1500 mI/miiL080 ml/min
entations. While this approach has been effective in yieldingvhen the gas correction factor of 0.72 for methane is taken
SWNTs on small substrates for basic studies and devict#to accountwas used for carbon feedstock. To investigate
demonstrations, little is known about the scalability of sur-the growth conditions, Hwas co-flown at a rate in the range
face catalytic patterning and the chemistry needed for growof 50 to 150 ml/min.
ing nanotubes in large reactors. Strikingly different CVD growth results are obtained

Here we report the patterned growth of SWNTs on full
4-in. SiO,/Si wafers. Wafer-scale catalytic patterning is X
achieved by deep ultravioldDUV) photolithography and k. 21 SO0
spin casting. Catalyst islands with remarkable uniformity
over the entire wafer are obtained. CVD of £kRefs. 11
and 18 at elevated temperatures is found to be ultrasensitive
to the amount of K co-flow, undergoing pyrolysis, growth,
and inactive reaction-regimes with increased &tdition.
Understanding of the chemistry enables the growth of high
quality SWNTs from massive arrays (101¢°) of well-
defined surface sites on full 4-in. wafers.

A SiO, /Si wafer was first coated with 300 nm thick of
poly(methylmethacrylate(PMMA) and exposed through a
quartz mask to DU\,/ under a Karl—Suss MA_§ phOtphthOg_ FIG. 1. (a) Optical image of an array of catalyst islan@ide length 1qum)
raphy system by using a home-assembled optical 88l patterned on a wafer using DUV lithograpiil) Diagram of the quartz tube
source: Oriel 200 W Hg Arc Lamp with Sun Lens beam reactor used for growth of nanotubes. Gases are introduced on the left-hand

side and flown over the wafer placed in the center of the reactor. Exhaust

leaves through the port on the right-hand side. The right-hand side cap of the
@E|ectronic mail: hdail@stanford.edu tube is removable for wafer transfer.
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FIG. 3. Schematic presentation of three regimes of CVD growth conditions
in a 4-in. system at 900 °C under a 1500 ml/min flow of CHDarkness of
the bar represents the amount of active carbon species in the three regimes.

were grown from catalyst islands, with AFM revealing the
SiO,-wafer surface covered by amorphous carbon deposits
[Fig. 2(a@)]. Worse was the observation of oily coating on the
reactor wall by higher hydrocarbons generated during vigor-
ous CH, pyrolysis. In contrast, an ‘inactive-regime’ was en-
countered when H flow increased above-~150 ml/min
[Figs. 4c) and 3. Clean wafer surface and reactor wall were
seen but the yield of SWNTs from the catalytic islands was
low (Fig. 3.

Thus, we have identified three regimes of £SENVD
conditions parameterized by,Honcentration under a con-
stant CH flow in the 4-in.-CVD systentFig. 3). The chemi-
cal reactivity of CH is sensitive to H, a well-known phe-
nomenon in hydrocarbon pyrolysis chemisth, serves to
decrease the rate of GHlecomposition by hydrogenating
reactive carbon specié$lts presence slows down the GH
decomposition since His a product of the reaction. Never-
theless, our current finding of high sensitivity of SWNT
growth to H, in CH, CVD is striking considering the small
variations in H concentrations that distinguish the three re-
gimes(Fig. 3. In the pyrolysis regimgH,<~50 ml/min),

CH, decomposition is vigorous without effective, lhhibi-
tion. Amorphous carbon generation causes catalyst poisoning
and low SWNT yield. In the inactive-regim@i,>150 ml/
min), the concentration of Hlowers the CH reactivity be-
low a level needed for CHas an efficient carbon feedstock
to the catalyst. In the growth reginiel,~125 ml/min, the
concentration of K allows a good balance to prevent undes-
ired amorphous carbon formation and maintain the, 4
FIG. 2. AFM images of wafer surfaces near catalyst islatalsA rough ~ activity, leading to excellent results in catalytic SWNT
surface with a significant amount of amorphous carbon deposits formed igrowth. It should be noted that the growth conditions and
the pyrolysis regime under a tto-flow of 50 mi/min.(b) A clean surface  ragylts are also very sensitive to impurities in the methane
and good yield of SWNTs grown from a catalyst isldatithe bottom of the . L .
image, not shownin the growth regime under aztto-flow of 125 mi/min. gas and potential metal contamn_wa_tlo_ns in the CVD quartz
(c) A clean surface but zero yield of SWNTs in the inactive regime with 150 Chamber. For consistent results, it is important to use ultra-
ml/min H, co-flow. high purity methane as in the present work and avoid metal
contamination of the systedue to deposition of vaporized
when varying the amount of Hco-flow. The best condition metal species, e.g., Mo, onto the wall of the quartz chajnber
for yielding high quality SWNT is with 125 ml/min KHco- The aforementioned chemistry is essential to identifying
flow. Figure Zb) is an atomic force microscopyAFM) im- highly reproducible and controllable growth conditions, and
age showing the typical results of SWNTs grown from pat-key to our patterned SWNT growth on full 4-in. wafers.
terned catalyst islands. Large numbers of SWNTs ardore importantly, the understanding is general and appli-
observed near every island. Typically, several tubes emanatable to predicting growth conditions for different tempera-
from the islands, extending to 10 um lengths. These long tures and CH flow rates, and can be extended to CVD
SWNTs are desired for device integrations. Growth resultgrowth for multiwalled nanotube®. For instance, at 950 °C,
from catalyst islands across the entire 4-in. wafer are vera growth regime for SWNT is identified with 1500 ml/min
consistent and uniform. Importantly, the Si@afer surface CH, flow and 200 ml/min H co-flow. This condition is
is clean without amorphous carbon deposits, indicating negiound when increasing the Htoncentration just beyond the
ligible CH, self-pyrolysis in the gas phase. We define thepyrolysis regime. The reactivity of methane is higher at a
1500 ml/min CH and ~125 ml/min H, condition as in a more elevated temperatu(@50 °C vs 900 °(, thus, a higher
desired “growth-regime’(Fig. 3). concentration of K (200 vs 125 ml/mihis required to in-
A “pyrolysis-regime” was identified when K co-flow  hibit CH, decomposition and bring the system into the nano-

was lowered to~50 ml/min[Figs. 4a) and 3. Few SWNTs tube growth regime.
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raphy step for metal contacts of the nanotubes around each
(a) catalytic island after CVD synthesis. Detailed results of elec-
5 um trical transport properties and devices with the nanotube ar-
rays will be presented elsewhere.

In conclusion, we have succeeded in patterned growth of
massive arrays of SWNTs at the full-wafer scale. The chem-
istry of CH, CVD is found to be sensitive to the concentra-
tion of H,, leading to three regimes of growth conditions.
This very understanding has enabled our synthesis scalabil-
ity. We believe that the understanding could also be useful
for CVD type of synthesis of other nanomaterials. The re-
sults here shall pave the way for patterned growth at the
individual catalytic nanoparticté level, nanotube orientation
control and device integration in a scalable fashion for future
nanoelectronics.
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