w0 20217197321 A1 |0 00000 KA 00O

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

World Intellectual Propert N
A i > R O A
International Bureau = (10) International Publication Number
(43) International Publication Date ——’/ WO 2021/197321 A1

07 October 2021 (07.10.2021) WIPOIPCT

(51) International Patent Classification:

Building, No. 151 Zhongguancun North Street, Haidian

HO1L 31/18 (2006.01) District, Beijing 100080 (CN).
(21) International Application Number: (74) Agent: JUN HE LAW OFFICES; 20/F, China Resources
PCT/CN2021/083939 Building, 8 Jianguomenbei Avenue, Beijing 100005 (CN).
(22) International Filing Date: (81) Designated States (unless otherwise indicated, for every
30 March 2021 (30.03.2021) kind of national protection available). AE, AG, AL, AM,
(25) Filing Language: English AOQ, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY, BZ,

(26) Publication Language:

(30) Priority Data:

PCT/CN2020/082375

31 March 2020 (31.03.2020)
PCT/CN2020/082377

31 March 2020 (31.03.2020)
PCT/CN2020/082778

01 April 2020 (01.04.2020)
PCT/CN2020/082777

01 April 2020 (01.04.2020)

(71) Applicant: PEKING UNIVERSITY [CN/CN]; No. 5 Yi-
heyuan Road Haidian District, Beijing 100871 (CN).

CA, CH, CL, CN, CO, CR, CU, CZ,DE, DJ, DK, DM, DO,

English DZ, EC, EE, EG, ES, FL, GB, GD, GE, GH, GM, GT, HN,

HR, HU, ID, IL, IN, IR, IS, IT, JO, JP, KE, KG, KH, KN,
KP, KR, KW,KZ, LA, LC,LK, LR, LS, LU, LY, MA, MD,
ME, MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO,
NZ, OM, PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW,
SA, SC, SD, SE, SG, SK, SL, ST, SV, SY, TH, TJ, TM, TN,
TR, TT, TZ, UA, UG, US, UZ, VC, VN, WS, ZA, ZM, ZW.

CN
CN

CN (84) Designated States (unless otherwise indicated, for every

kind of regional protection available): ARIPO (BW, GH,
CN GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, ST, SZ, TZ,
UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU, TJ,
TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,
EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, LV,

(72) Inventors: SUN, Wei; Room 307, Yanyuan Building, No. MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK, SM,
151 Zhongguancun North Street, Haidian District, Bei- TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ, GW,
jing 100080 (CN). ZHAO, Mengyu; Room 307, Yanyuan KM, ML, MR, NE, SN, TD, TG).

(54) Title: METHOD FOR FORMING NANOSTRUCTURE AND FIELD EFFECT TRANSISTOR DEVICE ON A SUBSTRATE

N
=
o

110

A~

providing a template solution comprising template
nanostructures;

A~

depositing at lcast onc template nanostructure onto the
substrate by contacting the template solution with the
substrate

130

forming on the substrate at lcast onc fixation structure
intersecting with all or a portion of the at least one template
nanostructure to fix the all or the portion of the at least one
template nanostructure on the substrate

140

A~

forming clectronic devices based on the at least onc
template nanostructure (ixed on the substrate

FIG. 1

(57) Abstract: A method for forming a nanostructure array and a field
effect transistor device on a substrate are provided. The method for
forming the nanostructure array includes: providing a template solution
comprising template nanostructures; depositing at least one template
nanostructure onto the substrate by contacting the template solution with
the substrate; and forming on the substrate at least one fixation structure
cach intersecting with all or a portion of the at least one template nanos-
tructure to fix all or a portion of the at least one template nanostructure
on the substrate.

[Continued on next page]



WO 20217197321 A [IN 000000 00RO 00O

Published:
—  with international search report (Art. 21(3))



WO 2021/197321 PCT/CN2021/083939

METHOD FOR FORMING NANOSTRUCTURE AND FIELD EFFECT
TRANSISTOR DEVICE ON A SUBSTRATE

CROSS REFERENCE TO RELATED APPLICATIONS

[0001] The present application claims priority to the PCT Application No.
PCT/CN2020/082375 filed on March 31, 2020, the PCT Application No.
PCT/CN2020/082377 filed on March 31, 2020, the PCT Application No.
PCT/CN2020/082778 filed on April 1, 2020, and the PCT Application No.
PCT/CN2020/082777 filed on April 1, 2020, the entire contents of which are incorporated

herein by reference.

TECHNICAL FIELD

[0002] The present application generally relates to nanofabrication technology, and more
particularly, to a method for forming nanostructures and field effect transistor devices on a

substrate.

BACKGROUND

[0003] In the projected high-performance energy-efficient field-effect transistors (FETs),
evenly-spaced small-pitch (spacing between two adjacent channels within an individual FET)
semiconductor channels are preferred. For example, at 5 nm technology node and beyond, a
consistent 24-nm fin pitch has been suggested for the lithography-defined Fin-FETs. The
smaller channel pitch leads to a higher integration density and on-state performance, on the
risk of enhanced destructive short-range screening and electrostatic interactions; whereas the
evenly-spaced alignment minimizes channel disorder that impacts the switching between on

and off states.

[0004] While conventional lithography successfully scales down the channel pitch of bulk
materials (e.g. silicon substrates), the performance drops for patterning one-dimensional (1D)
semiconductors at sub-5 nm technology nodes. The projected channel pitches (~10 nm or

less) for carbon nanotubes (CNTs) are beyond the fabrication limit of current lithography
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(larger than 10 nm). Alternatively, thin-film approaches, which use physical forces, or
chemical recognitions to assemble CNTs, provide a density exceeding S00 CNTs/um and on-
state performance comparable with silicon-based FETs. However, the accompanying
assembly disorders, including crossing, bundling and irregular pitches, inevitably degrade the
gate modulation, displaying subthreshold swing as large as 500 mV/dec and reduced on/off

ratio.

[0005] Therefore, there is a need for further improvement of the current nanofabrication

technology.

SUMMARY

[0006] An objective of the present application is to provide a method for forming a
nanostructure array on a substrate and a method for forming a field effect transistor (FET)

array on a substrate.

[0007] In an aspect of the present application, a method for forming a nanostructure array on
a substrate is provided. The method may include: providing a template solution including
template nanostructures; depositing at least one template nanostructure onto the substrate by
contacting the template solution with the substrate; and forming on the substrate at least one
fixation structure each intersecting with all or a portion of the at least one template

nanostructure to fix all or a portion of the at least one template nanostructure on the substrate.

[0008] In some embodiments, the template nanostructures include one or more substances
selected from the group consisting of nucleic acid templates, decorated nucleic acid
templates, protein templates, polymer templates, carbon nanotubes (CNTs), polymer-wrapped
CNTs, CNT films, semiconductor nanoparticles, semiconductor nanowires, semiconductor
nano-bricks, metal nanoparticles, metal nanowires, metal nano-bricks, polymeric
nanoparticles, polymeric nanowires, polymeric nano-bricks, ceramic nanoparticles, ceramic
nanowires, ceramic nano-bricks, metal oxide nanoparticles, metal oxide nanowires, metal

oxide nano-bricks, fluoride nanoparticles, fluoride nanowires and fluoride nano-bricks.

[0009] In some embodiments, the template nanostructures include decorated nucleic acid
template nanostructures each decorated with at least one nano-moiety, and providing a
template solution including template nanostructures includes: forming nucleic acid template

nanostructures in the template solution, each of the nucleic acid template nanostructures
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including at least one cavity region and a non-cavity region outside of the at least one cavity
region;, and mixing at least one nano-moiety with the template solution to assemble the at
least one nano-moiety into at least one cavity region of the nucleic acid template

nanostructures.

[0010] In some embodiments, the nucleic acid template nanostructures include
deoxyribonucleic acid (DNA) nanostructures, ribonucleic acid (RNA) nanostructures, locked

nucleic acid (LNA) nanostructures, or peptide nucleic acid (PNA) nanostructure.

[0011] In some embodiments, the nano-moiety includes one or more substances selected
from the group consisting of carbon nanotubes (CNTs), polymer-wrapped CNTs, CNT films,
semiconductor nanoparticles, semiconductor nanowires, semiconductor nano-bricks, metal
nanoparticles, metal nanowires, metal nano-bricks, polymeric nanoparticles, polymeric
nanowires, polymeric nano-bricks, ceramic nanoparticles, ceramic nanowires, ceramic nano-
bricks, metal oxide nanoparticles, metal oxide nanowires, metal oxide nano-bricks, fluoride

nanoparticles, fluoride nanowires and fluoride nano-bricks.

[0012] In some embodiments, the cavity region of the nucleic acid template nanostructure is
formed with a first type nucleic acid brick, and the non-cavity region of the nucleic acid
template nanostructure is formed with a second type nucleic acid brick which is different

from the first type nucleic acid brick in nucleic acid sequence.

[0013] In some embodiments, forming nucleic acid template nanostructures in the template
solution further includes: forming a first type nucleic acid handle on the at least one cavity
region of the nucleic acid template nanostructure; and wherein assembling the at least one
nano-moiety onto one of the nucleic acid template nanostructures further includes: forming a
second type nucleic acid handle on the at least one nano-moiety; and assembling the at least
one nano-moiety onto the at least one cavity region of the nucleic acid template nanostructure
through interactions between the first type nucleic acid handle and the second type nucleic
acid handle.

[0014] In some embodiments, the first type nucleic acid handle and the second type nucleic

acid handle are complementary single-stranded nucleic acid strands.

[0015] In some embodiments, depositing the at least one template nanostructures onto the
substrate includes: forming a patterned alignment layer on the substrate, wherein the

patterned alignment layer includes a plurality of cavities; dipping the template solution
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containing the template nanostructures onto the patterned alignment layer; and incubating the

substrate to diffuse the template nanostructures into the cavities.

[0016] In some embodiments, incubating the substrate includes: dehydrating or evaporating

the substrate in a sealed chamber for a predetermined time period.

[0017] In some embodiments, the substrate includes a semiconductor, an oxide, a nitride, a

metal, a polymer, or a graphene.

[0018] In some embodiments, the method may further include: etching the nucleic acid

template nanostructures at their non-cavity regions.

[0019] In some embodiments, the nucleic acid template nanostructures are etched by carving
nucleic acid strands which are complementary to nucleic acid strands at the non-cavity

regions.

[0020] In some embodiments, etching the nucleic acid template nanostructures at their non-
cavity regions includes: etching the nucleic acid template nanostructures to substantially even

their top surfaces.

[0021] In some embodiments, before forming on the substrate at least one fixation structure,
the method may further include: forming an intermediate layer on the substrate to promote

adhesion of the fixation structure to the substrate.

[0022] In some embodiments, the at least one fixation structure have a thickness higher than

10 nm.

[0023] In some embodiments, the at least one fixation structure includes a dielectric material

or a metallic material.

[0024] In some embodiments, the method may further include: removing at least a portion of

the at least one nucleic acid template nanostructure.

[0025] In some embodiments, the removed portion of the at least one nucleic acid template

nanostructure is not covered with the at least one fixation structure before the removal step.

[0026] In some embodiments, the at least a portion of the nucleic acid template nanostructure

is removed by a rinsing process, a thermal annealing process or a chemical oxidation process.

[0027] In some embodiments, the template nanostructure includes a first part for forming an
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electronic device and a second part which is different from the first part in material, and the
method further comprises: removing at least a portion of the second part of the template

nanostructure.

[0028] In some embodiments, the method may further include: forming a field effect
transistor (FET) array, a sensor array, a memory unit array, or a quantum device array based

on the at least one template nanostructure fixed on the substrate.

[0029] In another aspect of the present application, a method for forming a field effect
transistor (FET) device on a substrate is provided. The method may include: providing a
template solution containing nucleic acid template nanostructures, wherein the nucleic acid
template nanostructures are decorated with at least one nanowire; depositing at least one
nucleic acid template nanostructure decorated with the at least one nanowire onto the
substrate by contacting the template solution with the substrate; forming on the substrate at
least one fixation structure each intersecting with all or a portion of the at least one nanowire
to fix all or the portion of the at least one nanowire on the substrate; removing at least a
portion of the at least one nucleic acid template nanostructure which is not covered with the
at least one fixation structure; forming on the substrate a source contact and a drain contact
along the at least one nanowire; and forming a gate structure between the source contact and

the drain contact and along the at least one nanowire.

[0030] In some embodiments, providing a solution containing nucleic acid template
nanostructures comprises: forming nucleic acid template nanostructures in a template
solution; mixing at least one nanowire with the template solution to assemble the at least one

nanowire onto the nucleic acid template nanostructures.

[0031] In some embodiments, each of the nucleic acid template nanostructures includes at
least one cavity region and a non-cavity region outside of the at least one cavity region, and
the at least one nanowire is assembled into at least one cavity region of the nucleic acid

template nanostructures.

[0032] In some embodiments, the method may further include: etching the nucleic acid

template nanostructures at their non-cavity regions to substantially even their top surfaces.

[0033] In some embodiments, the method may further include: removing the at least one

fixation structure from the surface of the substrate.

[0034] In some embodiments, the nanowire includes a carbon nanotube or a semiconductor
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nanowire.

[0035] In yet another aspect of the present application, a field effect transistor (FET) device
is provided. The FET may be formed by the method of the aforementioned aspect. The FET
device may include: a substrate; a nucleic acid template-induced self-assembling nanowire
formed on the substrate; at least one fixation structure formed on the substrate and
intersecting with the nanowire; a source contact and a drain contact formed on the substrate;
and a gate structure formed between the source contact and the drain contact along the

nanowire.

[0036] The foregoing is an overview of the present application, which may simplify,
summarize, and omit details. Those skilled in the art will appreciate that this section is merely
illustrative and not intended to limit the scope of the present application in any way. This
summary section is neither intended to identify key features or essential features of the
claimed subject matter nor intended to act as an auxiliary means for determining the scope of

the claimed subject matter.

BRIEF DESCRIPTION OF THE DRAWINGS

[0037] The drawings referenced herein form a part of the specification. Features shown in the
drawing illustrate only some embodiments of the application, and not of all embodiments of
the application, unless the detailed description explicitly indicates otherwise, and readers of

the specification should not make implications to the contrary.

[0038] FIG. 1 illustrates a flow chart of a method for forming a nanostructure array on a

substrate according to an embodiment of the present application.

[0039] FIG. 2 illustrates an exemplary substrate after fixation structures are formed on the

substrate.

[0040] FIG. 3 illustrates a flow chart of a method for forming a nanostructure array on a

substrate according to an embodiment of the present application.

[0041] FIGS. 4(a) to 4(c) illustrate a process for forming a nucleic acid template

nanostructure according to an embodiment of the present application.

[0042] FIG. 5 illustrates a process for assembling at least one nano-moiety on a nucleic acid
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template nanostructure according to an embodiment of the present application.

[0043] FIG. 6 illustrates a process for wrapping DNA anti-handles onto CNTs according to an

embodiment of the present application.

[0044] FIG. 7 illustrates a process for selectively etching a nucleic acid template
nanostructure at a non-cavity region thereof according to an embodiment of the present

application.

[0045] FIG. 8 (A) illustrates a process for depositing a nucleic acid template nanostructure
onto a substrate according to an embodiment of the present application; FIG. 8 (B) shows
optical and SEM images for CNT-decorated DNA template nanostructures deposited on the
substrate after liftoff of the photoresist layer according to an example of the present
application; FIG. 8 (C) shows the statistics of counts (left axis) and cumulative percentage
(right axis) for the aligned structures in FIG. 8 (B) at each specific orientation; and FIG. 8 (D)
shows plot of angular distribution of the aligned arrays versus the lengths of the DNA brick
crystal templates..

[0046] FIG. 9 illustrates an exemplary nucleic acid template nanostructure on a substrate

after a fixation strand is formed on the substrate.

[0047] FIG. 10 illustrates an exemplary substrate after a nucleic acid template nanostructure

is removed therefrom.

[0048] FIG. 11 illustrates a flow chart of a method for forming a FET device according to an

embodiment of the present application.

[0049] FIGS. 12(a), 12(b) and 12(c) illustrate a process for forming a gate structure of a FET

device according to an embodiment of the present application.
[0050] FIGS. 13(a) and 13(b) illustrate an example of a single-channel DNA-free CNT FET.
[0051] FIGS. 14(a) and 14(b) illustrate an example of a multi-channel DNA-free CNT FET.

[0052] FIGS. 15(a) and 15(b) illustrate I4s-V,s curves and gn-Vs curves for a single-channel
CNT FET and a multi-channel CNT FET, respectively.

[0053] FIG. 16 shows multichannel CNT FETs with ssDNAs at channel interface. (A) Design

schematic for the rinsing-after-fixing approach. (B) Zoomed-in AFM image along the x and z
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projection direction for CNT arrays after template removal. The scale bar is 25 nm. See also
FIGs. 20 and 21. (C) Design schematic for introducing ssDNAs at channel interface and FET
fabrication. (D) The I4-Vgs curves (plotted in logarithmic at Vys of -0.5 V) for multichannel
DNA-containing CNT FET before (Line I) and after (Line II) thermal annealing. See also
FIG. 24.

[0054] FIG. 17 shows constructing top-gated high-performance CNT FETs. (A)
Design schematic for the fabrication of top-gated DNA-free FETs. (B) Zoomed-in SEM
image along the x and z projection direction for the constructed multi-channel CNT FET.
Dashed circle indicates the assembled CNT arrays. The scale bar is 100 nm. See also FIG.
26. (C and D) The L4~V curves (solid line, left axis, plotted in logarithmic scale) and gu-
Vg curves (dotted line, right axis, plotted in linear scale) for single-channel (C) and
multichannel (D) CNT FETs. Lines I, Lines II and Lines IIl in C and D represent Vg4, of -0.8
V,-0.5 V, and -0.1 V, respectively. See also in FIGs. 25 and 27. (E) Benchmarking of current
multichannel CNT FET in D with other reports of high-performance CNT FETs. Device
performance from previous publications (References 3, 5, 16 to 18, 23 to 27) are obtained at
Vs of -0.5 V and channel lengths ranging from 100 nm to 500 nm. See also in FIGs. 32 and
33.

[0055] FIG. 18 shows zoomed-out (A) and zoomed-in (B) TEM images of the DNA-wrapped
CNTs. The scale bar in A is 200 nm. The scale bar in B is 100 nm.

[0056] FIG. 19 shows height profile of CNTs. AFM images (A) and corresponding height
profile (B) for three different CNTs. Dashed lines in (A) represent the positions for the height
profiles in (B). The scale bar is 100 nm. As shown in the height profile, the CNT diameter

distribution is ranging from less than 1 nm to ~1.5 nm.

[0057] FIG. 20 shows SEM image of fixed CNT array after DNA removal. In the dashed
circle I area, both ends of CNTs were fixed by two metal bars, and used for FET construction.
In the dashed circle II areas, the unfixed CNT ends may be disturbed during DNA removal,

and were not used for FET construction. The scale bar is 500 nm.

[0058] FIG. 21 shows AFM images of the fixed CNT arrays after DNA removal. (A) 3D
zoomed-out view of the CNT arrays fixed by two metal bars. (B) zoomed-in view of CNTs
fixed by metal bar. The scale bar is 25 nm. (C) more zoomed-in AFM images of the fixed
CNT arrays after DNA removal. The scale bar is 50 nm.
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[0059] FIG. 22 shows schematics for different compositions at channel interface. (A) after

assembly and (B) after removing DNA templates and metal ions.

[0060] FIG. 23 shows Zoomed-out SEM image of the constructed multichannel DNA-
containing CNT FET. The scale bar is 200 nm.

[0061] FIG. 24 shows the Igs-Vs curves for multichannel DNA-containing CNT FETs. The
CNT FETs before (A) and after (B) thermal annealing. Different lines represent distinct CNT
FETs. (C) one DNA-containing CNT FET in (A) under repeated measurements from 2V to -
3V. Different lines represent distinct measurements. The Vg in (A), (B), and (C) were all set

at -0.5 V. Ids was normalized to the inter-CNT pitch.

[0062] FIG. 25 shows the 145~V curves for all the operational single-channel DNA-free CNT
FETs. Different lines represent distinct CNT FETs. The V4 was set at -0.5 V.

[0063] FIG. 26 shows zoomed-out SEM image of the constructed multichannel DNA-free
CNT FET. The scale bar is 200 nm.

[0064] FIG. 27 shows the ls-Vgs curves for all the operational multichannel DNA-free CNT
FETs. Different lines represent distinct CNT FETs. I3 was normalized to the inter-CNT pitch.
The V4, was set at -0.5 V.

[0065] FIG. 28 shows the I4-Vgs curves for the multichannel DNA-free CNT FET with
highest on-current density at 200 nm channel length. Different lines represent distinct V.
Vgs was ranging from -1.8 Vto 0.2 V, at a step of 0.2 V. Ids was normalized to the inter-CNT
pitch.

[0066] FIG. 29 shows the transport performance for the multichannel DNA-free CNT FET
with 100-nm channel length. (A) Igs- Vs curve (left axis, plotted in logarithmic scale) and gp,-
Vs curve (right axis, plotted in linear scale) at Vg of -0.5 V. Both I and g, were normalized
to the inter-CNT pitch. (B) Iy-Vgs curve. Different lines represent distinct V. Vg was
ranging from -1.4 Vto 0.6 V, at a step of 0.2 V.

[0067] FIG. 30 shows the I4-Vgs curve for the multichannel DNA-free CNT FET containing
metallic CNT impurity. The Vg4 was set at -0.5 V. Ids was normalized to the inter-CNT pitch.

[0068] FIG. 31 shows performance comparisons for the constructed multichannel CNT FETs

with different interfacial compositions. From (A) to (E), transconductance, subthreshold
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swing, threshold voltage, on-state conductance, and I/l are compared for different FET
samples. Squares represent multichannel DNA-containing CNT FETs before annealing,
Circles represent thermal-annealed multichannel DNA-containing CNT FETs. Triangles
represent multichannel DNA-free CNT FETs. Sample number was the assigned testing
number for each FET. From (F) to (J), statistics of transconductance, subthreshold swing,
threshold voltage, on-state conductance, and L,y/Ios for different channel compositions. Bars 1
represent multichannel DNA-containing CNT FETs before annealing. Bars II represent
thermal-annealed multichannel DNA-containing CNT FETs. Bars III represent multichannel
DNA-free CNT FETs. All the performance data were acquired at the Vg4 of -0.5 V. For
multichannel DNA-containing CNT FETs before and after annealing, the performance data
were acquired at the Vg of -3.0 V. For multichannel DNA-free CNT FETs, the performance
data were acquired at the Vg of -1.5 V.

[0069] FIG. 32 shows benchmarking of CNT FETs with different inter-CNT pitches.
Benchmarking of our multichannel CNT FET with other reports (even inter-CNT pitches)
regarding: (A), subthreshold swing, (B), transconductance (gn), and (C), on-state
conductance (Gon). Device performance from previous publications (References 3, 3, 15, 23)
are obtained at Vgs of -0.5 V. Specifically, the transport performance are obtained from Figure
4D in (Reference 23), Figure 4A and 4C in (Reference 3), Figure 2A and 2B in (Reference 5)
and Figure 3C and 4B in (Reference 15). Channel lengths are ranging from 100 nm to 500
nm. In each panel, transport performance (i.e. subthreshold swing, on-state conductance, and
transconductance) are plotted vs. structural parameter (inter-CNT pitch). High transport
performance requires the demonstration of small subthreshold swing, high transconductance,
and high on-state conductance simultaneously. Our multichannel CNT FET exhibits smallest
subthreshold swing, highest transconductance, and 2" highest on-state conductance,

compared to other FETs with different inter-CNT pitches.

[0070] FIG. 33 shows benchmarking of CNT FETs with different CNT density.
Benchmarking of our multichannel CNT FET with other reports on high density CNT arrays
(uneven inter-CNT pitch) regarding: (A), subthreshold swing, (B), transconductance (gy,), and
(C), on-state conductance (G,y). Device performance from previous publications (References
16-18, 24-29) are obtained at Vds of -0.5 V. Specifically, the transport performance are
obtained from Figure 4D in (Reference 17), Figure 1D in (Reference 18), Figure 1F in
(Reference 16), Figure 2C in (Reference 25), Figure 4A in (Reference 29), Figure 11 in
(Reference 28), Figure 4B in (Reference 26), Figure 2B and 2D in (Reference 27), and Figure

10



WO 2021/197321 PCT/CN2021/083939

4C in (Reference 24). Channel lengths are ranging from 100 nm to 500 nm. In each panel,
transport performance (i.e. subthreshold swing, on-state conductance, and transconductance)
are plotted vs. structural parameter (CNT density). High transport performance requires the
demonstration of small subthreshold swing, high transconductance, and high on-state
conductance simultaneously. Our multichannel CNT FET exhibits 2™ smallest subthreshold
swing, highest transconductance, and 3™ highest on-state conductance, compared to other
FETs with different CNT density. Notably, FET with smallest subthreshold swing (Reference
27) exhibits an on-current density less than 5 uA/um, which does not meet the transport

requirements of high-performance CNT FET.

[0071] FIG. 34 shows zoomed-out TEM image for the assembled fixed-width CNT array
with 16 nm inter-CNT pitch. Fixed-width DNA template exhibited a prescribed width around
34 nm. Arrows indicate the assembled CNTs on DNA templates. The scale bar is 100 nm.

[0072] FIG. 35 shows SEM images for CNT-decorated DNA templates aligned on 120
cavities. The rectangular circles in the zoomed-out SEM images indicate the zoomed-in
position. The arrows in the zoomed-in SEM images indicate the aligned DNA templates. The

scale bars are 2 um.

[0073] FIG. 36 shows SEM image for DNA templates placed within the rectangular PMMA
cavity sites. The width of the PMMA cavities was designed as 2 um at a length-to-width

aspect ratio of 1. The scale bar is 4 um.

[0074] FIG. 37 shows different approaches for preparing CNT arrays with designer array
width, inter-array spacing and CNT counts over centimeter-scale. (A) continuous CNT film
(with random orientations) is processed with a post-assembly etching step to produce
designer array width/inter-array spacing/CNT counts. (B) placing fixed-width CNT arrays
(assembled using 3D DNA nanotrenches) within the pre-fabricated PMMA cavities, followed
by PMMA liftoff and DNA removal, could directly produce designer array geometries

without a post-assembly etching.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

[0075] The following detailed description of exemplary embodiments of the application
refers to the accompanying drawings that form a part of the description. The drawings

illustrate specific exemplary embodiments in which the application may be practiced. The

11



WO 2021/197321 PCT/CN2021/083939

drawings are not intended to be drawn to scale. For purposes of clarity, not every component
may be labeled in every drawing. The detailed description, including the drawings, describes
these embodiments in sufficient detail to enable those skilled in the art to practice the
application. Those skilled in the art may further utilize other embodiments of the application,
and make logical, mechanical, and other changes without departing from the spirit or scope of
the application. Readers of the following detailed description should, therefore, not interpret
the description in a limiting sense, and only the appended claims define the scope of the

embodiment of the application.

[0076] In this application, the use of the singular includes the plural unless specifically stated
otherwise. In this application, the use of “or” means “and/or” unless stated otherwise.
Furthermore, the use of the term “including” as well as other forms such as “includes” and
“included” is not limiting. In addition, terms such as “element” or “component” encompass
both elements and components comprising one unit, and elements and components that
comprise more than one subunit, unless specifically stated otherwise. Additionally, the
section headings used herein are for organizational purposes only, and are not to be construed

as limiting the subject matter described.

[0077] It has been found that using biological entities (such as bio-molecules and living
organisms) to organize functional materials, i.e. bio-fabrication, may enable a fabrication
resolution beyond current lithography limit. In particular, self-assembled deoxyribonucleic
acid (DNA) structures have templated diverse shape-specific materials, including oxides,
graphene, plasmonics, polymers, CNTs, and metallic interconnects. Despite these
demonstrations, constructing high-performance FETs from bio-fabrication remains a
challenge. Besides typical assembly disorders, contaminations surrounding the assembled
semiconductors and other materials further deteriorate transport performance of the FETs.
Meanwhile, wide orientation distributions during the surface placement of bio-templated

materials prevent large-scale alignment of bio-fabrication.

[0078] Embodiments of the present application present a missing bridge between the
nanometer-precision bio-molecular self-assembly and the solid-state high-performance
electronics. By using self-assembled dense nucleic acid (e.g. DNAs) nano-trenches to fix and
confine the DNA hybridization-mediated CNT alignment, a Spatially Hindered Integration of
Nanotube Electronics (SHINE) is developed for building evenly-spaced CNT arrays.
Programming the DNA trenches periodicity rationally scales the inter-CNT pitch beyond

current lithography limit. And the pitch precision, indicative of array uniformity, improves
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compared to those prepared from thin-film approaches. Mis-aligned CNTs are repelled from
the DNA nano-trenches due to electrostatic repulsion. A rinsing-after-fixing approach is
further introduced to remove the DNA templates without degrading CNT alignment. Based
on the uniform inter-CNT pitch and clean channel interface, solid-state multi-channel PMOS
(p-channel metal-oxide-semiconductor) CNT FETs are constructed, displaying high on-state
performance and fast on/off switching simultaneously. Using lithography-defined PMMA
cavities to spatially confine the placement of the CNT-decorated fixed-width DNA templates,
aligned arrays with prescribed geometries over centimeter-scale silicon substrate are
demonstrated. Using SHINE, addressable bio-fabrication from DNAs, RNAs and proteins
may direct the centimeter-scale assembly of electronic materials into designer devices at
single-molecule resolution. Building high-performance ultra-scaled devices at the biology-
electronics interface may thus enable diverse applications in the future post-Si era, such as
multiplexed bio-molecular sensors and 3D FETs/memories, or various types of mechanical,

optical or magnetic devices or structures at nano-scale resolution.

[0079] FIG. 1 illustrates a flow chart of a method 100 for forming a nanostructure array on a
substrate according to an embodiment of the present application. The method 100 may

include the following steps 110-140.
[0080] In Step 110, a template solution including template nanostructures is provided.

[0081] In some embodiments, the template nanostructures may include, without limitation,
nucleic acid templates, decorated nucleic acid templates, protein templates, polymer
templates, CNTs, polymer-wrapped CNTs, CNT films, semiconductor nanoparticles,
semiconductor nanowires, semiconductor nano-bricks, metal nanoparticles, metal nanowires,
metal nano-bricks, polymeric nanoparticles, polymeric nanowires, polymeric nano-bricks,
ceramic nanoparticles, ceramic nanowires, ceramic nano-bricks, metal oxide nanoparticles,
metal oxide nanowires, metal oxide nano-bricks, fluoride nanoparticles, fluoride nanowires

and fluoride nano-bricks.

[0082] In some embodiments, the template nanostructures may include decorated nucleic
acid template nanostructures. For example, the template nanostructures may be CNT-
decorated nucleic acid template nanostructures, or gold nanorod-decorated nucleic acid

template nanostructures.

[0083] In some embodiments, the template nanostructures are formed in the solution. In other

embodiments, the template nanostructures are only mixed in the solution. The solution may
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vary according to the template nanostructures.

[0084] In Step 120, at least one template nanostructure is deposited onto the substrate by

contacting the template solution with the substrate.

[0085] A substrate refers to a substance onto which another substance is applied. In some
embodiments, the substrate may include, without limitation, silicon, silicon dioxide (also
referred to as silica), aluminum oxide, sapphire, germanium, gallium arsenide (GaAs), an
alloy of silicon and germanium, or indium phosphide (InP). In some embodiments, the
substrates may include silicon nitride, carbon, and/or polymer. In some embodiments, the
substrate may be inorganic or organic. In some embodiments, the substrate may include
graphene and/or graphite. In some embodiments, the substrate comprises a metal, for
example, aluminum, copper, or iron. In some embodiments, the substrate is a hybrid (e.g.,
includes a mixture) of any two or more materials (e.g., a hybrid of an inorganic material and
an organic material, or a hybrid of two or more different inorganic materials or organic
materials). For example, a substrate may include a mixture of inorganic and organic
materials, a mixture of two or more different inorganic materials, or a mixture of two or more
different organic materials. In some embodiments, a substrate includes a semiconductor
material or a mixture of semiconductor materials. Semiconductor materials include, without
limitation, Group IV elemental semiconductors, Group IV compound semiconductors, Group
VI elemental semiconductors, Group II-V semiconductors, Group II-VI semiconductors,
Group I-VII semiconductors, Group IV-VI semiconductors, Group IV-VI semiconductors,
Group V-VI semiconductors, Group II-V semiconductors, oxides, layered semiconductors,
magnetic semiconductors, organic semiconductors, charge-transfer complexes and

combinations thereof.

[0086] In some embodiments, depositing template nanostructures onto the substrate may
include: forming a patterned alignment layer having a plurality of cavities on the substrate
and depositing the template nanostructures on the substrate to diffuse the template
nanostructures into the plurality of cavities. Preferably, the substrate can be further incubated,
such as by dehydrating or evaporating, to remove solvent from the substrate after the
diffusing. In some embodiments, each cavity may be filled with one template nanostructure,
and in some other embodiments, each cavity may be filled with one or more template

nanostructures.

[0087] In some embodiments, the template nanostructures can be deposited on the substrate
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directly, without forming the patterned alignment layer with the plurality of cavities on the

substrate.

[0088] More details about an exemplary process of depositing at least one template
nanostructure onto the substrate can be found in the PCT application No.
PCT/CN2020/082377 filed on March 31, 2020 and entitled “method for depositing template
nanostructures on a substrate and nanostructure arrays”, and in the PCT application No.
PCT/CN2020/082777 filed on April 1, 2020 and entitled “method for depositing template
nanostructures on a substrate and nanostructure arrays”, the entire contents of which are

incorporated by reference herein.

[0089] In Step 130, at least one fixation structure is formed on the substrate, and the at least
one fixation structure intersects with all or a portion of the at least one template nanostructure

to fix all or a portion of the at least one template nanostructure on the substrate.

[0090] In some embodiments, the fixation structure may include a dielectric material or a
metallic material. It is desired that the material of the fixation structure for fixing the template
nanostructure has relatively strong adhesion to the template nanostructure and the substrate.

For example, the fixation structure may include Mo, Pd, Au, Ti, SiO;, or HfO,.

[0091] In some embodiments, before forming the fixation structure on the substrate, an
intermediate layer is formed on the substrate to promote adhesion of the fixation structure to
the substrate. The material of the intermediate layer may vary depending on the materials of
the fixation structure and the substrate. For example, if the substrate is SiO,, and the fixation
structure is gold, a Cr or Ti intermediate layer may be formed therebetween to promote the
adhesion. In some other embodiments, a metallization process, a salinization process or a
chemical modification process may be performed on the surface of the substrate to promote

its adhesion to the fixation structure.

[0092] In some embodiments, the fixation structure may have a thickness higher than 10 nm
(for example, 20 nm, 50 nm, 100 nm, 150 nm, etc.) to avoid breaking down during rinsing or

other harsh treatments.

[0093] In some embodiments, the fixation structure may be wider than the template
nanostructure, such that there are enough surface contacts between the fixation structure and
the substrate, which make the fixation structure stable on the surface of the substrate. For

example, the fixation structure may be 20 nm, 50 nm, 80 nm, 100 nm wider than the template
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nanostructure.

[0094] In some embodiments, the fixation structure may have a rectangular shape. In some
other embodiments, the fixation structure may have an oval shape, a trapezoid shape or other
suitable shapes. In some embodiments, one, two or more fixation structures can be formed
on the substrate to intersect a single template nanostructure at desired locations of the
template nanostructure, depending on a dimension and shape of the template nanostructure.
Moreover, two or more template nanostructures can share one or more fixation structures,
depending on the positional relationship between the template nanostructures and the shape

and size of the fixation structures.

[0095] FIG. 2 illustrates an exemplary substrate after the fixation structure is formed on the
substrate. As shown in FIG. 2, a plurality of template nanostructures 220 are deposited on the
substrate 210, and two rectangular fixation structures 230a and 230b are formed on each

template nanostructure 220 to fix the template nanostructure 220 on the substrate 210.

[0096] In Step 140, one or more electronic devices are formed based on the at least one

template nanostructure fixed on the substrate.

[0097] After the fixation structure is formed on the substrate, the template nanostructure is
fixed on the substrate. Then, subsequent processes can be performed on the template
nanostructures to form desired electronic devices. As the alignment quality of the template
nanostructures can be retained by the fixation structures, the template nanostructures may not
be perturbed during the subsequent processes. The electronic devices may be a FET array, a

sensor array, a memory unit array, or a quantum device array.

[0098] In some embodiments, the template nanostructure may include a first part for forming
the electronic device or other types of nanodevices and nanostructures and a second part
which is different from the first part in material. In an example, the template nanostructure
comprises an organic part (for example, bio-material, polymer material, etc.) and an inorganic
part (for example, CNT, semiconductor material, metal material, a metal oxide material, etc.),
and the electronic device is formed based on the inorganic part of the template nanostructure.
In order to eliminate contaminations from the organic part, the method may further include a
step of removing at least a portion of the organic part of the template nanostructure. The
organic part of the template nanostructure can be removed by a rinsing process, a thermal
annealing process or a chemical oxidation process. In other examples, the template

nanostructure may have one or more organic parts or one or more inorganic parts, the above
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processes or other suitable processes may be performed to remove any one or more of these
organic and inorganic parts. In a specific example, the template nanostructure is a polymer-
wrapped CNT, including a polymer part and a CNT part, and a FET device can be formed
based on the CNT part. In order to eliminate contaminations from the polymer, a rinsing
process may be performed to remove the polymer from the CNT before forming the FET

device.

[0099] It should be appreciated by those skilled in the art that various electronic devices or
other nanodevices such as optical, magnetic or mechanical nanodevices can be formed based
on different properties of the template nanostructures and/or their respective nano-moieties
(as detailed below) fixed on the substrate. For example, when the template nanostructures
fixed on the substrate are CNTs or semiconductor nanowires, FETs or memory units can be
formed based on these CNTs or semiconductor nanowires. When the template nanostructures
fixed on the substrate are gold nanorods, sensor devices can be formed based on these gold

nanorods.

[00100] FIG. 3 illustrates a flow chart of a method 300 for forming a nanostructure
array a substrate according to an embodiment of the present application. The nanostructure
array of the method 300 may be formed based on decorated nucleic acid template

nanostructures fixed on the substrate. The method 300 may include the following steps 310-
360.

[00101] In Step 310, nucleic acid template nanostructures are formed in a template
solution. Each of the nucleic acid template nanostructures includes at least one cavity region

and a non-cavity region outside of the at least one cavity region.

[00102] In some embodiments, the nucleic acid template nanostructure includes one or
more deoxyribonucleic acid (DNA) nanostructures, one or more ribonucleic acid (RNA)
nanostructures, one or more locked nucleic acid (LNA) nanostructures, one or more peptide

nucleic acid (PNA) nanostructures, or the combination of any of these nanostructures.

[00103] In some embodiments, each cavity region of the nucleic acid template
nanostructure may have a width of 1 nm to 1 um (e.g. 10.6 nm, 12.7 nm, 16.8 nm, 24.1 nm,
or 25.3 nm), and a length of 10 nm to 100 um (e.g. 500nm, 1.5 pm, 10 um, or 20 um). The
cavity regions may have the same dimensions or different dimensions, and the non-cavity

regions may also have the same dimensions or different dimensions.
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[00104] In some embodiment, the nucleic acid template nanostructure is formed with
nucleic acid bricks, which can be modelled as a Lego-like brick (Y. Ke et al., DNA brick
crystals with prescribed depths, Nature Chem. 6, 994-1002 (2014), incorporated by reference
herein). FIGS. 4(a)- 4(c) illustrate an exemplary process for forming the nucleic acid template
nanostructure. FIG. 4 (a) illustrates DNA bricks used for forming the nucleic acid template
nanostructure. FIG. 4 (b) illustrates the nucleic acid template nanostructure which includes a
plurality of cavity regions (also referred to as “trench”) and a plurality of non-cavity regions
(also referred to as “sidewall”) outside of the cavity regions. Each trench of the nucleic acid
template nanostructure is formed with first-type DNA brick(s), and each sidewall of the
nucleic acid template nanostructure is formed with second-type DNA brick(s) which is
different in nucleic acid sequence from the first-type DNA bricks. The first-type and the-
second type DNA bricks may alternatively be assembled at the same time. In some
embodiments, the first-type DNA brick and the second-type DNA brick may contain different
numbers and/or arrangement of helices rendering different shaped and/or sized DNA bricks.
In the example shown in FIG. 4(a), a first-type DNA brick (6 helices x 4 helices) and a
second-type DNA brick (6 helices x 8 helices) constitute a feature-repeating unit of the
nucleic acid template nanostructure, and arrows in FIG. 4(b) indicate extension directions of
the feature-repeating units in the nucleic acid template nanostructure. Extending the feature-
repeating units along the x-z direction yields the DNA template nanostructure with parallel
trenches each of which is formed between two neighboring sidewalls. FIG. 4(c) illustrates a
feature-repeating unit, where the light and the dark bundles represent a sidewall and a bottom

layer of the feature-repeating unit.

[00105] In an example, the assembly of the DNA bricks into the nucleic acid template
nanostructure follows a multi-stage isothermal reaction. For example, a 90 pL. mixture of
unpurified DNA bricks (IDTDNA Inc. or Sangon Biotech., pH 7.9, containing 300 — 600 nM
of each brick, without careful adjustment of each brick stoichiometry), 5 mM
trishydroxymethylaminomethane (Tris), 1 mM ethylene diamine tetraacetic acid (EDTA), and
40 mM MgCl, is incubated at 80 °C for 15 min, 44 °C for 12 h, 39 °C for 72 h, and 31 °C for
8 h sequentially to obtain a solution containing the nucleic acid template nanostructures. The

as-synthesized nucleic acid template nanostructures can be used without further purification.

[00106] It should be appreciated by those skilled in the art that, in other embodiments,
the nucleic acid template nanostructure may have a planar surface or other non-planar

surfaces.
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[00107] In Step 320, at least one nano-moiety is mixed with the template solution to
assemble the at least one nano-moiety into at least one cavity region of the nucleic acid

template nanostructures.

[00108] In some embodiments, the nano-moiety may include, without limitation,
carbon nanotubes (CNTs), polymer-wrapped CNTs, CNT films, semiconductor nanoparticles,
semiconductor nanowires, semiconductor nano-bricks, metal nanoparticles, metal nanowires,
metal nano-bricks, polymeric nanoparticles, polymeric nanowires, polymeric nano-bricks,
ceramic nanoparticles, ceramic nanowires, ceramic nano-bricks, metal oxide nanoparticles,
metal oxide nanowires, metal oxide nano-bricks, fluoride nanoparticles, fluoride nanowires,
fluoride nano-bricks, single-stranded or double-stranded nucleic acid (e.g., DNA, RNA,
LNA, PNA). In some embodiments, the nano-moiety may also include, without limitation,
plasmonic  nanomaterials,  fluorescent/luminescent  nanomaterials,  ferromagnetic
nanomaterials, = paramagnetic =~ nanomaterials, antiferromagnetics ~ nanomaterials,
superparamagnetic nanomaterials, semiconductor nanomaterials, conductor nanomaterials or

insulator nanomaterials.

[00109] In some embodiments, first-type nucleic acid handle(s) can be formed in the at
least one cavity region of the nucleic acid template nanostructure; and second-type nucleic
acid handle(s) interactable with the first-type nucleic acid handle(s) can be formed on the at
least one nano-moiety, or vice versa. The nucleic acid handles can be formed and attached to
the nucleic acid template nanostructure and the nano-moieties at desired locations depending
on where the nano-moieties are to be assembled. The nano-moieties can be assembled on the
nucleic acid template nanostructure by interactions between the first-type nucleic acid
handle(s) and the second-type nucleic acid handle(s). In some embodiments, the first-type
nucleic acid handle and the second-type nucleic acid handle are partially or wholly

complementary single-stranded nucleic acid strands.

[00110] In an example, four 14-nucleotide (nt) single-stranded DNA (ssDNA) handles
are introduced in a cavity region of the nucleic acid template nanostructure by extending the
3" or 5" ends of four selected DNA bricks (see the arrows in FIG. 4(c)). Then, with reference
to FIG. 5, DNA anti-handles (sequences complementary to the DNA handles introduced in
the cavity region) are wrapped onto CNTs through non-covalent interactions to form anti-
handles mediated CNT assembly. After that, at mild conditions, the hybridization between
the DNA handles and the anti-handles mediated CNT assembly within the parallel nano-

trenches of the nucleic acid template nanostructure at prescribed inter-CNT pitch.
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[00111] FIG. 6 illustrates an exemplary process for wrapping DNA anti-handles onto
CNTs (Z. Zhao, Y. Liu, H. Yan, DNA origami templated self-assembly of discrete length
single wall carbon nanotubes, Org. Biomol. Chem. 11, 596-598 (2013), incorporated by
reference  herein). First, a strand L1 (25 uM, sequence: 5'—
GATGCGAGGCTATTCTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGT

—3") was mixed with single-walled CNT powder (0.1 mg) in buffer (1x Tris-borate EDTA
(TBE) and 100 mM NacCl at pH 8.3). The mixture was sonicated for 1h, followed by high-
speed centrifuge at 16,000 g for 30 min to remove aggregates. The supernatant solution was
then purified using 100 kD Amicon filter (provided by EMD Millipore) to get rid of
excessive DNAs. A strand L2 (10 uM, sequence: 5'—
AGAATAGCCTCGCATCCCACTTACCACTTA-3") was added to the purified CNT-L1
sample and annealed from 37 °C to 23 °C within 2 h, followed by incubation at 23 °C for 16
h. L2-wrapped CNTs were used without further purification.

[00112] Then, in an example, L2-wrapped CNTs (0.4 plL) were mixed with 0.4 pL
diluted nucleic acid template nanostructures (10x dilution into 15 mM MgCl, solution) into 6
uL final solution containing 10 mM MgCl, and 400 mM NaCl (for 24-nm inter-CNT pitch
sample) or 10 mM MgCl,, 300 mM NacCl, and 300 mM LiCl (for 16-/12-/10-nm inter-CNT
pitch sample) or 15 mM MgCl, and 600 mM NaCl (for 16-nm inter-CNT pitch fixed-width
sample). The reaction buffer was incubated at 33 °C for 9 h, and then stored at 4 °C without

further purification.

[00113] In some embodiments, for the assembly of DNA brick crystals and DNA-
wrapped CNTs, the buffer solutions were used according to previous reports (Y. Ke et al,,
DNA brick crystals with prescribed depths, Nature Chem. 6, 994-1002 (2014); Z. Zhao, Y.
Liu, H Yan, DNA origami templated self-assembly of discrete length single wall carbon
nanotubes, Org. Biomol. Chem. 11, 596-598 (2013), incorporated by reference herein).

[00114] In Step 330, the nucleic acid template nanostructures are etched at their non-

cavity regions.

[00115] In some embodiments, the nucleic acid template nanostructure is etched at the
non-cavity region by carving nucleic acid strands which are fully complementary to nucleic
acid strands at the non-cavity region (B. Wei et al., Complex Reconfiguration of DNA
Nanostructures, Angew. Chem. Int. Ed. 2014, 53, 7475-7479, (2014), incorporated by

reference herein). The etching mechanism is based on the hybridization of complement DNA
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sequences. When specific nucleic acid strands for etching strands of the non-cavity region of
the nucleic acid template nanostructure are introduced, they could only etch away their fully
complement partners in the nucleic acid template nanostructure (i.e., the strands at the non-
cavity region). In this etching method, the removal of one nucleic acid strand at the non-
cavity region reveals a newly exposed toehold on a neighboring strand, thus enabling removal
of connected nucleic acid strands without the need to modify the strands with predesigned
external toeholds. By using this method, the nucleic acid template nanostructure can be

reconfigured into a prescribed shape, and the etched thickness can be precisely controlled.

[00116] FIG. 7 illustrates an exemplary process for etching a nucleic acid template
nanostructure at the non-cavity region. In this example, after etching, a top surface of the
nucleic acid template nanostructure is substantially evened. In other embodiments, the top

surface of the non-cavity region may be higher or lower than that of the cavity region.

[00117] It can be appreciated that, in some embodiments, Step 330 can be omitted and

thus the shape of the nucleic acid template nanostructure may not be reconfigured.

[00118] Flattening the top surface of the nucleic acid template nanostructure helps to
remove salt residues on the template nanostructure, especially in the cavity regions. The salt
residues may arise from the remaining solution within the nucleic acid template nanostructure
because of a capillary force phenomenon. That is, metal salts in the remaining solution may
be left within the cavity region after water evaporation. Etching the nucleic acid template
nanostructure will lower the capillary force and the remaining solution, and thus reduce the

salt residues left on the nucleic acid template nanostructure and CNTs.

[00119] In Step 340, the nucleic acid template nanostructures are deposited onto the

substrate by contacting the template solution with the substrate.

[00120] In some embodiments, the substrate may be the same as that in Step 120 of the
method 100 described above.

[00121] In some embodiments, depositing nucleic acid template nanostructures onto
the substrate may include: forming a patterned alignment layer having a plurality of cavities
on the substrate; dipping the template solution containing the template nanostructures onto
the patterned alignment layer; and incubating the substrate to diffuse the template
nanostructures into the cavities. In some embodiments, incubating the substrate may include

dehydrating or evaporating the substrate in a sealed chamber for a predetermined time period.
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In some embodiments, each cavity may be filled with one nucleic acid template
nanostructure, and in some other embodiments, each cavity may be filled with one or more

nucleic acid template nanostructures.

[00122] FIG. 8 (A) illustrates an exemplary process for depositing the nucleic acid
templates onto the substrate. First, a 0.35 cm” sized silicon substrate was spin-coated with
poly(methyl methacrylate) (PMMA) resist (Allresist AR-P 672.045) and patterned using
electron-beam lithography (Raith Voyager, with an exposure dose of 325 puC/cm” at 0.9 nA
current). In this example, more than 5x10* PMMA cavities (surface density~2x10’
cavities/cm®) were fabricated. Each PMMA cavity exhibited 2.5 pm in length along x
direction, and 150 nm in thickness along y direction which is perpendicular to the x-z plane.
The minimum and the maximum values of the cavity widths along z direction were 180 and
250 nm, respectively. The patterned PMMA layer was developed in a 1:3 mixture of
methylisobutyl ketone (MIBK) and isopropyl alcohol (IPA), followed by rinsing with IPA and
drying with nitrogen. The solution of CNT-decorated DNA template nanostructures was
dipped onto the lithography-defined patterns. Then the silicon substrate was kept in a sealed
chamber for 2 hours. During this process, the DNA template nanostructures were diffused
into the PMMA cavities. Si substrate was then dried, followed by PMMA liftoff, leaving only
the aligned DNA template nanostructures on the flat Si substrate. After DNA deposition and
PMMA liftoff, more than 85% of the initial cavities (~600 cavities were counted) were
occupied by the DNA template nanostructures. The measured angular distribution, which was
defined as the difference between the longitudinal axis of DNA template nanostructures and
the x direction of the substrate, was 56% within £1° and 90% within +7°, per SEM-based
counting of all the remaining DNA template nanostructures within the 600 cavities. The
measured angular distribution combined the impacts from the fabrication defects of PMMA
cavities, the variation during DNA placement, and the disturbance during PMMA liftoff.
Notably, the angular distribution improved when compared to previous report in large-scale
placement of DNA-templated inorganic materials (A. M. Hung ef al., Large-area spatially
ordered arrays of gold nanoparticles directed by lithographically confined DNA origami,
Nature Nanotech. 5, 121-126 (2010).).

[00123] Both the lengths of the DNA template nanostructures and the aspect ratio of
the PMMA cavities may affect the angular distribution. Longer DNA template nanostructures
(length > 1 pum) exhibited narrower angular distribution (0° + 3.4°) than that of shorter DNA
template nanostructures (length <500 nm, 1° + 11°). In addition, PMMA cavities with higher
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length-to-width aspect ratio (e.g. 10 or higher) provided better orientation controllability than
that with lower aspect ratio (i.e. 1 to 3 or lower). Hence, to further improve the angular
distribution, longer DNA template nanostructures, as well as higher length-to-width aspect

ratio of PMMA cavities, are beneficial.

[00124] In some embodiments, the nucleic acid templates can be deposited on the
substrate directly, without forming the patterned alignment layer with the plurality of cavities
on the substrate. In an example, a 230-nm thick PMMA layer was spun onto Si wafer (with
300-nm thick SiO; on top) and the fine alignment marker pattern was written using Raith
Voyager system (at a current of 9 nA and a dose of 780 uC/cm2). The alignment marker
pattern was developed in a 1:3 mixture of MIBK and IPA. A stacking titanium/gold film (5-
nm thick titanium and 45-nm thick gold) was deposited using DE400 e-beam evaporation
system. Liftoff was performed at room temperature in acetone without sonication, followed
by an ethanol rinsing. The sample was dried with nitrogen. Then, a 9 uL solution of the
assembled CNT-decorated DNA template nanostructures (i.e, the DNA template
nanostructures with the CNTs in the cavity regions) was dipped onto the oxygen plasma-
cleaned marked Si wafer, followed by the incubation at room temperature for 1 hour. After
that, the remaining solution was blown away with nitrogen. The Si wafer was sequentially
rinsed with 75%, 95%, and 99% ethanol, followed by air drying. The positions of the CNT-

decorated DN A template nanostructures were registered relative to the alignment markers.

[00125] More details about the process of depositing the nucleic acid template
nanostructures onto the substrate can be found in the PCT application No.
PCT/CN2020/082377 filed on March 31, 2020 and entitled “method for depositing template
nanostructures on a substrate and nanostructure arrays”, and in the PCT application No.
PCT/CN2020/082777 filed on April 1, 2020 and entitled “method for depositing template
nanostructures on a substrate and nanostructure arrays”, the entire contents of which are

incorporated by reference herein.

[00126] In Step 350, at least one fixation structure is formed on the substrate. The at
least one fixation structure intersects with all or a portion of the at least one nucleic acid
template nanostructure to fix all or the portion of the at least one nucleic acid template

nanostructures on the substrate.

[00127] Some details about the process of forming the at least one fixation structure

onto the substrate can be found in Step 130 of the method 100 as described above, and thus
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are not elaborated herein.

[00128] In an example, a 230-nm thick PMMA layer was spun onto the CNT-deposited
Si wafer. The fixation structure pattern was written using Raith Voyager system (at a current
of 400 pA and a dose of 750 uC/cm2). The fixation structure pattern was developed in a 1:3
mixture of MIBK and IPA. A stacking film of 5-nm thick titanium and 60-nm thick gold was
deposited using DE400 e-beam evaporation system. Liftoff was performed at room
temperature in acetone without sonication, followed by an ethanol rinse. Then, the sample

was dried with nitrogen.

[00129] FIG. 9 illustrates an example of the nucleic acid template nanostructure after
forming the fixation structure on the substrate. In this example, two fixation structures are
formed on the nucleic acid template nanostructure, and both ends of each CNT were fixed by
two fixation structures. As such, the fixation structures provide anchors on the substrate for
the nano-moiety. In some other embodiments, three or more fixation structures may be
formed on the nucleic acid template nanostructure, depending on, for example, the length,
size or shape of the nano-moieties. In some embodiments, the fixation structures can be
formed spaced apart from each other, leaving sections of the nano-moieties uncovered with
the fixation structures for subsequent formation of other structures or components. In some
embodiments, the fixation structures may be of an elongated shape perpendicular to a
lengthwise direction of the nano-moiety, like the fixation structures shown in FIG. 9. In some
other embodiments, the fixation structures may be of any other shapes (e.g. circular, loop,

etc.) that fit for fixing the nano-moiety on the substrate.

[00130] In Step 360, at least a portion of the nucleic acid template nanostructure is
removed.
[00131] In some embodiments, the removed portion of the nucleic acid template

nanostructure is not covered with the at least one fixation structure before the removal step.

In some other embodiments, all the nucleic acid template nanostructures are removed.

[00132] In some embodiments, the at least a portion of the nucleic acid template
nanostructure is removed by a rinsing process, a thermal annealing process or a chemical
oxidation process. For example, the substrate is continuously rinsed with water and H,O;
(5%) to remove the nucleic acid template nanostructure. FIG. 10 illustrates an example of the
substrate after removing the nucleic acid template nanostructure. In this example, the nucleic

acid template nanostructure is substantially removed from the surface of the substrate.
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Generally, removing the nucleic acid template nanostructure may further reduce the salt

residues left on the substrate and the CNTs.

[00133] By using the method 300 as described above, nano moiety arrays such as CNT
array can be formed on a substrate with desired arrangement, and contaminations can be
eliminated without degrading CNT alignment. Thus, high-performance ultra-scaled devices

such as FET devices can be built based on these nano-moiety arrays.

[00134] FIG. 11 illustrates a flow chart of a method 1100 for forming a FET device
according to an embodiment of the present application. The method 1100 may include the

following steps 1110-1180.

[00135] In Step 1110, nucleic acid template nanostructures are formed in template
solution.
[00136] In some embodiments, each nucleic acid template nanostructure may include

at least one cavity region and a non-cavity region outside of the at least one cavity region. It
should be appreciated by those skilled in the art that, in other embodiments, the nucleic acid

template nanostructure may have a planar surface or other non-planar surfaces.

[00137] In Step 1120, at least one nanowire is mixed with the template solution to

assemble the at least one nanowire onto the nucleic acid template nanostructures.

[00138] In some embodiments, when the nucleic acid template nanostructure includes
at least one cavity region and a non-cavity region outside of the at least one cavity region, the
at least one nanowire is assembled into at least one cavity region of the nucleic acid template

nanostructures.

[00139] In other embodiments, when the nucleic acid template nanostructure has a
planar surface, the at least one nanowire is assembled onto a portion of the planar surface

where the nucleic acid handles are formed.

[00140] It can be appreciated that the template solution containing nucleic acid
template nanostructures with decorated nanowire(s) or any other template nanostructures can

be prepared in advance.

[00141] In Step 1130, the nucleic acid template nanostructure is etched at the non-

cavity region.
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[00142] In Step 1140, at least one nucleic acid template nanostructure is deposited onto

the substrate by contacting the template solution with the substrate.

[00143] In Step 1150, at least one fixation structure is formed on the substrate, wherein
the at least one fixation structure intersects with all or a portion of the at least one nanowire to

fix all or a portion of the at least one nanowire on the substrate.

[00144] In Step 1160, at least a portion of the at least one nucleic acid template

nanostructure which is not covered with the fixation structures is removed.

[00145] The above steps 1110-1160 of the method 1100 are similar to the steps 310-
360 of the method 300, and thus are not elaborated herein.

[00146] In Step 1170, a source contact and a drain contact are formed on the substrate

along the at least one nanowire.

[00147] In some embodiments, the source and drain contacts may include any suitable
contact metal including, but not limited to, gold (Au), titanium (Ti), palladium (Pd),

scandium (Sc), etc. using a standard deposition process such as evaporation, sputtering, etc.

[00148] FIG. 12(a) illustrates an example of the device after forming the source
contact and the drain contact. In this example, two fixation structures are formed on the
CNTs, and the source contact and the drain contact are formed between the two neighboring
fixation structures. As can be seen, the CNTs can be fixed by the two fixation structures with
sections between the fixation structures intersecting with the source and drain contacts, while
the ends of certain CNTs protruding outside the fixation structures may not be used for FET

construction.

[00149] The source and drain contacts can be formed using conventional metal or poly
formation methods. In an example, a 230-nm thick PMMA layer was spun onto the CNT
arrays, followed by writing the source and the drain electrodes patterns with Raith Voyager
system (at a current of 400 pA and a dose of 750 pC/cm?). The source and the drain electrode
patterns were developed in a 1:3 mixture of MIBK and IPA. A stacking film of 0.5-nm thick
titanium, 30-nm thick palladium, and 40-nm thick gold was deposited using DE400 e-beam
evaporation system. Liftoff was performed at room temperature in acetone without

sonication, followed by an ethanol rinsing. Then, the sample was dried with nitrogen.

[00150] In Step 1180, a gate structure between the source contact and the drain contact
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and along the at least one nanowire is formed.

[00151] In some embodiments, the gate structure including a gate dielectric and a gate
contact. The gate dielectric may include any suitable dielectric including, but not limited to,
Si0,, Al,Os, HfO,, SisN4, Y03, etc. formed using a standard deposition process such as

evaporation, sputtering, etc.

[00152] FIGS. 12(b) and 12(c) illustrate an example of the device after forming the
gate structure. In this example, an alignment layer of 230-nm thick PMMA was spun onto the
Si wafer, followed by writing the channel patterns with Raith Voyager system (at a current of
400 pA and a dose of 750 uC/cm?). 1 nm thick yttrium metal film was first deposited using
DE400 e-beam evaporation system. Liftoff was performed at 70 °C in acetone. Then, the
yttrium film was oxidized in the air at 250 °C. A 230-nm thick PMMA layer was then spun
onto the Y,0s-coated Si wafer, followed by writing the gate electrode pattern with Raith
Voyager system (at a current of 400 pA and a dose of 750 pC/cm?). The gate electrode pattern
was developed in a 1:3 mixture of MIBK and IPA. 8-nm thick HfO, was next deposited via
atomic layer deposition (Beneq) at 90 °C to form the gate dielectric. A 15-nm thick palladium
film was finally deposited using DE400 e-beam evaporation system. Liftoff was performed at
room temperature in acetone without sonication, followed by ethanol rinsing. Then, the

sample was dried with nitrogen. As such the gate contact can be formed.

[00153] In some embodiments, contact pads connected to the source contact, the drain
contact and the gate structure are further formed. These contact pads may be used for

electrical measurements of the constructed CNT FET.

[00154] In an example, a 230-nm thick PMMA layer was first spun onto the sample.
Contact pad pattern was exposed using Raith Voyager system (at a current of 9 nA and a dose
of 750 uC/cm?). The contact pad pattern was developed in a 1:3 mixture of MIBK and IPA,
then dried with nitrogen. A stacking film of 5-nm thick titanium and 70-nm thick gold was
deposited using DE400 e-beam evaporation system. Liftoff was performed at room
temperature in acetone without sonication, followed by ethanol rinsing. Then, the sample was

dried with nitrogen.

[00155] In some embodiments, after the gate structure is formed, the fixation structure

can be removed from the surface of the substrate.

[00156] In some embodiments, a single CNT has one source contact, one drain contact
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and one gate structure to form a single-channel CNT FET. An example of the single-channel
CNT FET is illustrated in FIGS. 13(a) and 13(b), in which FIG. 13(a) is a side view of the
single-channel CNT FET, and FIG. 13(b) is a top view of the single-channel CNT FET.

[00157] In some embodiments, two, three, four or more CNTs having a common
source contact, a common drain contact and a common gate structure can be used to form a
multi-channel CNT FET. An example of the multi-channel CNT FET is illustrated in FIGS.
14(a) and 14(b), in which FIG. 14(a) is a side view of the multi-channel CNT FET, and FIG.
14(b) is a top view of the multi-channel CNT FET.

[00158] Certain electrical measurements were performed on samples of the CNT FETs
formed using the above processes at room temperature in a probe station connected to a
Keithley 4200 SCS Semiconductor Device Analyzer. FIGS. 15(a) and 15(b) illustrate I~V
curves and gu-Vgs curve for a single-channel CNT FET and a multi-channel CNT FET,
respectively. As shown in FIG. 15(a), the single-channel CNT FET (channel length of 200
nm) exhibited on-current of 10 pA/CNT (Vg of -0.5 V) at the thermionic limit of
subthreshold swing (i.e. 60 mV/dec). As shown in FIG. 15(b), at Vg4 of -0.5 V, the multi-
channel CNT FET (channel length of 200 nm, inter-CNT pitch of 24 nm) exhibited Vy, of -
0.26 V, Ioy/Iog of 10°, on-current density of 154 pA/um (at Vs of -1.5 V), and subthreshold
swing of 100 mV/dec. The gn and Go, values were 0.37 mS/um and 0.31 mS/um,

respectively.
[00159] Example
[00160] This is an example for constructing high-performance transistors that the

methods according to embodiments of the present application can be used.

[00161] In projected high-performance energy-efficient field-effect transistors (FETs)
(Reference 1, Reference 2), evenly-spaced small-pitch (spacing between two adjacent
channels within individual FET) semi-conductor channels are often required. Smaller channel
pitch leads to higher integration density and on-state performance, but with the risk of
enhanced destructive short-range screening and electrostatic interactions in low-dimensional
semiconductors, such as carbon nanotubes (CNTs) (Reference 3), whereas evenly-spaced
alignment minimizes the channel disorder that impacts the switching between on/off states
(Reference 4). Therefore, although high-density CNT thin-films exhibit on-state performance
comparable with Si FETs (Reference 5, Reference 6), degraded gate modulation and increased

subthreshold swing (Reference 3, Reference 5) are observed because of the disorder in the
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arrays.

[00162] Biomolecules such as DNAs (Reference 7, Reference 8) can be used to
organize CNTs into prescribed arrays (Reference 9-Reference 11). Based on the spatially
hindered integration of nanotube electronics (SHINE), biofabrication further scales the
evenly-spaced channel pitch beyond lithographic feasibility (Reference 12). However, none
of the biotemplated CNT FETs (Reference [2-Reference [4) have exhibited performance
comparable with those constructed from lithography (Reference 15) or thin-film approaches
(Reference 3, Reference 5, Reference 6, Reference 16-Reference [8). Meanwhile, during the
surface placement of biotemplated materials, broad orientation distributions (Reference 19)

prevent their large-scale alignment.

[00163] Here, we show that small regions of nanometer-precise biomolecular
assemblies can be integrated into the large arrays of solid-state high-performance electronics.
We used the parallel semiconducting CNT arrays assembled through SHINE as model
systems (Reference 12). At the FET channel interface, we observed lower on-state
performance induced by high-concentration DNA/metal ions. Using a rinsing-after-fixing
approach, we eliminated the contamination without degrading CNT alignment. Based on the
uniform inter-CNT pitch and clean channel interface, we constructed solid-state multichannel
PMOS (p-channel metal-oxide-semiconductor) CNT FETs displaying high on-state
performance and fast on/off switching simultaneously. Using lithography-defined polymethyl
methacrylate (PMMA) cavities to spatially confine the placement of the CNT-decorated
DNA templates, we demonstrated aligned arrays with prescribed geometries over a 0.35-cm’
area substrate. Building high-performance ultra-scaled devices at the biology-electronics
interface may enable diverse applications in the post-Si era, such as multiplexed biomolecular

sensors (Reference 20) and 3D FETs, with nanometer-to-centimeter array scalability.

[00164] We assembled DNA-templated CNT arrays using DNA-based SHINE
(Reference 12). We applied a rinsing-after-fixing approach (FIG. 16A) to remove DNA
templates. Starting from the surface-deposited DNA-templated CNT arrays, both ends of the
DNA-templated CNT arrays were first fixed onto Si wafer with deposited metal bars (first
step in FIG. 16A). DNA templates and high-concentration metal salts (1 to 2 M) within DNA
helices were gently removed through sequential rinsing with water and low-concentration
H,0, (second step in FIG. 16A and FIG. 22). The inter-CNT pitch and the alignment quality
of the assembled CNTs were not degraded during the rinsing (FIG. 16B, FIGs. 20 and 21).
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[00165] To explore the impact of single-stranded DNAs (ssDNAs) at channel interface,
we first fabricated the source and drain electrodes onto the rinsed CNT arrays (FIG. 16C, left).
Next, ssDNAs were introduced exclusively into the predefined channel area (first step in FIG.
16C, channel length of 200 nm). Finally, gate dielectric of HfO, and gate electrode of Pd
were sequentially fabricated (second and third steps in FIG. 16C and FIG. 23).

[00166] Out of 19 FETs we constructed, 63% (12 out of 19) showed typical gate
modulation (Ioo/Ioer exceeded 10°, FIG. 24). The other 7 devices exhibited Loy/Log< 5, which
was caused by the presence of metallic CNTs within the array. At a source-to-drain bias (Vgs)
of -0.5 V, one typical multi-channel DNA-containing CNT FET (FIG. 16D) exhibited
threshold voltage (V) around -2 V, on-current density of 50 pA/um at gate-to-source bias
(Vgs) of -3 V (normalized to inter-CNT pitch), subthreshold swing of 146 mV/decade, peak
transconductance (gy) of 23 uS/um, and on-state conductance (Go,) of 0.10 mS/um. Statistics
over all the 12 operational FETs exhibited Vg, distribution of -2 + 0.10 V, on-current density
of 4-50 pA/um, and subthreshold swing of 164 + 44 mV/decade (FIG. 24A). The transport

performance was stable during repeated measurements (FIG. 24C).

[00167] We annealed the above DNA-containing FETs at 400 °C for 30 min under
vacuum to thermally decompose ssDNAs (Reference 22), and then recharacterized the
transport performance. Compared to the unannealed samples, thermal annealing (FIG. 16D,
FIGs. 23 and 31) slightly shifted the average Vg, (around 0.35 V, Vy, of -1.65 £ 0.17 V after
annealing), and increased the average subthreshold swing by ~ 70 mV/decade (subthreshold
swing of 230 + 112 mV/decade after annealing). Other on-state performance, including gn

and Gy, as well as FET morphology, did not substantially change after annealing.

[00168] To build high-performance CNT FETs from biotemplates, we deposited a
composite gate dielectric (Y03 and HfO,) into the rinsed channel area, instead of introducing
ssDNAs (FIG. 17, A and B, FIGs. 14 and 26). Of all the FETs constructed, 54% (6 out of 11)
showed gate modulation (FIG. 27). The other 5 out of 11 FETSs contained at least one metallic
CNT within the channel (FIG. 30). Using identical fabrication process, we also constructed
another 9 operational single-channel DNA-free CNT FETs for comparing transport
performance (FIG. 13). The single-channel CNT FET (channel length ~200 nm) with the
highest on-state performance exhibited on-current of 10 pA/CNT (Vg4 of -0.5 V) at the
thermionic limit of subthreshold swing (i.e. 60 mV/decade, FIG. 17C and FIG. 25).
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[00169] At Vg of -0.5 V, the multichannel DNA-free CNT FET (channel length ~200
nm, inter-CNT pitch of 24 nm) with highest on-state performance (FIG. 17D and FIG. 28)
exhibited Vg of -0.26 V, on-current density of 154 pA/um (at Vg of -1.5 V), and
subthreshold swing of 100 mV/decade. The g, and G,, values were 0.37 mS/um and 0.31
mS/um, respectively. The noise in the gn-Vgs curve may originate from thermal noise and
disorder and scattering within the composite gate construct. On-state current further increased
to ~250 pA/um, alongside with g, of 0.45 mS/um and subthreshold swing of 110 mV/decade
at Vgsof -0.8 V.

2

[00170] When the channel length scaled to 100 nm, we achieved on-current density of
300 pA/um (at Vgs of -0.5 V and Vg of -1.5 V), and subthreshold swing of 160 mV/decade
(FIG. 29). Both the Gop and the g, values were thus promoted to 0.6 mS/um. The DNA-free
CNT FETs exhibited comparable Ij; to thin-film FETs from aligned chemical vapor
deposition (CVD)-grown CNT arrays (Reference 28, Reference 29), even at 60% smaller
CNT density (~40 CNTs/um vs. more than 100 CNTs/um in (Reference 28, Reference 29)).
The effective removal of the contaminations, such as DNA and metal ions, and shorter
channel length contributed to the high I4s. Notably, a previous study fixed CNTs directly with
the source and drain electrodes (Reference [3), but because contamination could not be fully
removed from the electrode contact areas, the on-state performance (g, and G,,) decreased

by a factor of 10.

[00171] At similar channel length and Vg4 (i.e. -0.5 V), we benchmarked current
transport performance (i.e. gn and subthreshold swing) against conventional thin-film FETs
using CVD-grown or polymer-wrapped CNTs (Reference 3, Reference 5, Reference 16—
Reference 18, Reference 23-Reference 27) (FIG. 17E, FIGs. 32 and 33). Both high on-state
performance (gm around 0.37 mS/um) and fast on/off switching (subthreshold swing around
100 mV/decade) could be simultaneously achieved within the same solid-state DNA-
templated FET; whereas thin-film CNT FETs with similar subthreshold swing (~100
mV/decade) exhibited more than 50% smaller gn, (FIG. 32).

[00172] Furthermore, the subthreshold swing difference between the multichannel
(average value of 103 mV/decade) and the single-channel CNT FETs (average value of 86
mV/decade in FIG. 25) was reduced to 17 mV/decade. Theoretical simulations suggest that,
under identical gate constructs, uneven diameter of CNTs (Reference 6) and the alignment
disorder (including crossing CNTs) (Reference 5) raise the subthreshold swing (Reference 4).
We observed a wide diameter distribution of the DNA-wrapped CNTs in AFM images (FIG.
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19) and TEM images (FIG. 18). Hence, the small subthreshold swing difference above
indicated the effective gate modulation and evenly-spaced CNT alignment using SHINE

(Reference 12), 1.e. the absence of crossing/bundling CNTs within the channel area.

[00173] Statistics over all the operational multichannel DNA-free FETs exhibited Vg,
of -0.32 +£ 0.27 V, on-current density of 25 to 154 pA/um (at Vgs of -0.5 V and Vg of -1.5 V),
and subthreshold swing of 103 + 30 mV/decade. Different amounts of narrow CNTs (i.e.
diameter < 1 nm) within FETs led to the wide distribution of the on-current density. Because
the Schottky barrier and the band gap increase with narrower CNT diameter, lower CNT
conductance is often observed than those with diameter above 1.4 nm (Reference 30,

Reference 31).

[00174] When comparing the transport performance differences between DNA-
containing and DNA-free FETs (FIG. 31), we observed largely negatively shifted Vi (-2V
versus -0.32 V), higher Iy at positive Vg (mostly 10 to 200 nA/um versus 0.1 to 10 nA/pm),
and more than one order of magnitude smaller gy, (4 to 50 uS/um versus 70 to 370 uS/um).
Thus, high-concentration ssDNAs within multichannel FETs deteriorated the transport
performance. Thermal annealing did not fully eliminate the impact because of the presence of

insoluble annealing products, such as metal phosphates (Reference 22).

[00175] When CNT-decorated DNA templates were deposited onto a flat Si wafer,
random orientations of DNA templates were formed through unconfined surface rotation. We
solved this issue by using 3D polymeric cavities to confine the surface orientation during
large-area placement. We first assembled fixed-width CNT arrays (FIG. 34) with prescribed
inter-CNT pitch of 16 nm (2 CNTs per array). Next, in a typical 500 um by 500 pm write-
field on the PMMA-coated Si substrate (more than 20 write-fields on 0.35 cm” substrate), we
fabricated densely-aligned crenellated parapet-like PMMA cavities (cavity density ~2x10’
cavities/cm?). The minimum and the maximum designed widths along z direction were 180

and 250 nm, respectively.

[00176] After DNA deposition and PMMA liftoft (FIG. 8 (B)), >85% of the initial
cavities (~600 cavities were counted) were occupied by DNA templates (FIG. 8 (B), FIG.
25). The measured angular distribution, defined as the difference between the longitudinal
axis of the DNA templates and the x direction of the substrate, was 56% within + 1° and 90%
within = 7° (FIG. 8 (B)), per scanning electron microscopy (SEM)-based counting of all of

the remaining DNA templates within the 600 cavity sites. This value included improvable
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impacts from the fabrication defects of PMMA cavities sites, the variation during DNA
placement, and any disturbance from PMMA liftoff. Notably, the angular distribution was
still improved compared to previous large-scale placement of DNA-templated materials
(Reference 19). CNTs were not visible under SEM, because they were embedded within the
DNA trenches and shielded from the SEM detector by DNA helices.

[00177] Both the lengths of the DNA templates and the aspect ratio of the PMMA
cavities affected the angular distribution. Longer DNA templates (length >1 um) exhibited
narrower angular distribution (0" + 3.4° in FIG. 8 (B)) than those of shorter DNA templates
(length <500 nm, 1"+ 11" in FIG. 8 (B)). In addition, PMMA cavities with higher length-to-
width aspect ratio (i.e. 10 in FIG. 8 (B)) provided better orientation controllability than those
with lower aspect ratio (i.e. 1 in FIG. 36). Hence, to further improve the angular distribution,
longer DNA templates, as well as higher length-to-width aspect ratio of PMMA cavities,
were beneficial. Because PMMA cavities were wider than the DNA templates, we observed
up to 3 DNA templates, as well as the offset of DNA templates along the x and z directions,
within a few PMMA cavities. Notably, DNA templates did not fully cover the PMMA

cavities, even for a saturated DNA solution.

[00178] Two-dimensional hydrophilic surface patterns, with shape and dimensions
identical to the DNA structures, could direct the orientation of the deposited DNA structures
(Reference 32). However, it is difficult to design patterns adaptive to DNA templates with
variable lengths. In contrast, effective spatial confinement relies mainly on the lengths of the
DNA templates and the aspect ratio of PMMA cavities, and is applicable to irregular template
lengths. Therefore, the anisotropic biotemplated CNT arrays could be aligned along the
longitudinal direction of the cavities (FIG. 37).

[00179] To further promote the on-state performance, scaling the inter-CNT pitch into
sub-10 nm may be beneficial. However, at 2 nm inter-CNT pitch, the enhanced electrostatic
interactions may impact the on/off switching. Therefore, the correlation between the inter-
CNT pitch and performance metrics of CNT FETs needs to be verified. Combined with large-
area fabrications via conventional lithography and directed assembly of block copolymers,
biomolecular assembly could provide a high-resolution paradigm for programmable
electronics over large area. The hybrid electronic-biological devices may also integrate
electrical stimuli and biological input/outputs, producing ultra-scaled sensors or bio-

actuators.
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[00180] Materials and Experimental Methods for the Example
[00181] 1. Atomic force microscopy (AFM)
[00182] 7 uL as-prepared CNT-decorated DNA templates solution was deposited onto

a 1-cm” sized silicon chip followed by stepwise rinsing in 50%, 95%, and 99.5% ethanol. The

sample was imaged on a Multimode SPM (Vecco) via tapping mode.
[00183] 2. Scanning electron microscopy (SEM)

[00184] 7 uL as-prepared CNT-decorated DNA templates solution was deposited onto
a 1-cm” sized silicon chip followed by stepwise rinsing in 50%, 95%, and 99.5% ethanol. The
dried silicon chip was imaged on a HITACHI S-4800 system operated at 5 kV under high

vacuum.
[00185] 3. Transmission electron microscopy (TEM)
[00186] 0.6 uL as-prepared (without purification) CNT-decorated DNA templates was

diluted into 5 uL. water and adsorbed onto glow discharged carbon-coated TEM grids for 4
min. Then the remaining solution was wiped away, followed by negative staining using 6 ul.
2% aqueous uranyl formate solution (7 sec) and a quick water rinsing. Imaging was

performed using an JEOL 2100 operated at 120 kV.
[00187] 4, Centimeter-scale oriented placement

[00188] A 0.35-cm” sized silicon substrate was firstly spin-coated with poly(methyl
methacrylate) (PMMA) resist (Allresist AR-P 672.045) and patterned using electron-beam
lithography (Raith Voyager, with an exposure dose of 325 uC/cm” at 0.9 nA current). The
patterned PMMA layer was developed in a 1:3 mixture of methylisobutyl ketone (MIBK) and
isopropyl alcohol (IPA), followed by rinsing with IPA and drying with nitrogen. The solution
of CNT-decorated DNA templates was dipped onto the lithography-defined patterns. Then
the silicon substrate was kept in a sealed chamber for 2 hours. During this process, the DNA
templates diffused into the PMMA cavities. Si substrate was then dried, followed by PMMA
liftoff, leaving only the aligned DNA templates on the flat Si substrate. Finally, we imaged
the sample with SEM.

[00189] 5. Removing DNA templates

[00190] We applied the following process to remove the assembled DNA templates
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while retaining CNT alignment: (1) fabricating alignment markers on Si wafer with electron-
beam lithography; (2) depositing the CNT-decorated DNA templates onto Si wafer and
registering the positions with low-magnification SEM; (3) fabricating metal bars to fix the
assembled CNT arrays onto Si wafer; and (4) removing DNA templates by continuously
water and H,O, rinsing. We used the length-sorted CNTs (semiconducting purity > 95%)
from NIST, and the length range was 300-1000 nm.

[00191] Alignment marker:

[00192] A 230-nm thick PMMA layer was spun onto Si wafer (with 300-nm thick SiO,
on top) and the fine alignment marker pattern was written using Raith Voyager system (at a
current of 9 nA and a dose of 780 uC/cm?*). The alignment marker pattern was developed in a
1:3 mixture of MIBK and IPA. A stacking titanium/gold film (5-nm thick titanium and 45-nm
thick gold) was deposited using DE400 e-beam evaporation system. Liftoff was performed at
room temperature in acetone without sonication, followed by an ethanol rinsing. The sample

was dried with nitrogen.
[00193] CNT deposition and registration:

[00194] A 9 uL solution of the assembled CNT-decorated DNA templates was dipped
onto the oxygen plasma-cleaned marked Si wafer, followed by the incubation at room
temperature for 1 hour. After that, the remaining solution was blown away with nitrogen. The
Si wafer was sequentially rinsed with 75%, 95%, and 99% ethanol, followed by air drying.
The Si wafer was then imaged under SEM at low magnification (operated at 1 kV). The

positions of the CNT-decorated DNA templates were registered relative to the alignment

markers.
[00195] CNT fixing and DNA removal:
[00196] A 230-nm thick PMMA layer was spun onto the CNT-deposited Si wafer. The

metal bar pattern was written using Raith Voyager system (at a current of 400 pA and a dose
of 750 uC/cm?). The metal bar pattern was developed in a 1:3 mixture of MIBK and IPA. A
stacking film of 5-nm thick titanium and 60-nm thick gold was deposited using DE400 e-
beam evaporation system. Liftoff was performed at room temperature in acetone without
sonication, followed by an ethanol rinse. The sample was dried with nitrogen. DNA removal

was then performed by sequential water and H,O, (5%) rinsing.
[00197] 6. FET construction
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[00198] For FET construction, we used electron beam lithography for fabricating the
source/drain/gate electrodes onto the assembled CNT arrays and constructing the electrical

contact pads.
[00199] Source/drain electrodes:

[00200] A 230-nm thick PMMA layer was spun onto the cleaned CNT arrays, followed
by writing the source and the drain electrodes patterns with Raith Voyager system (at a
current of 400 pA and a dose of 750 uC/cm?*). The source and the drain electrodes patterns
were developed in a 1:3 mixture of MIBK and IPA. A stacking film of 0.5-nm thick titanium,
30-nm thick palladium, and 40-nm thick gold was deposited using DE400 e-beam
evaporation system. Liftoff was performed at room temperature in acetone without

sonication, followed by an ethanol rinsing. The sample was dried with nitrogen.
[00201] Gate electrode:

[00202] Next, a layer of 230-nm thick PMMA layer was spun onto the Si wafer,
followed by writing the channel patterns with Raith Voyager system (at a current of 400 pA
and a dose of 750 uC/cm?). One-nm thick yttrium metal film was first deposited using DE400
e-beam evaporation system. Liftoff was performed at 70 °C in acetone. Then, the yttrium

film was oxidized in the air at 250 °C.

[00203] A 230-nm thick PMMA layer was then spun onto the Y,0;-coated Si wafer,
followed by writing the gate electrode pattern with Raith Voyager system (at a current of 400
pA and a dose of 750 uC/cm?). The gate electrode pattern was developed in a 1:3 mixture of
MIBK and IPA. Eight-nm thick HfO, was next deposited via atomic layer deposition (Beneq)
at 90 °C. A 15-nm thick palladium film was finally deposited using DE400 e-beam
evaporation system. Liftoff was performed at room temperature in acetone without

sonication, followed by ethanol rinsing. The sample was dried with nitrogen.
[00204] Contact pads:

[00205] For fabricating large electrical contact pads connecting to the electrodes, a
230-nm thick PMMA layer was first spun onto the sample. Contact pad pattern was exposed
using Raith Voyager system (at a current of 9 nA and a dose of 750 uC/cm?). The contact pad
pattern was developed in a 1:3 mixture of MIBK and IPA, then dried with nitrogen. A
stacking film of 5-nm thick titanium and 70-nm thick gold was deposited using DE400 e-

beam evaporation system. Liftoff was performed at room temperature in acetone without
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sonication, followed by ethanol rinsing. And the sample was dried with nitrogen.
[00206] Electrical measurements for CNT FETs:

[00207] The electrical measurements for the constructed CNT FETs were performed at

room temperature in a probe station connected to a Keithley 4200 SCS Semiconductor

Device Analyzer.
[00208] 7. Introducing ssDNAs at channel interface
[00209] After fabricating the source/drain electrodes, we applied the following process

to introduce ssDNAs at channel interface and construct the gate dielectric accordingly: (1) a
230-nm thick PMMA layer was spun onto the wafer, followed by writing the gate electrode
pattern with Raith Voyager system (at a current of 400 pA and a dose of 750 uC/cm?*). The
gate electrode pattern was developed in a 1:3 mixture of MIBK and IPA; (2) 10 uL solution
of L1 (1 uM) was dipped onto the fixed CNT arrays, and incubated at room temperature for
1.5 h; (3) the remaining solution was blown away with nitrogen, followed by sequentially
rinsing with 75%, 95%, and 99% ethanol; (4) 9-nm thick HfO, medium was grown within the
developed pattern via atomic layer deposition (Savannah) at 90 °C. A 15-nm thick palladium
film was deposited using DE400 e-beam evaporation system. Liftoff was performed at room
temperature in acetone without sonication, followed by ethanol rinsing. The sample was dried

with nitrogen.

[00210] After that, the contact pads and the electrical measurements were performed

using identical approaches above in Section “FET construction”.

[00211] Further Optimizations of FET performance for the Example

[00212] To further improve the FET performance, it is necessary to increase the on-

state conductance while lower the subthreshold swing.

[00213] Towards higher on-state conductance, several strategies have been suggested
in previous reports. For example, when applying the gate overdrive (Vg-Vw) up to 6 V, on-
current density around 0.5 mA/um has been reported (at 100 nm Lcy) (Reference 5). However,
at ultra-scaled technology nodes, the supply voltage (Vqq) is typically below 1 V, which limits
the available voltage range of V. Meanwhile, raising CNT density to 500 CNTs/um, as well
as scaling the channel length to 10 nm, could also provide oncurrent density of 0.8 mA/um (at

gate overdrive around 3 V) (Reference 6). But high CNT density also presents challenges in
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promoting the conductance per CNT, because of the strong inter-CNT screening effect at high
CNT density. As a result, the on-state conductance per CNT is lowered to less than 2
uA/CNT, around 10% of the single-channel CNT FET at identical channel length (Reference
33). Besides, subthreshold swing around 500 mV/decade is produced due to the destructive
crossing CNTs and diameter distribution at high CNT density. Using 3D DNA nanotrenches,
the formation of crossing CNTs could be minimized. Hence, by exploring the correlation
between inter-CNT pitch and the on-state conductance, the optimized inter-CNT pitch could
balance the competing needs on higher CNT density and lower inter-CNT interactions.
Together with the short channel design, the on-state conductance of multichannel CNT FETs

will be maximized.

[00214] Decreasing the subthreshold swing to 60-80 mV/decade is recommended by
the International Technology Roadmap for Semiconductors (Reference 1). Notably,
decreasing the subthreshold swing should not degrade the on-state conductance. In the CNT
FETs constructed from thin-film CNT arrays, subthreshold swing of 60 mV/decade has been
reported (Reference 34). However, the on-current density is as small as 100 nA/um, and does
not meet the requirements of high-performance electronics. Based on our demonstration, the
subthreshold swing of the multichannel CNT FETs is slightly higher than that of single-
channel CNT FETs. Because of the absence of crossing CNTs, the small difference value (17
mV/decade) is ascribed to the diameter distribution. Hence, when CNTs with uniform
diameter are available, 3D DNA nanotrenches could in principle build multichannel CNT
FETs with subthreshold swing identical to the single-channel CNT FETs. Further decreasing
the subthreshold swing to the thermionic limit of 60 mV/decade or even smaller relies on the
gate efficiency. For instance, using a graphene-contacted design, single-channel CNT FETs
have been demonstrated with both subthreshold swing of sub-60 mV/decade and on-state
current of 8 UA/CNT (Reference 35). Integrating the graphene-contacted design within

multichannel CNT FETs may promote the on/off switching than current metal contacts.

[00215] Higher CNT purity is also necessary for improving the successful rate of FET
construction. For the projected CNT FET architecture, 95% semiconducting CNT purity
produces 73% successful rate in the six-channel CNT FETs, and 54% successful rate in the
twelve-channel FETs. Considering high-performance micro-processors contain up to 1 billion
FETs, a semiconducting CNT purity higher than 99.99999998% is necessary to ensure all the

FETs are operational.

[00216] Fabricating CNT Arrays with Designer Width and Inter-Array Spacings
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for the Example

[00217] In digital circuits, it is quite common to have larger spacing values outside
individual FETs than the semiconductor channel pitch. In Si circuits, for example, Samsung’s
14 nm technology node has a uniform fin pitch of 49 nm (FET width is less than 250 nm);
whereas the spacing between two nearest fins in neighboring FETs can be as large as 700 nm,
13 times larger than the fin pitch. Similar spacing differences have also been observed in
Intel’s 22 nm, 14 nm, and 10 nm Si technology nodes. The larger spacing between two
nearest FETs may accommodate the interconnect metal wires. And the larger inter-FET

spacing is adjustable tailored to different circuit architectures.

[00218] Existing thin-film approaches employ a post-assembly etching approach to
prepare arrays with designer width, inter-array spacings, and CNT counts over centimeter-
scale. Continuous CNT film first covers the entire surface of the substrate. Then a
postassembly etching (via oxygen plasma) is introduced to etch away CNTs out of the
channel area (FIG. 37A). Hence, both array width and inter-array spacing could be fabricated
tailored to FET/circuit layouts. Importantly, inter-array spacing is necessary to prevent stray
conducting pathways (Reference 37) and accommodate metal contacts. It has been reported
that the presence of CNTs beneath the contacts lowers the adhesion of metal contacts to the
substrate surface (Reference 6). After the post-assembly etching, full surface coverage CNT
films are etched into several individual arrays with width around 50 nm to a few hundred

nanometers, tailored to FET layouts.

[00219] In comparison, we demonstrate a different strategy to achieve the designer
width, inter-array spacings, and CNT counts in the manuscript (FIG. 37B). Using 3D DNA
nanotrenches, CNT arrays are assembled with designer inter-CNT pitches and CNT counts on
fixed-width 3D DNA templates. And the CNT counts per array could be programmed by
different template widths. The assembled CNT arrays are then placed within the pre-
fabricated PMMA cavities, followed by PMMA liftoff and DNA removal. Without post-
assembly etching, prescribed inter-array spacing is demonstrated after the centimeter-scale
oriented placement. Because the inter-array spacing is defined by lithography of PMMA
cavities, in principle, it could be further scaled to sub-200 nm. Therefore, the maximum array
density is around 105/cm, close to that of Si fins at 10-nm technology node (less than
3*10°/cm). The array width and inter-array spacing from our approach are also similar to

those fabricated from the post-assembly etching approach.
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[00257] It should be noted that, the methods and devices disclosed in the embodiments

of the present application can be implemented by other ways. The aforementioned device and
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method embodiments are merely illustrative. It should be noted that in some alternative
embodiments, the steps described in the blocks can also occur in a different order as
described from the figures. For example, two consecutive blocks may actually be executed
substantially concurrently. Sometimes they may also be performed in reverse order,

depending on the functionality.

[00258] Various embodiments have been described herein with reference to the
accompanying drawings. It will, however, be evident that various modifications and changes
may be made thereto, and additional embodiments may be implemented, without departing

from the broader scope of the invention as set forth in the claims that follow.
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WHAT IS CLAIMED IS:

1. A method for forming a nanostructure array on a substrate, comprising:

providing a template solution comprising template nanostructures;

depositing at least one template nanostructure onto the substrate by contacting the
template solution with the substrate; and

forming on the substrate at least one fixation structure intersecting with all or a
portion of the at least one template nanostructure to fix all or the portion of the at least one

template nanostructure on the substrate.

2. The method of claim 1, wherein the template nanostructures comprise one or more
substances selected from the group consisting of nucleic acid templates, decorated nucleic
acid templates, protein templates, polymer templates, carbon nanotubes (CNTs), polymer-
wrapped CNTs, CNT films, semiconductor nanoparticles, semiconductor nanowires,
semiconductor nano-bricks, metal nanoparticles, metal nanowires, metal nano-bricks,
polymeric nanoparticles, polymeric nanowires, polymeric nano-bricks, ceramic nanoparticles,
ceramic nanowires, ceramic nano-bricks, metal oxide nanoparticles, metal oxide nanowires,

metal oxide nano-bricks, fluoride nanoparticles, fluoride nanowires and fluoride nano-bricks.

3. The method of claim 1, wherein the template nanostructures comprise decorated
nucleic acid template nanostructures each decorated with at least one nano-moiety, and
providing a template solution comprising template nanostructures comprises:

forming nucleic acid template nanostructures in the template solution, each of the
nucleic acid template nanostructures comprising at least one cavity region and a non-cavity
region outside of the at least one cavity region; and

mixing at least one nano-moiety with the template solution to assemble the at least

one nano-moiety into at least one cavity region of the nucleic acid template nanostructures.

4. The method of claim 3, wherein the nucleic acid template nanostructures comprise

deoxyribonucleic acid (DNA) nanostructures, ribonucleic acid (RNA) nanostructures, locked
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nucleic acid (LNA) nanostructures, or peptide nucleic acid (PNA) nanostructure.

5. The method of claim 3, wherein the nano-moiety comprises one or more substances
selected from the group consisting of carbon nanotubes (CNTs), polymer-wrapped CNTs,
CNT films, semiconductor nanoparticles, semiconductor nanowires, semiconductor nano-
bricks, metal nanoparticles, metal nanowires, metal nano-bricks, polymeric nanoparticles,
polymeric nanowires, polymeric nano-bricks, ceramic nanoparticles, ceramic nanowires,
ceramic nano-bricks, metal oxide nanoparticles, metal oxide nanowires, metal oxide nano-

bricks, fluoride nanoparticles, fluoride nanowires and fluoride nano-bricks.

6. The method of claim 3, wherein the cavity region of the nucleic acid template
nanostructure is formed with a first type nucleic acid brick, and the non-cavity region of the
nucleic acid template nanostructure is formed with a second type nucleic acid brick which is

different from the first type nucleic acid brick in nucleic acid sequence.

7. The method of claim 3, wherein forming nucleic acid template nanostructures in the
template solution further comprises:
forming a first type nucleic acid handle on the at least one cavity region of the nucleic
acid template nanostructure; and
wherein assembling the at least one nano-moiety onto one of the nucleic acid template
nanostructures further comprises:
forming a second type nucleic acid handle on the at least one nano-moiety; and
assembling the at least one nano-moiety onto the at least one cavity region of
the nucleic acid template nanostructure through interactions between the first type

nucleic acid handle and the second type nucleic acid handle.

8. The method of claim 7, wherein the first type nucleic acid handle and the second type

nucleic acid handle are complementary single-stranded nucleic acid strands.

9. The method of claim 1, wherein depositing the at least one template nanostructures
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onto the substrate comprises:

forming a patterned alignment layer on the substrate, wherein the patterned alignment
layer comprises a plurality of cavities;

dipping the template solution containing the template nanostructures onto the
patterned alignment layer; and

incubating the substrate to diffuse the template nanostructures into the cavities.

10. The method of claim 9, wherein incubating the substrate comprises:
dehydrating or evaporating the substrate in a sealed chamber for a predetermined time

period.

11. The method of claim 1, wherein the substrate comprises a semiconductor, an oxide, a

nitride, a metal, a polymer, or a graphene.

12. The method of claim 3, further comprising:

etching the nucleic acid template nanostructures at their non-cavity regions.

13. The method of claim 12, wherein the nucleic acid template nanostructures are etched
by carving Nucleic acid strands which are complementary to nucleic acid strands at the non-

cavity regions.

14. The method of claim 12, wherein etching the nucleic acid template nanostructures at
their non-cavity regions comprises:
etching the nucleic acid template nanostructures to substantially even their top

surfaces.

15. The method of claim 1, before forming on the substrate at least one fixation structure,
the method further comprising:
forming an intermediate layer on the substrate to promote adhesion of the fixation

structure to the substrate.
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16. The method of claim 1, wherein the at least one fixation structure have a thickness

higher than 10 nm.

17. The method of claim 1, wherein the at least one fixation structure comprises a

dielectric material or a metallic material.

18. The method of claim 3, further comprising:

removing at least a portion of the at least one nucleic acid template nanostructure.

19. The method of claim 18, the removed portion of the at least one nucleic acid template

nanostructure is not covered with the at least one fixation structure before the removal step.

20. The method of claim 18, wherein the at least a portion of the nucleic acid template
nanostructure is removed by a rinsing process, a thermal annealing process or a chemical

oxidation process.

21. The method of claim 1, wherein the template nanostructure comprises a first part for
forming an electronic device and a second part which is different from the first part in
material, and the method further comprises:

removing at least a portion of the second part of the template nanostructure.

22. The method of any one of claims 1 to 21, further comprising:
forming a field effect transistor (FET) array, a sensor array, a memory unit array, or a

quantum device array based on the at least one template nanostructure fixed on the substrate.

23. A nanostructure array comprising at least one nanostructure on a substrate, which is

formed using the method of any of claims 1 to 22.

24, A method for forming a field effect transistor (FET) array on a substrate, comprising:
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providing a template solution containing nucleic acid template nanostructures,
wherein the nucleic acid template nanostructures are decorated with at least one nanowire;

depositing at least one nucleic acid template nanostructure decorated with the at least
one nanowire onto the substrate by contacting the template solution with the substrate;

forming on the substrate at least one fixation structure each intersecting with all or a
portion of the at least one nanowire to fix all or the portion of the at least one nanowire on the
substrate;

removing at least a portion of the at least one nucleic acid template nanostructure
which is not covered with the at least one fixation structure;

forming on the substrate a source contact and a drain contact along the at least one
nanowire; and

forming a gate structure between the source contact and the drain contact and along

the at least one nanowire.

25. The method of claim 24, wherein providing a template solution containing nucleic
acid template nanostructures comprises:

forming the nucleic acid template nanostructures in the template solution;

mixing at least one nanowire with the template solution to assemble the at least one

nanowire onto the nucleic acid template nanostructures.

26. The method of claim 25, wherein each of the nucleic acid template nanostructures
comprises at least one cavity region and a non-cavity region outside of the at least one cavity
region, and the at least one nanowire is assembled into at least one cavity region of the

nucleic acid template nanostructures.

27. The method of claim 26, further comprising:
etching the nucleic acid template nanostructures at their non-cavity regions to

substantially even their top surfaces.

28. The method of claim 24, further comprising:
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removing the at least one fixation structure from the surface of the substrate.

29. The method of claim 24, wherein the nanowire comprises a carbon nanotube or a

semiconductor nanowire.

30. A field effect transistor (FET) device formed using the method of any of claims 24 to
29.

31 A field effect transistor (FET) device, comprising:

a substrate;

a nucleic acid template-induced self-assembling nanowire formed on the substrate;

at least one fixation structure formed on the substrate and intersecting with the
nanowire;

a source contact and a drain contact formed on the substrate; and

a gate structure formed between the source contact and the drain contact and along the

nanowire.
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