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S1 Materials and experimental methods

S1.1 Assembly of DNA templates

Assembly of the designed DNA templates followed a multistage isothermal reaction. In brief, 90 uL mixture of unpurified DNA
bricks IDTDNA Inc., pH 7.9, containing 300 — 600 nM of each brick, without careful adjustment of each brick stoichiometry),
5 mM Tris, 1 mM EDTA, and 40 mM MgCl; was incubated at 80°C for 15 min, 44°C for 12 h, 39°C for 72 h, and 31°C for 8 h
sequentially. The as-synthesized DNA templates were used without further purification.

S1.2 Wrapping CNTs with DNA

Semiconducting CNT-enriched powder was directly purchased from Nanolntegris. The labeled purity for semiconducting CNTs
was ~95%, and the powder was used without further purification. Wrapping single-stranded DNAs onto CNT surface followed
previous reports (27, 28).

First, strand L1 (25 uM, sequence: 5'-GATGCGAGGCTATTCTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGT
GTGTGTGT-3") was mixed with CNT powder (0.1 mg) in buffer (1x TBE and 100 mM NaCl 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 (EMD Millipore) to get rid of excessive DNAs. 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. Notably, all the
CNTs used in the manuscript exhibited irregular lengths.

We also tested using the electric arc CNTs (CNT powder, containing both metallic and semiconducting CNTs, were purchased
from Carbon Solutions, Inc.). Semiconducting CNTs were purified and enriched using previously published method (33). The
purity for the enriched semiconducting CNTs was ~95%. The method for wrapping DNAs onto the enriched semiconducting
CNTs was identical to the method above. Note, after wrapping L1, we purified the L1-wrapped CNTs by a surfactant/DNA

exchange process according to the previous published method (34).

N

Figure S1. Schematic for two-step DNA wrapping around CNTs.

CNT

S1.3 Assembly of CNT arrays on DNA templates

L2-wrapped CNTs (0.4 L) were mixed with 0.4 ;L diluted DNA templates (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 MgCly, 300 mM NaCl,
and 300 mM LiCl (for 16-/12-/10-nm inter-CNT pitch sample). The reaction buffer was incubated at 33°C for 9 h, and then stored
at 4°C without further purification.

S1.4 Buffer conditions

For the assembly of DNA brick crystals and DNA-wrapped CNTs, the buffer solutions were used according to previous reports (17,
28). For the assembly of CNTs on DNA brick crystals with 24 nm inter-CNT pitch, we used a buffer solution containing 10 mM
MgCl, and 400 mM NaCl. Without NaCl, DNA-wrapped CNTs may aggregate during the incubation at 33°C. For 16-/12-/10-nm
pitch DNA brick crystals, we further introduced lithium ion (300 mM) into the buffer to lower the electrostatic repulsions between
the negatively charged DNA helices and CNTs.

S1.5 Transmission electron microscopy (TEM)

0.6 pL as-prepared (without purification) DNA templates solution or CNT-decorated DNA templates solution was diluted into 5
pL 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 1200 operated at 80 kV.



S1.6 Atomic force microscopy (AFM)

7 uL as-prepared DNA templates solution or 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.

S1.7 DNA removal and FET construction

The following five-step fabrication process is used to remove surface DNA, clean the substrate, and construct the electrodes onto
CNTs: (1) a low resolution (>912 magnification) SEM imaging (LEO 1550) at 10 keV to identify the suitable areas for device
fabrication; (2) fabricating fine alignment markers with e-beam lithography around the selected CNT arrays; (3) thermal annealing
of the Si substrate at 550°C under Argon to clean the substrate and to reduce the DNA thickness; (4) using AFM (peak force
mode) for precise registration of the assembled CNTs with respect to the fiducial markers; and (5) two-step e-beam lithography for
fabricating the contact electrodes onto the assembled CNT arrays and electrical pads. Notably, after step 3, the surface roughness
of the substrate is reduced from 1 nm before cleaning to 0.3 nm after cleaning. And the thickness of the DNA residues is reduced
to less than 1 nm.

Fine alignment markers and thermal annealing:

A 200-nm thick PMMA layer is spun onto the Si wafer and the fine alignment marker pattern is written using Leica ebeam VB6
HR tool (a current of 0.5 nA at a dose of 1800 pC/cm?). The alignment marker pattern is developed in a 1:3 mixture of MIBK
and IPA. A 10-nm thick titanium film is deposited using thermal evaporation in a homebuilt evaporator. Liftoff is performed at
room temperature in acetone without sonication followed by an IPA rinse and the sample is dried with Nitrogen. Finally, thermal
annealing is performed using rapid thermal annealing (AccuThermo) tool with 20 psi Argon at 1 slm/min flow rate under 550°C
for 30 minutes. Notably, writing the markers before or after DNA deposition does not significantly affect the effectiveness of DNA
removal.

Two-step e-beam lithography for electrical contacts onto CNTs:

A 200-nm thick PMMA is spun onto the Si wafer and the fine electrical contact pattern is written using Leica ebeam VB6 HR
tool (a current of 0.5 nA at a dose of 1800 2C/cm?). The contact pattern is developed in a 1:3 mixture of MIBK and IPA, and then
dried with compressed Nitrogen. To remove any residual DNA prior to metal deposition, sample is dipped in DNA Exitus Plus
(AppliChem) solution for 15 sec followed by a DI water rinse and a quick dip ( 2 sec) in HCI followed by DI water rinse, then
dried with Nitrogen. A stacking metal film of 1-nm thick titanium, 20-nm thick palladium, and 10-nm thick gold is deposited using
thermal evaporation on a homebuilt evaporator. Liftoff is performed at room temperature in acetone without sonication, followed
by an IPA rinse, and the sample is dried with Nitrogen.

For large electrical contact pads connecting to the fine electrical contacts, a 450-nm thick PMMA is spun onto the sample.
Proximity corrected contact pad pattern is exposed using Leica ebeam VB6 HR tool with a current of 5 nA and dose depending on
the area within the pattern. The contact pads pattern are developed in a 1:3 mixture of MIBK and IPA, then dried with compressed
Nitrogen. A stacking metal film of 5-nm thick titanium and 50-nm thick gold is deposited using thermal evaporation on a homebuilt
evaporator. Liftoff is performed at room temperature in acetone without sonication, followed by an IPA rinse, and the sample is
dried with Nitrogen.

Electrical measurements on CNT FETs:

The electrical measurements on the constructed CNT FETs are performed at room temperature in a vacuum probe station
connected to an Agilent BIS00A Semiconductor Device Analyzer.



S2 Extended technical details of CNT-alignment quality

S2.1 Extended technical details for CNT assembly yield analysis

Assembly yield was estimated using TEM images. Assembly yield was defined as the total inner nanotrenches occupied by the
correctly formed parallel CNT arrays over the total numbers of inner DNA nanotrenches. Two peripheral DNA nanotrenches on
the boundaries were excluded considering the incomplete crystal formation on the growing edges. CNTs on 10 randomly selected
DNA brick crystals were counted.

In the TEM images, the following occupation status for DNA nanotrenches were observed: (1) DNA trench contains one CNT,
aligned along the longitudinal axis of the nanotrench, (2) DNA trench contains multiple CNTs, aligned along the longitudinal axis
of the nanotrench, and CNTs are in the end-to-end conformation, (3) empty DNA trench. In our calculation, both (1) and (2) were
considered as the trenches correctly occupied by the aligned CNTs.

. Number’l'rencheq with aligned CNTs
Assembly Yield = £

Numbertotal inner trenches

Notably, because we haven’t observed the crossing or the bundling of CNTs within the DNA trenches, the assembly yield
does not include these typical misalignment defects. Hence, the definition of assembly yield does not over-estimate the yield for
forming the uniform parallel CNT arrays.

S2.2 Extended technical details for CNT orientation analysis

CNT orientation was estimated using TEM images. The angular deviation of CNTs was defined as the difference between the
longitudinal axis of CNT and the longitudinal axis of DNA nanotrenches. CNTs on 10 randomly selected DNA brick crystals were
analyzed.

S2.3 Extended technical details for the variation of inter-CNT pitch

The range of inter-CNT pitch variation was defined as the difference between the maximum and minimum pitch values of adjacent
CNTs. And the percent relative range of the inter-CNT pitch, defined as the range of inter-CNT pitch divided by the average value
of inter-CNT pitch. The inter-CNT pitch was measured on TEM images. And CNTs on 10 randomly selected DNA brick crystals
were measured. For every two neighboring CNTs, we measured three different positions along the longitudinal axis of CNT.



S3 Design and characterization of DNA brick crystal templates

Figure S2. Design (A), zoomed-out (B), and zoomed-in (C) TEM images of the DNA brick crystal with 25.3-nm trench periodicity along =
direction. Feature-repeating unit of the designed crystal is denoted using colored bundles. Pink arrows in A represent the growth directions of
the crystal template. DNA brick crystals are diluted 500 folds prior to imaging. The scale bar in B is 10 um. The scale bar in C is 500 nm.

Figure S3. More TEM images of typical DNA brick crystals with 25.3-nm trench periodicity along z direction. The scale bars are 500 nm.

I
Figure S4. Zoomed-in TEM images for 9 randomly selected DNA brick crystals with 25.3-nm trench periodicity along = direction. The
scale bar is 100 nm.



Figure S5. Design (A), zoomed-out (B), and zoomed-in (C) TEM images of the DNA brick crystal with 16.8-nm trench periodicity along =
direction. Feature-repeating unit of the designed crystal is denoted using colored bundles. Pink arrows in A represent the growth directions of
the crystal template. DNA brick crystals are diluted 500 folds prior to imaging. The scale bar in B is 10 pum. The scale bar in C is 500 nm.

Figure S6. More TEM images of typical DNA brick crystals with 16.8-nm trench periodicity along = direction. The scale bars are 500 nm.

I
Figure S7. Zoomed-in TEM images for 9 randomly selected DNA brick crystals with 16.8-nm trench periodicity along = direction. The
scale bar is 100 nm.



Figure S8. Design (A), zoomed-out (B), and zoomed-in (C) TEM images of the DNA brick crystal with 12.7-nm trench periodicity along =
direction. Feature-repeating unit of the designed crystal is denoted using colored bundles. Pink arrows in A represent the growth directions of
the crystal template. DNA brick crystals are diluted 500 folds prior to imaging. The scale bar in B is 10 pm. The scale bar in C is 500 nm.

Figure S9. More TEM images of typical DNA brick crystals with 12.7-nm trench periodicity along = direction. The scale bars are 500 nm.

I
Figure S10. Zoomed-in TEM images for 9 randomly selected DNA brick crystals with 12.7-nm trench periodicity along = direction. The

scale bar is 100 nm.



Figure S11. Design (A), zoomed-out (B), and zoomed-in (C) TEM images of the DNA brick crystal with 10.6-nm trench periodicity along
z direction. Feature-repeating unit of the designed crystal is denoted using colored bundles. Pink arrows in A represent the growth directions of
the crystal template. DNA brick crystals are diluted 500 folds prior to imaging. The scale bar in B is 10 pum. The scale bar in C is 500 nm.

Figure S12. More TEM images of typical DNA brick crystals with 10.6-nm trench periodicity along = direction. The scale bars are 500 nm.

I
Figure S13. Zoomed-in TEM images for 9 randomly selected DNA brick crystals with 10.6-nm trench periodicity along = direction. The

scale bar is 100 nm.
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Figure S14. Designs of DNA handles on DNA brick crystals. The blue and orange colored bundles represent a feature-repeating unit of
designed DNA brick crystals with 25.3-nm (A), 16.8-nm (B), 12.7-nm (C), and 10.6-nm (D) trench periodicity along x direction. Specifically,
the blue bundles are the sidewalls of DNA nanotrench; and the orange bundles are the bottom layer of DNA nanotrench. Green arrows denote the
DNA handles. The gray arrows represent the growth directions of the crystal template. The white numbers indicate the spacing between DNA

handles in A.



S4 Design and characterization of CNT arrays assembled on DNA brick crystal
templates

Figure S15. Zoomed-out (A) and zoomed-in (B) TEM images of the DNA-wrapped CNTs. The scale bar in A is 500 nm. The scale bar in B
is 100 nm.

Figure S16. Design (A), zoomed-out (B) and zoomed-in (C) TEM images of the CNT arrays assembled on DNA brick crystal with 24.1-nm
trench periodicity along = direction. Feature-repeating unit of the designed brick crystal template is denoted using colored bundles (blue and
orange). Yellow rods denote the CNTs. Pink arrows in A represent the growth directions of the crystal template. CNT-decorated DNA brick
crystals are diluted 6 folds prior to imaging. The scale bar in B is 10 pum. The scale bar in C is 500 nm.



Figure S17. Zoomed-in TEM images for 9 randomly selected CNT arrays assembled on DNA brick crystals with 24.1-nm trench periodicity
along z direction. Pink arrows indicate the CNTs within the DNA nanotrenches. The scale bar is 100 nm.
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Figure S19. Design (A), zoomed-out (B) and zoomed-in (C) TEM images of the CNT arrays assembled on DNA brick crystal with 16.8-nm
trench periodicity along = direction. Feature-repeating unit of the designed brick crystal template is denoted using colored bundles (blue and
orange). Yellow rods denote the CNTs. Pink arrows in A represent the growth directions of the crystal template. CNT-decorated DNA brick
crystals are diluted 6 folds prior to imaging. The scale bar in B is 10 gm. The scale bar in C is 500 nm.
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Figure S20. Zoomed-in TEM images for 9 randomly selected CNT arrays assembled on DNA brick crystals with 16.8-nm trench periodicity
along z direction. Pink arrows indicate the CNTs within the DNA nanotrenches. The scale bar is 100 nm.

Figure S21. Design (A), zoomed-out (B) and zoomed-in (C) TEM images of the CNT arrays assembled on DNA brick crystal with 12.6-nm
trench periodicity along = direction. Feature-repeating unit of the designed crystal is denoted using colored bundles (blue and orange). Yellow
rods denote the CNTs. Pink arrows in A represent the growth directions of the crystal template. CNT-decorated DNA brick crystals are diluted
6 folds prior to imaging. The scale bar in B is 10 pgm. The scale bar in C is 500 nm.
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Figure S22. Zoomed-in TEM images for 9 randomly selected CNT arrays assembled on DNA brick crystals with 12.6-nm trench periodicity
along z direction. Pink arrows indicate the CNTs within the DNA nanotrenches. The scale bar is 100 nm.

Figure S23. Design (A), zoomed-out (B) and zoomed-in (C) TEM images of the CNT arrays assembled on DNA brick crystal with 10.4-nm
trench periodicity along = direction. Feature-repeating unit of the designed crystal is denoted using colored bundles (blue and orange). Yellow
rods denote the CNTs. Pink arrows in A represent the growth directions of the crystal template. CNT-decorated DNA brick crystals are diluted

6 folds prior to imaging. The scale bar in B is 10 gzm. The scale bar in C is 500 nm.
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Figure S24. Zoomed-in TEM images for 9 randomly selected CNT arrays assembled on DNA brick crystals with 10.4-nm trench periodicity
along z direction. Pink arrows indicate the CNTs within the DNA nanotrenches. The scale bar is 100 nm.

Figure S25. TEM image for the assembly defect. Pink arrows indicate the CNTs within the DNA nanotrenches. Orange arrows indicate the
empty DNA nanotrenches, which are counted as the assembly defects. The stoichiometry between CNTs and the DNA brick crystals is one third
of the optimal value (that is, off-stoichiometry product). The scale bar is 200 nm.
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Figure S26. Distribution of inter-CNT pitches. At each prescribed inter-CNT pitch (denoted as blue, red, green or purple color), the percentage
of counts indicated the distribution of experimentally observed pitch values along x direction. The inter-CNT pitch was measured from the TEM
images of 10 randomly selected DNA brick crystals. For each prescribed inter-CNT pitch, the numbers of total counted CNTs were around 50—
300. Because the DNA brick crystals exhibited uneven width, the CNT counts varied from template to template. And at similar crystal width,
DNA brick crystals with smaller pitch (i.e. 10.4 nm) had more CNT counts than that at larger pitch (i.e. 25.2 nm). For every two neighboring
CNTs, we measured three different positions along the longitudinal axis of CNTs. The distribution of inter-CNT pitches revealed the assembly
precision of CNTs within DNA nanotrenches. When the trench width was 6 nm, we noticed that the majority (>95%) of CNTs exhibited pitch
variation less than 1 nm, indicative of sub-2 nm positioning precision within the narrow DNA nanotrenches.
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S4.1 Extended technical description on different approaches for making high-density CNT arrays

Mathematically, CNT arrays with 10-nm inter-CNT pitch exhibit local density of 100 CNTs/um. However, CNT density does
not reflect the array uniformity. Different from the uniform inter-CNT pitch demonstrated in the manuscript, other approaches for
preparing CNT arrays with 100 CNTs/um or higher density, including the repeated transfers (/7), directional growth (35), and
Langmuir-Schaefer approach (3, 36), exhibit irregular array morphologies. Uneven inter-CNT pitch (ranging from 2 nm to a few
micrometers in the same array) or random CNT orientation and the resulted crossing CNTs are often observed in these thin-film
approaches.

It has been reported that IDC value (representative of CNT disorder) impacts the gate delay and the energy increase per cycle
at 16 nm node (37). Their simulations indicate that, simply by reducing the IDC value from 0.5 to 0.1, both the gate delay and
the energy increase per cycle improve by more than 50%. So smaller IDC values (higher array uniformity) lead to better device
performance. However, many previous reports on the high-density CNT arrays exhibit IDC values higher than 0.5 (11).

At ultra-scaled technology nodes, semiconductor industry typically has a high standard on the uniformity of the semiconductor
channels. In Si CMOS at 14 nm technology node, the fin pitch variation is typically less than 3 nm, leading to an IDC value
smaller than 0.01. This value is comparable to our demonstration for CNT channels.

Based on the discussions above, when using the parallel CNT arrays in the ultra-scaled technology nodes, the maximum allowed
pitch variation and the IDC value should be similar to our demonstration.
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S5 DNA removal and FET construction

10.0 nm

Figure S27. Zoomed-out AFM images for the deposited substrate before (left) and after (right) the liftoff process to remove salt residues
and surface DNAs. Both images are scanned at the identical regions on the substrate. The bright cross shapes on both images are the fine
alignment fiducial markers written with e-beam lithography. The scale bars are 3 um. The bright spots in the left AFM image are salt residues.
The green arrows indicate the CNT-decorated DNA brick crystal before (left) and after (right) the liftoff process. After the liftoff process, most
of salt residues (bright spots in the left) and surface DNAs (green arrow in the left) with height higher than 8 nm were removed (evidenced by

the absence of bright spots and lowered heights of DNA area in the right image). The residual height was around 1 nm, as indicated by the height
change in AFM.
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Figure S28. Constructing bottom-gated CNT FETs at 24-nm inter-CNT pitch. (A) Design schematic for DNA removal and depositing the
source/drain electrodes. The blue and orange colored bundles together represent a structural repeating unit of DNA brick crystals with 24 nm
periodicity along the = direction. The yellow rods represent CNTs. The purple objects represent the deposited electrodes. (B) Left, AFM image
of the assembled CNT arrays after DNA removal. The scale bar is 50 nm. The green circle indicates one residue after DNA removal. Right,
AFM image of the fabricated FET. The scale bar is 300 nm. CNTs are not visible in the AFM image due to the their small diameter compared to

the electrode thickness. (C)The I4s—V 4, curve plotted in both logarithmic (left axis, blue) and linear (right axis, red) scales at V45 of -0.5 V for
a dual-channel CNT FET. 145 is normalized to the inter-CNT pitch.
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