US 20260158477A1

asy United States

a2) Patent Application Publication (0 Pub. No.: US 2026/0158477 Al

Gang et al. (43) Pub. Date: Jun. 11, 2026
(54) 3D METAL, METAL OXIDES, AND B01J 21/06 (2006.01)
SEMICONDUCTOR NANOSCALE B01J 23/06 (2006.01)
FRAMEWORKS THROUGH TEMPLATING B01J 23/14 (2006.01)
OF DNA-PROGRAMMABLE LATTICE B01J 31/06 (2006.01)
SCAFFOLDS B01J 31/38 (2006.01)
B01J 37/02 (2006.01)
(71)  Applicants: The Trustees of Columbia University (52) US. CL
in the City of New York, New York, CPC .. BO1J 29/035 (2013.01); B01J 21/04
NY (US); Brookhaven Science (2013.01); BO1J 21/063 (2013.01); BOLJ
Associates, LLC, Upton, NY (US); The 23/06 (2013.01); BO1J 23/14 (2013.01); BO1J
Research Foundation of the State 31/061 (2013.01); BO1J 31/38 (2013.01);
University of New York, Albany, NY B01J 37/0228 (2013.01); BOLJ 37/0244
Us) (2013.01)
(72) Inventors: Oleg Gang, New York, NY (US);
Aaron Michaelson, West Hempstead, 67 ABSTRACT
NY (US); Chang Yong Nam, Stony A composite, comprising: a three-dimensional (3D) silicate
Brook, NY (US); Ashwanth lattice, the silicate lattice comprising a first porous motif, the
Subramanian, Tualatin, OR (US) first porous motif optionally being characterized as polyhe-
dral, the first porous motif optionally defining a pore size of
(21)  Appl. No.: 18/980,067 from about 5 to about 100 nm; and a first inorganic layer
_ superposed over the silicate lattice, the first inorganic layer
(22) Filed: Dec. 13, 2024 optionally coupled to the silicate lattice. A device, the device
Related U.S. Application Data comprising a composite according to the present disclosure.
A method, comprising: forming a silicate layer superposed
(60)  Provisional application No. 63/610,459, filed on Dec. on a 3D nucleic acid lattice, the nucleic acid lattice com-
15, 2023. prising a first porous motif, the first porous motif optionally
L . . being characterized as polyhedral, the first porous motif
Publication Classification optionally defining a pore size of from about 5 to about 100
(51) Imt. CL nm; and forming a first inorganic layer superposed over the
BO1J 29035 (2006.01) silicate layer, the first inorganic layer optionally coupled to
B01J 2104 (2006.01) the silicate layer.

FRETTERTIRTERTRIRTRTCRRIRTRTCRR Y

Vapor infiltration |

Lipabd Intiltration

{pariiag)



Patent Application Publication  Jun. 11, 2026 Sheet 1 of 36 US 2026/0158477 Al

Liguid Infiltration

FIG. 1

Vapor Indiltration

ol-Gel Synthesis |




iant Sadug Eraat Adkrsuy
G Ay oo & 3 S¥ 8Py Obb GY

US 2026/0158477 Al

AW R e
35ETTIRE e

Jun. 11,2026 Sheet 2 of 36

fpunnium) BRI DINY

Juissentyg dusag pidey

wuBleyy a1y P ’ LOnBYY

Patent Application Publication



US 2026/0158477 Al

Jun. 11,2026 Sheet 3 of 36

Patent Application Publication

€ Dld

e
*

2 5
By 2 ot )

: BEe
gty prepung

P SORaIDHN

) g

{101} mansenig




Patent Application Publication  Jun. 11, 2026 Sheet 4 of 36 US 2026/0158477 Al

£

Z41-47r

|

i

o
33

P
A4
¥

Phoroluminescernce

- YIS 50,
2ALSIn

X g <<
s
2 :
Filbel IR R e B S T T e O]
it ol AR g o
s o
A et e,
Q i e
5:3:31:113::3 : ;Ji; ’
S 3
P W R RN
4&* e L s T
& i WoRr W R
P~y R
@ o W
o B
L} w ¥
— e
%
~n {g i i
oot s
53
3
j#13

A ALOS-S

i

N



US 2026/0158477 Al

Sheet 5 of 36

11,2026

Jun.

ication

Publ

Patent Application

3
SEEYERIONIS

aseLd

AyduiBousisg

U7
|AUBIERIONY
=

2]

e




Patent Application Publication  Jun. 11, 2026 Sheet 6 of 36 US 2026/0158477 Al

b2’

5327
32.59

53035
833

%
3
g;
x
3
3
b
i
3
&
%

53188
59,08

Paak
Ares

%

FIG. 6

58 2p peak 1024 and 103.1 eV Mix of S0, andd SIQy




Patent Application Publication  Jun. 11, 2026 Sheet 7 of 36 US 2026/0158477 Al

2

Heat Tregtment
Rapid Temperature Processing

FIG. 7

Nitrogen

RTP




8 'Ol

US 2026/0158477 Al

%ST-E1 UHUGE

%51-TT UROT
%01 UG
Sk upag

%E Uy

9% MU0y uoegdul pinbn

Jun. 11,2026 Sheet 8 of 36

URUOT m Uillg # YT UHUTY

sa38u eyo Su 118Q0 URIQZ "UHUQT iag ‘Ui fupuy
WIGZ
id w_wﬂmm mg«uﬁm wcmwmgm Emm 59y SMWI Isi@swesed Buneod

Patent Application Publication



6 'Old

US 2026/0158477 Al

youenavad

Jun. 11,2026 Sheet 9 of 36

paian
=
= Yymoid
04
= ygnous
=
- S}
=
2 sainuul
Nt
] no
= S4n9av Aupuyg
& uoRes YU
= HORBGRoUL SINtHW § UGHEGNoLU SINURL Y -
&
]
A



Patent Application Publication  Jun. 11, 2026 Sheet 10 of 36  US 2026/0158477 A1

FIG. 10

“
o3
x
%
»
<«
3
S
%
%
babd
&




Patent Application Publication  Jun. 11, 2026 Sheet 11 of 36  US 2026/0158477 A1

ey

§

o x5 32

”,
o

508 8.

FIG. 11




Patent Application Publication  Jun. 11, 2026 Sheet 12 of 36  US 2026/0158477 A1

B s

Eraskiar S

FIG. 12



Patent Application Publication

Jun. 11,2026 Sheet 13 of 36

CHER
R

R

o

e

US 2026/0158477 Al



Patent Application Publication  Jun. 11, 2026 Sheet 14 of 36  US 2026/0158477 A1

FIG. 14




Patent Application Publication  Jun. 11, 2026 Sheet 15 of 36  US 2026/0158477 A1

FIG. 15

%0“ :::::::::::Zifffi

ol




Patent Application Publication  Jun. 11, 2026 Sheet 16 of 36  US 2026/0158477 Al

FIG. 16




Patent Application Publication  Jun. 11, 2026 Sheet 17 of 36  US 2026/0158477 A1

FIG. 17

i
§




US 2026/0158477 Al

Jun. 11,2026 Sheet 18 of 36

Patent Application Publication

8T 'Did
e Ay Ry e dfosan Dagig
e iy % gy GiE Sy {55
i i i e biried 3 PN i
LR L eing
Ug/u gE/OL ug/uL ps/0s
Ay w Bugssuuy pwiasyy 70 1 Suisseoolg amuesadwal pidey

US/ul 05705 TUolISOdUIO] usHNRS



US 2026/0158477 Al

Jun. 11,2026 Sheet 19 of 36

Patent Application Publication

6T Oid

{n3)
Z/s pg-us

{pesn

-

- BEEE

- g

us

{no} |
Z/epg-ut |

s A B




Patent Application Publication  Jun. 11, 2026 Sheet 20 of 36  US 2026/0158477 A1

Dsban

FIG. 20

ix

00058 484
7

AN

!~
>
1Y




Patent Application Publication  Jun. 11, 2026 Sheet 21 of 36  US 2026/0158477 Al

FIG. 21




Patent Application Publication  Jun. 11, 2026 Sheet 22 of 36  US 2026/0158477 A1

FIG. 22




Patent Application Publication  Jun. 11, 2026 Sheet 23 of 36  US 2026/0158477 A1

x5

s
34

Erargy (6

%

GGG
2

FIG. 23

Sectron By




Patent Application Publication  Jun. 11, 2026 Sheet 24 of 36  US 2026/0158477 Al

FIG. 24




Patent Application Publication  Jun. 11, 2026 Sheet 25 of 36  US 2026/0158477 A1

FIG. 25




Patent Application Publication  Jun. 11, 2026 Sheet 26 of 36  US 2026/0158477 A1

FIG. 26




Patent Application Publication  Jun. 11, 2026 Sheet 27 of 36  US 2026/0158477 A1

ik
&
K w
i R : 5 Lo L3 sl
¥ 08 & 3 g

%
&3

ARKOT Aesn

FIG. 27

et

1AIBIn
A4




Patent Application Publication  Jun. 11, 2026 Sheet 28 of 36  US 2026/0158477 A1

FIG. 28

Z 3k B

Sessers w3




Patent Application Publication  Jun. 11, 2026 Sheet 29 of 36  US 2026/0158477 A1

FIG. 29

IC ALEC I

ICAIBC In
LA RC IR




US 2026/0158477 Al

Sheet 30 of 36

11,2026

Jun.

ion

icat

Patent Application Publ

enay |

0uz 35 -*0%V 27

0€ 'OHd

QUZ OB ~c0Liv oL




Patent Application Publication  Jun. 11, 2026 Sheet 31 of 36  US 2026/0158477 A1

FIG. 31




Patent Application Publication  Jun. 11, 2026 Sheet 32 of 36  US 2026/0158477 A1

Py &8 sovies

ol
2
¥
i
[+
N

e e K K M

o

PR ey

IDIARITNZLL
AR
FIG. 32

8IS

27
B B e
AL

e

e A A AL



Patent Application Publication

S

‘_ GG

.\ S
R

Jun. 11, 2026 Sheet 33 of 36

g

ey

X M“hwww St

m.,,.m.my"," &

v

5

/) P

,WM .~ .\\!w:;'\’fus,

PO r;;«w IR
Wy TR R

2 W«;\:;;-t«f 2 AR

S w5 Y

A
SALLLEAD
e .«.W;‘.ﬁw
tt

3
CERETE) R,
"'ﬁ\,}.N« 5 SR
STty

ST

e

R i
XX\,‘,,,,..; o

e
BN

i

% «.y,«- 3
3 A,:‘ A

S

US 2026/0158477 Al

R

g
v

R
R
S

S

e

e

e

FIG. 33

5,00 tsun



Patent Application Publication  Jun. 11, 2026 Sheet 34 of 36  US 2026/0158477 Al

FIG. 34




S€ 'O

US 2026/0158477 Al

Sheet 35 of 36

-

2S5Ed a5eyd | 1 - Jony U7 - 10N
m Buyjeosdn + BUisiouaq + UORNIOAUDEQ

Jun. 11, 2026

45d /eqoid &mem mwiwwm
aaidap 95~ B

Patent Application Publication



Patent Application Publication  Jun. 11, 2026 Sheet 36 of 36  US 2026/0158477 A1

FIG. 36

®Y Recosstruction Slice




US 2026/0158477 Al

3D METAL, METAL OXIDES, AND
SEMICONDUCTOR NANOSCALE
FRAMEWORKS THROUGH TEMPLATING
OF DNA-PROGRAMMABLE LATTICE
SCAFFOLDS

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application claims priority to and the benefit
of U.S. Provisional Application No. 63/610,459, filed Dec.
15, 2023. All foregoing applications are incorporated herein
by reference in their entireties for any and all purposes.

GOVERNMENT RIGHTS

[0002] This invention was made with government support
under DE-SC0008772, and DE-SC0012704 awarded by the
U.S. Department of Energy, and W911NF-19-1-0395
awarded by the Army Research Laboratory-Army Research
Office. The government has certain rights in the invention.

TECHNICAL FIELD

[0003] The present disclosure relates to the field of self-
assembling materials and to lattice-structured materials.

BACKGROUND

[0004] Controlling the three-dimensional (3D) nano-ar-
chitecture of inorganic materials is useful for controlling
their novel mechanical, optical, and electronic properties.
Accordingly, there is a long-felt need in the art for improved
methods of controlling the nano-architecture of inorganic
materials. There is a further long-felt need in the art for
improved nano-structured inorganic materials.

SUMMARY

[0005] In meeting the described long-felt needs, the pres-
ent disclosure provides a composite, comprising: a three-
dimensional (3D) silicate lattice, the silicate lattice compris-
ing a first porous motif, the first porous motif optionally
being characterized as polyhedral, the first porous motif
optionally defining a pore size of from about 5 to about 100
nm; and a first inorganic layer superposed over the silicate
lattice, the first inorganic layer optionally coupled to the
silicate lattice.

[0006] Also provided is a device, the device comprising a
composite according to the present disclosure.

[0007] Further provided is a method, comprising: forming
a silicate layer superposed on a 3D nucleic acid lattice, the
nucleic acid lattice comprising a first porous motif, the first
porous motif optionally being characterized as polyhedral,
the first porous motif optionally defining a pore size of from
about 5 to about 100 nm; and forming a first inorganic layer
superposed over the silicate layer, the first inorganic layer
optionally coupled to the silicate layer.

BRIEF DESCRIPTION OF THE DRAWINGS

[0008] Inthe drawings, which are not necessarily drawn to
scale, like numerals may describe similar components in
different views. Like numerals having different letter suf-
fixes may represent different instances of similar compo-
nents. The drawings illustrate generally, by way of example,
but not by way of limitation, various aspects discussed in the
present document. In the drawings:
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[0009] FIG. 1. Inorganic Templated Structures (A) Asilica
3D framework is formed when a lattice of DNA frames is
coated with a layer of silica grown via sol-gel synthesis.
Templating of the framework is achieved either by (B) Vapor
phase infiltration (VPI), where a vapor precursor such as
trimethylaluminum (TMA) infiltrates the silica framework
or (C) Liquid phase infiltration (LPI) whereby metal salt
solutions infiltrate the nanolattice structure. (D) The resul-
tant nanolattice after heat treatment is composed of confor-
mal coatings of silica and metal/metal oxide (MX) on a
DNA scaffold. (E) Scanning transmission electronic micros-
copy (STEM) cross-sectional high-angle annular dark-field
(HAADF) imaging and energy dispersive spectroscopy
(EDS) map of silica (blue) coated with alumina (purple) via
vapor infiltration (scale bar 100 nm).

[0010] FIG. 2. Liquid Phase Infiltration (LPI). (A) Sche-
matic of LPI process-after drop-casting of specific concen-
tration of the metal salt solution, silica superlattice is incu-
bated for a variable amount of time, leading to adsorption
and deposition of the metal ions on the framework. This was
followed by spin-drying and thermal annealing. (B) TEM
cross-sectional images of single-element liquid infiltrated
silica superlattices coated with specific elements such as
copper, molybdenum, platinum, tungsten, indium and tin.
Scale bar 50 nm (C) Multi-element incorporation of indium
and tin, with the silicon, followed by combined elemental
map of indium, and tin, and individual elemental maps of
tin, indium, and chlorine. Scale bar 50 nm (D) EDS of
chlorine signal before (blue) and after (orange) RTP in
oxygen at 600° C., (E) XPS spectra of the binding energy
shift of In and Sn 3d5 peaks before (blue) and after (orange)
RTP in oxygen. (F) X-ray diffraction spectra after RTP of
50/50 (orange) and 95/5 (blue) indivm/tin composition com-
pounds along with a control silica nanolattice. Crystalline
peaks for indium tin oxide are shown with black markers.
[0011] FIG. 3. Vapor phase infiltration (VPI) (A) Micro-
dosing VPI cycles on a silica superlattice producing nano-
templated metal/oxides frameworks. comparing conformal
VPI coating with standard ALD that can induce a spurious
growth of the precursor. (B) Cross-section TEM of zinc
oxide infiltrated nanolattices with cycles (2C-10C, with “C”
denoting cycle). At 2C pores (white) can still be seen in the
nanostructure reaching into the center of the structure, at 5C
the edges are still mostly empty, at 8C and 10C the structure
is filled with ZnO as seen from the dark regions filling pores
Scale bar 500 nm (C) STEM-HAADF EDS of the 10C
superlattice showing the bright area to be rich in Zn and the
dark areas to be rich in Si. Scale bar 50 nm.

[0012] FIG. 4. Fabrication and characterization of AZO
frameworks. (A) TEM and EDS map of 10-cycle VPI of
alumina (scale bars are 200 and 50 nm respectively). (B)
Mixed TMA cycles and DEZ cycles (cycles alumina: cycles
zinc) for three conditions 1:6, 2:5, 3:4, where EDS is used
to show the relative amount of alumina versus zinc, (Al in
red and Zn in cyan.) Scale bar SEM: 3 um, HAADF: 50 nm
(C) Demonstration of the increased electrical conductivity of
the AZO framework compared to the base silica framework
by means of an I-V curve along with inset of control silica.
Scale bar 5 um. (D) PL spectra of studied silica, ZnO-silica
and Al—7nO-silica (1:6 and 2:5 Al:Zn) frameworks.
[0013] FIG. 5. Composite frameworks via combined VPI
and LPI (A) SEM micrograph of VPI/LPI nanostructure of
platinum on alumina doped zinc oxide. Scale bar, 1 um (B)
Cross-sectional EDS maps of the structure with channels for
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platinum, silicon, alumina and zinc. Scale bar, 50 nm (C)
High-resolution TEM of pore within framework showing
crystalline domains of platinum encircling the interior of the
structure along the strut walls. Scale Bar, 10 nm (D) Zoomed
out region from panel C, white represents holes in the
structure and black is the nanolattice. Scale bar, 20 nm (E)
2D SAXS (left) and WAXS (right) patterns of frameworks
deposited on a silicon wafer with corresponding 1D reduc-
tion plotting scattering intensity vs wavevector q. Nanoscale
(simple cubic) and atomic indexing of diffractions planes are
shown, (F) Scanning X-ray nano-tomography of a Pt-AZO
superlattice combined phase and fluorescence reconstruc-
tions (G) Separate volumetric views of the reconstructed
phase and fluorescence (zinc and platinum) of a framework
(H) A 2D slice from the central 3D volume of the recon-
struction. Scale bar, 100 nm.

[0014] FIG. 5. Composite frameworks via combined VPI
and LPI (A) SEM micrograph of VPI/LPI nanostructure of
platinum on alumina doped zinc oxide. Scale bar, 1 um (B)
Cross-sectional EDS maps of the structure with channels for
platinum, silicon, alumina and zinc. Scale bar, 50 nm (C)
High-resolution TEM of pore within framework showing
crystalline domains of platinum encircling the interior of the
structure along the strut walls. Scale Bar, 10 nm (D) Zoomed
out region from panel C, white represents holes in the
structure and black is the nanolattice. Scale bar, 20 nm (E)
2D SAXS (left) and WAXS (right) patterns of frameworks
deposited on a silicon wafer with corresponding 1D reduc-
tion plotting scattering intensity vs wavevector q. Nanoscale
(simple cubic) and atomic indexing of diffractions planes are
shown, (F) Scanning X-ray nano-tomography of a Pt-AZO
superlattice combined phase and fluorescence reconstruc-
tions (G) Separate volumetric views of the reconstructed
phase and fluorescence (zinc and platinum) of a framework
(H) A 2D slice from the central 3D volume of the recon-
struction. Scale bar, 100 nm.

[0015] FIG. 6. X-ray photo spectroscopy (XPS) of Silica
Nanolattice. Fitting the Si 2p and O 1S peak shows the
substantial presence of Si-Ox and Si—OH group on the
surface of the superlattice.

[0016] FIG. 7. Surface Modification from Thermal
Annealing XPS/STEM Cross section. X-ray spectroscopy
investigating pathway of metal oxide attachment via Nitro-
gen in the superlattice. To assess the possible pathway of
nitrogen acting as an anchor for metal attraction to the
superlattice three samples were prepared and either left at
Room temperature, Heat treated at 600° C., or leveraged
rapid temperature processing in oxygen at 600° C. for 5 min.
This was to induce more Si—O bonds and remove nitrogen
via carbonization of the structure. This was monitored by
Nitrogen signal in the superlattice. Rapid temperature pro-
cessing facilitated the removal of nitrogen however this did
not influence the coating of the structure as shown in the
accompanying cross sectional eds maps.

[0017] FIG. 8. Energy Dispersive Spectroscopy of Plati-
num Coated Superlattice. Representative SEM of high-
resolution regions of superlattices coated with 20 mM
Platinum (Na2PtC14 in water) across various times with
EDS plotted against each other for 100 k counts; Note that
the pores can be seen across all samples indicating the
platinum growth did not clog during infiltration, the accom-
panying Atomic % is listed in the table. The conclusion
drawn from this series was that the growth of platinum via
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liquid infiltration saturates past the 10-min incubation time.
Cross sections of 2 min and 5 min are shown in 9.

[0018] FIG. 9. STEM cross section of platinum coated
superlattice at 2- and S-minute incubations. Left—2-min
infiltration shows higher concentration of Platinum around
the periphery of the crystal as compared to Right—5-min
incubation with had homogenous platinum signal.

[0019] FIG. 10. Au Liquid Infiltration. Gold coating the
structure tended to ball up after thermal annealing depositing
onto the DNA structure nonspecifically and in-homog-
enously both when dispersed in (A) water or (B) ethanol
which is thought to support more hydrophilic interaction
with the surface.

[0020] FIG. 11. Platinum liquid infiltration. (A) Represen-
tative SEM of platinum infiltrated nanolattices and (B) Cross
section STEM/EDS of platinum infiltrated nanolattice at two
magnifications, showing the HAADF, and EDS maps of
silicon and platinum from the sample.

[0021] FIG. 12. Copper Liquid Infiltration. (A) SEM with
SEM-EDS of the copper-coated superlattice (B) Cross-
section STEM of a copper superlattice with EDS maps of
copper nanostructure and some copper which started grain
growing in the lower left corner of the structure.

[0022] FIG. 13. Molybdenum Liquid Infiltration. (A) SEM
and SEM-EDS of Molybdenum coated samples, SEM-EDS
map of the superlattice (B) STEM cross-section of the
superlattice with EDS maps of the structure.

[0023] FIG. 14. Tungsten Liquid Infiltration. (A) SEM and
SEM-EDS of Tungsten coated nanolattices (B) STEM cross-
section and EDS maps of the structure. We can note a higher
concentration of tungsten on the exterior of the sample
compared to the interior.

[0024] FIG. 15. Tin Liquid Infiltration. (A) SEM-EDS of
Tin coated via liquid infiltration to the nanolattice (B)
STEM-HAADF and EDS maps of the nanostructure at
multiple length scales.

[0025] FIG. 16. Indium Liquid Infiltration. (A) SEM-EDS
of Indium infiltrated nanolattices (B) STEM-HAADF and
SEM EDS maps of the nanostructure at multiple length
scales.

[0026] FIG. 17. Indium-Tin Mixture Liquid Infiltration.
(A) SEM and EDS of Indium-Tin simultaneous liquid infil-
tration (B) STEM HAADF EDS maps of the Sn—In on
silica nanostructure.

[0027] FIG. 18. RTP vs Heat treatment for retaining com-
position. Area integration of tin and indium peaks for a
50/50 composition of indium/tin liquid solution followed by
either rapid temperature processing (left) or thermal anneal-
ing in air (right) which resulted in a 70/30 mixture of indium
tin vs a 56/43 composition under rapid temperature process-
ing.

[0028] FIG. 19. XPS of Indium/Tin oxide superlattice.
Heat treated (250° C.) Yellow/Green and RTP Blue/Red with
an accompanying table with the measured and NIST
reported values for Indium and Tin 3d 3/2 and 3d 5/2
orbitals.

[0029] FIG. 20. RTP In—Sn-Silica Superlattice STEM
Cross Section. High-Resolution STEM microscopy of
Indium tin oxide nanoparticle grains after RTP processing.
(Top) Low and high magnification of crystalline domain,
(Bottom Left-to-Right) Additional STEM of a larger
domain, high-resolution magnification image, fast Fourier
transform (FFT) of domain, Inverse FFT from masked first
order peak, from the inv-FFT multiple layers were measured
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which is most closely related to (222) InSnOx peak, the
deviation makes it difficult to exactly suggest a specific
crystal type.

[0030] FIG. 21. ALD of Titanium. Standard ALD which
results in titanium only on the exterior.

[0031] FIG. 22. VPI of Non-porous superlattice. VPI of
alumina on a fully filled silica lattice results in elemental
deposition only on the exterior of the samples.

[0032] FIG. 23. ZnOx Vapor phase infiltration. (Top)
SEM-EDS of the silica-zinc framework and with electron
microscopy followed by EDS spectrum with Zn-L, Si—K,
and O—XK peaks identified for both regions (on Sample-
spectrum 6, on substrate-Spectrum 7). (Bottom) STEM
HAADF-EDS images of Silica coated with Zinc via vapor
infiltration, shown is clockwise: HAADF image, HAADF
with overlaid Silicon and Zinc Channels, Silicon channel
and zinc channel.

[0033] FIG. 24. Additional Cross section of VPI Cycles of
Zn0. (Clockwise) TEM microscopy of 2 Cycles, 5 cycles
and 8 cycles infiltration of DEZ into the superlattice. 2C
shows the least amount of full filling (note the white
background seen through the pores of the structure.

[0034] FIG. 25. Film Thickness from EDS Map of Al
coated silica nanolattice. From the elemental map, the
aluminum coats approximately 4-6 nm of the superlattice
evaluated from the green vs. blue coverage of the links
between DNA frames.

[0035] FIG. 26. Aluminum Vapor phase infiltration. (Left)
STEM HAADF and EDS maps of aluminum infiltrated
silica nanolattices nanostructure. (Right) SEM-EDS of the
aluminum coated nanolattice with eds spectrum below.
[0036] FIG. 27. SEM-EDS of xAlumina-yZinc-Silica
Superlattice via vapor infiltration. (Left) SEM/EDS spots of
crystals templated to 1A1-6Zn (Octahedron), 2A1-5Zn, and
3Al-47n. (Right-Top) EDS comparing all alumina or all zinc
vapor phase infiltration (Right-Bottom) EDS spectra of three
compositions Al—Z7n superlattices. Note: The SEM for
2A1-57n shown is of a tetrahedron assembly, the compari-
son of eds shown was taken across octahedron.

[0037] FIG. 28. Cross Sections of Alumina Zinc Superla-
ttice. Additional Cross sections of xAl-yZn-Silica superlat-
tices.

[0038] FIG. 29. Additional STEM-EDS Maps of Al—Z7n-
Silica Superlattice. Additional Cross sections of xAl-yZn-
Silica superlattices

[0039] FIG. 30. AZO Infiltration to Octahedron and Tet-
rahedron based lattices. Left images correspond to octahe-
dron and tetrahedron assemblies coated with silica that were
subsequently exposed to 1 cycle of TMA and 6 cycles of
DEZ. On the Right are images of octahedron and tetrahedron
coated with silica and 2 cycles of TMA and 5 cycles of DEZ.
[0040] FIG. 31. Additional SEM and SEM-EDS of Pt-
AZO-silica Superlattice. Nanolattices are first metalized
with VPI of Aluminum and zinc, this was followed by LPI
infiltration of Platinum metal salt, and finally thermally
annealed.

[0041] FIG. 32. AZO-Pt-Silica Superlattice SEM-EDS.
Nanolattice were first coated with LPI platinum followed by
VPI Alumina Zinc.

[0042] FIG. 33. EM Cross-section of Pt-AZO-Silica
Superlattice. TEM and HAADF STEM cross section images
of VPI Aluminum Zinc followed by LPI platinum. SAED
Diffraction and Cropped pattern with annotated rings which
correlate to crystalline ZnO.
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[0043] FIG. 34 Tomography Preparation—Pt-AZO
sample. A nanolattice of LPI (Platinum) after VPI (Alumina
Zinc) Clockwise: Initial crystal mounted to pin, Fib shaped
high magnification image, low magnification of crystal used
for tomography.

[0044] FIG. 35 Scanning Hard X-ray Microscopy. Scan-
ning hard x-ray microscopy allows for visualization of the
3D distribution of elements throughout the nanolattice.
Typically elemental fluorescence maps are collected simul-
taneously to far field projections which is used to reconstruct
the phase image of the sample. Together we can use the
high-resolution phase reconstruction and the lower resolu-
tion fluorescence to achieve a higher resolution fluorescence
using the recovered point spread function from the ptychog-
raphy reconstruction of the phase. Above select X-ray
microscopy projections from a tomographic series are
shown and the result from deconvolution of fluorescence
with the ptychography reconstructed probe next to the phase
reconstruction. Angles —50 and -56 are shown as represen-
tative image projects. At -50 degrees the raw zinc and
platinum fluorescence maps are shown along with the recon-
structed point spread function. The bottom row shows the
result of the deconvoluted fluorescence maps using the point
spread function alongside the ptychography phase recon-
structed projection of the far field signal. At -56 degrees the
deconvoluted platinum fluorescence is shown on top and on
the bottom row the phase reconstructed projection is shown.
Deconvolved fluorescence was used for subsequent 3D
reconstruction.

[0045] FIG. 36 Tomography—XY slice comparison and
ROI from Reconstructed Volume. (Left) The XY central
slice of the phase and two fluorescence reconstructions from
zinc and platinum. The slices demonstrate the recovery of
the spatial elemental distribution within the sample when
compared to the high-resolution phase reconstruction.
(Right) The full reconstructed volume and the region of
interest in red which was used for subsequent visualization.

DETAILED DESCRIPTION OF ILLUSTRATIVE
EMBODIMENTS

[0046] The present disclosure may be understood more
readily by reference to the following detailed description of
desired embodiments and the examples included therein.
[0047] Unless otherwise defined, all technical and scien-
tific terms used herein have the same meaning as commonly
understood by one of ordinary skill in the art. In case of
conflict, the present document, including definitions, will
control. Preferred methods and materials are described
below, although methods and materials similar or equivalent
to those described herein can be used in practice or testing.
All publications, patent applications, patents and other ref-
erences mentioned herein are incorporated by reference in
their entirety. The materials, methods, and examples dis-
closed herein are illustrative only and not intended to be
limiting.

[0048] The singular forms “a,” “an,” and “the” include
plural referents unless the context clearly dictates otherwise.
[0049] As used in the specification and in the claims, the
term “comprising” can include the embodiments “consisting
of” and “consisting essentially of.” The terms “comprise(s),”
“include(s),” “having,” “has,” “can,” “contain(s),” and vari-
ants thereof, as used herein, are intended to be open-ended
transitional phrases, terms, or words that require the pres-
ence of the named ingredients/steps and permit the presence
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of other ingredients/steps. However, such description should
be construed as also describing compositions or processes as
“consisting of” and “consisting essentially of” the enumer-
ated ingredients/steps, which allows the presence of only the
named ingredients/steps, along with any impurities that
might result therefrom, and excludes other ingredients/steps.

[0050] As used herein, the terms “about” and “at or about”
mean that the amount or value in question can be the value
designated some other value approximately or about the
same. It is generally understood, as used herein, that it is the
nominal value indicated £10% variation unless otherwise
indicated or inferred. The term is intended to convey that
similar values promote equivalent results or effects recited in
the claims. That is, it is understood that amounts, sizes,
formulations, parameters, and other quantities and charac-
teristics are not and need not be exact, but can be approxi-
mate and/or larger or smaller, as desired, reflecting toler-
ances, conversion factors, rounding off, measurement error
and the like, and other factors known to those of skill in the
art. In general, an amount, size, formulation, parameter or
other quantity or characteristic is “about” or “approximate”
whether or not expressly stated to be such. It is understood
that where “about” is used before a quantitative value, the
parameter also includes the specific quantitative value itself,
unless specifically stated otherwise.

[0051] Unless indicated to the contrary, the numerical
values should be understood to include numerical values
which are the same when reduced to the same number of
significant figures and numerical values which differ from
the stated value by less than the experimental error of
conventional measurement technique of the type described
in the present application to determine the value.

[0052] All ranges disclosed herein are inclusive of the
recited endpoint and independently of the endpoints. The
endpoints of the ranges and any values disclosed herein are
not limited to the precise range or value; they are sufficiently
imprecise to include values approximating these ranges
and/or values.

[0053] As used herein, approximating language can be
applied to modify any quantitative representation that can
vary without resulting in a change in the basic function to
which it is related. Accordingly, a value modified by a term
or terms, such as “about” and “substantially,” may not be
limited to the precise value specified, in some cases. In at
least some instances, the approximating language can cor-
respond to the precision of an instrument for measuring the
value. The modifier “about” should also be considered as
disclosing the range defined by the absolute values of the
two endpoints. For example, the expression “from about 2 to
about 4” also discloses the range “from 2 to 4.” The term
“about” can refer to plus or minus 10% of the indicated
number. For example, “about 10%” can indicate a range of
9% to 11%, and “about 1" can mean from 0.9-1.1. Other
meanings of “about” can be apparent from the context, such
as rounding off, so, for example “about 1” can also mean
from 0.5 to 1.4.

[0054] Further, the term “comprising” should be under-
stood as having its open-ended meaning of “including,” but
the term also includes the closed meaning of the term
“consisting.” For example, a composition that comprises
components A and B can be a composition that includes A,
B, and other components, but can also be a composition

Jun. 11, 2026

made of A and B only. Any documents cited herein are
incorporated by reference in their entireties for any and all
purposes.

[0055] Any embodiment or aspect provided herein is
illustrative only and does not limit the scope of the present
disclosure or the appended claims. Any part or parts of any
one or more embodiments or aspects can be combined with
any part or parts of any one or more other embodiments or
aspects.

[0056] Controlling the three-dimensional (3D) nano-ar-
chitecture of inorganic materials is imperative for enabling
their novel mechanical, optical, and electronic properties.
Here, by exploiting DNA-programmable assembly, we
establish a general approach for realizing designed 3D-or-
dered inorganic frameworks. Through inorganic templating
of DNA frameworks by liquid- and vapor-phase infiltrations,
we demonstrate successful nanofabrication of diverse
classes of inorganic frameworks from metal, metal oxide
and semiconductor materials, and their combinations,
including Zn, Al, Cu, Mo, W, In, Sn, Pt and composites such
as aluminum doped zinc oxide, indium tin oxide and plati-
num/aluminum doped zinc oxide. The open 3D frameworks
have features on the order of nanometers with architecture
prescribed by the DNA frames and self-assembled lattice.
Structural and spectroscopic studies reveal the composition
and organization of diverse inorganic frameworks, as well as
the optoelectronic properties of selected materials.

[0057] Modern technological advances in electronics,
photonics, and sensing rely heavily on planar fabrication
approaches offered by top-down lithographic methods.
However, a broad range of emerging applications in optical
and mechanical metamaterials, neuromorphic computing
and energy materials require three-dimensional (3D) frame-
work organization with complex material compositions and
controllable nanoscale architecture. Additive manufacturing
provides a route for fabricating 3D structured metals at the
microscale.

[0058] At the nanoscale, multi-step planar lithography and
deposition methods have demonstrated a structural control
with a resolution extending to ~30-100 nm. The technique,
however, faces challenges of incorporating a broad class of
materials as well as the effort-intensive and low-throughput
fabrication of 3D architecture in the sub-30 nm range. On
the other side, self-assembly approaches using surfactants,
polymers and biomolecules, and shaped nanoparticles offer
a rich structural diversity in 3D that can be combined with
inorganic templating, which allows for fabrication paral-
lelization. However, these approaches typically do not offer
ways to prescribe specific nanoscale architecture and the
breadth of material systems is limited.

[0059] DNA-based assembly methods have the ability to
precisely place inorganic and biological nano-objects
according to the designed parameters of the desired struc-
tures. For example, DNA origami, due to its shape and
interaction programmability as well as size matching with
nano-objects, represents a versatile approach for rational
generation of diverse structural motifs that can be self-
assembled in larger-scale spatially organized 3D frame-
works consisting of optical, magnetic, bio-active nano-
objects. However, to exploit these 3D DNA-based
nanomaterials, robustness and specific functionality are typi-
cally required. Converting these 3D frameworks into inor-
ganic architectures might introduce the framework complex-
ity to inorganic materials.
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[0060] A DNA metallization through the adsorption of
ions on a charged DNA backbone was extensively investi-
gated for potential use in molecular electronics. However,
this approach typically results in nucleation and uncon-
strained growth. Recent advances in the silication of com-
plex DNA architectures expanded the potential use of DNA-
assembled materials to applications requiring robustness
against temperature, environmental factors, and radiation.
Concerning material diversity, DNA was shown to template
biologically inspired calcium phosphate growth, and pro-
cessing of silica into silicon carbide was demonstrated for
DNA frameworks, providing feasibility of creating a wide
bandgap semiconductor. To enable a broad range of appli-
cations, these silica-based frameworks can be utilized as
architected 3D supports to host other functionally active
material coatings.

[0061] To overcome existing limitations and to establish a
broadly applicable platform for creating 3D frameworks of
different classes of materials, a universal strategy for 3D
inorganic templating is needed. Ex-situ organic-inorganic
hybridization techniques, including liquid-phase infiltration
(LPI) and vapor-phase infiltration (VPI), are emerging as
new methods for converting polymer templates into func-
tional organic-inorganic hybrids and creating inorganic
nanostructures. They have proved useful in not only improv-
ing polymer properties, such as etch resistance, rheological
and mechanical responses, and optical properties, but also in
the patterning of electronic devices. The infiltration tech-
niques have also been shown valuable for creating a library
of metals and metal oxides within polymeric structures.
Given the structural designability of DNA-based nanoma-
terials, it is advantageous to employ infiltration-driven
hybridization processes to 3D DNA structures to convert
them into organic-inorganic hybrids and inorganic nano-
replicas.

[0062] Here we demonstrate the application of LPI and
VPI for inorganic templating of large-scale DNA frame-
works. The 3D templating, thus realized, allows us to
achieve deep penetration into 3D nano-architectures and to
apply these methods, separately or together, to form different
functional metal and metal oxide frameworks based on the
designed DNA scaffold frameworks. Sol-gel growth of silica
followed by the infiltration synthesis provides versatile and
modular control over the spatial distribution and elemental
composition of inorganic material incorporated into a frame-
work superlattice. The incorporation of single-element and
multi-element coatings by exploiting LPI or VPI techniques,
or their combination, preserves the underlying DNA lattice
architecture while enabling a nanofabrication of 3D inor-
ganic nanoscale frameworks.

Results/Discussion

[0063] Formation of a DNA superlattice framework starts
with synthesizing the DNA origami precursors. DNA ori-
gami frames can be formed from the folding of a long
scaffold strand of M13 phage DNA with many short syn-
thetic strands of complementary DNA. As an example, we
synthesize both octahedral (edge length ~29 nm) and tetra-
hedral (edge length ~36 nm) motifs for the self-assembly of
superlattices. Following synthesis of the origami precursor,
the DNA frames with complementary binding strands,
placed at their vertices, were mixed together and annealed
from 50° C. to room temperature at a rate of -0.2° C./hr to
form 3D DNA frameworks. Sol-gel wet chemistry was used
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to grow a 4-10 nm thick layer of silica on the DNA bundles
of each type of framework, see FIG. 1A, thus forming silica
replica of the DNA framework. The two different motifs
result in two pore sizes, approximately 50-60 nm for tetra-
hedron and 10-20 nm for octahedral assembles. For most
work described the octahedral motif is used, in select cases
both tetrahedral and octahedral motifs were used as non-
limiting, illustrative examples.

[0064] Active sites with —OH groups in the formed silica
network of DNA-prescribed framework replica can be
directly coupled with the application of VPI (FIG. 1B) and
LPI (FIG. 1C) for inorganic templating. In these processes,
vapor- or liquid-phase precursors are attracted and bound to
the surface —Si or —OH group, yielding precise surface
coating of target materials on the silica framework (See
FIGS. 6 and 7). Furthermore, the pore structure of the
frameworks (pore size ~10-20 nm) lends itself well to
applying LPI and VPI by allowing unhindered transport of
precursors into the interior of the silica origami framework.
The resultant nanostructure has conformal coatings of met-
als infiltrated via VPI and/or LPI techniques shown in FIGS.
1D and 1E, demonstrating the metal coating onto the interior
pore surfaces within the silica/DNA nanostructure.

[0065] First, we investigated the use of LPI, where sili-
cated DNA nanostructures situated on a Si substrate were
exposed to a drop-cast solution of a metal salt of interest
(dispersed in water or ethanol). Silica frameworks were
incubated for 5 min to enable the sorption of metal ions to
the silica superlattice, as shown in FIG. 2A. After removing
the solution by spin-drying, the metal-incorporated nano-
structures are then thermally annealed in a tube furnace in air
at 250° C. for 5 min to remove water/ethanol. To arrive at
optimal conditions for liquid-phase growth, metal salt con-
centration was held constant at 20 mM and incubation time
was varied. Sodium tetrachloroplatinate was selected as the
template platinum salt solution due to its long shelf life
(~4-6 months) to investigate templating parameters. We then
applied EDS characterization for samples incubated with
sodium tetrachloroplatinate for 1-20 min to study the tem-
plating process. EDS measurements showed that atomic
percentage plateaued for incubation time above 10 minutes
(see FIG. 8). Further investigation with transmission elec-
tron microscopy (TEM) demonstrated that nanostructures
were self-limiting, and that further incubation did not result
in the growth of a thicker coating. On the other hand, TEM
cross-section of the 2-min vs 5-min incubation (See FIG. 9)
demonstrated that 2 min did not allow for homogenous
growth due to insufficient penetration into the lattice frame-
work, whereas 5 min provided an even distribution of metal
throughout. For all subsequent metal species demonstrated
in this work, the precursor solution concentration (20 mM)
and incubation time were kept constant at 5 min for com-
parison.

[0066] For incorporating a single-element species, both
simple and complex chloride salts coordinated by ammo-
nium or sodium were investigated, including indium chlo-
ride, ammonium tetrachlorocuprate dihydrate, ammonium
molybdate tetrahydrate, ammonium tungstate, ammonium
tin chloride, sodium tetrachloroaurate, and sodium tetrachlo-
roplatinate. In FIG. 2B we show the TEM-obtained cross-
sectional elemental mapping data based on EDS measure-
ments of templated frameworks for various elements,
including, copper, molybdenum, platinum, tungsten,
indium, and tin. The formed inorganic frameworks consist of
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4-5 nm thickness of these materials coated onto the surface
of silica frameworks and with high spatial fidelity, as defined
by 3D DNA-assembled scaffold (see FIGS. 10-16).

[0067] The simultaneous incorporation of multiple ele-
ments into a single nanocomposite framework lattice was
further demonstrated by combining indium and tin for a
multi-element superlattice composite. The cross-section
TEM imaging (FIG. 2C, and FIG. 17) identifies nanocoated
indium and tin along with chlorine, from the complex anion
of the chloride-salt-based precursor solutions. Heat treat-
ment at 300° C. in air with a 50/50 molar composition of
indium and tin salt precursor oxidizes the metals to a limited
extent but causes the removal of tin as measured by XPS
(FIG. 18). Applying a rapid temperature processing (RTP) in
oxygen at 600° C. for 5 min effectively preserves the
intended metal composition and removes chlorine from the
framework. This was confirmed by scanning electron
microscopy (SEM) with EDS, FIG. 2D, applied on the
infiltrated superlattice, which probes the elemental makeup
of the sample volumetrically. The rapid thermal treatment
oxidizes the structure to indium tin oxide (ITO), as shown in
the X-ray photoemission spectroscopy (XPS) spectra col-
lected before and after the RTP (FIG. 2E). The observed
shifts of the indium and tin binding energies upon RTP
compared with those in their respective tin and indium
chloride states agree with what is expected from oxidation
(see FIG. 19). X-ray diffraction data, performed on two
motifs of indium tin oxide composites, 95%/5% and 50%/
50%, In: Sn, FIG. 2F, along with XPS measurements support
the formation of crystalline ITO on the silica superlattice
framework. Further characterization by high-resolution
TEM revealed crystalline domains of the order of 7 nm
(FIG. 20).

[0068] Next, we explored templating silica frameworks
using VPI, derived from atomic layer deposition (ALD). The
silica replicas of DNA lattices were exposed to vapor-phase
organometallic precursors, such as TMA and diethylzinc
(DEZ) for AlO, and ZnO, respectively, and water (oxidant)
in a cyclic manner using a microdose precursor exposure
protocol, as shown in FIG. 3A. During the normal ALD
process, carrier gas such as N, or Ar flows continuously, and
material precursors, such as TMA and H,O for AlO,, are
briefly pulsed (for tens of milliseconds) sequentially, with
each pulse being separated by a short waiting period (a few
seconds) to complete one ALD cycle. The constant purging
and evacuation during normal ALD in principle ensure that
unreacted precursors are removed from the surface and only
monolayer deposition occurs per ALD cycle. However, for
large 3D structures with small, sub-50 nm pores like the
DNA-derived nanolattice, such a normal ALD protocol does
not allow enough time for precursors to fully penetrate into
the interior section of the 3D porous structure or for unre-
acted precursors to fully diffuse out of the interior, therefore
leading to a clogged material deposition limited to sub-
surface depth of a nanolattice, as schematically shown in
FIGS. 3A and 21.

[0069] In contrast, during VPI process, the precursor puls-
ing cycles are initiated under a static vacuum (i.e., no carrier
gas flow, with the reactor chamber being isolated from
evacuation) followed by a long “exposure period” (up to
tens of minutes or even hours) before re-evacuating and
purging the chamber; this exposure period allows the pre-
cursors to fully diffuse (i.e., infiltrate) into a large, 3D porous
nanostructure and get deposited within the pore interior
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surfaces. Specifically for this study, material precursors were
exposed to the silica nanolattice under a static vacuum for
600 s followed by purging with flowing nitrogen and evacu-
ation for the same duration. Again, the long exposure
ensured enough time for the precursors to fully diffuse into
the entire porous silicated DNA lattice and bind to reactive
surface sites on the frame struts of the nanostructure. At the
same time, the long purge removed most of the excess
precursor physiosorbed and/or kinetically trapped within the
pore, preventing uncontrolled spurious deposition and asso-
ciated pore clogging. The infiltration approach thus pre-
served the nanostructure architecture. However, it is noted
that given the large size of superlattice (~microns) domains,
some of these extra precursors still remain inside, contrib-
uting to the deposition of material amounts beyond the
normal ALD limit during the VPI process. This effect
becomes evident for a 3D structure with smaller nanopo-
res—if silica growth resulted in pores less than 10 nm,
nanolattices showed similar clogging to standard ALD, see
FIG. 22. Thus, following VPI coating, we then probed the
internal penetration of vapor-phase precursors and the
resulting 3D inorganic templating into the silicate lattice
framework using cross-sectional TEM analysis.

[0070] The cross-section of the ZnO -infiltrated silicate
superlattice, FIGS. 3B and 23, displayed a complete filling
of the pores of the internal structure after 10 VPI cycles.
Reducing the number of VPI cycles from 10 to 2 decreases
the total amount of infiltrated ZnO, into the structure, while
not substantially cutting down on over-growth (see FIG. 24
for additional cross-section imaging). HAADF imaging of
the 10-cycle structure, FIG. 3C, shows the silica as a
network lattice (black) with white areas representing ZnQO.,,
as revealed by EDS elemental maps of the region.

[0071] Applying 10-cycle AlO, VPI using TMA precursor
resulted in a 5-7 nm growth of AlO, on the strut surface,
leaving open pores in the framework rather than completely
filling the pore as in the ZnO, case. The AlO_ infiltration
appeared uniform across the 5 mm wide superlattice sample,
as shown in FIGS. 4A and 25, 26. The difference in the
apparent growth rate between the TMA and DEZ growth on
the silica superlattice is attributed to subtle differences in the
organometallic precursor affinities for the —OH bonds on
the surface of the silica framework.

[0072] Leveraging the uniform coating of AlO, on the
silica framework struts, a single cycle of AlIO, VPI was used
as an initial passivating step (AlO,-priming) before ZnO,
VPI for the controlled growth of ZnO,, layer. AlO,-priming
and 6 ZnO_ VPI cycles resulted in a uniform coating on the
superlattice with pores extending throughout the structure.
In FIG. 4B we show that we can tune the amount of Al vs
Zn in the superlattice while retaining the nanostructure. As
the number of AlO, priming cycles is increased relative to
7n0_VPI cycles, the relative amount of alumina increased
as seen in accompanying HAADF-EDS maps of samples
with increasing Al cycles. The EDS qualitatively showed
that increasing TMA from 1 to 3 cycles increased the atomic
percent from 10 to >30 at. % of the matrix makeup, while the
signal for zinc stayed approximately the same comparing 4,
5, and 6 cycles, see FIG. 4B and FIGS. 27-30.

[0073] We further investigated the electrical conductivity
and optoelectronic properties of the resulting aluminum
doped ZnO (AZO) framework, as shown in FIG. 4C. Pt
electrical contacts were patterned to connect to an isolated
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nanolattice. We observed four orders of magnitude increase
in the measured current for AZO nanolattice compared to the
nominal silica nanolattice.

[0074] The photoluminescence (PL) spectroscopy mea-
surements, F1G. 4D, on the zinc oxide superlattice demon-
strated characteristic near band edge emission in the UV
region at approximately 375 nm and a broad emission from
380 to 500 nm. The broad emission is related to atomic
impurities and defect emission and dopants from the under-
lying silica. This broad defect emission region is further
enhanced upon the addition of aluminum priming to the VPI,
analogous to enhancing the green emission of ZnO devices.
[0075] Having demonstrated the capability to coat the
structure with multiple individual elements and their com-
binations, we further demonstrate combining L.PI and VPI
methods to broaden the possible material composition of
frameworks. As a case example, we combined platinum LPI
alongside aluminum primed zinc oxide VPI by successive
processing and the resulting structures were characterized by
cross-sectional electron microscopy. The optimal coating
was found by performing VPI of alumina-primed zinc oxide
followed by LPI of platinum, (see FIG. 31, additionally, see
FIG. 32 for LPI followed by VPI). A schematic of the system
is shown in FIG. 5A, whereby the DNA followed by silica
coating is layered with alumina-primed zinc oxide and
platinum, as imaged by SEM. A cross-sectional EDS maps
(FIG. 5B) show uniform internal coatings of all three
elements on the silica nanostructure. Further high-resolution
TEM reveals crystalline domains within 5-10 nm coating
(FIGS. 5C and inset 5D).

[0076] The global structure from selected area diffraction
shows polycrystalline domains of ZnO and platinum
throughout the Pt-AZO-silica framework structure, see FIG.
33. Simultaneous small-angle and wide-angle X-ray scatter-
ing (SAXS/WAXS) of the formed structure (FIG. 5E),
reveals nanoscale and atomic structure of frameworks. Scat-
tering captures their hierarchical organization with a SAXS
peak at 0.0148 A~ corresponding to the 42 nm spacing
simple cubic nanolattice of DNA octahedra frames, while on
atomic scale zinc oxide and platinum oxide are in hexagonal
P6,me and in Fm3m space groups, respectively. To further
probe the 3D structure volumetrically and determine if
architecture and elemental composition are consistent
throughout the entire Pt-AZO-silica framework domains, we
performed scanning hard x-ray microscopy. By leveraging
the fluorescence from platinum and zinc when excited by the
12 KeV photon beam, 3D tomographic data was collected at
the hard x-ray nanoprobe beamline of National Synchrotron
Light Source II. The x-ray phase image at each projection
angle was retrieved from far-field diffraction patterns with
ptychography algorithm, aligned and stacked with simulta-
neous fluorescence, see FIGS. 34-31. They are then used for
tomographic reconstruction of formed frameworks. The
reconstructed 3D framework volume depicts the correspon-
dence between the spatial features of the phase image, which
reflects the electron density variations, and both recon-
structed platinum and zinc fluorescence maps, as shown in
FIGS. 5F and 5G. The central slice through the volume, see
FIG. 5H, furthermore corroborate the 3D templating of the
platinum and zinc on silica framework, thus, demonstrating
a successful formation of 3D Pt-AZO-silica frameworks.

[0077] In conclusion, here we have demonstrated that
designed superlattices of DNA frames can be utilized as
scaffolds for the fabrication of single-element and composite
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inorganic frameworks with prescribed 3D architecture.
Given a large library of metal salts and ALD precursors
suitable for deposition on silica, the liquid and vapor infil-
tration protocols allow for the fabrication of diverse inor-
ganic nanostructures through templating DNA-prescribed
nanolattice frameworks. We have established 3D templating
approaches and investigated the chemical and structural
states of these inorganic frameworks. The study demon-
strates the development of LPI and VPI post-processing to
fully oxidize infiltrated metals within frameworks. The
electrical and optical properties of semiconductor frame-
works were explored. Transferring a multitude of DNA-
defined geometries to a large structural diversity of inorganic
materials allows one to generate open framework 3D nano-
structures with optical, mechanical, electrical and catalytic
functions. Thus, the presented 3D nanofabrication strategy
enables a broad range of application requiring 3D nano-
structures with complex prescribed architectures and com-
positions.

Materials & Methods

DNA Origami Synthesis and Superlattice Assembly

[0078] DNA-origami octahedra were formed by mixing
M13mp18 DNA scaffold and DNA staples strands with a 1:5
ratio in 1xTAE buffer (40 mM tris acetate, 1 mM EDTA)
with 12.5 mM Mg>* and slowly annealed over 20 hrs from
90° C. to room temperature over the course of 20 hrs for
origami formation, overall a 0.2 C/hr ramp rate. Superla-
ttices of DNA origami was formed by mixing two DNA-
octahedron with complementary DNA bases at the vertices.
The origami were mixed to form a 20 nM concentration
solution at 20-50 ul. The sample was annealed in a PCR over
5 days from 50° C. to RT at -0.2 deg/hr. Robust DNA
origami superlattices were made by growing a layer of Silica
on the DNA bundle. For conversion to inorganic silica,
superlattices were centrifuged and supernatant was replaced
with 0.1xTAE with 10 mM Mg. Separately silication buffer
was prepared by adding 2.5 ul of (3-Aminopropy!)-triethox-
ysilane (APTES) and 10 ul of Tetraethoxysilane (TEOS) in
a 0.1xTAE with 10 mM Mg buffer for a total volume of 500
ul. The solution was vortexed at 700 rpm for 30 minutes,
filtered with 0.22 um Millex-GV PVDF filter to remove
large particulates, and then 5 ul of superlattice and 10 ul of
the filtered silication buffer are mixed together. The solution
was vortexed at 700 rpm for 1-2 hours and then centrifuged
and the buffer exchanged with water.

Structural and Elemental Characterization

[0079] Superlattices were characterized using SEM (Hi-
tachi S-4800), Analytical SEM (Jeol 7600F SEM-EDS), and
scanning TEM (FEI Talos F200X; 200 kV; equipped with
the EDS elemental mapping capability). The cross-sectional
TEM samples were prepared by the standard in-situ lift-out
procedure using Ga ion milling in a focused ion beam
system (FEI Helios 600 Nanolab). XRD was performed on
a Rigaku Smartlab operating in 1D Grazing incidence using
a zero diffraction silicon substrate. XPS was collected on a
PHI Versaprobe II at CUNY ASRC.

Scanning Hard X-Ray Tomography

[0080] The experiment was conducted at the Hard X-ray
nanoprobe (HXN 3-ID) beamline of National Synchrotron
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Light Source 11, Brookhaven National Laboratory. Superla-
ttices coated in Platinum-Alumina primed Zinc oxide—
Silica Superlattice were prepared with in-situ lift-out pro-
cedure using Ga ion milling to fashion a ~1 um domain on
a tungsten pin.

[0081] A monochromatic beam at 12 KeV was selected
and focused by multilayer Laue lenses to a nanobeam
approximately 13 nm. Flyscans were carried out in a grid of
120%100 with a step size of 10 nm with a 30 ms dwell time.
In total 135 projections were used for reconstruction repre-
senting angles from -90 to +44. Far field diffraction was
collected downstream while fluorescence was collected
from an energy dispersive detector placed 90° from the beam
to collect x-rays. Elements were fitted by PyXRF software
package, separately ptychography was performed on the far
field diffraction and recover the complex value probe and
object function. The probe was subsequently used with
state-of-the-art deconvolution techniques to further refine
the simultaneously collected fluorescence.

Small Angle X-Ray Scattering/Wide Angle X-Ray
Scattering
[0082] Scattering experiments were performed at the

Small Matter Interfaces (SMI, 12-ID) beamlines of the
National Synchrotron Light source II, Brookhaven National
Laboratory. A 16.1 KeV beam was micro-focused beam
(2x25 pum) using CRL transfocator and was brought to the
sample in transmission with a SAXS detector, Pilatus 1M,
8.3 meters away and simultaneous WAXS detector Pilatus
900KW 0.275 m from the sample. SAXS and WAXS results
were reduced to 1D and fitted with GitHub—CFN-softbio/
SciAnalysis: SciAnalysis is a set of Python scripts for batch
processing of image data, including x-ray scattering detector
images. and GitHub—CFN-softbio/ScatterSim: Meso scale
SAXS Powder Simulations

Normal ALD Coating of TiO, and AlO, on DNA Lattices
[0083] The DNA Lattices were coated with TiO, and AlO,
thin film using Cambridge Nanotech Savannah S100 ALD
system (base pressure~0.35 Torr) at 85° C. During each TiO,
ALD cycle, titanium (IV) isopropoxide and water vapor
were alternatively pulsed each for 0.4 s with 5-s interval
under continuous N, flow. Each AlO, ALD includes 15 ms
pulsation of Trimethyl Aluminum (TMA) and water vapor
pulsing, separated by 10s N, purging. In total, 50 cycles
were used to deposit TiO, and 10 cycles for AlO,.

Vapor-Phase Infiltration (VPI)

[0084] The infiltration of ZnO, Sn, and AlO, on the silicate
superlattices was carried out in a commercial ALD system
(Cambridge Nanotech, Savannah S100) at 85° C. using DEZ
and TMA as respective metal organic precursors along with
water as an oxidant. A single ZnO infiltration cycle by the
microdose protocol consists of, in sequence: exposure to
DEZ for 600 s under a static vacuum (~1.7 Torr); chamber
purging using N, (100 sccm) for 600 s; exposure to water
vapor for 600 s; and chamber purging using N, (100 sccm)
for 600 s. A single AlO, infiltration cycle by the microdose
protocol consists of the identical steps described above
(chamber pressure of ~1000 Torr during TMA infiltration).
During the microdose precursor exposure period of 600 s,
the precursors (both DEZ/TMA and water) dosing was
repeated every 60 s during the exposure period (total 10
repeated dosings). The infiltration was followed by the
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initial removal of the organic polymer matrix by oxygen
plasma ashing (20 W; 100 mTorr; 5 min; room temperature)
and the further consolidation of the inorganic matrix and the
removal of carbon impurities by O, rapid thermal process
(RTP) treatment at 600° C. for 5 min (Modular Process
Technology, RTP-600S).

Liquid-Phase Infiltration (LPI)

[0085] Infiltration of metal salts diluted in either Ethanol
or Di water were spin-coated onto superlattices dispersed on
a silicon substrate. Nominally 20 ul of a 20 mM metal salt
solution was deposited on the sample for 5 min followed by
spin drying at 3000 RPM for 30 seconds. This was either
followed by RTP or 5 min in a tube furnace in the air set to
250° C.

Electrical Testing:

[0086] The two-probe I-V characteristics of devices were
measured using an electrical probe station (Signatone)
equipped with a dark box and a high-precision semiconduc-
tor parameter analyzer (Agilent). For the illuminated I-V
characteristics, the devices were soaked for 2 min under the
microscope’s tungsten light before initiating measurements.

Chemicals

[0087] Metal salts were purchased from Sigma Aldrich
and Alfa Aesar. All chemicals were diluted to 20 mM in
either water or ethanol. Approximately 20 ul were dropped
onto the surface of silicon substrate with silica coated DNA
superlattice spread on the surface for 5 minutes. The samples
were then spun at 3000 rpm for 30 seconds followed by
thermal annealing in air at 250° C. or RTP at 600° C. in
oxygen. For combinations, equal volumes were mixed and
drop cast onto the superlattices. The following exemplary,
non-limiting chemicals were used:

[0088] Platinum (Na,PtCl,)—Water
[0089] Gold (NaAuCl,)—Water/EtOH
[0090] Tin—NH,SnCl,—FtOH
[0091] Copper—NH,CuCl,—EtOH
[0092] Molybdenum—(NH,)sMo-,O,,—Water
[0093] Tungsten—(NH,),H,W,,0,,—Water
[0094] Indium—InCl,—FEtOH
ASPECTS
[0095] The following Aspects are illustrative only and do

not limit the scope of the present disclosure or the appended
claims. Any part or parts of any one or more Aspects can be
combined with any part or parts of any one or more other
Aspects.

[0096] Aspect 1. A composite, comprising: a three-dimen-
sional (3D) silicate lattice, the silicate lattice comprising a
first porous motif, the first porous motif optionally being
characterized as polyhedral, the first porous motif optionally
defining a pore size of from about 5 to about 100 nm; and
a first inorganic layer superposed over the silicate lattice, the
first inorganic layer optionally coupled to the silicate lattice.
[0097] The first porous motif can be polyhedral, as
described. As but some non-limiting examples, the first
porous motif can be tetrahedral, pentahedral, hexahedral,
heptahedral, octahedral, nonahedral, or dodecahedral in con-
figuration. The first porous motif can define a periodic
structure, which structure can be periodic in two or more
dimensions.
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[0098] As explained elsewhere herein, the disclosed com-
posites can have feature sizes—such as pores and/or side
lengths—in the range of tens of nanometers, for example
from about 10 nm to about 500 nm, from about 10 nm to
about 200 nm, from about 10 nm to about 100 nm, or even
from about 10 nm to about 50 nm.

[0099] Aspect 2. The composite of Aspect 1, wherein the
first porous motif is characterized as tetrahedral.

[0100] Aspect 3. The composite of Aspect 1, wherein the
first porous motif is characterized as octahedral.

[0101] Aspect 4. The composite of any one of Aspects 1-3,
wherein the silicate lattice comprises a second porous motif.
In this way, the silicate lattice can include a region having
a first porous structure, and a region having a second porous
structure, which second porous structure can differ from the
first porous structure. Without being bound to any particular
theory or embodiment, one can thus arrange the silicate
lattice such that different parts of the lattice—and hence the
composite—exhibit different characteristics. As but one
example, one can thus form a composite that exhibits one
optical characteristic at one location along the composite
where the first porous motif is present and a second optical
characteristic at another location along the composite where
the second porous motif is present.

[0102] The second porous motif can define a periodic
structure. The first porous motif and the second porous motif
can be arranged in such a way that the silicate lattice
comptrises a region of the first porous motif that abuts a
region of the second porous motif. The silicate lattice can be
arranged such that portions of the first porous motif alternate
with portions of the second porous motif, in the manner of
an alternating copolymer.

[0103] Aspect 5. The composite of Aspect 4, wherein the
second porous motif is characterized as polyhedral.

[0104] Aspect 6. The composite of any one of Aspects 4-5,
wherein the second porous motif defines at least one of (1)
a pore size that differs from the pore size of the first porous
motif and (2) a 3D structure that differs from the 3D
structure of the first porous motif.

[0105] As but one example, the average pore size of the
first porous motif can differ from the average pore size of the
second porous motif. For example, the average pore size of
the first porous motif can differ from the average pore size
of the second porous motif by, for example, from about 1 to
about 500%, for example from about 1 to about 500%, from
about 5 to about 400%, from 10 to about 300%, from about
25 to about 200%, or from about 50 to about 100%. The first
porous motif can define a polyhedral that differs from a
polyhedral defined by the second porous motif. As an
example, the first porous motif can define a polyhedral that
differs in its number of sides from the number of sides of the
polyhedral of the second porous motif.

[0106] Aspect 7. The composite of any one of Aspects 1-6,
wherein the first inorganic layer comprises any one or more
of a metal and a metal oxide. A metal oxide can be doped,
for example, with a metal.

[0107] Aspect 8. The composite of Aspect 7, wherein the
metal comprises any one or more of aluminum, copper, gold,
indium, molybdenum, platinum, tin, tungsten, or zinc.
[0108] Aspect 9. The composite of Aspect 7, wherein the
metal oxide comprises any one or more of AlIOx or ZnOx.
[0109] Aspect 10. The composite of any one of Aspects
1-9, further comprising a nucleic acid frame on which the
silicate lattice is superposed.
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[0110] Aspect 11. The composite of any one of Aspects
1-10, further comprising a second inorganic layer, the sec-
ond inorganic layer being superposed over the first inorganic
layer.

[0111] In some embodiments, a first portion of the com-
posite presents a first metal or a first metal oxide to the
environment and a second portion of the composite presents
a second metal or a second metal oxide to the environment.
This can be accomplished by, for example, coating the first
portion with the first metal or the first metal oxide and
coating the second portion with the second metal or the
second metal oxide. In some instances, this can be accom-
plished by coating the silicate lattice with the first metal or
the first metal oxide and the coating a selected portion of the
silicate lattice with the second metal or the second metal
oxide.

[0112] Aspect 12. A device, the device comprising the
composite according to any one of Aspects 1-11. Such a
device can be useful as, for example, a framework 3D
structure with any one or more of optical, mechanical,
electrical and catalytic functions. Applications for the dis-
closed technology include, without limitation, advanced
nanolithography, neuromorphic computing, energy materi-
als, metamaterials, optics, materials with hybrid properties,
water filtration, and drug delivery.

[0113] Aspect 13. A method, comprising: forming a sili-
cate layer superposed on a 3D nucleic acid lattice, the 3D
nucleic acid lattice comprising a first porous motif, the first
porous motif optionally being characterized as polyhedral,
the first porous motif optionally defining a pore size of from
about 5 to about 100 nm; and forming a first inorganic layer
superposed over the silicate layer, the first inorganic layer
optionally coupled to the silicate layer.

[0114] Aspect 14. The method of Aspect 13, wherein the
first porous motif is characterized as tetrahedral or octahe-
dral.

[0115] Aspect 15. The method of any one of Aspects
13-14, wherein the 3D nucleic acid lattice comprises a
second porous motif, wherein the second porous motif
defines at least one of (1) a pore size that differs from the
pore size of the first porous motif and (2) a 3D structure that
differs from the 3D structure of the first porous motif.
[0116] Aspect 16. The method of any one of Aspects
13-15, wherein forming the first inorganic layer comprises
any one or more of a vapor phase infiltration or a liquid
phase infiltration.

[0117] Aspect 17. The method of any one of Aspects
13-16, wherein the first inorganic layer comprises any one or
more of a metal or a metal oxide.

[0118] Aspect 18. The method of Aspect 17, wherein the
metal comprises any one or more of Al, Au, Cu, In, Mo Pr,
Sn, W, and Zn.

[0119] Aspect 19. The method of Aspect 17, wherein the
metal oxide comprises any one or more of AIOx and ZnOx.
[0120] Aspect 20. The method of any one of Aspects
13-19, further comprising forming a second inorganic layer
superposed over the first inorganic layer.
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What is claimed:

1. A composite, comprising:

a three-dimensional (3D) silicate lattice,
the silicate lattice comprising a first porous motif,
the first porous motif optionally being characterized as

polyhedral,
the first porous motif optionally defining a pore size of
from about 5 to about 100 nm; and

a first inorganic layer superposed over the silicate lattice,
the first inorganic layer optionally coupled to the sili-

cate lattice.
2. The composite of claim 1, wherein the first porous
motif is characterized as tetrahedral.
3. The composite of claim 1, wherein the first porous
motif is characterized as octahedral.
4. The composite of claim 1, wherein the silicate lattice
comprises a second porous motif.
5. The composite of claim 4, wherein the second porous
motif is characterized as polyhedral.
6. The composite of claim 4, wherein the second porous
motif defines at least one of (1) a pore size that differs from
the pore size of the first porous motif and (2) a 3D structure
that differs from the 3D structure of the first porous motif.
7. The composite of claim 1, wherein the first inorganic
layer comprises any one or more of a metal and a metal
oxide.
8. The composite of claim 7, wherein the metal comprises
any one or more of aluminum, coppet, gold, indium, molyb-
denum, platinum, tin, tungsten, and zinc.
9. The composite of claim 7, wherein the metal oxide
comprises any one or more of AlO, and ZnO.,.
10. The composite of claim 1, further comprising a
nucleic acid frame on which the silicate lattice is super-
posed.
11. The composite of claim 1, further comprising a second
inorganic layer, the second inorganic layer being superposed
over the first inorganic layer.
12. A device, the device comprising the composite accord-
ing to claim 1.
13. A method, comprising:
forming a silicate layer superposed on a 3D nucleic acid
lattice,
the 3D nucleic acid lattice comprising a first porous
motif,

the first porous motif optionally being characterized as
polyhedral,

the first porous motif optionally defining a pore size of
from about 5 to about 100 nm; and

forming a first inorganic layer superposed over the silicate
layer,
the first inorganic layer optionally coupled to the sili-

cate layer.

14. The method of claim 13, wherein the first porous motif
is characterized as tetrahedral or octahedral.

15. The method of claim 13, wherein the 3D nucleic acid
lattice comprises a second porous motif, wherein the second
porous motif defines at least one of (1) a pore size that differs
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from the pore size of the first porous motif and (2) a 3D
structure that differs from the 3D structure of the first porous
motif.

16. The method of claim 13, wherein forming the first
inorganic layer comprises any one or more of a vapor phase
infiltration and a liquid phase infiltration.

17. The method of claim 13, wherein the first inorganic
layer comprises any one or more of a metal and a metal
oxide.

18. The method of claim 17, wherein the metal comprises
any one or more of Al, Au, Cu, In, Mo Pt, Sn, W, and Zn.

19. The method of claim 17, wherein the metal oxide
comprises any one or more of AlO_and ZnO,.

20. The method of claim 13, further comprising forming
a second inorganic layer superposed over the first inorganic
layer.
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