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ABSTRACT:We study the assembly of DNA-functionalizegs
nanocubes under lateral camement in microscale square
trenches on a DNA-functionalized substrate. Microfocus sma
angle X-ray scattering (SAXS) and scanning electron micrgs-
copy (SEM) are used to characterize the superlattices (SL
The results indicate that nanocubes form simple-cubic SLs witf
square-prism morphology and a (100) out-of-plane orientation:
to maximize DNA bonding. In-plane, SLs align with the.
template, exposing their {100} side facets, and the degree O
alignment depends on trench size. Interestingly, the distribu. i
tion of in-plane orientations determined from SAXS and SEM
do not agree, indicating that the internal and external structures
of the SLs dier. To understand this discrepancy, X-ray ptychography is employed to image the internal structures of th
revealing that SLs which appear to be single-crystalline in SEM may have subsurface grain boundaries, depending a
size. SEM reveals that the SLs grow via nucleation and growth of randomly oriented domains, which then coalest
mechanism explains the observed dependence of alignment and defect structure on size. Interestingly, crystallizatior
via an unusual growth mode, whereby continuous SL layers grow on top of several misoriented islands. Overall, thi
elucidates the eect of lateral connement on the crystallization of DNA-functionalized nanoparticles and shows how X-
ptychography can be used to gain insight into nanoparticle crystallization.
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pores, can have an enormogseon the outcome of  to study crystal growth. They are terfpedgrammable atom

crystallizatiorfor a wide range of materials, including equivalents(PAEs) as many analogies can be drawn betw
block copolymers;’ organic molecul@s; and nanoparticles  PAEs in colloidal crystals and atoms in atomic cf3tats.
(NPs)? ** Previous reports have described how 2D laterahis work, we study the crystallization of PAE SLs under la
con nement can be used to control the morphologies angon nement by assembling cube PAEs inside lithographi
Sizeg;lz Orier":a.tiorlg',:lh3 CryStal Structuréand Chira”ties Of patterned microscale trenches on DNA-functionalized ¢
assemblies on substritds. these studies, templates are strates. We hypothesized that PAEs would form sin
constructed such that their side walls and/or the bottomysialiine SLs with controlled sizes and orientations bec
substrate surface exhibit attractive or repulsive 'nteraCt'OE\%/stallites would be forced to coarsen inside a trench. F

with the materiql undergoing crystallization. AltemaﬂveIYnicrofocus small-angle X-ray scattering (SAXS) and scar
}ﬁg?é)éa;err?arl]la\\//gljm%% féﬁﬂigﬁ htﬁ:ad :sasrg;rl;m%)?m;\f;ials electron microscopy (SEM) characterization were employe
' y visualize the resulting SL structures grown near equilibl

into lithographically patterned trenches on substragesa

route toward fabricating devices with subwavelength featui<

sizes and controlled morphologies. Received: January 6, 2022
DNA-assembled NP superlattices (§tS)represent a  Accepted: February 15, 2022

promising class of materials for achieving unusual’8ptical,

electrical, and mechanical respéhske to the immense

library of structures that can be obtéitfédand the active

tunability aorded by the stimuli-responsiveness of $INA.

Con nement, especially in nanoscale or microscall addition, DNA-functionalized NPs serve as a model sys
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conditions. Indeed, single-crystalline, square-prism-shaped §hlstion to 0.3 M NaCl. The linker strands were designed to be
with lateral dimensions ranging from 1 ton¥ormed inside  complementary to the anchor strands on the surface of the
square trenches of those same dimensions. Microfocus SA¥Es and substrate, apart from a four-base single-stranded
measurements elucidated the distribution of in-plane Sisticky end,which was self-complementary and allowed the
orientations within the arrays, revealing that SLs preferentiafAEs to bind to the functionalized substrate and each other.
align with their {100} facets parallel to the trench walls; higheCrystallization was performed using a recently developed high-
degrees of alignment were observed as trench size decreasegerature, isothermal growth protess. determine the
from3to 1 m. optimal assembly conditions, the melting temperature of
In addition, the ability to prepare ensembles of SLs withybridized PAEs was measured by collecting temperature-
controlled sizes enables one to study how defect structumspendent UWis data (58C). Then, a growth temperature
vary with SL size. X-ray ptychogréplsya high-resolution  well-above the melting temperature of the PAE aggregates, but
coherent diractive imaging technique that can be used tawithin the crystal-melt coexistence regime, was chosen (68
image the internal structure of microscale colloidal crystals di@). To crystallize PAEs inside the templates, the Eppendorf
to the high penetration depth of X-rayklere, SEM and  tube was place on a shaker &@®®r 60 h, during which SLs
ptychography was used to study the surface and internal defle¢ined inside the poreSdheme ,1bottom). Finally, the
structures, respectively, of SLs intentionally grown at a fastamples were embedded in an amorphous silica matrix for
rate to deliberately introduce defects. The results suggest teabsequent characterization.
single crystal SLs with very few defects typically gremin 1 Exploring Con nement E ects on SLs Grown Near
trenches, single crystals with dislocations generally grew ifE@uilibrium. To explore the ects of comement on SL
m trenches, and crystals grown im3renches consisted of growth, square trenches with 1, 2, anu 8dge lengths were

several connected grains. FinalysituSEM experiments  patterned on the same substrate. SEM images reveal that PAEs
conducted on samples quenched at various growth stagéied the entire trench, forming square-prism-shaped SLs of the
suggest that SLs form via nucleation and growth and th&ame sizes as the trenches they were grofigine(a c,
coalesce with neighboring domains, elucidating how trengligure S)L 2D SAXS patterns were collected using 4.6
size dictates the observed defect structures. Taken together, focused X-ray beam. The discrete spots in the 2D SAXS
the results reveal theeet of lateral comement on the  patternsFigure ¢l f) indicate that the SLs grown in trenches
crystallization of PAE SLs on substrates and provide @ all three sizes contain one dominant domain. This result
understanding of defect structures in DNA-assembled colloid@iggests that this assembly technique can be used to prepare
crystals in general. high-quality single crystals of varying sizes. 1D plots of the

SAXS patterns averaged azimuth&ilyuiles ¢ and S9

indicate that the SLs have a simple cubic symmetry with a
To prepare templates for subsequent PAE crystallizatigoeriodicity of 98 nm, regardless of the size of the trench in
electron beam lithography (EBL) was used to pattern squavehich they were grown. These results suggest that lateral
trenches into a polymer resiStijeme ,ltop). Specrcally, a  con nement in this size regime does not signtly aect the

nanoscale crystal structure of the SLs, which is commensurate

Scheme 1. (Top) Trench Array Fabrication Process; with the square shape of the trenches. As seen in the SEM
(Bottom) SL Assembly scheme images, individual nanocubes assemble with a facet parallel to
. . the substrate, resulting in a (100) out-of-plane orientation,
vaporate Spin-Coat E-beam Functionalize - N . . X
Au PMMA Lithography ONA consistent with previous studies of polyhedral PAHsEN-
Q \ \\ \ \ where NPs assemble face-to-face with a DNA-functionalized
substrate to maximize hybridization interactiditse 4-fold

symmetry evident in the diction patterns mirrors the 4-fold
in-plane symmetry of the simple cubic {100} planes.
Azimuthally plotting the SAXS patterns along the {200}
re ections reveals that, although the peaks are generally very
Hold T>Ty o5 sharp, there are small amounts of intensity at other in-plane
- orientations Figures i andS9, which is also evidenced by

the streaking around the wiction spots in the 2D SAXS

l patterns tigure d f).

l To measure the distribution of in-plane SL orientations
within an array, 2D maps of SAXS patterns were collected
using a microfocused bedfig(ire SR Importantly, each SL

600-nm-thick layer of poly(methyl methacrylate) (PMMA)could potentially contain multiple domains witrerdit

resist was spin-coated on a Au-coated Si wafer, and EBL wsdentations, some of which may not be visible in the top-down

used to pattern microscale square pores of varying sizE&M images. In contrast to the surface structure information

exposing the underlying Am. Next, the exposed Au regions provided by SEM, SAXS measurements also yield information
were functionalized with thiolated anchor DNA (seeabout the internal structure of the SLs, providing a true

Supporting Informatidor details). Cube PAEs were prepared measure of their orientations. Spatly, the beam was raster-

by functionalizing 80 nm Au cubes with the same thiolated scanned across the array area, and SAXS data were collected at

anchor DNA as that on the substrate via a salt aging proced&re m intervals in both the andy directions. For this

to maximize DNA loadifi§. The reaction solution was experiment, the beam diameter wigs m, while the spacing

prepared by mixing the PAE solution, patterned substrateetween SLs in the array wasrb(Figures S4S§, so each

and linker DNA in a 5 mL Eppendorf tube and bringing theSAXS pattern likely represented signal from several neighbor-
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Figure 1. Assembly results. SEM images of representative SLs grown in (a) 3, (b) 2, andn(t)ebches. 2D microfocus SAXS patterns
from SLs grown in (d) 3, (e) 2, and (f) 1m trenches. (g) Azimuthally averaged 1D SAXS lerfrom a 3 m SL with simple cubic indexing.
(h) Azimuthal plot of {200} re ections from a 3 m SL. Scale bars: Im.

ing SLs. Nevertheless, this measurement provides informatfonthe O orientation is likely because, in this orientation, the
on the distribution of orientations present within an array. Tgides of the SLs expose their most energetically favorable {100}
determine in-plane orientations from SAXS patterns, eaghcets. Furthermore, the widths of the bar graphs increase as a
di raction pattern was azimuthally plotted along the {200fynction of trench size, suggesting that smaller trenches more
re ections €.g Figure h). Next, 2D maps of the intensities ¢ ectively control the Slis-plane orientation. Previous work

were created at selected azimuthal angles varying from 15 wed that the in-plane orientation of PAE SLs can be

9¢° (Figure b,c). Finally, the intensities within each 2D map : . ; .
: . . ntrolled by lithographically deng Au posts, which act as
were integrated to create a bar graph of the total intensity ?e rst layer of PAES for subsequent thim growt* In

each orientatior={gure @ f). Angles in the bar graphs were _ : : s ,
plotted as a function of theirset from 99 taking into this technique, patterning of nanoscale features is required. On

account the 4-fold symmetry of theatition patterns. For all the other hand, hermicroscafeatures are successfully used
three trench sizes, there is a symmetric distribution df control the orientation of nanoscale PAEs, achieving a
orientations, peaking & @t which the SL (100) direction similar result while sigoantly reducing the cost and

is aligned with the trench waltsgure @ f). The strong bias  complexity of lithography.
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Figure 2. Statistics of in-plane orientation. (a) Schematic of microfocus SAXS experiment and orientation analysis. A focused X-ray beam is
used to collect a signal from a small area (green box) of the sample. The in-plane orientations of the SLs within the measurement area are
determined from the SAXS pattern and plotted as a pixel in the orientation map. (b,c) Intensities at various orientations along the {200}

re ections in microfocus SAXS patterns for (b)® and (c) 1 m SLs. Bar graphs of the total intensity of each orientation integrated over

all SAXS patterns for arrays of (d) 3, (e) 2, and (f) th SLs. 29, 34, and 48% of orientations, respectively, are withinto 10.

Statistical analyses were also performed on large-area SB& SEM images are more narrowly distributed than those
images, where the image resolution was high enough determined from SAXS data. This discrepancy arises because
determine the orientations of individual SLs. As seen from tlilee interior of the SLs contains domains that are not visible in
histogramsHigures S6S9, SL orientations measured from the SEM images. In fact, histograms generated from SEM
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Figure 3. Eect of growth rate on the distribution of SL orientations. Exemplary SEM imagesnofa_s grown in (a) 0.3 M NaCl and (b)
0.5 M NaCl. In-plane orientation distributions of (c) 3, (d) 2, and (e) th SL arrays grown in 0.5 M NaCl. 24, 26, and 29% of orientations,
respectively, are within10 to 10. Scale bars: 1m.

analysis suggest that thexBSLs have a narrower distribution microfocus SAXS data show that the distribution of
of orientations than the 2n SLs. This indicates that although orientations is wider in crystals grown in 0.5 M N&Glie
the 3 m SLs are more likely to appear aligned from the3c e) compared to those grown in 0.3 M Na@j(re & f).
surface, they have more misaligned subsurface grains, hifirese results indicate thastéa crystallization largely
lighting the importance of using SAXS to analyze the structuneésdermines the comement eect provided by the trench,
of these materials. Similarly, thenl SLs have the highest which promotes the growth of structures with higher
degree of alignment because each trench likely only containggstallinity.
single crystallite. As discussed above, larger trenches resulted in SLs with
Study of Growth and Defects in Fast-Grown SLslin all worse crystallinity and alignment, suggesting that the SLs
crystallization processes, the quality of the resulting crystaiternal defect structures etied as a function of their size.
depends largely on the growth conditions, especially thdthough previous reports have shown that DNA-assembled
growth rate. Using faster growth conditions usually results d@olloidal crystals exhibit defects analogous to those seen in
the formation of crystals with a higher density of defects, whig¢omic crystals (e.g., vacancies, adatoms, dislocations, twin-
higher quality crystals are typically produced by slowing tméng, etc.y? their internal structures have not been directly
crystallization rafé. Here, SLs with varying degrees of visualized, and only defects on SL surfaces have been imaged.
crystallinity were synthesized using solution ionic strength Barthermore, growth in carement could lead to @irent
a lever for controlling the rate of NP assembly. Previously,defect structures than those present in SLs synthesized in
has been shown that increasing the salt concentration durisglution or even those grown on substratescause
PAE assembly results in quicker DNA association rates, andividual crystallites are forced to merge within a trench. SL
therefore faster assembly processes, due to the additioaahys were grown in 0.5 M NacCl to intentionally introduce
charge screening that minimizes repulsion between tliefects and visualize the full spectra that typically occur for
negatively charged DNA straffddeed, crystallization in these samples. X-ray ptychography was used to investigate the
0.5 M NaCl (and otherwise identical conditions) occurs irfSLsinternal structure and determine whether SLs that appear
20 h, much faster than crystallization in 0.3 M NaCl, whicls single crystals in SEM indeed contain multiple subsurface
takes 60 h to complete. SEM images show that SLs grown idomains (se8upporting Informaticior details).
0.5 M NaCl Figure B) contain more surface defects In ptychography, X-rays penetrate through the SLs and the
compared to the nearly perfect crystals grown in 0.3 Milicon substrate, so both surface and internal defects are
NaCl (Figure &). In addition, statistical analyses performed omportrayed in the projected imadegre 3. Defects that were
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crystals in SEM imagesiqures d,c andS13. For this to
occur, in-plane tilt boundaries must be accompanied by
interlayer twist boundaries, a feature that was observed in
many of the 3 m crystals Kigures 4d,c). Out of over 200
imaged SLsHigures S11 and S§Row representative ones),
none exhibited an interlayer twist boundary without the
presence of an in-plane tilt boundary, suggesting that twist
boundaries are relatively unstable. We hypothesized that
interlayer twist boundaries form when a new layer grows on
top of two grains meeting at a tilt boundary. As the new layer
grows laterally from one domain to the surface of the tilted
neighboring domain, new adparticles assemble while main-
taining face-to-face registry with in-plane neighbors rather than

Figure 4. (ad) Exemplary ptychographic phase images of SLs with the underlying particles, likely due to the higher

grown in trenches showing commonly observed defects. Scalecoordination number in-plane than out-of-plane (4 vs 2) in

bars: 1 m. this cube system.

Fast Fourier transform (FFT) analysis on ptychography

observed in these ptychographic images includedrignige (  reconstructions of 3m SLs Figures 8 andS13 typically

4c) and screw dislocatiorfdure b), tilt (Figure 4,c), and ~ exhibit multiple independent sets ofrafition spots,

twist (Figure 4,c) grain boundaries, as well as curved rows suggesting that they generally contain several highly misaligned

NPs (Figure 4). As predicted, subsurface grain boundariegrains. On the other hand, FFT of ptychography reconstruc-

were commonly observed in SLs that appear to be singiens on 2 m SLs typically have one set ofalition spots

Figure 5. Ptychographic images of (a) 3 and (en2SL and (b,f) corresponding SEM images. (c,g) The reconstruction in a and e with color
code to indicate domain orientations (see color wheel). (d,h) FFT of a and e. Histogram of grain boundary angles in (i) 3 and §).2
Scale bars 1m.
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Figure 6. SEM images of SLs assembled in trenches and quenched at various stages in the growth process showing the nucleation, growtt
and coalescence mechanism by which the SLs grow. Scale bars: 1

with some streakingigures b, S1), indicating that they are  con ning region. Such an understanding can enable defect
generally single crystals with possible edge dislocations butemgineering to control light-matter interactions in photonic
grain boundaries. Finally, the single sets of sheaptidn  crystal§®*°

spots in FFT of ptychography reconstructions om 5Ls Finally, arex sitt5EM study of SL growth was conducted to
indicate that they are largely defect-frégufe S10 The rationalize the formation of the unusual defect structures (see
ptychography reconstructions were color-coded by orientatiéiigure §. Specically, SL crystallization was performed in 0.5
to highlight the dierent domainsHgures 6,9,S11, and S)2 M NaCl, and the crystallization process was quenched after
Disparate colors were seen across grain boundaries, whagious lengths of time (4, 8, 10, 14, and 24 h), after which the
subtle color dierences were observed near dislocations. Isamples were imaged using SEM. The images reveal that the
atomic crystals, the interfaces between two crystallites @&amples grown in In trenches typically contain one or two
categorized by low-angle grain boundaries (LAGBs, typicatlyclei after 4 h, full single-crystalline layers after 8 h, and
less than TQ and high-angle grain boundaries (HAGBSs,epitaxial layers thatl the trench thereafter. This growth
greater than I The interfacial energy of LAGBs increasegathway explains why the iIn SLs are mostly single
roughly linearly with misorientation angle while that of HAGBsrystalline with very few defects. On the other hand, four to
is high except near ideal agurations where the two lattices ve nuclei can typically be seen after 4 h im 2renches.

have a large degree of overlap, resulting in a stabfeom 8 to 14 h, these nuclei appear to grow and eventually
con guration (e.g., at a twin boundafy)To study the collide. When the domains collide, the more aligned (i.e.,
distribution of misorientation angles in the SLs, over 50 gra{i00} facet parallel to trench wall) domains continue to grow
boundaries for both 2 and 81 SLs were analyzed. Fom3 while the smaller, unaligned ones rotate to combine with them.
SLs, the misorientation angles were randomly distributéthe growth of aligned grains at the expense of less favorably
(Figure 9, indicating that grain boundaries emerge througloriented ones has been observed in thenedngrowth of

the coalescence of independently formed grains that do nldbck copolymers, where collisions with the trench walls halt
undergo signcant reorientation or restructuring once formed.the growth of unaligned graih®ecause smaller crystallites

In contrast, for 2m SLs, the number of boundaries with a are less stable, they rotate to join the larger domains. Finally, at
certain misorientation angle decreases as the angle increase®lup, the images suggest the formation of single crystals.
to 10, beyond which the proportion is lowigure §. In However, it is evident from the 14-h time point that subsurface
addition, inspection of the reconstructed images reveals thayers can have drent orientations than the surface layer, as
LAGBs arelled with edge dislocations that form to connectobserved in the ptychography images. This observation
two merging grains. These results suggest that m 2 supports the hypothesis that coherent in-plane growth of
trenches, a small number of domains nucleate preferentiallyaters occurs faster than reorientation of subsurface grains.
the edges of the trench. In contrast, im3trenches, some Growth in the 3 m trenches occurs via a similar pathway, but
nuclei form away from the trench edge and thus are nahore nuclei are present at earlier time points due to the larger
impacted by comement. Interestingly, many interfaces withtrench size. As such, the resultinqm3&SLs typically contain a

both small and large misorientations remain continuous (i.e. hiigher number of grains and HAGBs, as observed in the
is not possible to pinpoint the start of a new domain) vigtychographic reconstructions. A comparison of SL growth
connection through curved rows of NPgure S13 in pathways in trenches of these three sizes also reveals that the
contrast with the sharp HAGBs of many crystalline sy$temsnatural grain size of SLs grown under these conditiohs is
The gradual change in orientation was also visualized by th@, so SLs grown in larger trenches tend to havem
presence of intermediate colors near a grain boundary in tbeystallites connected through defects and grain boundaries.
color-coded reconstructionsSigure 8,9). The bending of Furthermore, the growth mechanism can be categorized as
domains is possible because DNA length can vary locally dager-by-layer (Franikan der Merwe) growth. A notable

to its exibility’® Overall, the ptychography experimentdi erence from atomic systems, however, is that growth with
elucidates how defect structure depends on the area of tRAEs starts with the formation of islands randomly oriented
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with respect to one another when nucleation is faster thah
growth during crystallization. When the islands collide, ® gypporting Information

continuous adlayer grows on top of several misoriented islanfife Supporting Information is available free of charge at
NPs in the adlayer form bonds with the subsurface layer biftps://pubs.acs.org/doi/10.1021/acsnano.2cQ0161

with an orientation deed by their in-plane neighbors rather Detailed methods including trench fabrication, super-
than the ones underneath. This is largely due to the particles lattice assembly, ptychography experiments sr'nall-angle
cube shapes that results in the in-plane coordination number X-ray scattering’experiments etc. and addi'tional SEM
being higher than the out-of-plane one. Therefore, in some and ptychography imag&of) ' '

sense, the observed growth is the opposite of the Stranski-

Krastanov (SK) mode, wherel@ grows layer-by-layer until

it reaches a critical thickness. Beyond this thickness, island _

formation begins because a continuiouss no longer stable ~ Corresponding Authors ) )
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