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Highly Ordered Eutectic Mesostructures via
Template-Directed Solidification within Thermally

Engineered Templates

Sung Bum Kang, Guanglong Huang, Gaurav Singhal, Dajie Xie, Daniel H. Hsieh,
Youngmun Lee, Ashish A. Kulkarni, John W. Smith, Qian Chen, Katsuyo Thornton,*

Sanjiv Sinha, and Paul V. Braun*

Template-directed self-assembly of solidifying eutectics results in emergence
of unique microstructures due to diffusion constraints and thermal gradients
imposed by the template. Here, the importance of selecting the template
material based on its conductivity to control heat transfer between the
template and the solidifying eutectic, and thus the thermal gradients near the
solidification front, is demonstrated. Simulations elucidate the relationship
between the thermal properties of the eutectic and template and the resultant
microstructure. The overarching finding is that templates with low thermal
conductivities are generally advantageous for forming highly organized
microstructures. When electrochemically porosified silicon pillars (thermal
conductivity < 0.3 Wm~'K~") are used as the template into which an AgCI-KCI
eutectic is solidified, 99% of the unit cells in the solidified structure exhibit the
same pattern. In contrast, when higher thermal conductivity crystalline silicon
pillars (%100 Wm~"K~") are utilized, the expected pattern is only present in
50% of the unit cells. The thermally engineered template results in
mesostructures with tunable optical properties and reflectances nearly
identical to the simulated reflectances of perfect structures, indicating highly
ordered patterns are formed over large areas. This work highlights the

1. Introduction

Template-directed self-assembly utilizes
a predefined template to drive formation
of microstructures not naturally present
in the native self-assembling system and
to enhance both the short and long-range
order of the resultant microstructure.'™
Order is particularly important as many
proposed applications for self-assembled
materials are incompatible with the defects
prevalent in conventionally self-assembled
materials.’”] A high degree of order can
result in materials with improved me-
chanical strength 8l magnetic properties, !
useful optical properties,'% and highly
anisotropic  electrical  conductivity.'!]
However, achieving order through self-
assembly is a significant challenge due
to instabilities that arise during the self-
assembly process, which lead to defects
in the resultant mesostructure.'>1%]

importance of controlling heat flows in template-directed self-assembly of

eutectics.

While much work on self-assembly has
focused on polymeric and colloidal sys-
tems, we have chosen to concentrate on
inorganic self-assembly, and in particular
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inorganic eutectic alloys.['*'7] This choice is motivated by the
fact that inorganic eutectics have been shown to exhibit unique
surface and bulk plasmonic properties,!'829 attractive catalytic
properties,!?!l and generate microstructures of interest for elec-
trochemical energy storage,!??! while offering manufacturing ad-
vantages due to their lowered melting points.[?} All eutectic ma-
terials (organic and inorganic) solidify from a homogeneous lig-
uid to two or more distinct solid phases upon cooling. The re-
sultant microstructure is determined by not only the chemistry
of the specific system, but also the solidification conditions, latter
of which can be controlled externally and provides a wide range of
parameter space to be explored. For example, Choi et al. showed
in one system that as the solidification rate increased, the mi-
crostructure evolved from rod-like to lamellar,[** and Perrut et al.
showed that if the isotherm became curved during solidification
that long-range symmetry in the eutectic pattern is lost, leading
to localized structures of various form emerging in the solidified
eutectic.[23-26)

As these and other reports have shown, thermal fluctua-
tions can significantly affect the microstructure of a solidifying
eutectic.”?728] As temperature fluctuates spatially and tempo-
rally, the growth rate of the solid at a region can become faster
than other regions, causing changes in the eutectic mesostruc-
ture (e.g., the spacing or size of eutectic rods or lamellas), which
in turn affects the properties of the resulting solid.[?>3°] When
these fluctuations are present there can be morphological transi-
tions (e.g., lamellar to rod-like),332] and in some cases there is
even complete breakup of the periodic mesostructure, leading to
disordered patterns.[?’]

As already mentioned, a key motivation to apply a template to
a self-assembling material is to guide the self-assembling struc-
ture to exhibit long-range periodicity. Another motivation is that
the template can even lead to the emergence of mesostructures
that cannot otherwise be formed.['®2%3% In our previous work
on templated eutectic solidification, we observed some level of
long-range periodicity and the emergence of new mesostruc-
tures. However, we also often observed destabilization of the so-
lidification front and microstructures that were often only locally
ordered.['®28] Through the present work, we find that the solid-
ification front is destabilized due to the high thermal conduc-
tivity of the pillars (thermal conductivity, x = 90.7 Wm~'K™")
comprising the template. Thus, we here focus on the impacts of
the thermal properties of the template and solidifying/solidified
materials on heat transfer in the sample during solidification
and demonstrate how template thermal properties play a critical
role in determining the regularity of the resultant mesostructure.
Specifically, we use templates with significantly smaller x than
the eutectic liquid and the resultant solid phases and find that
low k templates results in unique, highly regular microstructures
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with long-range order. The template is specifically comprised of
porous silicon (pSi) (k,s; #0.28 Wm™'K™") formed through elec-
trochemical porosification of crystalline Si (kg 96 Wm™1K™1).
Simulations demonstrate that the template’s low thermal con-
ductivity is key in establishing a vertical temperature gradient
during solidification and minimizing thermal gradients in direc-
tions perpendicular to the primary solidification direction.
Furthermore, by selective etching of one of the phases present
in the self-assembled eutectic and/or the template, microstruc-
tures with a range of optical properties are formed. We show how
even small variations in the eutectic mesostructure’s periodicity
can significantly diminish the optical properties of the material,
highlighting the importance of template thermal engineering to
drive the formation of precisely controlled mesostructures.

2. Results and Discussion

2.1. The Effect of the Template Symmetry on Eutectic
Microstructure

As in our initial work on template-directed eutectic solidifica-
tion, we utilize the lamellae/rod AgCl-KCl eutectic system.[1628]
In this section, we further examine the template geometry and
solidification conditions that induce a diversity of patterns. As
expected, depending on the processing conditions that lead to
different rates of solidification, the resulting solidified eutectic
undergoes morphological transitions.[?*] In the absence of a tem-
plate, the bulk AgCl-KCl eutectic melt typically solidifies into one
of two microstructures: a lamellar structure consisting of alter-
nating layers of AgCl and KCl at faster solidification rates and a
rod-like microstructure consisting of rods of KCl in a AgCl ma-
trix at slower solidification rates. At intermediate solidification
rates, a mixture of the two can appear. We confirm the chemical
composition of the microstructures by Energy Dispersive X-Ray
Spectroscopy (EDS) (Figure S1a,b, Supporting Information). For
both the lamellar (Figure S2a—d, Supporting Information) and
rod patterns (Figure S2f~h, Supporting Information), the eutec-
tic spacing (4) decreases as the rate of solidification increases, as
expected (summarized in Figure S2, Supporting Information).
The rate of solidification is controlled as described in the Experi-
mental section.

When eutectic solidification is carried out within Si pillar tem-
plates as illustrated in Figure S3 (Supporting Information) and
Figure 1a, the diffusion landscape in the liquid ahead of the so-
lidification front is perturbed by the template geometry (the pil-
lars serve as no-flux boundaries for chemical diffusion) result-
ing in new morphologies distinct from both the starting eutec-
tic pattern and the template.'®] When the rate of solidification is
such that AgCl-KCl forms a lamellar pattern (faster solidification
rates), the pillar-template-directed eutectic solidification results
in Archimedean lattices when the pillars are on a hexagonal ar-
ray (Figure 1b,c). When the pillars are arranged in a square lattice,
chain patterns emerge (Figure 1d,e), consisting of spokes locally
veered toward pillars. Both the observed Archimedean and chain
patterns correspond well to patterns predicted by phase field sim-
ulations that were performed in advance of experiments!162833]
(Figures S4 and S5, Supporting Information). When the con-
ditions are such that the bulk eutectic forms a rod-like mi-
crostructure (slower solidification rates), solidification within a
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Figure 1. Emerging patterns in template-directed eutectic solidification. a) Schematic illustration of the template-directed eutectic solidification process.
The molten (yellow) AgCl (cyan)-KCl (black) binary eutectic directionally solidifies through a pillar template. The solidification direction is along the red
arrow, which is aligned with the axis of the Si pillars. The solidified patterns at the interface between the substrate and the template/eutectic system
are exposed by peeling off the pillars and solidified eutectic from the substrate. b-i) SEM images of patterns obtained by controlling the solidification
rate and template geometries. The orange dotted box is added to illustrate the symmetry of the KCl regions (vertices of the box) of the structure: b,c)
Archimedean lattices (triangular template lattice), d,e) chain-shaped patterns, f) cross patterns (the cross is formed by KCl arms with a template pillar
in the center), g) checkerboard patterns, h) inverse cross patterns (the cross consists of arms if the rectangular pillars connected with a KCl rod in the
center), i) elongated checkerboard pattern formed by a rectangular template lattice. The template pattern for d-h is a square lattice. All scale bars are
3 um. Included above each SEM image is the value of g/4 and the symmetry of the template depicted with gray dots/rectangles. Except as indicated in
(i), g is the gap spacing between nearest neighbor pillars. The bulk eutectic structure is lamellar for (b-e) and rod-like for (f-i). Si templates are used in
these samples.

square-lattice of pillar template results in cross and checkerboard  (Figure 1f), KCI solidifies into spokes and AgCl into squares be-
patterns. The eutectic spacing as well as pillar distance arekey pa-  tween the pillars. In checkerboard patterns (Figure 1g), AgCl
rameters that determine the observed patterns, as summarized  and KCI form squares alternating in both directions. It is im-
in a morphological phase map that includes detailed SEM im-  portant to note that a wider variety of patterns can be realized
ages (Figure S6, Supporting Information). In the cross pattern  if the shape of the pillar is modified. For example, when utilizing
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rectangular pillars (Figure S7, Supporting Information) instead
of circular pillars, the cross pattern can be modified such that KCl
forms a more circular shape while the AgCl remains in the same
position with only a slight change in the morphology as com-
pared to the circular-pillar template (cf. Figure 1h,{). If the square
lattice of the pillars is modified into a rectangular lattice, the pat-
tern is further modified. For instance, the rectangular template
pattern leads to an elongated-checkerboard pattern of the solid-
ified eutectic, where AgCl remains square while KCl forms into
rectangles (Figure 1i). While we have only investigated a small
subset of potential template structures, its clear modifications of
the template provide considerable tunability in designing the re-
sultant eutectic microstructures.

2.2. Impact of Template Thermal Properties

Along with template geometry, template thermal properties play
a critical role in controlling pattern formation. If considerable
heat flows through the template, the solidification front can be-
come curved or slanted,[2%3 and solidification is no longer
unidirectional. The shape of the solidification front can be esti-
mated from the temperature field by the isothermal contour or
surface (depending on the dimension) at the eutectic tempera-
ture; in the absence of supersaturation, the solidification front is
well approximated by this contour/surface.[?3% The direction of
thermal gradients at the solidification front, which is related to
the isotherm at the eutectic temperature, dictates the direction
of solidification. The thermal gradient can include temperature
gradients along both the vertical and horizontal axes. The verti-
cal gradient (z-axis) is parallel to the direction of the externally
applied temperature gradient, while gradients in the horizontal
directions (x-axis) are due to local perturbations in the temper-
ature field created by the template (Figure 2a; Figure S8a, Sup-
porting Information). Thermal gradients in the horizontal direc-
tions tend to induce irregularity in pattern formations,!**! and
thus they should be minimized. When the pillars have a high
thermal conductivity (K empiae = 110 Wm™'K™), a highly curved
isothermal surface is observed (the red curve in Figure S8Db,
Supporting Information),** and thermal gradients in the hor-
izontal directions are considerable, especially near the eutec-
tic/template interface. The isothermal surface remains curved
(Figure S8c, Supporting Information) even at a conductivity of
~10 Wm™'K™! (lower than the lowest plausible thermal conduc-
tivity of the silicon pillars taking into account the confinement
and thermal effects!®]). However, once the template thermal con-
ductivity is significantly lower (e.g., Kipplae~1 Wm™'K™), the
isothermal surface at the eutectic temperature becomes essen-
tially flat (Figure S8d, Supporting Information), which indicates
that the temperature gradient is essentially vertical. Figure 2b
quantifies the relationship between the thermal gradient at the
solidification front and the thermal conductivity of the eutec-
tic material and the template in terms of an alignment ratio.
The alignment ratio, the ratio of the vertical component of the
thermal gradient to the total magnitude of the thermal gradi-
ent, illustrates how the thermal gradient at the solidification front
aligns with the direction of solidification. For example, an align-
ment ratio of 1.0 indicates a thermal gradient that is oriented
in the vertical direction. When the vertical and horizontal ther-
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mal gradients are approximately equal in magnitude (|VTyuical

R | VT yorigonta ), the alignment ratio (|VTyenical / [VT]) is 1/ V2w
0.714. The template with low thermal conductivity consistently
exhibits an alignment ratio near 1.0 across the entire range of
template and eutectic thermal conductivity values. It is worth not-
ing that when the thermal conductivity of the eutectic materials
matches that of the template, the thermal gradient also remains
predominantly vertical. Since achieving an exact match in ther-
mal conductivity is challenging,**%°! a thermal insulating tem-
plate provides a more practical solution for maintaining a pre-
dominantly vertical thermal gradient. Within a thermal insulat-
ing template, the horizontal component of the thermal gradient
(taken here as the x component, as described in Figure 2a) re-
mains small throughout the vertical axial span of the pillar, from
the upper (pillar top) to the lower (pillar bottom) end of the pil-
lar (blue curve, Figure 2c), in contrast to the high thermal con-
ductivity template where the horizontal component of the ther-
mal gradient is significant (red curve, Figure 2c). As illustrated
in Figure 2d and e, in case of a thermally conductive template
(Kiemplate = 110 Wm™'K™"), the solidification front starts out pla-
nar in the bulk (as expected) until it is just above the template.
Upon entering the template, the temperature gradients become
strongly curved (Figure 2d-(0 um). At the middle of the pillar, the
isothermal contour plane reverts to flat (Figure 2d, 5 um). Upon
approaching the bottom of the template, the solidification-front
curvature increases, (Figure 2d, 10 pm). We contrast this with
the isothermal eutectic temperature surfaces in a lower thermal
conductivity pillar template (k¢ ~ 1 Wm ™ K™'), which remain
flat as the solidification front propagates through the template
(Figure 2e).

To provide input parameters for the heat transfer simulations,
we quantify the thermal properties of the Si and pSi templates.
Si pillar arrays were created by photolithography followed by
deep reactive ion etching (Figure 3a). To form pSi pillars, these
Si pillars are electrochemically porosified, drastically decreasing
their x and volumetric heat capacity (pC,).***’] As we previ-
ously showed, Si pillars can be completely porosified via such
a process.[* See Experimental section for details. As shown in
Figure 3b and Figure S9 (Supporting Information), even after
electrochemical porosification, the integrity of the pillar tem-
plate is maintained. While we cannot directly measure « and
pC, of the pillars, we measure x and pC, of the starting sili-
con and a pSi layer, providing an upper bound to x and pC,
of the pSi pillars. Using the 3-omega method (details in Ex-
perimental section and Supporting Information), as shown in
Figure 3c, the slope of the line fitted to the amplitude of tem-
perature oscillations with respect to frequency of heating from
a metal line yields kg of 96 Wm™'K~'. The Si is single-crystal
and boron-doped to ~10" cm™3, making 96 Wm~'K~! reason-
able since doping reduces «.I*! After porosification,  of pSi is
0.28 Wm~'K~! (details in Supporting Information). The reduced
k of pSi is both due to removal of material and thermal phonon
scattering by the porous structure.[*!! The heat capacities of bulk
Si and pSi are measured using differential scanning calorime-
try (DSC). Using the estimated porosity of pSi (~81%, as de-
duced from the effective medium theory and shown in Figure
S10, Supporting Information), the volumetric heat capacity as a
function of temperature is determined (Figure 3d). The volumet-
ric heat capacity values obtained are 1.68 M] m~*K for Si and

© 2024 The Authors. Advanced Materials published by Wiley-VCH GmbH

85U80|7 SUOWLWIOD dAeaID 8|qedl|dde ayy Aq peusenob ae Sspie YO ‘@SN JO s8N 1o A%eiqi]8UIIUO /8|1 UO (SUORIPUOD-pUe-SW.BI W00 A3 1M ARelq 1 BUl|UO//SANY) SUORIPLOD pue swie | 3u1 88S *[720z/T0/eT] uo AriqiTauliuo Ae|im ‘(oul eAnge ) aqnopesy Aq 0Z.80£202 eWPe/Z00T 0T/I0p/wioo" A8 |im Areiq1jeul|uoy//sdny woly papeojumod ‘0 ‘G607 TZST


http://www.advancedsciencenews.com
http://www.advmat.de

ADVANCED
MATERIALS

www.advmat.de

ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

a Horizontal, x b | c 30

Vertical, z :\1 00
Eutectic

—1Wm'K'!
— 110 W m'K"

€ 15
-~ =i *
g EY 2
i 60 3 0.0
§4 § 1.5
0 z-1.91  top bottom
< 20 E

300 2 4 6 8 10

Axial position (um)

20 40 60 80 100
KTemplate ( w m-1K-1)

Kremplate, 110 W m'K-! 0-10 um KTemplate, 1 W mK-!
Oum 5pum 10 ym 0 um 5um 10 um

l <> />
< N B
W \ 1 P s 9 L6 (T
N> N N>

0-10 ym

JAN

!
\

AN
Z

AN
SN
<1
\
\/

Figure 2. Time-dependent simulation of temperature evolution during template-directed solidification. a) The 3D isothermal surface plot (left) was
transformed into a 2D representation through a cross section connecting the centers of the first nearest pillars. Right is a schematic illustration with
the isotherm at eutectic temperature indicated by a thin red curve. The thermal gradient is calculated at the surface having the eutectic temperature
and, in general, possesses both vertical and horizontal components. The vertical direction represents the direction of the externally applied thermal
gradient, while the horizontal directions include all directions perpendicular to the vertical direction. b) The alignment ratio of the thermal gradient, the
ratio of the magnitude of the vertical component of the thermal gradient (|[VTyepicall) to the magnitude of thermal gradient (|VT[), measured at % of the
inter-pillar spacing from the interface, as a function of the thermal conductivity of the eutectic and template components (ranging from 1 Wm~1K~" to
110 Wm~'K™"). ) The magnitude of the horizontal component of the thermal gradient, measured in the x direction in the plane shown with the green
shade in (a) at % of the inter-pillar spacing from the interface, versus z position as defined in (a) with 0 um corresponding to the top of the pillars (the
interface between the bulk eutectic and the template) and 10 um as the bottom of the pillars. Blue line: low thermal conductivity template, 1 Wm~=1K=".
Red line: high thermal conductivity template, 110 Wm~'K™"). Isothermal contour plot (at eutectic temperature (T = 591.73 K)) at each axial position of
d) the high thermal conductivity template (110 Wm~"K~"), and e) the low thermal conductivity template (1 Wm~'K™"), at 0, 5, and 10 um as defined
in (c). Also shown is a stack of the isothermal surfaces at the solidification front during solidification from the top to the bottom of the pillar template
(right images in d and e within the thicker red/blue boxes).

0.249 MJ m~3K for pSi. We also calculate the thermal diffusiv-
ity (given by x/pC,); We find that the thermal diffusivity of pSi
is 65 times and 23 times lower than that of Si and Ni, respec-
tively (as illustrated in Figure 3e), indicating much less heat will
flow from the solidifying eutectic into the pSi template. We note
that thermal diffusivity, in addition to thermal conductivity, is an
important property to consider in characterizing the heat trans-
fer during solidification because thermal diffusivity governs the
evolution of the temperature profile and thus the gradient. The
temperature profile and thermal gradient in turn changes the so-
lidification front morphology and speed, which have a direct im-
pact on the resultant eutectic structure.[**%] On the other hand,
thermal conductivity dictates the path of the heat flow when
multiple materials with different conductivities are present. If
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one material has a much higher conductivity, heat will be trans-
ported predominantly by that material. The low thermal diffusiv-
ity and thermal conductivity of the template results in the tem-
plate serving both as a thermal and chemical no-flux boundary,
in contrast to when Si and Ni are used as the template materi-
als, in which case the template provides only a chemical no-flux
boundary.

2.3. Quantification of Template-Directed 3D Order
An AgCl-KCl eutectic directionally solidified in the Si pillar tem-

plate generally results in a checkerboard pattern when the eu-
tectic forms a rod microstructure in the absence of a template,
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Figure 3. Thermal properties of templates. a,b) SEM images of templates used for eutectic solidification. a) Si pillar array (scale bar: 10 um), b) pSi
pillar array (scale bar: 10 um), cross-section of pSi pilar and high magnification image of pSi (scale bar: 1 um). c) Temperature oscillations across pSi
(blue circles) and Si (red circles) as function of frequency. d) Volumetric heat capacity of pSi (blue line) and Si (red line) as function of temperature.
e) Thermal diffusivity of previously employed (Si, Ni)['®23] and current (pSi) template materials.

as seen in Figure 4a. However, as discussed earlier, the non-
planar solidification front, along with non-uniform solidification
rate, results in variation in the solidification conditions across
the microstructure. Quantitative image analysis of the surface
shows considerable deviations from the checkerboard pattern,
providing evidence for such variation. Out of 104 unit cells, only
49% exhibit the checkerboard pattern (Figure 4b). The remain-
ing unit cells have various defects. On the other hand, 99% of
the unit cells exhibited the checkerboard structure when the pSi
pillar template was employed, with all other conditions held the
same as above (Figure 4c,d). Such long-range ordering of the
checkerboard patterns can be attributed to the low thermal dif-
fusivity of the pillar template that promotes a flat isothermal sur-
face during eutectic solidification. The SEM image showing the
structures perpendicular to the substrate (parallel to the pillars)
is obtained using focused-ion-beam (FIB) milling (Figure 4ef).
Top-view SEM images (showing the structure in the plane par-
allel to the substrate) from top (vi) to bottom (i) are generated
through a series of ion-milling steps (Figure 4g,h); more details
are provided below. The heights indicated in Figure 3e,f corre-
spond to the levels marked as (vi to i) in Figure 4gh. In the
cross-sectional images of the templated region of the Si pillar
template system, a disordered microstructure is observed, in-
dicating thermal fluctuations are present during solidification
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(Figure 4e). In contrast, the cross section of the checkerboard
pattern formed in the pSi template system shows a clear alter-
nating microstructure of AgCl and KCl (Figure 4f), in agree-
ment with the long-range order in the checkerboard pattern
(Figure 4c).

A sequence of ion-milling steps is specifically designed to
build a 3D map of the templated structures. In brief, the same
region of a sample is etched stepwise top-down via argon ion
beam milling (details in Experimental section) with the etch
depth of each step precisely controlled by time and etch power
(Figure S11, Supporting Information). A SEM image is taken af-
ter each ~2.5 um etching step. Figure 4g shows serial sectioning
SEM images of the checkerboard patterns formed in the Si tem-
plate system at depths of —2.5 pm (in the bulk eutectic), 0 ym
(set at the top side of the pillar that corresponds to the inter-
face between the bulk eutectic and the template), 2.5, 5.0, 7.5,
and 10 um (at the template/substrate interface, where solidifica-
tion ends). These cross-sectional images show multiple transi-
tions between rod and lamellar, alternating between spoke and
checkerboard patterns (Figure 4g; see Figure S12a, Supporting
Information). The initial bulk eutectic rod structure (Figure 4gi)
transitioned to a lamellar structure at the top of the template
(Figure 4gii). The lamellar structure then changes to form spoke
patterns due to the presence of template (Figure 4giii,iv) and
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Figure 4. 3D microstructure of the eutectic grown in Si and pSi templates and image analysis of patterns (n = 104). a,c) Checkerboard patterns at
the substrate/template interface generated by (a) the high thermal conductivity Si template and c) the low thermal conductivity pSi template (scale
bar for both: 20 pm). Image analysis of checkerboard pattern where the color of unit cell indicates similarity to an ideal unit cell (navy color (100%
similarity). b,d) Histogram from image analysis of (b) and (d) representing the number of unit cells in which the indicated degree of similarity to
the ideal unit cell. e,f) SEM images of a FIB prepared cross-section of template-directed solidified AgCl and KCl for the e) Si pillar and f) pSi pil-
lar templates. g,h) SEM images of (e) and (f) at every 2.5 um in depth (vi through i) (scale bar is 5 pm); the unit cell is represented by the green

dashed box.

Figure 4gv, shows the lamellar pattern (which in the template de-
velops a spoke pattern) transitioning to defected structures. Over-
all, the resulting structures are irregularly formed spokes or ex-
hibit a defective checkerboard pattern during the intermediate
stage of solidification, which we attribute to non-planar solidifi-
cation front and the presence of horizontal components in the
temperature gradient, as discussed above. Finally, the checker-
board and spokes patterns are arranged in an irregular manner
at the template/substrate interface (Figure 4gvi). These results
contrast with the structure observed in serial sectioning of the
checkerboard pattern formed by the pSi template (Figure 4h; see
Figure S12b, Supporting Information). In the pSi structure, a
single morphology is maintained during solidification through
the template. Starting from the bulk rod structure (Figure 4hi),
the rod structures are maintained at the bulk-eutectic/template
interface, and their hexagonal arrangement traverses into the
tom of the template (Figure 4hiv,v,vi), strong evidence that the
solidification front remains flat as it traverses through the tem-
plate.
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2.4. Optical Properties

In our exploration of templated eutectic systems, we utilize etch-
ing techniques to selectively remove one or more phases from
the templated eutectic to tune the properties of the eutectic struc-
tures, as has been done for different applications of eutectic mate-
rials including differentially wettable surfaces,®"! sensors,>!l and
batteries.[>?] In the systems reported here, the optical contrast can
be enhanced by selective etching of one or two of the phases.
As grown, the templated eutectic structures exhibit an optical re-
sponse because the pillars, the KCl, and AgCl all have different
refractive indices. Because KCl is easily dissolved by water and
AgCl is not, the refractive index variations within the structure,
and thus the optical response, can be modified via a simple wa-
ter etching step. The result of water etching is a AgCl/pillar mi-
crostructure with voids in place of KCl (Figure S13, Supporting
Information). Alternatively, the pSi (or Si) templates can be selec-
tively removed by XeF, gas, and/or the AgCl converted to porous
Ag metal by UV light (Figure 5a—d). Consequently, from a sin-
gle templated eutectic structure, it is possible to create a range of
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Figure 5. Microstructure and photonic properties of ordered and disor-
dered checkerboard patterns before and after selective etching/materials
conversion. a-d) SEM images of ordered checkerboard patterns after, a)
etching of KCI by water, b) conversion of AgCl to Ag metal by UV light,
c) etching of pSi by XeF, gas and d) etching of pSi and KCl by XeF, gas
and water (scale bars are 3 pm). e) SEM image of checkerboard pattern
after etching of pillar template and f) reflectance spectra of eutectic tem-
plated by pSi (filled squares) and Si (open squares), and FDTD simulated
spectrum for an idealized structure. SEM images of checkerboard pattern,
g) before and i) after KCl etching (scale bar is 3 um). h,j) Reflectance spec-
tra and the FDTD simulation for idealized structure, h) before KCl etching
and, j) After KCl etching.

dielectric and metallo-dielectric 2D photonic crystals, expanding
upon the scope of dielectric 2D photonic crystals derived from eu-
tectic systems.'%2428] Optical spectroscopy is performed on sev-
eral of this family of structures. As a first step, the bulk eutectic
above the pillars is removed by mechanical and ion beam polish-
ing. Then, normal incidence reflectance spectra are taken using
a Fourier-transform infrared (FTIR) microscope and compared
to finite-difference time domain (FDTD) simulations. Figure 5f
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shows that the reflectance spectrum of the checkerboard pattern
(pSi or Si pillars etched, Figure 5e) is expected to exhibit two
distinct peaks at 6.37 and 6.88 pm based on the FDTD simula-
tion. The well-ordered microstructure made via the pSi template
shows the expected peaks whereas the microstructure resulting
from the Si template did not (Figure 5f). In a pSi-templated sam-
ple containing all three components, pSi pillars, AgCl, and KCl
(Figure 5g), the measured reflectance peak at 6.67 um corre-
sponds well with the FDTD simulations (Figure 4h). When KCI
is etched from this sample (Figure 5i), peaks are observed at 6.12
and 6.88 um, in agreement with the FDTD simulation (Figure 5j).
The optical properties after removal of both the pillars and KClI
(leaving only AgCl) is investigated by FDTD simulation, revealing
broad peaks ~5.9 and 6.5 ym (Figure S14, Supporting Informa-
tion) although such a sample was not experimentally examined.
By comparing this simulation with the simulation in Figure 5j
corresponding to the sample where only KCl is removed, it is
shown that the pSi pillars cause only a slight red shift of the 6.88
and 6.12 pm peaks in Figure 5j. As the refractive index of pSi
is only ~1.2,*] it is not surprising that the effect of the pillars
on optical properties is modest. As a general comment, the op-
tical properties of inorganic eutectic phases can be manipulated
over a wider range than possible in organic systems where most
refractive indices are similar. We envision that the roadmap for
forming highly regular eutectic structures via template-directed
self-assembly presented here will lead to new opportunities for
developing improved materials, especially in optics, which bene-
fit from highly regular microstructures. The fundamental princi-
ples discussed here, which guide the design of templates for gen-
erating highly periodic eutectic microstructures, may be impor-
tant for a diverse set of self-assembling materials beyond those
based on eutectic solidification, potentially leading to new classes
of materials with as yet unrealized properties and functionalities.

3. Conclusions

Thermal engineering of the template is found to significantly im-
prove both the short- and long-range order of mesostructures that
result from template-directed eutectic solidification. Our find-
ings clarify the interplay between the thermal characteristics of
the eutectic and the template, along with the template geome-
try, that determines the resulting mesostructure. Simulations in-
dicate that the use of a template with low thermal conductivity
offered significant advantages for achieving unidirectional solid-
ification in the context of template-directed solidification. As an
example of the use of a low thermal conductivity template, here,
pSi with x ~0.28 Wm~K~! and thermal diffusivity ~0.89 mm?/s
is utilized as the template material. This thermally engineered
template-guided eutectic solidification results in highly regular
and periodic mesostructures with 99% of the mesostructure hav-
ing a pattern similar to the ideal unit cell. The 3D structure of
the eutectic solidified into the template is investigated, and the
mesostructure is determined to be very well-preserved within
the template and without a sign of undesirable morphological
transitions during solidification. The optical properties of the
structures formed using the thermally engineered template are
found to match simulations of an ordered structure, while the
optical properties of structures formed using a high-thermal-
conductivity template do not. We note that the optical properties
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can be tuned by selectively etching one or more components in
the structure.

4. Experimental Section

Fabrication of pSi Pillar Template: The pSi pillar arrays were fabricated
using p-type silicon wafers (Prolog, boron doped, 0.001 © cm resistivity,
(100)-orientation). Circular dots (2 um in diameter) in square or hexag-
onal arrays with 1.4, 1.8 or 2.2 um pillar edge to pillar edge gaps (g)
are patterned by photolithography with SPR220 (Dow chemical), and di-
rectly utilized as etching masks. Then, the photoresist patterned Si is
etched by deep-reactive ion etching (DRIE) (STS Pegasus). The DRIE pro-
cess is carried out using SFg (390 sccm) /C,Fg (250 scem) in cyclic etch-
ing mode and passivation with a 3000 W source power, using 30 mTorr
gas pressure. These Si pillar arrays are used as a template. To porosity
the Si pillars, hydrofluoric acid based electrochemical etching is carried
out.3®T A silicon pillar array is placed in a polypropylene cell with an ex-
posed area of ~1.2 cm? and the back side of the silicon is in contact
with a stainless-steel electrode. A 5 mm diameter Pt—Ir inoculating loop
was placed 2.5 cm above the silicon as a counter electrode. The sam-
ple is submerged in an electrolyte composed of a 1:1.48 volume ratio
of 100% ethanol and aqueous 48% hydrofluoric acid. An SP-200 poten-
tiostat (BioLogic Science Instruments) delivers current to the wafer at a
current density of 400 mA cm~2 to porosify the silicon in the exposed
region. After etching, the samples are thoroughly rinsed with ethanol,
followed by supercritical drying using a critical point dryer (Autosam-
dri 931). After porosification, the template is conformally coated with
20 nm of Al,O3 by atomic layer deposition (Savannah S100 Cambridge
Nanotech).

Eutectic Solidification into Pillar Templates: AgCl (99.999%, Sigma
Aldrich) and KCI (99.99%, Sigma Aldrich) were mixed with eutectic com-
position of 81.77 wt.% AgCl and 18.23 wt.% KCl, completely melted in
a glass vial on a hotplate at 450°C for 3 h and allowed to cool to room
temperature. Eutectic solidification into Si and pSi pillar templates was
performed with a Linkam THMS 600 hot-stage (with a TMS 94 controller).
The set-up for directional solidification is designed to minimize uncon-
trollable heat conduction, convection, or radiation, as schematically de-
scribed in Figure S3 (Supporting Information). A 2 mm on a side cube of
pre-solidified AgCl-KCl was prepared using a Princeton WS-25 wire saw,
and then placed on the top of the template (Figure S3a, Supporting Infor-
mation). Subsequently, Si spacers are placed onto the edge of the pillar
templates with the cube of pre-solidified bulk eutectic (200 mg) in the
center of the template. The bulk eutectic and Si spacers are covered with
a glass slide and heated to 430 °C for 10 min until the eutectic completely
melted and fully wet the template (Figure S3b, Supporting Information).
The melted and infilled eutectic into templates was cooled to room tem-
perature with controlled cooling rates from 1°C/min to 40 °C/min, driving
solidification parallel to the pillars of the template (Figure S3c, Supporting
Information).

Microstructure Characterization and lon Beam Etching:  After peeling off
the template substrate, the bottom of the sample composed of the Si or
pSi pilar array, AgCl, and KCl was imaged by focused ion beam scanning
electron microscopy (FIB-SEM) (Scios 2, Thermo Fisher Scientific). For
cross-section imaging Ga FIB milling (15 nA, 30 kV) is used. After that,
the cross-section is cleaned at 3 nA and 30 kV. For serial cross-section
imaging, samples are etched by an argon ion polishing system (PECS I,
Gatan, Inc.). Before ion beam etching of the samples, rectangular marks
are formed by FIB at each corner of the designated area for imaging. After
taking an image of the designated area, the sample is etched at 6 keV for
30 min (etch rate of 0.08 um/min). Through repetitive etching and imag-
ing, the serial-sectioning images are obtained.

Thermal Property Measurement: «k of a 5 um thick film of pSi and a
boron-doped Si wafer is measured by the differential 3-omega method!(*3]
at room temperature. An insulating 1 pm SiO, layer was insulated by
plasma-enhanced chemical vapor deposition (Oxford PlasmaPro 100) on
the sample. Four-point resistive thermometer sensors with dimensions
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1.5 mm long, 200 nm thick and ~100 um wide were patterned by e-beam
evaporation of gold through a shadow mask. Sensors were electrically
connected to a chip carrier by ball bonding or silver epoxy. The sensor
was calibrated by changing temperature and measuring resistance on a
temperature-controlled plate. To conduct the 3-omega measurement, an
SR 830 digital lock-in amplifier provided a sinusoidal voltage source across
the thermometers and detected voltages at the 3¢ harmonic of the in-
put source. AC current is measured by placing a digital multi-meter (Ag-
ilent 34401A) in series with the circuit before and after measurement. A
common-mode subtraction circuit containing a manual trimpot is em-
ployed to reduce the 1-omega component of the signal. To determine the
heat capacities of Si and pSi, a small piece of Si wafer weighing ~15 mg
was employed for measurement. In the case of pSi, the pSi membrane
was carefully transferred to DSC pans to facilitate accurate heat capacity
measurements.

Thermal Profile Calculations: Heat transfer simulations were per-
formed using COMSOL Multiphysics to examine the shape of the solidifi-
cation front as it traverses across the Si pillars. The model geometry, from
top to bottom, consists of a 0.17 mm long glass, a 0.3 mm long layer of
AgCI-KCl, a unit cell of Si pillars (each with radius of 1 um and length of
10 um) arranged in a square array, and a 0.3 mm long Si substrate. Neu-
mann boundary conditions for Newton’s law of cooling were applied to
upward-facing horizontal surfaces of the silica glass. For the cooling case,
the air temperatures were initially 400 °C and decreased at a rate of 2 °C
min~!. The temperature profiles for eutectic and spacings between tem-
plate were calculated as a function of time by solving the heat equation,
and the solidification positions were approximated by the isocontour at
the eutectic temperature (591.73 K). Further details are provided in Sup-
porting Information.

Optical Characterization and Optical Simulation: Reflection spectra
were collected from a 20 um diameter spot on the sample using a FTIR
microscope (Vertex 70 FTIR and Bruker hyperion microscope). For optical
characterization, the bulk eutectic beneath the templated patterns was re-
moved by mechanical polishing and ion polishing. Incident light was per-
pendicular to the pillar axis. An unpolarized globar light source and a CaF,
beam splitter were used. A silver mirror was used as a reference. ANSYS
Lumerical Software ULC with FDTD solver (version 8.27.3044) was used
to simulate the reflectance spectra. SEM images provided the necessary
parameters for pillar diameter and spacing and AgCl-KCl distribution in
the pattern to design the simulation model. Fixed refractive indices were
used for pSi (1.2), silicon (3.5), AgCl (2.01), and KCI (1.48) and all materi-
als were treated as lossless. A square unit cell was designed with a lattice
constant of 3.5 um and pillar diameter of 2.25 um, and 128 layers of pillars
were used to simulate the spectra shown in Figure 4. The reflectance spec-
tra were simulated with and without KCl. Standard perfectly matched layer
boundary conditions were used for the simulations and reflection spectra
were recorded along the direction perpendicular to the axis of the pillars.

Image Analysis and Statistical Analysis:  The image analysis process was
executed using a script crafted for FljI/Image] software, version 1.53p.[54]
The initial step in image analysis involved adjusting the raw SEM images
to reduce large-scale background variation using a pseudo-flat field correc-
tion with a 50-pixel radius. This was essential for preparing the SEM im-
ages for detailed analysis. After pre-processing, the full-view micrographs
were rotated as necessary to align the supercell patterns with the image
grid. The images were then trimmed to include a complete number of
cells in both the x and y directions. For the statistical analysis, a total of
104 supercells were evaluated to quantify the long-range ordering patterns
within the material being studied. Cropped images were first divided into
a stack of supercell “tiles.” To address the possibility of tiles displaying the
ideal supercell pattern but flipped across the center, each tile is split into
four quadrants. The tiles are then binarized to differentiate materials—
such as white for AgCl and black for KCl—using an automatic intensity
threshold determined by the “triangle” method.[>>] The deviation of each
tile from the ideal pattern was evaluated by comparing the fraction of pix-
els that differ from a binary ideal supercell pattern set on the same pixel
grid, where the pixel size varies based on the original image. This data
was also used to create a color overlay that visualizes the deviation of
each tile.
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