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Abstract: Colloidal crystals made from sub-100 nm silica nanoparticles have provided a versatile platform for the template-
assisted synthesis of three-dimensionally interconnected semiconducting, metallic, and magnetic replicas. However, the de-
tailed structure of these materials has not yet been characterized. In this study, we investigated the structures of colloidal
crystalline films and germanium replicas by scanning electron microscopy (SEM) and small angle x-ray scattering (SAXS). The
structures of colloidal crystals made by evaporative assembly depends on the size of L-arginine-capped silica nanoparticles.
Particles smaller than ~31 nm diameter assemble into non-close packed arrangements (bcc) whereas particles larger than
31 nm assemble into random close packed structures with 2D hexatic phase. Polycrystalline films of these materials retain
their structure and long-range order upon infiltration at high temperature and pressure and the structure is preserved in Ge
replicas. The shear force during deposition and dispersity of silica nanoparticles contributes to the size-based variation in
structure and to the size of crystal domains in the colloidal crystal films.
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Introduction: Colloids are interesting for both fundamen-
tal and practical reasons, ranging from their use as model
systems of atomic motion in crystals to applications in cos-
metics, electronics, optics, catalysis, batteries, diagnostics,
and drug delivery.l-¢ A defining characteristic of colloidal
systems is the ability to control the size, shape and surface
chemistry of the constituent particles. This flexibility has
enabled colloidal particles to be used as building blocks for
structurally well-defined 2D and 3D assemblies that are pe-
riodic over nanometer to micron length scales.”’-12 Colloidal
assembly is also a starting point for interconnected replica
structures of metals, semiconductors, polymers and inor-
ganic oxides with applications in filtration, sensing, cataly-
sis, optics and electronics.13-21

Latex/polystyrene and silica particles have been widely
used as building blocks of colloidal crystal and replica struc-
tures because of their ease of synthesis, flexible surface
chemistry, colloidal stability and ease of template removal
post-infiltration. However, in both cases it has been chal-
lenging to obtain highly monodisperse particles in the sub-
30 nm size range. Stober, et al.?? introduced the ammonia
catalyzed hydrolysis of silicon alkoxides in aqueous media
in 1968, and this method and its modifications enabled the
synthesis of monodisperse silica nanoparticles with diame-
ters greater than 200 nm. A surfactant-assisted microemul-
sion approach was later developed to make silica colloids in
the 30-60 nm size range.?3?* The use of non-polar organic

solvents and large amounts of surfactants, however, limited
the microemulsion approach to certain applications. A sig-
nificant breakthrough by Yokoi, et al.?> enabled the synthe-
sis of 12-23 nm silica nanoparticles in aqueous media by us-
ing amino acids as the catalyst for hydrolysis and condensa-
tion of silicon alkoxides. Amino acids stabilized the silica na-
noparticles due to their interactions with the surface under
basic conditions. Hartlen, et al.2¢ and Watanabe, et al.?” fur-
ther developed this approach and optimized it for sizes
ranging from 15-200 nm. Their modifications included het-
erogenous delivery of the silica precursor from an organic
layer and separation of the nucleation and growth stages by
using a seed-regrowth approach. The as-synthesized silica
nanoparticles formed stable colloids due to their high sur-
face charge and hence were suitable for assembly.26 We
have used these particles to make colloidal crystal replica
structures of semiconductors, magnetic materials, metals,
and composite materials.28-32

The successful synthesis of these replica structures has en-
abled researchers to explore properties in 3D nanostruc-
tures in which the characteristic length scale of a physical
phenomenon is comparable to the structural lattice param-
eter. The ability to control the size of silica nanoparticles in
the sub-100 nm regime has also enabled systemic size-de-
pendent studies in these nanostructures.28

Previous papers have discussed the effects of void size and
ordering in the template colloidal crystalline films on the



structure and semiconducting, magnetic, acoustic, and plas-
monic properties of replica materials.28-32 Some of these
properties are a function of the porosity of the structure,
e.g., thermal transport, whereas others such as quantum
confinement in semiconductors depend more on the pore
size of the template. Transport properties such as elec-
tronic conductivity, and cooperative phenomena such as
ferromagnetism are significantly affected by the intercon-
nectivity and long-range order of the nanostructures.
Therefore, understanding of the structures and degree of
order in the nanoparticle templates is crucial to under-
standing and tuning the properties of the derived replicas.

The 3D structure of colloidal assemblies made from parti-
cles of different sizes and compositions has been character-
ized by real space imaging and by reciprocal space tech-
niques. Real space imaging techniques include confocal mi-
croscopy,?3-3> FIB-SEM/TEM tomography,3¢37 and X-ray to-
mography/microscopy,3®-4%and reciprocal space techniques
include light scattering (static, dynamic, small angle, multi-
ple angle),*-43 and X-ray scattering (small angle,**-*7 graz-
ing incidence,*8-50 micro radian5! and ultra-small angle52-55).
Often real and reciprocal space techniques are used in com-
bination as complementary techniques. The adequacy of the
characterization technique is determined by the system
characteristics (particle size, electron density contrast) and
the problems being addressed (size determination, 3D
structure, grain size, particle orientation, defects).

Light scattering and confocal microscopy for 3D structure
determination are best suited for structures/particles in the
hundreds of nanometers to several microns range due to
diffraction limit of light. Electron/X-ray microscopy tomo-
graphic techniques extend into the sub-100 nm scale. They
are useful in identifying the local crystal structure and de-
fects. However, rigorous statistical analysis is required to
determine average behavior at larger scale. X-ray scattering
techniques provide information about structure and parti-
cle orientation averaged over several microns with particle
sizes ranging from a few nanometers to a few microns.

E

200 nm

Figure 1. Top view of silica nanoparticles assembled as

Therefore, grazing incidence and small angle X-ray scatter-
ing have been commonly used to study large scale structure
and kinetics of nanoparticle superlattices.>¢

Silica colloidal crystals and their replicas in the micro- or
nanometer regime have been studied previously by using
light scattering,57-61 confocal microscopy,?> TEM/SEM,61-64
X-ray tomography.®5 and SAXS.®®© The observed crystal
structures include hcp/random hcp,5265 fcc,57-58646667and
bcc,5758 depending on the particle size, inter-particle inter-
action, volume fraction, external forces (centrifugation,
shear, electric field), substrate and deposition meth-
ods/conditions.

In this study, amino acid stabilized silica particles in the
range of 20-125 nm have been synthesized and assembled
into colloidal crystals. Earlier reports have shown that the
amino acids facilitate hydrogen bonding between particles
as they assemble allowing formation of ordered periodic
structures as characterized by SEM.26:27.63 Here we provide
a detailed characterization of the structures of these colloi-
dal materials and their replica by using small-angle X-ray
scattering (SAXS) and SEM.

Results and discussion

As in earlier reports,28303168 we used evaporation-driven
vertical deposition®! to assemble L-arginine capped silica
nanoparticles into multilayer colloidal crystal films. As the
solvent evaporates, particles accumulate at the solvent-air
interface as shown in Figure S2. Slow evaporation (con-
trolled by fixed temperature and humidity) results in the
growth of ordered films.

Figure 1 shows top view SEM images of colloidal films as-
sembled onto silicon wafer substrates. As in other evapora-
tion-based assembly techniques, the drying of the films
leads to crack formation, which can be easily seen in SEM
images as shown in Figure S4. Boundaries separating grains
of different orientations can also be observed (Figure 2).
For example, regions marked 1 and 2 in Figure 2




technique. Inset images show magnified regions of the corresponding SEM images. The scale bars in the insets correspond to

the same lengths as in their parent images.
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Figure 2. SEM images showing grain boundaries and different orientation of grains in a film of 34 nm silica spheres (a) SEM
image of top view (b) FFT of region 1 marked in (a), (c) FFT of region 2 and (d) FFT of region 3. In both (a) and FFTs of the
corresponding regions, different orientations of the grains can be identified. The grains in regions 1 and 2 appear at an angle
of ~23° and region 3 contain multiple grains. Grains of different orientations were observed with other particle sizes as well.

have grains that are oriented at an angle of ~23° with re-
spect to each other, and region 3 has a grain with both (or
more) orientations as indicated by its corresponding fast
Fourier transform (FFT) pattern. This polycrystalline tex-
ture is present in films of silica nanoparticles ranging from
20 to 123 nm diameter and can be identified in their SEM
images. Other defects such as vacancies and twin bounda-
ries are also observed in the assembled colloidal crystal
films (Figure S4).
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In the imaged 2D plane, the particles appear to be in a close-
packed arrangement with apparent 6-fold symmetry that
could represent 111, 0001 and/or 110 planes of face-cen-
tered cubic (fcc), hexagonal close-packed (hcp) and body-
centered cubic (bcc) structures, respectively. However, the
lack of 3D information in the SEM images and the limited
two-dimensional views of the top surfaces of the multilayer
films do not provide conclusive information about their
bulk structures.
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Figure 3. (a) 20.3 nm 2D scattering pattern with powder and single crystal fit showing bcc structure (a = 25.2 nm, 2r = 21.8
nm). (b) 23 nm 2D scattering pattern with powder and single crystal indexing showing bcc structure (a = 32.5, 2r = 28.2 nm).
Rotations of the orientation of crystallites in the 2D plane explain all the diffraction spots. (Figure S5)



In SAXS, using a beam spot of 200 x 100 um?, a much larger
region is interrogated and the 3D arrangement of particles
throughout the film (300 nm - 1.5 um) contributes to the
scattering pattern. Thus, 2D SAXS patterns collected in
transmission contain information about the structure, ori-
entation and crystallinity of the colloidal crystal films. We
identified representative 2D patterns for each nanoparticle
size from scattering patterns of multiple spots in the same
sample and/or from multiple samples grown under the
same conditions.

Figure 3 shows representative 2D scattering patterns for
20.3 and 22.7 nm silica particle templates. The scattering
patterns can be explained by using bcc structure with lattice
parameters of 25.2 and 32.5 nm for the 20.3 and 22.7 nm
templates, respectively. The rings in the 2D patterns repre-
sent bcc structure 3D powders without specific orienta-
tions. However, the 2D patterns of the templates also con-
tain bright spots that can be explained by indexing them to
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oriented single crystals. The indexing of some of these re-
flections is shown in Fig. 3, however all of them can be in-
dexed by in plane rotations of this single crystal orientation
(Figure S5). This implies the presence of multiple crystal-
lites at different angles in the 2D plane with bcc as their 3D
structure. Other 2D scattering patterns observed for these
two sizes are shown and indexed in the bcc structure in Fig-
ures S6 and S7.

For sizes larger than 22.7 nm, we use combination of 2D
scattering patterns and their azimuthally averaged 1D pat-
terns to determine the 3D crystal structure. Figure 4 shows
2D hexagonal indexing for 48.8, 69.7 and 122.7 nm tem-
plates. The 2D patterns can be indexed using 2D hexagonal
system space group pémm with close pack plane orienta-
tion perpendicular to the X-ray beam. The reflections which
are not indexed in Figure 4 are indexed by rotation of the
crystallite in the 2D plane as shown in Figure S8.
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Figure 4. 2D hex fit using p6mm space-group and orientation of close pack plane perpendicular to the beam direction (a)
48.8 nm, a = 54.4 (b) 69.7 nm, a =82.5 nm and (c) 122.7 nm, a = 137.7 nm. The indexing of reflections is same for (a), (b) and
(c). The reflections not indexed here can be explained by a different crystallite orientation in the 2D plane as shown in Figure

S8.

The indexed 2D scattering patterns were used to extract the
lattice parameter for these templates. In order to under-
stand the 3D arrangement of the close pack planes in these
templates, azimuthally averaged 1D scattering patterns of
simulated close pack structures were compared with the 1D
patterns of the templates. Figure 5a shows the simulated
1D patterns for 5 different oriented close pack structures -
face centered cubic (fcc), hexagonal close pack (hcp), 2D
hexagonal (HEX) and random hexagonal close pack (rhcp).

2D hexagonal represents a 2D close pack structure labelled
as A/B/C. In fcc structure, the stacking of close pack planes
is ABCABC and the 111 plane is perpendicular to the beam.
Likewise, for hcp structure the 100 plane is perpendicular
to the x ray beam and the stacking is ABABA. In rhcp struc-
tures this stacking of close pack planes (A/B/C) is random.
Figure 5a has two types of rhcp structures where rhcp1 con-
siders the peak shape is still round and rhcp2 assumes the
peak shape elongation along the qz axis.

The 1D patterns obtained by azimuthal averaging of the
simulated 2D patterns (Figure S11) highlight the difference
between different oriented close pack structures. The first

reflections observed in fcc is the one at% = 2, correspond-
ing to the position of {110} of 2D hexagonal. In hcp, the peak

that corresponds to {100} reflection of 2D hexagonal shows
up. The major difference between various structures is the
relative peak intensity of the first two reflections {100} and
{110} reflections. 2D hexagonal shows the highest {100}
peak intensity followed by hcp. The rhep could show any in-
tensity between hcp and fcc depending on the degree of ran-
domness. If there is no registration along the Z axis at all, for
example if an AA stacking can occur, rhcp would be no dif-
ferent from 2D hexagonal. The 1D patterns for templates
were adjusted by the lattice parameter obtained from the
2D indexed patterns to overlay with the simulated 1D pat-
terns. From Figure 5b, it is evident that the template struc-
ture is not fcc. In order to distinguish between the remain-
ing structures, peak 1: peak 2 ratio was compared. Table S2
shows the peak ratios for different simulated close pack
structures and the different size silica templates. The peak
ratios for 31.1 nm, 69.7 nm and 122.7 nm are between
rhcp1 and rhep2. 48.8 nm has ratio between rhcp2 and hcp.
These values indicate that the particles assemble in rhcp
structure with possible peak shape elongation along gz
axes. This elongation is also observed in the 2D scattering
patterns. However, the reflections are predominantly broad
as seen in both 1D/2D patterns indicating presence of 2D
hexatic phase®. Some sharp reflections are also present for
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example in 48.8 nm ~ q = 1, 2.04 A1 which indicate crystal-
line behavior.

Thus, the smaller sizes 20.3 nm and 22.7 nm assemble into
non-close pack body centered cubic structure and sizes 48.8
,69.7 and 122.7 nm assemble into random hexagonal close
pack structure with 2D hexatic phase. The larger sizes have
short range translational order and in contrast, smaller
sizes have long range translational order (sharp reflec-
tions). In this trend, 31.1 nm is the transition size, its 1D pat-
tern shows similarity with rhcpl structure but there are
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reflections which cannot be explained by just one structure.
These could be multiple structures as shown in Figure S12.
The lattice parameter from SAXS for 31.1 nm template is re-
ported corresponding to a p6mm indexing as done for other
larger sizes.

There are several factors (both Kinetic and thermody-
namic)’%-7# that determine the final structure of a colloidal
crystal film made by evaporative assembly of charged nano-
particles. The interplay of these parameters is complex and
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Figure 5. (a) Simulated azimuthally averaged 1D patterns of different oriented close pack structures. Corresponding 2D pat-
terns are in Figure S11. (b) Comparison of azimuthally averaged 1D patterns of different sizes with the simulated 1D patterns
shown in (a) and Figure S12. Particle size is calculated from the lattice parameter in the SAXS for consistency.

so, it is non-trivial to evaluate each independently. How-
ever, we can qualitatively evaluate some of the dominant
factors in our system such as charged based repulsion, poly-
dispersity, vanderwaal attraction and shear. Body centered
cubic structures for spherical systems are favored when
there is long range repulsion’5-77, high dispersity’87° and
are also formed due to shear induced transition from close
pack structures®®8l, Further investigation is needed to de-
termine their independent influence and combined inter-
play on the assembly in this study. We have evidence of
higher polydispersity in smaller (20.3, 22.7 nm) sizes com-
pared to larger size (Table S1). The standard deviation in
smaller sizes (20.3 and 22.7 nm) was found to be around 5-
6.5% whereas for larger sizes it was lower than 4-5%. This
high dispersity could be a contributing factor for formation

of bcc structure. The transition size in this trend, 31.1 nm,
also has high dispersity which could be the reason behind
its complex behavior with multiple structures.

For larger sizes, the rhcp structure of a 2D hexatic phase is
observed. This behavior is common in sheared spherical
colloids. During the vertical deposition process, the parti-
cles experience shear, which is known to cause slipping of
planes leading to random stacking.8? Increased attraction
between the larger particles potentially leads to short-
range translational order/2D hexatic phase behavior in
these hexagonally packed layers.
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Figure 6. Variation in grain size and number of unit cells in a grain as a function of particle size.

This is also reflected in the subtle variation of the number
of unit cells in an average grain as a function of particle size.
The grain sizes were determined using the full width at half-
maximum (FWHM) of the first order reflections and the De-
bye Scherrer equation (See SI for details of the calculation)
for different size nanoparticle templates. The average num-
ber of unit cells in an average grain shows a gradual

decrease with the increasing particle size (Figure 6). This
trend supports the decrease in the translational order in the
templates with increasing size as previously discussed.
However, a significant variation is observed in the grain size
for all sizes. Grain sizes are known to be influenced by par-
ticle size dispersity and by deposition conditions.8384
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Figure 7. (a) Comparison of azimuthally averaged 1D patterns for 48.8 nm empty template, Ge infiltrated template and Ge
inverse structure after template removal with simulated 1D patterns for rhcp and hcp. Representative SEM images (top view)
of (b) empty silica template film (c) Ge-infiltrated template film and (d) inverse Ge structure. Inset scale bar in SEM images is

100 nm.

SEM images also show grain boundaries and defects in
proximity to anomalously sized particles, as shown in Fig-
ure S4. Narrower particle size distributions and a controlled
rate of deposition can help to lower the variation in grain
size and further decrease the density of grain boundaries.
Both large grains and uniform grain sizes are desirable for
certain applications of colloidal crystals and their replicas.

The voids in these colloidal crystal films can be infiltrated
using high-pressure confined chemical vapor deposition
(HPcCVD) and high-pressure supercritical fluid deposition
(HPCFD) with semiconductors and metals as shown for 48.8
nm template films in Figure 7. In order to understand the
properties of these 3D nanostructures independent of the
template, we used HF to selectively etch away the silica na-
noparticles. SEM images after etching confirm the formation
of an interconnected Ge nanostructure as shown in Figure
7d. TEM tomography of these systems reported previously
has analyzed the variation in structure between different
voids and interconnections.®> However, as previously dis-
cussed, this information in limited to a small region or field
of view in the TEM. Since the nanostructure only occupies
~26-32% of the film volume, it is important to confirm the
preservation of the long-range structure and ordering in the
replica films after template etching.

Figure 7 shows 1D SAXS patterns for a 48.8 nm silica film
template, the Ge infiltrated film, and the Ge nanostructure
following template etching. We chose Ge rather than Si for
this study due its contrast with silica in the SAXS measure-
ment. The 48.8 nm infiltrated template and inverse Ge
structure also show a similar structure to the template. The
peakl: peak 2 ratios in infiltrated and inverse structures are
between simulated rhcp1 and rhep 2. Thus, akin to the tem-
plate, these also have rhcp structure with broad reflections
indicating presence of 2D hexatic phase. There indexed 2D
patterns are shown in Figure S14.

This behavior of inheriting template structure is observed
in other sizes as well. For smaller sizes, 20.3 and 22.7 nm,
inverse Ge also shows bcc structure like their correspond-
ing templates as shown in Figure S15. In case of 31.1, 69.7
and 122.7 nm, rhcp structure is formed with peak1: peak 2
ratios varying between rhcp1 and hep simulated structures
indicating different stacking patterns and elongation along
z axes (Table S5 and Figure S17). In these larger sizes, just
like their templates, presence of 2D hexatic phase is ob-
served in the form of broad reflections. This comparison
confirms the retention of structure following semiconduc-
tor infiltration and template etching.

Conclusions. Sub-100 nm monodisperse silica nanoparti-
cles have been synthesized and assembled into 3D
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structures as films using evaporation induced vertical dep-
osition. These nanoparticle films were used as templates
and infiltrated with germanium to obtain a 3D intercon-
nected replica. Using SEM and SAXS, we have characterized
the structure and ordering of the silica nanoparticle tem-
plates and the replica materials derived from them.

From SEM images, information on particle size and shape,
their relative arrangement in the 2D plane, crystallinity and
type of defects was obtained. The particles are spherical in
shape with standard deviations in particle size within 6.5%,
and appear to be in close packed arrangements within the
2D surface plane. Several SEM images show grains with dif-
ferent orientations in all the films indicating polycrystallin-
ity. Other defects such as vacancies and cracks due to drying
of the films were also observed in SEM images.

More detailed information about the 3D arrangement of the
particles could be obtained by SAXS. A size-dependent vari-
ation was observed in the colloidal crystal silica films. Par-
ticles smaller than 31.1 nm assembled into the non-close
packed bcc structure, whereas particles larger than 31.1 nm
assemble into random hexagonal close pack with 2D hexatic
phase.

We extended this analysis to the infiltrated templates and
replica nanostructures after template removal. Using SAXS,
we confirmed that the high temperature and pressure infil-
tration of the template does not affect its structure or order-
ing. After etching, the replica material retains the template
structure.

This study confirms that silica nanoparticle assembly forms
a robust model system for template-mediated design of 3D
interconnected and periodic nanostructures on the sub-100
nm length scale. A detailed understanding of particle ar-
rangements in the template can help in establishing struc-
ture-property relationships in the replica nanostructures.
The formation of non-close-packed structures without the
use of specific ligand interaction or substrate modification
can likely be attributed to particle size dispersity and shear
forces in the assembly process. These parameters can in
principle be tuned to obtain different structures as needed.

Methods

Silica nanoparticle synthesis and assembly. Monodisperse
silica nanoparticles of 20 to 125 nm diameter were synthe-
sized by using the method described by Hartlen et al.?¢ and
Watanbe et al,?” as discussed in detail by Russell®8. The syn-
thesis involves base-catalyzed hydrolysis of a silica precur-
sor, tetraethylorthosilicate (TEOS), in an aqueous medium.
Both approaches can be applied to the synthesis of nanopar-
ticles between 14-200 nm diameter, and the seed-regrowth
approach can be used to obtain larger sizes. However, they
implemented different strategies to gain control of the size
and dispersity. Hartlen’s approach includes a two-phase re-
action with a floating organic layer of cyclohexane to slowly
add TEOS to the aqueous reaction mixture. The cyclohexane
does not participate in the reaction but slows down the hy-
drolysis of TEOS, providing control over the nucleation and
growth rate of the particles. In the Watanabe synthesis, the
organic layer is absent and ethanol is used as co-solvent in
the regrowth steps to obtain larger particle sizes.

We used the Watanabe method for synthesis of 20.3 nm,
69.7 nm and 122.7 nm diameter particles and the Hartlen

method for synthesis of 22.7, 31.1, 48.8 nm particles. All re-
agents were purchased from Sigma Aldrich and nanopure
water (Barnstead) was used for synthesis. Table S1 summa-
rizes the type of reaction, concentration of the reagents
used for the synthesis, reaction conditions and deposition
conditions. A brief description for both types of reactions is
provided below and a schematic is shown in Figure S1:

(a) One phase synthesis - 20.3 nm particles were prepared
by mixing 0.49 mmol of L-arginine, 4.8 mol of water and 25
mmol of TEOS in a round bottom flask under constant stir-
ring. The mixture was heated at 70° C for 24 hours. These
particles were used as seeds for the synthesis of 69.7 nm
and 122.7 nm particles in a similar one phase reaction.
Briefly, for 122.7 nm particles, 0.27 g of seed solution was
added to 1.2 mol of water, 1.5 mol of ethanol containing 0.5
mol of L-arginine and 25 mmol of TEOS in a round bottom
flask. This solution was heated at 70° C for 24 hours. A sim-
ilar procedure was followed with different concentrations
for the synthesis of 69.7 nm particles as given in Table S1.

(b) Two phase synthesis - For the synthesis of ~22.7 nm
particles, a solution of 3.8 mol of water and 0.52 mmol of L-
arginine was prepared in a round bottom flask and main-
tained with constant stirring. A floating layer of 0.042 mol
cyclohexane was slowly added to the top of this aqueous so-
lution and the reaction mixture was heated to 60° C. Once
the final temperature was reached, 25 mmol of TEOS was
added to the cyclohexane layer slowly and dropwise. The
reaction was allowed to continue for 20 hours. These parti-
cles were used as seeds for the synthesis of 31.1 and 48.8
nm particles. Briefly, for 31.1 nm particles, 20 mL of seed
solution was added to 4 mol of water in a round bottom
flask under constant stirring. A floating layer of 0.09 mol of
cyclohexane was added to the solution and heated to 60° C
before dropwise addition of 32 mmol of TEOS. The reaction
was left undisturbed for 30 hours. 48.8 nm particles were
obtained by increasing the reaction time to 48 hours with
the same reaction mixture.

Vertical deposition for particle assembly —-Nanoparticle
films were prepared using the vertical deposition technique
described by Russell et al88¢, Briefly, silicon wafers (Uni-
versity Wafers) of ~280 pum thickness and <100> orienta-
tion were used as substrates for the colloidal film growth.
The wafers were cut into 3 cm x 1cm pieces and were pre-
treated with piranha solution (3:1 concentrated H2S04: 30%
v/v H202) for 15-20 minutes and rinsed with water before
deposition. [ Note: Piranha solution is corrosive and can re-
act violently with organic substances]

The as-prepared silica nanoparticle solutions were diluted
to 10x (122.7 nm, 69.7 nm and 48.8 nm) and 7.5x (20.3 nm,
22.7 nm and 31.1 nm) for deposition without any further
purification. The Si wafers were immersed in the nanopar-
ticle solution at a 30° angle in open plastic vials as shown in
Figure S2. These vials were left undisturbed for 2 weeks in
a temperature- and humidity-controlled oven. Sizes 20.3,
22.7,31.1, 48.8 and 69.7 nm were deposited at 40 °C with
82% relative humidity (RH). 122.7 nm particles were de-
posited at 45 °C and 75-80% RH. The RH was controlled by
placing an open crystallizing dish containing an appropriate
concentration of NaCl in water in the oven.

The thickness of the films varied between 300 nm - 1.5 mi-
cron depending on the nanoparticle size and the position in
8



the substrate. Figure S3 shows a cross sectional view of
films derived from 20.3 nm and 122.7 nm particles. Smaller
nanoparticle sizes tended to result in thicker films.

Infiltration of germanium into the colloidal crystalline films
and template etching - High Pressure confined Chemical Va-
por Deposition (HPcCVD) was used to fabricate germanium
replicas using a 5 - 10% partial pressure of germane in he-
lium carrier gas with total pressure of 25 - 30 MPa. Tem-
plate films were kept 25 um apart to ensure spatial confine-
ment in the HPcCVD reactor. Germanium was infiltrated
at 325 °C with deposition time ranging from 1 - 3 hours de-
pending on template particle size, germane partial pressure
and total pressure of the system. An overlayer of germa-
nium was formed during infiltration after voids in the tem-
plate were fully filled. The overlayer was removed using
chlorine-based reactive ion etching (RIE). To prepare ger-
manium replicas without the nano-template, the infiltrated
sample was treated with an aqueous 3% HF solution to se-
lectively remove silica, followed by a water and ace-
tone rinse.

Scanning electron microscopy - Silica nanoparticles and
films were imaged using a Zeiss SIGMA VP-FESEM and
Quanta SEM. The particle size analysis was done using Im-
age ] software. 50 nanoparticles were measured to obtain
each size distribution. For smaller sizes, due to lower image
resolution, three particles were measured to obtain the
mean size and standard deviation.

Small Angle X-ray Scattering - Transmission SAXS measure-
ments were performed at Advanced Photon source, Ar-
gonne National Lab (Beamline 12-ID-B). A spot size of 200
x 100 pm? of 14 keV X-rays was used with 1s exposure time
to collect 2D patterns on a Pilatus 2M detector. Several 2D
patterns across different regions on the samples and replica
structures were recorded.

2D patterns were indexed assuming densest layer is parallel
to the substrate. Azimuthal averaging was done to obtain 1D
patterns. Details of close pack structure simulation are in-
cluded in the supplementary information.
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