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Direct Laser Writing of Silica Nanoparticle Nanocomposites:
Probing Mechanical Reinforcement and Understanding
Structural Color from Design Parameters

Amrutha Augustine, Jing Qian, Teodora Faraone, Srikanth Kolagatla,
Nadezda Prochukhan, Michael A. Morris, A. Louise Bradley,* Larisa Florea,*
and Colm Delaney*

Nanocomposite materials have been thoroughly exploited in additive
manufacturing, as a means to alter physical, chemical, and optical properties
of resulting structures. Herein, nanocomposite materials suitable for direct
laser writing (DLW) by two-photon polymerization are presented. These
materials, comprising silica nanoparticles, bring significant added value to the
technology through physical reinforcement and controllable photonic
properties. Incorporation into acrylate photoresists, via a one-step fabrication
process, enables the formation of complex structures with large overhangs.
The inclusion of 150 nm silica nanoparticles in DLW photoresists at high
concentrations, allows for the fabrication of composite microstructures that
show reflected color, a product of the relative contributions from the
quasi-ordering and random scattering. Using common DLW design
parameters, such as slicing distance and structure dimension, a wide gamut
of structural color, in solution, using a set concentration of nanoparticles is
demonstrated. Numerical modeling is employed to predict the reflected
wavelength of the pixel arrays, across the visible spectrum, and this
information is used to encode reflected colors into different pixel arrays.
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1. Introduction

Direct laser writing by two-photon polymer-
ization (DLW-2PP) is a maskless optical
lithographic technique that enables the
fabrication of complex 3D microstruc-
tures with sub 300 nm resolution and
minimal topological constraints.[1,2] Typ-
ically, 2PP is induced by the absorption
of two near-infrared (NIR) photons by
an initiator molecule in a photosensitive
resin. This polymerization is confined at
the focal volume and 3D structures are
fabricated by moving the focal point in
the resin along the designed path. The
desire to create 3D micro and nanos-
tructures has been of great interest in
the fields of microelectromechanical sys-
tems (MEMS),[3] micro/nanofluidics,[4]

photonics,[5] electronics and bioe-
lectronics,[6] microrobotics,[7] and tis-
sue engineering,[8] among others.

The addition of nanofillers to photore-
sists has been demonstrated to bring

added functionality to polymer microstructures produced
via DLW, such as enhanced mechanical,[9] conductive,[10]

magnetic,[11] piezoelectric,[12] and optical properties.[13] Groetsch
et al.[14] reported the reinforcement of microstructures pro-
duced via 2PP in a methacrylate-based photoresist through the
addition of 4.5 wt% of cellulose nanocrystals (CNCs), leading
to a 70% increase in yield stress, 88% increase in compressive
strength and a 100% increase in Young’s modulus compared to
the neat photoresist. Using a similar approach, Xiong et al.[9]

demonstrated a significant improvement in the electrical and
mechanical properties of an acrylate thiol-based photoresist
through the incorporation of multi-walled carbon nanotubes
(MW-CNT). Conductivities of 7.54 and 46.8 S m−1 were obtained
by dispersing MW-CNTs at 0.15 and 0.2 wt% concentrations,
respectively, in the insulating polymer, along with an increase
in Young’s modulus and material hardness. Dadras-Toussi et
al.[15] fabricated 3D organic semiconductor (OS) composite
microstructures where enhanced electrical conductivity of the
polymer by 10 orders of magnitude was observed with an inclu-
sion of 0.5 wt% OS material. These composite microstructures
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were further shown to be biocompatible and demonstrated as
glucose biosensors upon encapsulation of glucose oxidase.[15]

Marino et al.[12] reported the use of 2PP to fabricate structures
suitable for cell culturing using a piezoelectric nanocompos-
ite resist. The resist was composed of commercially available
Ormocomp doped with 10 wt% piezoelectric barium titanate
nanoparticles (BTNPs). Nanocomposite materials have also
been shown to be useful for the modulation of the optical
properties of polymer microstructures fabricated by 2PP. Gua
et al.[16] reported the tuning of the effective refractive index by
the addition of varying concentrations of TiO2 NPs in Ormocer
b59, resulting in a change of the refractive index from 1.554 to
≈1.569 as the concentration of TiO2 was increased from 0 to
3.25 wt%.

The inclusion of nanofillers can also result in desired op-
tical properties in composite materials through structural col-
oration. The generation of structural color results from the inter-
action of light with micro- or nano-structures, where an ordered
arrangement of these structures at the nanometer scale often
plays a substantial role.[17,18] Several examples of 3D nanocom-
posite structures showing structural color have been reported at
both macro and micro-scales. Liao et al.[19] developed a non-close-
packed colloidal photonic crystal (NCPC) ink composed of highly
charged elastic nanoparticles (HENPs). Digital light processing
(DLP) based 3D printing of this NCPC ink, which contained the
thermo-responsive polymer poly(N-isopropylacrylamide) (PNI-
PAM) along with the HENPs, enabled the fabrication of struc-
tures with temperature-responsive structural colors and shapes,
and multicolor patterns featuring tunable structural colors. Hou
et al.[20] fabricated a photonic crystal (PC) microchip by inkjet
printing, which allowed highly sensitive ultra-trace detection
of fluorescence analytes and fluorophore-based assays. The mi-
crochip was composed of a hydrophobic polydimethylsiloxane
(PDMS) substrate containing PC dots composed of assembled
hydrophilic monodispersed poly(styrene-methyl methacrylate-
acrylic acid) spheres. Wei et al.[21] synthesized a multifunctional
nanocomposite ink composed of carbon nanotubes (CNT) and
cellulose nanofibers (CNF) dispersed into hydroxypropyl cellu-
lose (HPC) aqueous solution. The HPC-CNT-CNF components
were self-assembled to form dynamic cholesteric liquid crystal
nanostructures. HPC-CNT-CNF composites were 3D printed via
direct ink writing to fabricate an optical and resistive strain sen-
sor.

Fabrication of structures containing silica (SiO2) nanopar-
ticles (NPs) has been of great interest for the generation of
nanocomposite structures for photonic applications. Bai et al.[22]

reported the synthesis of vapor-responsive colloidal photonic
crystal patterns by inkjet printing of mesoporous silica nanopar-
ticle (MSN) ink with reversible color-shifting properties con-
trolled by the design of the MSNs. Lai et al.[23] fabricated quasi-
amorphous composite films made via UV polymerization of an
ethoxylated trimethylolpropane triacrylate SiO2 NP dispersion.
Uniform structural colors spanning from the UV to the IR re-
gions were observed and confirmed to originate from construc-
tive interference of light from the short-range ordered quasi-
amorphous structures. These resin films were demonstrated for
application as novel optical filters for white light-emitting diodes.
Along with photonic properties, SiO2 NPs have also been applied
in mechanical reinforcement. Arjmandi et al.[24] studied the im-

provements in mechanical properties such as the compressive
modulus and elastic modulus of an interpenetrating polymer net-
work of alginate-polyacrylamide (ALG-PAAm) in which SiO2 NPs
were added. The resultant hydrogel showed an increase in the
elastic modulus of 38.6% with the incorporation of 4% concentra-
tion of SiO2 NPs. This can be attributed to effective stress trans-
fer between the polymer matrix and SiO2 NPs.[25] Additionally,
Luo et al.[26] reported an improvement in the tensile strength
and Young’s modulus of polyurethane films by ≈41% and
47%, respectively, through the incorporation of 1.5 wt% of SiO2
NPs.

To date, the development of two-photon polymerizable silica
nanocomposite photoresists has followed two distinct routes.
The first motivation for investigating this was the generation of
3D printed highly transparent glasses. This approach requires the
dispersion of silica nanoparticles at a high volume percentage
in viscous photoresists containing multiarm acrylate crosslink-
ers. As in bulk glass synthesis, this requires a high-temperature
de-binding step, followed by sintering at >1000 °C. In 2021,
this was achieved by Doualle et al.[27] on the macro scale us-
ing hydrophilic fumed silica nanoparticles with a hydroxyl-ethyl-
methacrylate monomer. Similarly, Kotz et al.[28] used a prototype
resin from Nanoscribe Gmbh to create optical elements on the
micron-to-millimeter scale. Using PEG-functionalized colloidal
silica nanoparticles, Wen et al.[29] optimized the printing process
to achieve resolution below 200 nm, with different polymorphs
controlled by sintering processes. The printed SiO2 structures
permitted doping and co-doping with rare-earth salts showing
strong photoluminescence at desired wavelengths. In all these
cases, DLW was used as a means of fabricating dispersions of sil-
ica nanoparticles into 3D structures for subsequent de-binding
and sintering. In 2022, Liu et al.[17] developed the first means of
achieving an ordered arrangement of SiO2 nanoparticles in dif-
ferent soft polymer matrices. This was made possible through
the use of a sacrificial scaffold-mediated two-photon lithography
strategy using a degradable disulfide monomer. After degrada-
tion in tris-(2-carboxyethyl) phosphine (1 h) and infiltration with
the new monomeric cocktail (24 h), using a 25× objective, a range
of macroscopic structures with micron feature sizes were fabri-
cated. Variation of polychromatic structural colors was achieved
through manipulation of the exposure dose of the laser. In this
work, we report that methods of controlling structural coloration
are not only limited to laser power (LP) and type of precursor,
but can also be varied by changing parameters such as NP con-
centration, slicing distance, and structural dimensions of the mi-
crostructures.

Herein, we present an apt amalgamation of top–down
and bottom–up fabrication strategies by creating photonic mi-
crostructures using DLW via 2PP. SiO2 NPs of varying sizes were
synthesized via the Stöber process and successfully incorporated
into acrylate-based photoresists at varying concentrations, to
form stable dispersions. After the successful fabrication of stable
microstructures, the ability of SiO2 NPs to enhance the mechan-
ical properties of the microstructures was investigated. Further-
more, above a threshold volume fraction of SiO2 NPs, the repul-
sive interparticle forces promote self-assembly. Photopolymeriza-
tion of this nanoparticle photoresist via 2PP allows for the real-
ization of photonic microstructures responsive to changes in im-
mersion solvent due to varying interparticle spacing. Moreover,
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Figure 1. Fabrication of silica nanocomposite microstructures via direct laser writing. a) Photoresist composition showing the acrylate monomers and
the choice of photoinitiator; b) SEM image of SiO2 NP1; c) DLW diagram; d) CAD model of a butterfly structure (150 μm in width and 10 μm in height);
e) Image taken during fabrication by DLW using 65% LP (32.5 mW) at 10 000 μm s−1 writing speed; f) SEM image of the corresponding butterfly structure
post development. The scale bar represents 1 μm in (b) and 20 μm in (f).

by precise engineering of the structural design and modulation of
fabrication parameters, a wide gamut of tunable colors across the
visible spectrum is achieved. The role of the volume fraction, slic-
ing parameter, and pixel dimension in determining the observed
color is elucidated. This added functionality opens up the use of
the SiO2 nanocomposite structures for innovative applications in
displays, anti-counterfeiting, and encryption.

2. Results and Discussion

Silica nanoparticles (SiO2 NP1) were synthesized using the
Stöber process (Table S1, Supporting Information). The Stöber
process involves the base (ammonia) catalyzed hydrolysis of the
silica precursor tetraethyl orthosilicate (TEOS) followed by con-
densation. It is an attractive synthetic route as it allows sufficient
control over the size of the SiO2 NPs by simply varying the reac-
tion parameters such as temperature, pH, and reactant concen-
trations.

The average size/ hydrodynamic diameter and the polydisper-
sity index (PDI) of the nanoparticles were obtained via DLS us-
ing samples dispersed in deionized water at a concentration of
0.1 wt%, as shown in Figure S1a (Supporting Information). An
ammonium hydroxide to TEOS molar ratio of 19:1 gave particles
with a hydrodynamic diameter of 785 ± 185 nm (PDI = 0.15)
(SiO2 NP1) (Figure 1b). Moreover, SEM analysis of the particles
using ImageJ revealed a value of 749 ± 6 nm (n = 55) (Figure S1b,
Supporting Information).

2.1. 2PP Fabrication of Microstructures Using SiO2
Nanocomposite Photoresists

A nanocomposite photoresist (Photoresist 1, Table S2,
Supporting Information) was prepared using SiO2 NP1.
Poly(ethylene glycol) diacrylate (PEGDA700) was selected as
the monomer as it is a biocompatible precursor available at
a range of molecular weights, making it suitable for tunable
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Figure 2. a) Top view of the design used for the fabrication of a daisy-like structure; b, c) SEM of the silica nanocomposite micro-daisy structure and
detail, fabricated at 95% LP (47.5 mW) and 10 000 μm s−1 using Photoresist 1; d) Top view of the chameleon design; the chameleon structure is 55 μm
in width and 5 μm in height; e, f) SEM of the chameleon structure and detail, fabricated at 80% LP (40 mW) and 10 000 μm s−1 using Photoresist 1;
Scale bar represents 10 μm in (b) and (e), and 5 μm in (c) and (f).

mechanical properties[30,31] Furthermore, its hydrophilicity al-
lows analysis of the swelling behavior of the fabricated structure
in aqueous environments.[31b] Moreover, the formation of hy-
drogen bonding between the silanol groups on the silica surface
and the acrylate groups of PEGDA results in the generation of
stable dispersions.[30b,32]

33 vol% of SiO2 NP1 was added to PEGDA700 and a ho-
mogenous dispersion was obtained. Next, the ability to fabri-
cate microstructures of PEGDA700 with incorporated SiO2 NP1
was investigated. Successful fabrication of microstructures is
effectively controlled by laser processing parameters such as
laser power and scan speed. A daisy-like (Figure 2a–c) and a
chameleon microstructure (Figure 2d–f) were chosen to identify
the optimal laser processing parameters for the fabrication. For
these particular designs, high-fidelity, high-resolution structures
of SiO2 NPs nanocomposite were obtained at laser powers rang-
ing from 30 mW (60%) to 50 mW (100%) and a scan speed of
10 000 μm sec−1.

2.2. Mechanical Reinforcement

After confirming that the fabrication of stable microstructures
using the SiO2 NP1-PEGDA700 nanocomposite was possible,
the ability of SiO2 NPs to enhance the mechanical properties of
PEGDA 700 structures was studied.

Structures that demonstrate the presence of mechanical re-
inforcement with ease were designed and fabricated. An ideal
structure of choice to visualize the effect of mechanical rein-
forcement is one that contains a considerable height compo-
nent and overhangs. These structures require sufficient sup-
port to stand upright, and their collapse allows us to qualita-
tively identify if mechanical reinforcement is taking place. There-
fore, blade structures that were 30 μm in height and 150 μm

in diameter in which the individual blades function as over-
hangs were fabricated (Figure 3a–c). For comparison, identical
structures were fabricated using a control photoresist (Pho-
toresist 2, Table S3, Supporting Information) consisting of
only PEGDA700 and the photoinitiator, without any SiO2 NP1
(Figure 3b). SEM images display a collapse of the overhang-
ing blades in the control structures while SiO2 NP1 imparts
superior structural strength in the nanocomposite structures
and prevents the blades from collapsing, under the same ex-
perimental conditions (Table S4, Supporting Information). Ad-
ditionally, bridge structures were chosen to be fabricated due to
the ease with which the presence of mechanical reinforcement
can be identified by their collapse. A bridge fabricated with a
base of 10 × 10 × 20 μm (l × w × h) and a deck of 70 ×
10 × 5 μm (l × w × h) (Figure 3d–f) demonstrates the im-
provement in structural integrity of the fabricated nanocompos-
ite structures compared to a bridge with the same dimensions
fabricated with the control photoresist. Moreover, similar me-
chanical reinforcement could be visualized in the case of other
bridge designs (Table S5, Supporting Information) with vary-
ing lengths of deck (Bridge 1 = 60 μm, Bridge 2 = 70 μm,
Bridge 3 = 80 μm), fabricated at laser powers ranging from
LP 60% (30 mW) to LP 100% (50 mW) with a scan speed of
10 000 μm s−1.

Generally, it was established that the collapse of the bridges
in which silica nanoparticles were incorporated was suppressed
at a lower laser power than the control bridges. Self-supporting
structures were obtained in Bridge 1 design at LP 75% (37.5 mW)
in photoresist 1, while in photoresist 2, the bridges could
only support themselves when LP 80% (40 mW) or higher
is utilized. In the case of the Bridge 2 design, self-standing
structures were realized at LP 75% (37.5 mW) for photore-
sist 1 while control structures required a minimum of LP
85% (42.5 mW). Furthermore, Bridge 3 structures typically
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Figure 3. a) Top view of CAD model used for the fabrication of a circular blade structure of 150 μm in diameter and 30 μm in height; b) SEM of the
circular blade microstructure fabricated in control Photoresist 2, c) and the silica nanocomposite circular blade structure fabricated using Photoresist
1, where both structures were fabricated at 90% LP (45 mW) and 10 000 μm s−1; d) Top view of CAD design used for the fabrication of bridge structures
with bases of 10 × 10 × 20 μm (l × w × h) and a deck of 70 × 10 × 5 μm (l × w × h); e) SEM of a bridge microstructure fabricated in control
Photoresist 2, and f) the silica nanocomposite bridge structure fabricated using Photoresist 1, where both structures were fabricated at 80% LP (40 mW)
and 10 000 μm s−1; Scale bar represents 10 μm.

showed stable bridges at LP 85% (42.5 mW) in photoresist 1
while control structures required LP 90% (45 mW) to main-
tain themselves. However, for the longest bridges, with a length
of 90 μm, no considerable difference was observed between
bridge structures fabricated in photoresist 1 and the control
photoresist. In all cases, both the control and the nanocom-
posite structures were fabricated using identical conditions and
laser parameters.

To achieve quantitative data on the mechanical properties,
cuboid structures (15 × 15 × 3 μm = l × w × h) were fab-
ricated in Photoresist 1 containing the SiO2 NP1 and con-
trol Photoresist 2 (Figure S2, Supporting Information). Young’s
modulus of the cuboids was measured in the dry state via
AFM. Young’s modulus of the control micro-cuboid structures
was calculated to be between 104.89 and 148.20 MPa (Figure
S2, Supporting Information). These values are in agreement
with values obtained for previous work for structures fabricated
with PEGDA700 as monomer and of 2,7-bis(2-(4-pentaneoxy-
phenyl)-vinyl)-anthraquinone as photoinitiator along with 2-
benzyl2-(dimethylamino)−4-morpholinobutyrophenone as pho-
tosensitizer by Gou et al.[33] A dramatic increase in Young’s
modulus was observed for the polymer nanocomposite mi-
crostructures fabricated with Photoresist 1 with values in the
GPa range, spanning from 1.03 to 5.84 GPa (Figure S2, Sup-
porting Information). This is similar to results previously re-
ported in literature obtained by Gojzewski et al.[34] who reported
Young’s modulus values of 1.233 ± 0.625 GPa for UV polymer-
ized PEGDA/nanosilica composite films with 20 wt% of SiO2
NPs. This indicates that the mechanical reinforcement demon-
strated at the macroscale can be successfully translated to the mi-
croscale.

2.3. Structural Color

Above a threshold volume fraction (Equation (1)),at which the
solvation layers overlap, interparticle repulsion due to disjoining
pressure drives the formation of spontaneous non-close-packed
structures that obey the Bragg condition and result in structural
coloration.[32,35] By initiating self-assembly of SiO2 NPs, upon ex-
ceeding the threshold volume fraction, ϕth, followed by entrap-
ment of these assembled SiO2 NPs in a polymer matrix via
DLW-2PP, we can create photonic microstructures. In contrast
to mechanical reinforcement studies, the fluorescent photoinitia-
tor DEATC was exchanged for phenylbis(2,4,6-trimethylbenzoyl)
phosphine oxide (PBPO) to ensure the observation of structural
color. Furthermore, the size of the SiO2 NPs utilized was reduced
to 150 nm (SiO2 NP2) to obtain interparticle distances (defined as
the average distance between the center of two neighboring NPs)
in the order of wavelengths in the visible spectrum. Considering
a FCC lattice with 4 nanoparticles per unit cell, the volume frac-
tion, ϕ, can be expressed as

𝜙 =
Vsphere

Vcell
=

4 × 4
3
𝜋

(
dSiO2

2

)3

a3
=

𝜋d3
SiO2

3
√

2D3
(1)

where dSiO2 = 150 nm is the average diameter of the non-porous
SiO2 NPs ((SiO2 NP2), from Sigma Aldrich (see Figure S4,
Supporting Information). The threshold volume fraction 𝜙th =

𝜋d3
SiO2

3
√

2(dSiO2
+73)3

is calculated to be 22.5% in this case.[32] In the gen-

eral expression, a is the lattice constant of FCC structure and√
2

2
a = D, D represents the center to center distance between two
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nearest nanopartices in a FCC (111) plane. According to Equa-
tion (1), D can be expressed in terms of the volume fraction, ϕ,

such that D = dSiO2
( 3

√
2𝜙
𝜋

)
−1
3

. Furthermore, in a FCC lattice, D
can also be expressed in terms of the separation between layers,
for example d111 (distance between (111) planes):

D =
√

6
2

d111 (2)

Therefore, d111 can be deduced by Equations (1) and (2):

d111 =

(
𝜋

3
√

2𝜙

) 1
3

×

√
6dSiO2

3
(3)

Previous studies have shown that colloidal silica NPs can self-
assemble into photonic structures, including in the presence
of elastomers to form 3D photonic films.[32] This type of 3D
photonic film exhibits a change in structural color by applying
stretching, compression, or by changing the ambient temper-
ature. Previous SEM and TEM analyses have shown that face-
centered cubic (FCC) crystallization with (111) plane stacking in
the z direction is formed during the self-assembly process.[36]

Structural color in reflection with light normally incident on
a well-ordered structure can be predicted by the Bragg–Snell law
combined with the Maxwell–Garnett approximation below.

𝜆max = 2dint

√
𝜂2

eff − sin2
𝛼 (4)

where 𝛼 is the angle of incident light (𝛼 = 0 in normal reflection),
dint is the interlayer spacing and 𝜂eff is the effective refractive in-
dex. This can be expressed as:

𝜆max = 2d111 𝜂eff =

(
𝜋

3
√

2𝜙

) 1
3

×
2
√

6dSiO2

3
𝜂eff (5)

where

𝜂2
eff = 𝜂2

polymer

⎡⎢⎢⎢⎣1 −
3𝜙

(
𝜂2

polymer − 𝜂2
silica

)
2𝜂2

polymer + 𝜂2
silica + 𝜙

(
𝜂2

polymer − 𝜂2
silica

)⎤⎥⎥⎥⎦ (6)

d111 is the distance between two neighboring FCC (111) planes
and ϕ the volume fraction of SiO2 NP2 as discussed above.[36]

For comparison, photoresists of four different volume fractions
were formulated (ϕ = 20%, 25%, 33%, 40%) (Tables S6–S9, pho-
toresists 3–6, respectively, Supporting Information).

To determine the effective refractive index, swelling of the
polymer was taken into account. Measurement of the swelling
was carried out using AFM. Samples using Photoresist 5 (based
on PEGDA700) revealed a percentage increase in height after
swelling of ≈7% in IPA, 10% in EtOH, and 25% in DI water
(Figure S3, Supporting Information). This percentage increase in
swelling showed only small fluctuations across the range of laser
powers and slicing distances employed in this study (Figures S3
and S4, Supporting Information). 𝜂eff is the effective refractive in-
dex of polymer expanding 7% and incorporating ϕ volume frac-

tion of SiO2 NP2, 𝜂silica is the refractive index of the silica nanopar-
ticles (1.45),[32] 𝜂polymer is the refractive index of the polymers PEG-
PEA (1.502),[32] and PEGDA (1.51).[37] The calculated effective re-
fractive indices for the SiO2 NP2 in polymer using Equation (6),
with or without expansion, are listed in Table S11 (Supporting
Information). For the expanded case the increased values of d111
are used to determine the volume fraction of SiO2 NP2 in the
expanded polymer and the corresponding 𝜂eff is calculated using
Equation (6). A decrease in the 𝜂eff can be observed with increas-
ing volume fraction of silica NPs. d111 for ideal FCC (111) struc-
tures with ϕ = 20, 25, 33, and 40% are listed in Table S12 (Sup-
porting Information), showing a decrease with increasing silica
NP volume concentration. The reflection peaks calculated accord-
ing to Equation (3) are also shown in Table S12 (Supporting In-
formation). A clear blueshift of the calculated reflection peak can
be seen with increasing silica NP volume fraction. Structures for
which ϕ = 20%, 25%, 33%, and 40% were fabricated and charac-
terized using SEM and optical microscopy.

The SEM analysis of microfabricated cuboid structures cleaved
from the glass substrate indicates the absence of long-range or-
der (Figure S4, Supporting information). The disruption of long-
range order can be attributed to the polydispersity of the SiO2
NP2. It has been previously confirmed that the presence of poly-
disperse nanoparticles in a polymer matrix results in the for-
mation of a quasi-ordered arrangement containing short-range
order but lacking long-range order.[23,36,38] Even though crystal-
lization is suppressed due to polydispersity of SiO2 NP2 in the
photoresist, interparticle repulsion between the SiO2 NP2 creates
short-range ordering and therefore, the structure is not simply
amorphous, but quasi-ordered. The arrangement is influenced
by two parameters, namely size contrast and mixing ratio.[39] DLS
measurements, resulting in a PDI of 0.089, and SEM images are
indicative of this polydispersity present in the SiO2 NP2 sample
utilized for the preparation of photonic microstructures (Figures
S5 and S6, Supporting information). It has been previously re-
ported that a PDI below 0.05 results in the formation of peri-
odic structures, whilst quasi-amorphous structures are formed
when the PDI of the nanoparticles is above 0.05.[23] Therefore,
the structural color in these microfabricated structures contain-
ing quasi-ordered SiO2 NP2 likely results from a combination of
Bragg diffraction of visible light resulting in the production of a
photonic band gap (PBG) arising from regions in which the SiO2
NP2 are ordered and Mie scattering emerging from regions in
which the SiO2 NP2 are present in a disordered manner.[38] A
periodic variation in the refractive index results in the formation
of a PBG in the ordered regions. Jin et al.[40] demonstrated, us-
ing multiple-scattering theory, that a PBG exists in quasi-ordered
structures. The presence of short-range order results in the for-
mation of the first band gap while long-range order is necessary
for the creation of higher band gaps.

Darkfield scattering is used to measure the optical properties
of the structures and to reveal the structural colors that are weaker
than the surface reflectance in brightfield mode. In air, the bright-
field reflectance spectra are dominated by the interface reflection
and the darkfield by the edge scattering, with typical examples
shown in Figure S7 (Supporting Information). Microstructures
of dimensions 10 μm × 10 μm × 60 μm (l × w × h) were fabricated
at all four volume fractions (Figure 4a). The effect of SiO2 NP con-
centration on the structural color was investigated, as shown in
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Figure 4. Darkfield scattering spectra obtained from cuboid samples immersed in IPA fabricated with variation in a) SiO2 NP2 concentration(while
LP and SL are kept constant at LP = 45 mW, SL = 0.1 μm), b) slicing distance (μm)(while LP and SiO2 NP2 concentration is kept constant at LP =
45 mW and SiO2 NP2 at 33 vol%) and c) XY dimensions (while LP and SL were kept constant at LP = 45 mW, SL = 0.1 μm and SiO2 NP2 at 33
vol%). d-f) the corresponding dark field optical microscopy images. All images and experimental spectra were taken using a 20X objective (NA = 0.4).
g) Schematic diagram shows the FCC (111) crystalline structure. FDTD simulation results of scattering cross-section of FCC (111) in h) different silica
NP concentrations (20, 25, 33, and 40 vol%) and i) different (111) plane distance z. The design dimensions of the cuboid microstructures are d) 10 μm
× 10 μm × 60 μm; e) 30 μm × 30 μm × 60 μm; f) 10 μm × 10 μm × 60 μm, 30 μm × 30 μm × 60 μm and 60 μm × 60 μm × 60 μm (left to right).

Figure 4. As the SiO2 NP concentration increases there is a clear
blue shift of the peak of the darkfield scattering spectrum. Peak
wavelengths of 666, 618, 533, and 486 nm were obtained for ϕ
= 20, 25, 33, and 40%, respectively, with a total shift of 180 nm
from ϕ = 20% to 40%.

A comparison of the experimental peak wavelengths with
those expected from Equation (5) is given in Table S12 (Support-
ing Information). The blue shift with increasing SiO2 NP con-
centrations in Figure 4a shows the same trend as predicted from
the Bragg–Snell’s description, and arises due to the decreasing
distances between neighboring particles and FCC (111) planes.
However, it must be noted that the Bragg–Snell description is for
reflection under normal incident light. In this work, the measure-
ments have been taken in darkfield mode with an objective of NA
= 0.4, unless otherwise specified. To explore further the origin of
the observed color and assumption of an FCC (111) structure, the
scattering from an ideal—FCC (111) non-closed-packed structure
(Figure 4g) was numerically calculated using a commercial finite
difference time domain simulation (FDTD) tool, Lumerical. Fur-
ther details are provided in Figure S8a (Supporting Information)

and a scattering spectrum for a single SiO2 NP in the hydrogel
host medium is also shown in Figure S8b (Supporting Informa-
tion) for reference. Figure 4h shows the scattering cross-section
spectra for the different SiO2 NP concentrations. The trends of
the experimental spectra are well reproduced by the numerically
simulated spectra, and the peak wavelengths are given in Table
S12 (Supporting Information). The discrepancy between the peak
wavelengths from the experimental spectra and the simulated
scattering spectra decreases with increasing volume fraction and
they are in agreement at the highest volume fraction. This can be
attributed to a higher level of order in the case of a high SiO2 NP
concentration, which is closest to the perfect FCC structure of the
simulation. The lowest volume fraction investigated, ϕ = 20%, is
below the threshold volume fraction and shows the largest dis-
crepancy and the broadest spectrum.

The process of DLW-2PP, where structures are fabricated in
a voxel-by-voxel manner, allows for control over the spacing be-
tween the layers in the z direction commonly referred to as the
slicing distance (SL). This in turn allows for the precise vari-
ation of the interparticle distance in the z direction. For this

Small 2024, 20, 2310058 © 2024 The Authors. Small published by Wiley-VCH GmbH2310058 (7 of 12)
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Figure 5. The control of slicing distance in DLW allows for fine-tuning of the resulting z distance between neighboring particles, and therefore the
optical properties of the resulting microstructures. a) Diagram showing that large slicing distance results in increased collapse of the nanoparticles
and therefore a smaller z interparticle distance post-development; In contrary, a small slicing distance (comparable to the nanoparticle size) locks the
material in place during polymerization and only small particle collapse can occur. FIB slice of microstructures post development fabricated using
b) 0.1 μm and c) 1 μm slicing distance, respectively. The scale bar represents 200 nm. Yellow denotes the unpolymerized photoresist, while orange
denotes the polymer network after polymerization and development.

purpose, microstructures were fabricated with dimensions of
30 μm × 30 μm × 60 μm (l × w × h) (Figure 4b) with z slic-
ing distance of 0.1, 0.3, 0.5, 0.7, and 1 μm. Using this approach,
all colors spanning the visible region were obtained, and a blue
shift was observed as the slicing distance was increased. Peak
wavelengths of 568, 497, 479, 472, and 452 nm were obtained
for a slicing distance of 0.1, 0.3, 0.5, 0.7, and 1 μm, respec-
tively, with a total shift of 116 nm when the slicing distance
was increased from 0.1 μm to 1 μm (Figure 4b). Ordinarily, a
red shift might be predicted, where the increase in slicing dis-
tance might be expected to produce a larger interplanar distance
in the z direction, as described by Equation (2) and shown in
Figure 4i. However, during the development process, solvent
washing for the removal of the unpolymerized resin causes a
collapse of the layers within the structure (Figure 5). A big-
ger collapse was experienced by structures with a larger slicing
distance resulting in a smaller interlayer distance in the z direc-
tion, as a larger volume of unpolymerized material was present
between the layers and removed during development (Figure 5a).
This has been previously observed in the case of 2PP fabricated
microstructures containing cholesteric reactive mesogens, where
controlling the extent of structural shrinkage that occurred dur-
ing development was utilized to vary the effective pitch and thus
tune the photonic band gap.[36] When a large slicing distance was
used, this caused a large fraction of unpolymerized material to
be removed, resulting in enhanced shrinkage of the structure. To
further prove this phenomenon in the case of the silica nanocom-
posite structures presented herein, focused ion beam (FIB) sec-
tioning was used for microstructures fabricated using different
slicing distances of 0.1 μm and 1 μm, respectively. As can be seen

from Figure 5b,c, a larger slicing distance does result in a mi-
crostructure with a considerably smaller interparticle z distance,
which in turn translates into a blue shift of the color with increas-
ing slicing distance. These trends are confirmed by the FDTD
simulation scattering spectra, shown in Figure 4i, which show
the blue shift and spectral narrowing of the scattering peak as
the interparticle separation is reduced.

Finally, the relative contributions from the quasi-ordering
compared with the random scattering in different directions
within the structures were modulated by varying the dimensions
of the structures. For this purpose, the height of the structures
was maintained constant at 60 μm while the x and y dimensions
of the cuboid structures were varied (x = y = 10, 30, 60, and
90 μm, respectively). A red spectral shift was observed as the x
and y dimensions were increased as shown in Figure 4c. Peak
wavelengths of 533, 569, and 676 nm were obtained for cubes of
10 μm × 10 μm × 60 μm, 30 μm × 30 μm × 60 μm, and 60 μm
× 60 μm × 60 μm (x × y × z), respectively, with a total shift of
143 nm between the smallest and largest structures used in this
study. A saturation is reached at x and y dimensions of 60 μm and
irrespective of the size, the structural color remains red. This is
explored further using the FDTD numerical calculations of the
scattering cross-section spectra from the side of the cubes com-
pared with the top of the cube, shown in Figure S9 (Supporting
Information). The spectra taken from the side of the cube are very
broad with a peak in the blue, whereas the scattering from the
top is red-shifted and narrower as expected for Bragg diffraction.
Therefore, when the scattering from the four sides of the cube
dominates the total collected scattered light, the observed color is
dominated by bluer components. The light from the top surface

Small 2024, 20, 2310058 © 2024 The Authors. Small published by Wiley-VCH GmbH2310058 (8 of 12)
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Figure 6. Darkfield scattering spectra obtained from cuboid samples immersed in IPA fabricated with variation in a) slicing distance (LP: 30 mW, SiO2
NP2 at 33 vol%) and b) XY dimensions (LP: 30 mW, SL: 0.3S, SiO2 NP2 at 33 vol%), the corresponding dark field optical microscopy images c, d). The
design dimensions of the cuboid microstructures are c) 30 × 30 × 60 μm; d) 10 × 10 × 60, 30 × 30 × 60, 60 × 60 × 60, and 90 × 90 × 60 μm
(left to right). e) Dark field optical microscopy image showing the TCD structure fabricated using different slicing distances; Letter T has 0.1 μm slicing,
C has 0.3 μm slicing and D has 1 μm slicing; The corresponding dark-field scattering spectra are shown in (f). All of the images and spectra were taken
with 20× objective (NA = 0.4).

makes a larger contribution to the collected scattered light as the
x and y dimensions are increased.

Further structural color analysis was carried out by replacing
PEGDA700 with PEGPEA (Table S10, Photoresist 7, Supporting
Information). The “TCD” pattern based on the PEGPEA photore-
sist is shown in Figure 6, with the corresponding experimental
scattering spectra. The same dependencies on the slicing and
structure dimensions are observed, and it is shown how these
can be exploited to print color patterns using cuboids of varying
dimensions. The scattered colors appear more brilliant using the
PEGPEA photoresist which may indicate a higher level of quasi-
order. This could be attributed to the dense solvation layer formed
upon hydrogen bonding with the surface hydroxyl groups, which
has been shown to result in efficient self-assembly.[41]

3. Conclusion

We have successfully fabricated 3D microstructures us-
ing acrylate-based photoresists incorporating silica nanoparticles
at a range of concentrations using two-photon lithography. First,
silica nanoparticles (SiO2 NP1) were proven to successfully

mechanically reinforce the microstructures compared to the
neat photoresist under the same experimental conditions. This
reinforced material has potential applications in multimaterial
fabrication for soft actuators where it can be utilized to form
rigid regions to support softer materials.

Furthermore, the presence of silica nanoparticles (SiO2 NP2)
above a threshold concentration imparted structural coloration
to the fabricated microstructures. By precise engineering of the
structural design and modulation of fabrication parameters, a
wide gamut of tunable colors from the blue to the red spectral
regions was achieved. Moreover, the underlying mechanism for
color generation and its dependence on the volume fraction, slic-
ing, and pixel dimensions has been explained. A full understand-
ing of color generation opens a route to innovative applications
in displays, anti-counterfeiting, and encryption.

4. Experimental Section
Materials and Photoresist Preparation: Silica nanoparticles (SiO2 NP2,

non-porous, 150 nm), poly(ethylene glycol) diacrylate (PEGDA Mn ≅

700 g mol−1), poly(ethylene glycol) phenyl ether acrylate (PEGPEA Mn ≅

Small 2024, 20, 2310058 © 2024 The Authors. Small published by Wiley-VCH GmbH2310058 (9 of 12)
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324 g mol−1), pentaerythritol triacrylate, tween 80, ammonium hydrox-
ide (28–30%, ACS grade), tetraethyl orthosilicate (98%, reagent grade)
and 3-(trimethoxysilyl) propyl methacrylate were obtained from Sigma–
Aldrich, Ireland, and used as received. Phenylbis(2,4,6-trimethylbenzoyl)
phosphine oxide (PBPO) was obtained from TCI, Japan. 7-Diethylamino-
3-thenoylcoumarin (DEATC) was obtained from Alphachemical, USA. All
solvents used, including methanol, ethanol, acetone, isopropyl alcohol
(IPA), and propylene glycol methyl ether acetate (PGMEA) were high-
performance liquid chromatography grade (HPLC) purchased in anhy-
drous form, from Sigma–Aldrich and used without further purification.

SiO2 NP1 (d = 720 ± 60 nm) was synthesized via the Stöber process.
In a round-bottomed flask, ethanol (50 mL) and ammonium hydroxide
(10 mL) were heated to 25 °C with magnetic stirring at 150 rpm for 15 min.
A solution of TEOS (3 mL) in ethanol (10 mL) was added dropwise to the
stirring ammonium hydroxide/ethanol solution using a syringe pump at a
rate of 1 mL min−1. The solution was left to react at 25 °C for 24 h. A visible
color change from transparent to milky white was observed. The nanopar-
ticles were isolated through repeated centrifuging (universal 320 Hettich
Zentrifugen), 12 000 rpm for 15 min. They were washed with deionized
water, isolated via further centrifuging at 12 000 rpm for 15 min, and dried
in the oven (60 °C, 2 h).

Photoresist Preparation: Silica nanocomposite photoresists using two
different size SiO2 NP were prepared. SiO2 NP1 33 vol% to PEGDA (Table
S2) and SiO2 NP2 (20, 25, 33 and 40 vol% to PEGDA, as detailed in Tables
S6–S9). PBPO (1.94 mol% to PEGDA) or DEATC (1.05 mol% to PEGDA)
were used as photoinitiators. Furthermore, the PEGDA monomer was re-
placed by PEGPEA to which SiO2 NP2 (33 vol% to PEGPEA, Table S11,
Supporting Information) pentaerithritol triacrylate (32.5 mol% to PEG-
PEA) and PBPO (3.55 mol%) were added.

Direct laser writing: 3D microstructures were fabricated via two-
photon polymerization using the commercial lithography system, Nano-
scribe GT Photonic Professional system (Nanoscribe GmbH), operating at
780 nm. All structures were fabricated on high-precision glass substrates
(No 1.5H of 170 ± 5 μm thickness, Thermo-Fisher) in the oil immersion
configuration using a 63× immersion objective (Zeiss, Plan Apochromat).
Prior to fabrication, the glass substrates were washed with the following
solvents in order of increasing polarity, acetone, IPA, ethanol, methanol,
and deionized water. The slides were dried with N2 and placed in a UV
Ozone cleaner (Osssila, United Kingdom) for 20 min followed by immer-
sion in a solution containing 3 vol% 3-(trimethoxysilyl) propyl methacry-
late, and 0.1 vol% acetic acid in ethanol. The slides were then dried in
the oven. A drop of the unpolymerized photoresist was placed in the cen-
ter of the glass coverslip, while a drop of oil (Zeiss Immersol 518F) was
placed in the center of the glass substrate on the opposite side. The struc-
ture stl. file was imported into DeScribe 2.4.4 software. After fabrication,
the unpolymerized resist was removed by rinsing the slide with PGMEA,
followed by a mixture of 5 wt% tween 80 in ethanol and IPA. All solvents
were heated to 60 °C.

3D design: Several of the 3D structures used in this work were de-
signed using Blender software and adapted as needed in DeScribe soft-
ware. These include the bridge structures (10 × 10 × 20 μm (l × w ×
h) and a deck of 10 × 5 μm (w × h) with lengths of 60 μm (bridge 1),
70 μm (bridge 2), 80 μm (bridge 3) and 90 μm (bridge 4)); and arrays of
cubes (10 × 10 × 60, 30 × 30 × 60, 60 × 60 × 60, and 90 × 90 × 60 μm
(x × y × z)).The butterfly, blades, chameleon, and TCD letter structures
were adapted from files licensed under the Attribution-NonCommercial
4.0 International (CC BY-NC 4.0 DEED) license and available for down-
load under the links below

Blades: https://www.thingiverse.com/thing:2757443
Butterfly: https://www.thingiverse.com/thing:816098
TCD letters: https://www.thingiverse.com/thing:299169
SEM Imaging and Analysis: Scanning electron microscopy of 2PP-

fabricated microstructures was carried out using a Zeiss ULTRA plus scan-
ning electron microscope. An accelerating voltage of 5 kV was used under
the SE2 mode to acquire all images. Prior to SEM imaging, the structures
were coated with a 10 nm Au/Pd layer using a Cressington sputter coater
208HR. A 57 × 0.1 mm Au/Pd target (TED PELLA INC.) was used to coat
the structures under an inert atmosphere of argon for 15 s. The SiO2 NP1s

particle diameter was measured from top–down SEM images using the
particle analysis function on ImageJ. A minimum of 26 diameter measure-
ments were obtained per SiO2 NP1s synthesis to ensure a representative
sample of the particles.

Dynamic Light Scattering (DLS) Analysis: DLS measurements were
performed on Malvern Zetasizer Nano ZS, using a 633 nm HeNe laser.
Samples were prepared by dispersing SiO2 NP1 in deionized water
(0.01 wt%). Samples were tested in quartz cuvettes with a path length
of 1 cm. The machine was operated in a backscatter mode at an angle of
173°. Samples were equilibrated for 120 s at 25 °C prior to measurement.
Parameters at 25 °C of media refractive index n = 1.334, media viscosity
of 0.890 cP, and sample refractive index n = 1.45[32] were assumed in the
measurement.

AFM Imaging and Analysis: Atomic force microscopy (AFM) both in
air and liquid medium was performed using MFP-3D (Asylum Research).
In liquid mediums such as IPA, ethanol, and Milli-Q water, measurements
were performed using a fluid cell setup from Asylum systems. In this, the
cell was filled with 1 mL of the respective solvent. The topography mea-
surements were done using an AFM probe (Electrical all-in-one, Budget-
Sensors, Bulgaria) with four different platinum-coated AFM cantilevers on
a single AFM holder chip in which cantilever D with tip radius <25 nm,
resonant frequency of ≈350 kHz, and a spring constant of 40 N m−1 was
used. AFM images were obtained using contact mode with 256 lines per
scan direction and with a scan rate of 0.4 Hz and scan angle of 90°. The
AFM height images were processed using Gwyddion AFM software (ver-
sion 2.6).

FIB Imaging and Analysis: The samples were mounted on a stub with
carbon tape. The samples were Au/Pd coated prior to milling. FIB-SEM
(Zeiss AURIGA) was conducted at a tilt angle of 54° using a 5 mm working
distance (eucentric point). FIB milling was performed at 30 kV and 240 pA.
Subsequently, SEM images of the cross-sections were collected using a
30 μm aperture and an accelerating voltage of 5 kV.

Darkfield Measurements: The 20× objective lens (NA = 0.4, Olym-
pus LMPlan FL N) combined with ane Olympus BX53 microscope
was used to take the darkfield measurements. The images and spec-
tra were taken using a CCD camera and an Andor 230i spectrome-
ter, respectively. The normalized scattering spectra were obtained using
(SSsample−SSbg)/(SSdiffuser−SSbg) where SSsample is the scattering spec-
trum measured from the sample, SSbg is the background spectrum from
the ambient environment and SSdiffuser is the reference spectrum mea-
sured using a glass cell filled with solvents placed on a ceramic diffuser.

Numerical Simulations: The Lumerical software, FDTD solver (finite
difference time domain) was used to calculate the cross-section scatter-
ing of the 3D photonic crystals. The model FCC lattice of silica nanopar-
ticles with (111) plane in the z direction was built as shown in Figure S8
(Supporting Information). The commercial silica nanoparticles (refractive
index of “SiO2 (Glass) – Palk” in refractive index database in FDTD) with a
diameter of 150 nm were used in the models. The TFSF source surrounded
the lattice structure. Six monitors were placed outside the light source to
capture the signal. The total power signal from five monitors (except the
one in the transmission position) was divided by light intensity to nor-
malize the scattering of the cross-section. The refractive index of PEG-
PEA (1.502)[32] and PEGDA (1.51),[37] as well as the refractive index of
isopropanol (1.3772),[42] were used to calculate the ambient effective re-
fractive index according to Maxwell–Garnett approximation. The structure
model was meshed with 5 nm resolution in three directions. PML bound-
ary conditions were set in the x, y, and z directions.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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