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Facile, non-destructive characterization of 2d
photonic crystals using UV-vis-spectroscopy†‡

V. Schöps, ab B. Lenyk, ab T. Huhn, c J. Boneberg,a E. Scheer, a

A. Offenhäusser b and D. Mayer *b

We present a simple and non-destructive method for characterizing and quantifying the quality of

two-dimensional (2D) close-packed arrays of submicron dielectric spheres. Utilizing radiative losses of

photonic modes created by the 2D crystals into dielectric substrates we are able to monitor the quality

of the particle monolayer during assembly and the size evolution of the individual particles during dry

etching. Using an advanced interfacial assembly technique we prepare particle monolayers on glass and

characterize the spectral behaviour of the radiative loss regarding different lattice constants, dielectric

substrates and layer qualities. The effect of diameter reduction during dry etching is analysed and a

simple model is proposed, which enables non-destructive, on spot characterization of the particle layer

with sub-20 nm resolution using UV-vis spectroscopy.

Introduction

Colloidal lithography (CL) is a versatile bottom up lithography
technique, which is based on the self-assembly of spherical
particles on interfaces.1–6 It is utilized for various applications
ranging from plasmonic biosensing7,8 to photovoltaics9–11 due
to its straightforward and hands-on structuring capabilities.
Although the structure geometries are limited, CL has gained
considerable interest in the research community, due to its
potential to nanopattern material surfaces on wafer scale in a
facile and fast bench top process without the involvement of
expensive clean room techniques like e-beam or nano-imprint
lithography.12 Furthermore, expanding standard cleanroom
techniques, CL can be used to structure non-flat and flexible
substrates13 like polydimethylsiloxane (PDMS), polyimide, or
Teflon.14

Most structuring approaches focus on establishing ordered
layers of colloids, which are subsequently used as shadowmasks for
e.g., epitactic growth, material deposition, or dry etching. The vast
majority of colloids are composed of dielectric materials, such as
silica or polymer and can be synthesized in a high size fidelity,
ranging from several nm up to microspheres in the mm range.

During drying these dispersions form closed packed layers
of 3D or 2D colloidal crystals, contingent on concentration and
surface interactions. The dielectric beads can be deposited
onto surfaces using various methods such as drop casting,15,16

spin coating,17 or interfacial assembly,18–21 depending on the
intended application and substrate composition.

However, despite the facile and straightforward nature of this
nanolithography technique, the characterization and monitoring
of the fabricated patterns is more involved. Common light
microscopy lacks the capability to portray individual nano-
objects due to the diffraction limit. Atomic Force Microscopy
could offer detailed information about the distribution of the
particles in the colloidal layer but usually scans only small areas
and is very time consuming, which contradicts the underlying
convenience of the CL approach in principle. Scanning
Electron Microscopy (SEM) is a fast and very accurate method
to characterize colloidal layers, yet it requires a conduction
layer in order to permit high-resolution imaging. However, the
deposition of a conducting layer hampers processing of the
colloidal layer, ultimately limiting further functionality.

UV-Vis spectroscopy is an alternative method, which can be
used to depict the complex interaction of an ordered colloidal
monolayer and light. There have been efforts to describe the
extinction of light through colloidal layers using regular scattering
approximation, whereas the utilized fundamental equations often
fail to describe the complex behavior of the crystalline structure of
the beads’ lattice.20 Simulations of the colloidal layers on the other
hand can offer precise information of the involved light matter
interaction.22–24

Here we present a new, facile, and non-destructive method
to investigate and characterize colloidal monolayers of dielectric
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spheres using UV-vis spectroscopy. We propose to use the spectro-
scopic properties of radiative losses to evaluate the layer crystallinity
and additionally monitor the colloids size during plasma etching.
This permits a non-destructive on spot characterization of the
nanoscale properties of the colloidal layer in transmission
geometry.

Methods

2D photonic crystals were fabricated by a spin coating assisted
self-ordering process or by an interfacial assembly approach.
Spin coat assembly was carried out by polystyrene (PS) beads of
520 nm or 720 nm diameters with high carboxyl-functionalization
purchased from Polyscience (Polysciences, Inc., Warrington USA).
380 nm beads exhibiting a very low surface charge from Banglabs
(Bangs Laboratories, Inc., Fishers, USA) were used for the interface
assembly.

The spin coating assisted monolayers were fabricated by
drop casting the particles dispersion onto a hydrophilized
substrate, initializing a self-spreading of the solution on the
surface. As soon as a homogeneous coverage is achieved, a
short spin step removes spare solution from the sample. During
the successive drying process, the high surface charge of the

carboxylic particles repels the particles from the hydrophilic
surface and allows the particles to move short distances over
the surface resulting in the formation of a hexagonal closed
packed (hcp) lattice of beads. By carefully tuning the particle
concentration in the dispersion, a monolayer of beads can be
achieved. For interface assembly, a method describe by Vogel
et al. was adopted.16 In short, a hydrophilic glass slide is inserted
into a water–air interface in a slight angle and the diluted particle
solution is drop cast onto the glass slide. Upon contact with the
water phase, the particles spread onto the interface where they
can form floats of a closed packed lattice, free from influences of
gravitational settling or a drying suspension. The monolayer is
subsequently picked up by the previously immersed substrate, by
slowly pumping out the water phase. Removing the water phase
slowly generally yields a more gentle deposition and less
disruption of the bead lattice compared to a manual lifting of
the substrate through the interface.

To ensure a completely closed layer of colloids in the inter-
face, typically a Langmuir–Blodgett trough is used. To simplify
the compression process we employ a polyethylene (PE) funnel,
which is immersed in the water phase. The reduction of the water
level is therefore reducing the available water/air area for the
material trapped in the interface.25 Since the PE funnel repels
both the water and particle floats, the film is compressed until
forming a completely closed film, which can be picked up by a
substrate. The compression process is sketched in Fig. 1. By
placing the target substrate in the funnel center a pristine and
closed packedmonolayer of beads can be deposited, Fig. S1 (ESI‡).

A successfully assembled, closed packed layer of beads on
the substrate can visually be identified by a colorful shimmering
effect, suggesting further optical analysis. Extinction spectra
were recorded, using a high precision UV-vis spectrometer in
transmission geometry.

Results & discussion

For the 520 nm beads, a typical extinction spectrum of a well-
ordered samples is shown in (Fig. 2a). The spectrum exhibits a

Fig. 1 Sketch of the funnel assisted interface assembly technique. After
depositing the PS particles in the interface within the polyethylene (PE)
funnel, the water level is slowly lowered. The reduced available area in the
funnel compresses the particles trapped at the interface leading to a
closely packed monolayer.

Fig. 2 (a) Typical optical extinction spectra of a PS monolayer with 520 nm diameter on glass. (b) Extinction peak for monolayers of particle with
different diameters. The spectral position was normalized using the lattice constant l of the hcp monolayer, which equals the particle diameter of the
beads. The extinction was offset to facilitate direct comparison.
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distinct peak around 630 nm, which is apparently composed of
two sharper sub-peaks. Beside the primary (double) peak,
smaller dips can be identified around 500 nm. As proposed
by López-Garcı́a et al. these four peaks can be explained by
radiative losses of resonant modes of the photonic crystal
lattice created by the beads in the dielectric substrate.23 These
radiative losses can also be found as dips in reflectance
measurements;23,24 here they lead to a decrease in zeroth order
transmission. Additionally, a general increase in extinction for
reduced wavelength can be found, as expected by an increasedMie
scattering efficiency of the PS beads for shorter wavelengths.26

The UV-vis investigation of the film was carried out some
mm away from the sample edges since the probability of
finding defects at the edges is higher. To verify the peak being
of resonant nature, we investigated the spectra of monolayers of
380 nm, 520 nm and 720 nm beads, (see Fig. 2b). By normalizing
the respective wavelength by the lattice constant l (see ESI‡) of the
underlying hcp monolayers, a sound agreement for the peak
position was found. This demonstrates that the radiative loss is
induced by the first two photonic crystal modes as predicted by
López-Garcı́a et al.23

Naturally, these photonic excitations complementarily inter-
act with the dielectric substrate, entailing radiative losses into
the substrate as depicted in (Fig. 3c). To reveal the influence of
the substrate on the spectra, a 2D photonic crystal (PC) of
520 nm beads was realized on polydimethylsiloxane (PDMS),
which exhibits a lower dielectric constant than glass, while
being sufficiently transparent in the UV range to enable spectra
recording. Comparing the main peak of PDMS and glass
substrates, a slight shift to higher wavelengths is found, which
could be caused by slight unevenness in the PDMS sample. The
angle of incidence influences to some extend the amplitude
and position peaks, Fig. S2 (ESI‡). The main difference, however,
is the considerable sharpening of the two peaks, leading to a clear
separation and distinction. This is caused by the enhanced
coupling of the two resonant PC modes with the substrate,
enabled by the reduced dielectric constant of the PDMS, which
in turn also allows for further investigation of the angle
dependence, see Fig. S2 (ESI‡).19 This also suggests that the
prominent peak on glass is indeed a superposition of two
sharper peaks, originating from losses of the individual photo-
nic modes. To further confirm the influence of the refractive
index on the coupling of the resonant PC modes, simulations of
extinction spectra have been performed by finite difference
time domain method (FDTD) using the software Lumerical,
Fig. 3b. The extinction spectra are obtained by calculating the
transmission in the first place and converting it to (1-transmission).
The simulated spectra for substrates with a refractive index of 1.4
and 1.5 exhibit themain features of the experimental data including
all modes and the varying peak splitting for different refractive
indices. Simulated spectra with a larger range of refractive indices
are presented in the ESI,‡ Fig. S3.

As the radiative loss is a consequence of the crystal reso-
nances, the extinction spectra of PC monolayers can be utilized
to correlate the crystallinity and surface coverage with the peak
heights. For the prominent main peak, the peak height was

monitored for samples of different crystal qualities. Imperfect
coverages of monolayer beads were realized by choosing sub-
optimal dispersion concentrations and spin coating parameters
of 520 nm beads. As depicted in Fig. 4a, with a decreasing
particle coverage the peak height decreased correspondingly.
Simultaneously, a general decrease in extinction was found for all
wavelengths, as the number of scattering particles decreased. The
peak height is found to be clearly depending on the surface
coverage of the PS monolayer beads, see Fig. 4b and Fig. S4
(ESI‡). Naturally, a certain minimum surface coverage is required
for establishing well-ordered photonic crystals, offsetting the

Fig. 3 (a) Extinction spectra of PS monolayer on glass and polydimethyl-
siloxane (PDMS) substrate with clear peak-splitting for PDMS. (b) Extinction
spectra as (1-transmission) simulated by finite difference time domain
method (FDTD) for a monolayer of PS beads on a substrate with the
refractive index of 1.4 and 1.5. (c) Schematic illustration of the radiative loss
from photonic crystal modes into the dielectric substrate and spectral
dependency of radiative loss as result of dielectric properties of bead
monolayer, substrate and lattice constant l.



4343

onset of the peak height. Additionally, the peak of the interface
assembly of 380 nm beads was investigated, resulting in a slightly
enhanced peak height (diamond in Fig. 4b), which we assign to
larger crystalline domains in the closed film of the interface
assembly technique as depicted in Fig. S1 (ESI‡).

Remarkably, the detection of this extinction peak does not
necessarily have to be done using a stationary high precision
spectrometer, but can also be achieved using a small handheld
device, as depicted in Fig. S5 (ESI‡). This enables a simple, fast
and non-destructive on-spot characterization of the bead layer
after the assembly.

In most application fields, a bead monolayer is just the
starting point for further processing. Plasma etching offers the
capability to modify the shape and reduce the diameter of
the individual beads. We employed short oxygen plasma etching
steps on PS bead monolayers in a benchtop plasma furnace and
investigated the spectra throughout the process. For each etch-
ing step, an optical spectrum of the sample is recorded and
compared to the pristine PC film. For a 520 nm sample, the
spectra are depicted in Fig. 5. There are two successive changes

in the spectra with successive etching time. Firstly, the extinction
of the sample increases for smaller wavelengths, as could be
expected for an increase in scattering efficiency of smaller sized
beads. Secondly, the prominent main peak is continuously
shifted to shorter wavelengths. The double peak structure
is not reproduced in all etched samples, which indicates a
deterioration of the symmetry of the modes creating the double
peak structure during the etching process.

Dry etching has readily been reported as possible way to
modify the photonic properties of a bead lattice,24,27,28 here we
propose the utilization of the radiative loss peak as direct indicator
for the individual bead size in the photonic crystal. To gain
further insights into this phenomenon, etched particles films
were investigated using SEM. For that, a thin Ti/Au (5 nm/
40 nm) layer was evaporated, followed by a particle lift-off,
which reveals the shadow mask of the particle film. The bead
imprint was then investigated regarding their lattice constant
and the diameter of the etched particles d. An exemplary picture
of the metal mask is depicted in Fig. 5b, which demonstrates
that the lattice constant of the beads is not modified during the

Fig. 4 (a) Extinction spectra for monolayers of varying quality. Even for a sparse coverage (black), a clear peak distinction at a reduced wavelength of
B1.22 is possible. For interface assembly (red, offset for clarity), the best resolved peaks are found. (b) Peak height vs. surface coverage of PS beads. With
increasing surface coverage, a plain increase in peak height is observed. A linear regression (red) with offset indicates a proportional dependency with a
minimum required coverage in order to generate photonic crystal modes.

Fig. 5 (a) Extinction spectra for etched monolayers of PS beads. A clear blue-shift of the extinction peak with increasing etch time can be found.
(b) Scanning electron microscopy image of an Au shadow mask obtained from 380 nm PS particles after reactive ion etching. While the diameter of PS
beads is reduced, the lattice of the monolayer is maintained during the etching process.
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etching process. In order to correlate the effect of bead size on
the peak position, this procedure was done for beads of 380 nm,
520 nm and 720 nm sizes with various etch durations, in both a
furnace and RIE process, see Fig. S6 and S7 (ESI‡). For each
spectrum the peak position was extracted using a double
Gaussian peak fit if two peaks were perceptible, otherwise a
single Gaussian distribution was assumed. Subsequently, the
extracted peak positions from the optical spectra and particle
size of the respective spectra were normalized with respect to
their underlying lattice constant and are depicted in Fig. 6.

A compelling agreement for the peak positions and bead
sizes for all etched samples is found. If a double peak could be
identified, two separate peak positions are added for a respective
particle size. Colors red and blue indicate that the particles are
connected or freestanding, respectively. With decreasing bead
size a clear shift to lower wavelength is found, where a slight
nonlinearity of the peak shift is present in the beginning of the
etching process. For longer etching times the peak shift shows a
linear trend. Furthermore, no double peaks could be observed for
very small bead sizes any more. This indicates that our etching is
impeding a mandatory symmetry of the bead lattice, which
produces the distinct radiative losses.

We attribute the peak shift to the reduction of the effective
refractive index of the bead layer during the dry etching
process. As the filling factor or volume of the beads in the
monolayer is reduced with smaller bead diameters, the effective
refractive index is consequently decreased homogeneously, see
Fig. S8 (ESI‡). Similar results have been reported for 3D photonic
crystals, regarding the wavelength position of the stop band.28

Consequently, the optical path length of the 2D photonic modes
in between the particles is reduced, leading to a similar shift in
peak position as found for the reduction of the lattice constant.
For a perfect isotropic etch process, the effective refractive
index is expected to follow the decrease in diameter d, with
an approximately linear region for big particle diameters, as

discussed in Fig. S8 (ESI‡). The nonlinear kink in the etch curve
for high particle sizes, can be explained by polymer bridges
between the particles, which are evident in Fig. S9 (ESI‡) for low
etching times. These polymer bridges are caused by local
melting of the PS particles forming direct connections between
the lattice centers. Consequently, the beginning of the etching
process, the optical path length of the PCmodes is maintained by
the polymer connections, while the particle diameter is reduced.
This yields a reduced wavelength shift until the particles are
disconnected.

Conclusion

In this work we present a facile, fast and non-destructive way to
characterize monolayers of dielectric beads using the spectral
properties of radiative losses of the photonic crystal modes. The
characteristic loss peak can be employed to characterize the
layer quality after deposition, enabling a direct monitoring of
crystallinity and surface coverage. Additionally the possibility to
monitor the size evolution of the individual particles using the
loss peak position allows for unmatched on spot characterization.
Considering the different assembly techniques and etching
methods used for gathering the presented data, the radiative
loss peaks present a very robust and reliable way to determine
nm-scaled properties of macroscopic areas with an accuracy,
which can easily reach the level of uncertainty by polydispersity
of commercial particle solution (420 nm).

Experimental details
Monolayer fabrication

Glass slides were cleaned in a cascade of acetone and isopro-
panol, copiously washed with Milli-Q water and subsequently
hydrophilized in a short oxygen plasma treatment.

For the self-spreading assembly, the PS dispersion of highly
functionalized beads was modified by partly changing the
solvent with ethanol, additionally a small amount of surfactant
(Triton X-100, 0.2 vol%) was added to the ethanol. All chemicals
were purchased from Sigma-Aldrich (Sigma-Aldrich Chemie
GmbH, Munich Germany) and used as supplied.

The concentration of the dispersion has to be tuned care-
fully for each particle size individually to avoid multilayer
formation or a sparse coverage of the substrates. The freshly
prepared dispersion was drop casted on the hydrophilized
substrates, leading to a homogeneous self-spreading. Excess
dispersion was removed from the substrate edges by a short
spin-coating step (3 s, 1200 rpm). The drying of the dispersion
is carried out in a saturated ethanol atmosphere, decelerating
the evaporation speed and enabling the formation of a closed
packer layer of PS spheres.

For interface assembly, the dispersion of low surface charge
beads were mixed 1 : 1 with ethanol and drop cast on a hydro-
philized glass slide, which is partly immersed in water in a
ca. 301 angle. Upon contact with the water phase, the PS
solution spreads on the water interface and forms small floats

Fig. 6 Position of main peak vs. particle size, normalized by the underlying
lattice constant l for 380 nm (square), 520 nm (diamond), 720 nm (triangle)
beads. Colors red and blue indicate that the particles are connected or
freestanding, respectively. Sound agreement of the shift in peak position for
all etched particles is found, independent of particle size or etch method.
A visible kink for big rel. particle sizes (40.8) is obtained, caused by local
melting of the particles during the initial stages of the diameter reduction.
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of ordered monolayers. A PE funnel keeps the beads centered
over the pre immersed target substrate. By lowering the water
level, the PS film is compressed, closing possible gaps between
the floats until a compact closed layer is formed. Upon further
reduction of the water level the beads deposit on the funnel wall,
no double or multilayer formation was observed. Subsequently
the target substrate, which penetrates the water interfaces at a
slight tilted angle, picks up the particle film. The slow and
controlled deposition of the bead layer prevents a cracking of
the layer and the slight tilt angle of the substrate enables
submerged particles to exit the space between the water interface
and target substrate prior to deposition. Drying was carried out
under a slight angle in room atmosphere.

Layer analysis

UV-Vis spectroscopy was carried out in a PerkinElmer Lambda
900 (Perkin Elmer, Waltham, USA) high precision spectrometer.
Samples of PC were mounted perpendicular to the optical axis,
and spectra were recorded in ranges between 300 nm and
900 nm in 1 nm steps against an unmodified reference sub-
strate. SEM images of the PS bead layers or their respective
shadow masks were taken using a Zeiss Gemini 1550 (Carl Zeiss
AG, Oberkochen, Germany) after deposition of a thin layer of
Ti/Au (o5/40 nm) in a Pfeiffer electron beam evaporation
machine (Pfeiffer Vacuum, Asslar, Germany). The picture were
analyzed using ImageJ, determining individual the bead size
and position. For nanohole samples the bead position was used
to derive the lattice constant of the hcp layer.

Dry etching

Plasma etching is conducted in a Diener PICO Plasma furnace
(Diener electronic GmbH, Ebhausen, Germany), using oxygen
gas at 0.18 mbar and an ionization power of 50 W. Reactive ion
etching process was realized using an Oxford Plasmalab
100 Reactive Ion Etching solution (Oxford Instruments, Bristol
UK). A mixture of O2/CHF3 (40 sccm/10 sccm) at 0.026 mbar in
30 W RF mode was used. Generally 520 nm particles were
etched using plasma etching, while 380 nm/720 nm particles
were etched using reactive ion etching.
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