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Ultra-thin films with highly absorbent porous
media fine-tunable for coloration and enhanced
color purity†

Young Jin Yoo,a Jin Ha Lim,b Gil Ju Lee,a Kyung-In Jang*c and Young Min Song*a

We demonstrate ultra-thin, fine-tunable optical coatings with enhanced color purity based on highly

absorbent porous media on a metal substrate. We show that the color range provided by these ultra-thin

film coatings can be extended by making the absorptive dielectric layer porous. Oblique angle deposition

(OAD) of a thin (10–25 nm) germanium (Ge) film by e-beam evaporation onto a thick gold substrate yields

controlled porosity. Reflectance spectra and color representations from both calculations and experi-

ments verify the enhancement of resonance tunability and color purity in the nano-tailored coatings.

Angle independent reflection properties, and the applicability of such porous Ge on various metal

substrates, indicate the strength of these concepts.

Introduction

Thin-film optical coatings have been widely used as key
elements in applications involving various optical devices.1,2

Conventionally, optical coatings on dielectric thin-films are
based on Fabry-Perot or thin-film interference. For example,
anti-reflection or high-reflection is observed under conditions
of constructive or destructive interference achieved by stacking
layers of dielectrics with quarter wave thickness (λ/4n).
Recently, highly absorptive dielectric films as optical coatings
have been studied.2–10 By combining metals with highly
absorbing dielectrics, strong optical interference can be
obtained with a non-trivial phase change of reflected waves.
This effect allows the thickness of the coating layer to be
remarkably reduced, compared to that of a conventional
coating layer. With these properties, resonance behavior
affecting the structural color was observed in structures com-
posed of an ultra-thin absorbing layer (e.g. germanium) on a
metal coated substrate.3 The resonance in the ultra-thin film
provides the colors desired or strong photon absorption, and

is applicable for use in various optical components and
devices including decorative solar panels,8 coloring metals,3,6

thin-film absorbers/emitters,7,9 and water splitters.10 This
combination of angle-independent coloration properties and
flexible applicability for electronics also offers options in
engineering design that are not easily addressed with conven-
tional thin-film optical coatings.

Although such ultra-thin film coatings are attractive,
high color purity is currently constrained by inadequate
materials.5,8 Highly absorptive dielectric films, such as Ge,
silicon (Si), and vanadium dioxide (VO2), have relatively higher
complex refractive indices compared to the lossless dielectric
materials, in which strong resonance is prevented. The rapid
color change that occurs with ultra-thin film coatings is
another limitation for fine-tuning of coloration. The present
work relaxes the above constraints by introducing porosity (Pr)
into absorptive dielectric films. Specifically, we propose and
demonstrate ultra-thin optical coatings that contain absorptive
dielectric films with a ‘reduced’ value of the complex refractive
index on a metal substrate. This combination not only gener-
ates enhanced color purity, but also simultaneously provides
new design flexibility for fine-tuning of coloration. This
concept is demonstrated using porous Ge layers (Pr-Ge)
deposited using an oblique angle deposition (OAD)
method11–18 on an Au coated substrate. Detailed comparisons
to behaviors of films formed using previous approaches illus-
trate the value of these techniques for enhanced performance.
Optical calculation results, including reflectance spectra,
chromaticity diagrams and complex reflection coefficient
diagrams, also strongly support our hypothesis.
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Results and discussion

Fig. 1a and b show refractive indices (n) and extinction coeffi-
cients (k) of Ge with four different Pr (i.e. 0%, 40%, 60% and
75%). The n and k of Pr 0% were obtained from measured data
from a sample that was deposited with a 15 nm thin film of Ge
at the flux angle of normal incidence using an electron beam
evaporator. From these n and k values of Pr 0%, the others
were obtained by effective index calculations with the other
Pr values (i.e. 40%, 60% and 75%), based on volume averaging
theory.19 The result of the calculation proves that the higher
the Pr, the lower the complex refractive index. Due to this ten-
dency, which is scalable and gradual, optical characteristics
can be controlled by managing Pr. To exploit this control-
lability of the optical coating, we designed a thin-film structure
composed of ultra-thin Ge with Pr on a Au substrate (Pr-Ge/Au),
as shown in Fig. 1c (left). At the same thickness of 20 nm, each
of our proposed structures with a different Pr, had a different
color, as depicted in Fig. 1c (right). For observation of this
effect in terms of reflection, the calculated reflectance spectra

of these structures are demonstrated in Fig. 1d. The Pr-Ge/Au
has a dip in reflectance in the visible range, which is tunable,
using change in the Ge thickness to alter the structural color.
In our structures, the tuning of the reflective color using Pr is
shown by the shift of the dip in reflectance from the long to
the short wavelengths in the visible range, as Pr increases. The
reason for the variability of reflectance with Pr lies in the fact
that the phase change of reflection coefficients varies with Pr
in the thin-film, details of which will be discussed below (see
Fig. 2). Fig. 1e shows the alteration of reflectance with differ-
ence in Ge thickness (5–60 nm) for each Pr value. The contour
map shows that the reflection minimum point (white dashed
lines in Fig. 1e) at the higher Pr moves more slowly from short
wavelengths to long wavelengths as the thickness changes.

To consider the result with Pr in terms of coloration, we
conducted color representation, displayed in Fig. 1f, from the
calculated reflectance (see ESI Fig. 1 and 2† for details). As the
Ge thickness increases, the color at Pr 0% changes abruptly
and shifts quickly to the original color of Ge. Meanwhile,
that at Pr 75% changes slowly with higher color purity. For

Fig. 1 (a) Calculated refractive index and (b) extinction coefficient spectra of Ge with four different porosities (Pr) (0%, 40%, 60% and 75%) as a func-
tion of wavelength. (c) Left, schematic view of proposed thin-film coatings with different Pr (i.e. 0%, 40%, 60% and 75%). Right, thin-film structures
represented by calculated colors with different Pr (i.e. 0%, 40%, 60% and 75%) at the same thickness of 20 nm. (d) Calculated reflectance spectra of
ultra-thin optical coatings (Pr-Ge/Au) with different Pr. (e) Contour plot of reflectance variation for Pr-Ge/Au with four different Pr as a function of
Ge thickness (tGe), and of wavelength. White dashed lines in each contour plot indicate variations in the resonance dip. (f ) Color representations
from calculated reflectance in (e). (g) Chromaticity diagram with values obtained from (f).
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quantitative comparison of the calculated colors, chromatic
diagrams at Pr 0%, 40%, 60% and 75% were plotted using
coordinates on the international commission on illumination
(CIE) color graph shown in Fig. 1g. Each curve, which consists
of dots corresponding to increasing Ge thickness, rotates
clockwise. As Pr increases, the curves cover a larger portion of
the CIE color space, demonstrating the increase in color
purity, which is apparent from Fig. 1f.

To analyze the effect of Pr on coloration, we considered the
process of reflection from the thin-film structure, as shown in
Fig. 2a. In thin-film optics, reflection can be reduced by the
destructive interference of reflected waves at the surface (r0)
and at interfaces (r1, r2, r3,…). Destructive interference is
achievable using the quarter wavelength condition (λ/4n) in a
lossless dielectric thin-film. However, this is not the case for
an absorbing material because the complex refractive index
causes a non-trivial phase change in the thin film. To under-
stand the mechanism causing the minimum dip of reflectance
at each of the Pr values, the total complex reflection coeffi-
cients were calculated using the following equation:20

rtotal ¼ r12 þ r23e2iβ

1þ r12r23e2iβ

where rpq = (ñp − ñq)/(ñp + ñq), ñp = np + ikp and β = (2π/λ)ñ2h.
As depicted in Fig. 2b–d, using the complex plane to observe
the phase change of the reflection coefficients, the results
show that the end points of the phasor trajectory (with Pr 75%
for all cases) are the closest to the origin (0, 0), indicating no
(zero) reflection. For direct comparison, we chose the specific
thickness at each Pr (0%, 40%, 60% and 75%) that gave the
minimum reflection dip at the same wavelength (see ESI
Fig. 3†). The colors possible for each combination of Pr
value and thickness are displayed in the insets of Fig. 2b–d.
Due to the low complex refractive index at Pr 75%, the surface
reflection (r0), which has significant influence on the total

reflection, could be reduced. The slow phase change of the
reflection coefficient with progressively thicker Ge layers,
enables the sensitive control of the color.

To verify the result of the calculation previously mentioned
above, we performed experiments with the OAD, allowing it to
control the Pr. For the OAD of the Ge film, inclined sample
holders were used. An electron beam evaporator was used to
deposit the Ge film onto a substrate. A 100 nm thick layer of
Au was deposited on a silicon substrate. The inclined sample
holders formed oblique angles of 0°, 30°, 45° and 70° with the
incident evaporated Ge flux (see ESI Fig. 4†). The OAD causes
atomic shadowing and creates inclined columnar structures
on the substrate, which results in increased Pr.

11 Fig. 3a shows
the measured reflectance spectra from samples at each of the
DAs (i.e. 0°, 30°, 45°, and 70° deposition angles) with different
Ge thicknesses (i.e. 10 nm, 15 nm, 20 nm and 25 nm). As we
expected, the calculation result revealed that the reflection
minima shifted toward shorter wavelengths (at the same thick-
ness) with increasing DA, and changed more slowly with
different Ge thicknesses at higher DA. From these measured
data, chromatic values of the fabricated samples were plotted
using CIE coordinates, as shown in Fig. 3b. For comparison,
the results of the calculation previously shown in Fig. 1g are
also shown in Fig. 3b (dashed lines). The experimental data in
the CIE color space nearly matched the calculated data,
meaning that the higher the DA with a given Pr, the higher the
color purity. Images of the samples corresponding to each
combination of DA and Ge thickness are displayed in Fig. 3c
(measurements of Ge thicknesses for all samples in ESI
Fig. 5†). The real images are comparable to the color represen-
tations from the calculated values, as depicted in Fig. 1f, in
terms of color change. Slight color differences between
measured and calculated results derived from variations in
parameters (i.e. Pr and tGe) during the film deposition process.
It was also noted that, in the case of extreme thickness, the DA
test samples that were 100 nm thick reverted to the color of
Ge, as mentioned above in Fig. 1f. Scanning electron
microscopy images (left images in Fig. 3c) reveal that columnar
structures with different angles of inclination can be found in
the Pr-Ge/Au samples fabricated at different DAs.13,18

To consider the angle dependency, we calculated the angle
dependent reflectance of Pr 0% and 75% with particular Ge
thicknesses, enabling the minimum dip to occur at wave-
lengths of 550 nm and 600 nm. This is depicted in the contour
maps in Fig. 4a. The results show that the minimum dip
remains invariant over a wide range of incident angles for all
cases of both Pr 0% and 75%, and that the intensity of the dip
is reduced at angles larger than 60°. In addition, the color rep-
resentations of Pr 0% and 75% are plotted in Fig. 4a (left side
of each contour map), which visually prove the robustness of
the angle properties. We note that the high color purity of Pr
75% is also maintained with angle independence below inci-
dent angles of 60°.

Essentially, because these coatings are much thinner than
the wavelengths of visible light, there is little phase difference
due to the increased angle of incidence, compared with the

Fig. 2 (a) Schematic illustration of the reflection process in a Ge/Au
thin-film structure. (b–d) Complex reflection coefficient diagram of Pr

0%, 40%, 60% and 75% at each Ge thickness enabling the minimum dip
of reflectance at wavelengths of (b) 500 nm, (c) 550 nm and (d) 600 nm.
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Fig. 3 (a) Measured reflectance spectra in each of deposition angles (DAs) (i.e., 0°, 30°, 45° and 70°) with different Ge thicknesses (i.e., 10 nm,
15 nm, 20 nm and 25 nm). (b) Chromatic values in the CIE coordinate from measured reflectance as shown in (a). Chromatic values for ultra-thin
films with four different Pr (i.e., 0%, 40%, 60% and 75%) are also shown by dash lines for comparison. (c) Pictures of the fabricated samples of
different DAs (i.e., 0°, 30°, 45° and 70°) with different Ge thicknesses (i.e., 10 nm, 15 nm, 20 nm, 25 nm and 100 nm). Left, gray-scale figures show
scanning microscopy images corresponding to the samples with Ge thickness of 200 nm for better showing the morphology.

Fig. 4 (a) Contour maps of angle dependent reflectance of Pr 0% and 75% with particular Ge thicknesses having the minimum dip on reflectance at
wavelengths of 550 nm and 600 nm. Colors at each incident angle for different Pr and thickness are also represented. (b) Images with different
angles of view from 5° to 60° (top) and measured reflectance spectra at oblique angles from 20° to 60° (bottom) of the fabricated samples
(i.e. tGe 15 nm at DA 0° and tGe 25 nm at DA 70°).
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case of normal incidence. Although the Ge thickness at Pr 75%
is thicker than that of Pr 0% at the same dip in the reflectance,
the phase difference of Pr 75% with the angle of incidence is
similar to that of Pr 0% due to the lower complex effective
index of Pr 75%.

For the validity of the previous calculation, images of DA 0°
and 70° samples were taken at viewing angles of 5°, 20°, 40°
and 60°. The reflectance spectra of DA 0° and 70° were
measured at angles of incidence ranging from 20° to 60°, as
shown in Fig. 4b (shown for all samples in ESI Fig. 6†). There
is no color change for both DA 0° and 70° up to the angle of
60° (Fig. 4b top). The position of the minimum dip for all
cases of DA 0° and 70° is maintained within the shape of the
curve (Fig. 4b bottom).

For universality, we conducted additional calculations for
several cases with different metals (i.e. silver, copper, chro-
mium, and titanium), as shown in Fig. 5. Conceptually, an
ideal perfect metal, corresponding to complete reflection with
a phase shift of π, is not suitable for ultrathin coatings (t ≪
λ/4n). To obtain strong resonance with an ultra-thin film, a
highly reflective metal is needed, among those metals having a
non-trivial phase change. Ag is a highly reflective metal with
low n and high k (Fig. 5a). Cu has higher reflectivity, with
decreasing n and increasing k at longer visible wavelengths
(Fig. 5b). Cr and Ti have relatively low reflectivity with high
n (Fig. 5c and d). As expected, the result in the case of Ag
shows that the chromatic values of Pr 0% cover a reasonable
portion in the CIE color space and those curves with Pr 75%
cover an enhanced large portion (Fig. 5e). Interestingly, the
chromatic curves typical of Cu, cover a one-sided area in both
cases of Pr 0 and 75% (Fig. 5f). Although Pr 0% of Cr and Ti

show small areas of coverage in the color space, at Pr 75%
their coverage area slightly increases. From the results
mentioned above, it is noted that applying Pr to Ge shows
expansion of the color area in all the cases we have
considered.

Conclusions

In summary, we have demonstrated a structure consisting of
thin-Ge films with different Pr values on Au. Our proposed
structures were investigated using optical calculations and
sample fabrication using OAD. The calculated reflectance
results reveal that the optical resonance can be tuned by manag-
ing Pr values for a structure of the same thickness. From con-
siderations in terms of color and reflection coefficients, the
results demonstrate that the most sensitive controllability of
the resonance dip shift and high color purity was obtained
with Pr 75%. The results from fabricated samples were com-
parable to the calculated results, including those for reflec-
tance and color representation. In particular, the highest per-
formance was achieved at DA 70° (similar to that of Pr 75%).
The results prove the suitability of OAD for the control of Pr in
thin-film layers. In thin-film optical coatings, Pr controllable
by the OAD could be an additional parameter for tuning the
optical resonance. Furthermore, other materials could be used
with our design with Pr to obtain better performance. Hence,
we expect our proposed concept could be widely used as an
effective method to enhance the optical characteristics needed
in applications including colorizing metals, optical filters, and
thin-film absorbers.

Fig. 5 (a–d) Refractive indices and extinction coefficients of (a) Ag, (b) Cu, (c) Cr and (d) Ti. (e–h) Calculated chromatic values of Pr 0% and 75%
with (e) Ag, (f ) Cu, (g) Cr and (h) Ti in CIE coordinates.
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Methods
Sample preparation

Prior to film deposition, semi-insulated, single-side polished
silicon (100) wafers were soaked in buffered oxide etchant
(BOE) for 3 min to remove the native oxide; then cleaned with
acetone followed by deionized water. Both Au and Ge films
were deposited using electron beam evaporation (KVE-E2000,
Korea Vacuum Tech Ltd, Korea). The Au film was deposited on
a Si substrate at a rate of ∼2 Å s−1 and a pressure of ∼10−6 torr.
The thickness of Au was 100 nm, and this was judged
sufficient optical thickness (see ESI Fig. 7†). Ge thin-films were
deposited on the Au film using (customized) inclined sample
holders at different angles (i.e., 0°, 30°, 45° and 70°) at a rate
of ∼1 Å s−1 and a pressure of ∼10−6 torr.

Characterization

The reflectance of the fabricated samples was measured using
a UV-Vis-NIR spectrophotometer (Cary 500, Varian, USA) at a
normal angle of incidence with a tungsten-halogen lamp
source. The angle dependent reflection spectra were obtained
using a variable-angle specular reflectance accessory (VARSA).
The optical constants of the Ge films were measured using
spectroscopic ellipsometry (UVISEL ER Benchtop AGAS,
Horiba Korea Ltd). The Pr-Ge/Au samples with Ge thickness of
100 nm were characterized by field emission SEM (S-4700,
Hitachi, Japan) with an operating voltage of 10 kV.

Simulations

The RCWA method was used to calculate the reflectance of the
proposed structures using commercial software (Diffract MOD,
RSoft Design Group, USA).20 In the RCWA calculation, a
second diffraction order and grid size of 0.2 nm were used to
calculate the diffraction efficiency, which is enough to stabilize
the results numerically. The non-polarized light reflectance
was calculated by averaging the reflectance for p- and s-polari-
zation. Material dispersions and extinction coefficients were
considered for obtaining exact outputs. The commercial
MATLAB (Mathworks, Inc.) software was also used to calculate
both the complex reflection coefficient in the thin-film struc-
ture, and the chromatic information from the reflectance.21–24
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