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Nanometre optical coatings based on strong
interference effects in highly absorbing media

Mikhail A. Kats, Romain Blanchard, Patrice Genevet and Federico Capasso*

Optical coatings, which consist of one or more films of
dielectric or metallic materials, are widely used in applications
ranging from mirrors to eyeglasses and photography lenses’?,
Many conventional dielectric coatings rely on Fabry-Perot-
type interference, involving multiple optical passes through
transparent layers with thicknesses of the order of the
wavelength to achieve functionalities such as anti-reflection,
high-reflection and dichroism. Highly absorbing dielectrics are
typically not used because it is generally accepted that light
propagation through such media destroys interference effects.
We show that under appropriate conditions interference can
instead persist in ultrathin, highly absorbing films of a few to
tens of nanometres in thickness, and demonstrate a new type of
optical coating comprising such a film on a metallic substrate,
which selectively absorbs various frequency ranges of the
incident light. These coatings have a low sensitivity to the
angle of incidence and require minimal amounts of absorbing
material that can be as thin as 5-20 nm for visible light. This
technology has the potential for a variety of applications from
ultrathin photodetectors and solar cells to optical filters, to
labelling, and even the visual arts and jewellery.

Optical coatings are a key component of nearly every optical de-
vice, and have been extensively studied for decades"?. Conventional
coatings comprise some combination of thin metallic films serving
as partial and full reflectors, and wavelength-scale-thick dielectric
films that rely on Fabry—Perot-type or thin-film interference—the
same effect that is responsible for the colourful patterns on oil
films and soap bubbles and for Newton’s rings. Other examples
include anti-reflection and high-reflection coatings, which are often
made by stacking layers of dielectrics with quarter-wave thickness
(A/4n, where n is the refractive index of the material). These
interference effects rely on multi-pass light circulation within the
optical cavities formed by the films, and are typically sensitive
to the angle of incidence. By engineering multi-layer dielectric
stacks, more complex and robust devices such as omni-directional
reflectors can be created’. Today, optical coatings, which often
comprise many aperiodic layers, are primarily designed and op-
timized by computer software’; a variety of commercial software
for thin-film calculation and optimization is available, including
Essential Macleod, FilmStar, Film Wizard and OptiLayer.

Here, we explore the use of highly absorptive dielectric films
as optical coatings. The Fabry—Perot-type effect of conventional
optical thin films uses constructive and destructive interference,
with the optical phase controlled by gradual accumulation within
the nearly transparent dielectric layers. The material losses in
the dielectrics are usually assumed to be small such that light
is absorbed gradually, if at all, and the interface reflection
and transmission phase changes at the interfaces between the
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Figure 1| Schematic of incident light from medium 1 (air) being reflected
from a structure comprising dielectric medium 2 with thickness h and
metallic medium 3. a, The case of a perfect electric conductor (PEC) and a
lossless dielectric. As there is no absorption and no penetration into the
metal, the reflectivity equals unity at all wavelengths. Structures
approaching this limit can be used as phase-shifting elements, which are
known as Gires-Tournois etalons. b, An absorbing dielectric on a PEC
substrate supports an absorption resonance for h ~ mA/4n; assuming that
the losses (ky) are relatively small and m is an odd integer. No resonance
exists for h smaller than A/4n5. ¢, A lossless dielectric on a substrate with
finite optical conductivity (for example, Au at visible frequencies) can
support a resonance for h < A/4n, owing to the non-trivial phase shifts at
the interface between medium 2 and medium 3, but the total absorption is
small because the only loss mechanism is the one associated with the finite
reflectivity of the metal. d, An ultrathin (h < A/4n;) absorbing dielectric on
Au at visible frequencies can support a strong and widely tailorable
absorption resonance.
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dielectric films can therefore be assumed to be either 0 or m,
depending on the index contrast. Our approach instead uses
highly absorbing dielectrics (semiconductors at photon energies
above the bandgap in the present demonstration) in which light
is rapidly attenuated, together with metals that have finite optical
conductivity. Combining these materials gives access to a range
of interface reflection and transmission phase shifts that can
be engineered by modification of the material properties. The
large optical attenuation within the highly absorbing dielectrics
and the concomitant non-trivial interface phase shifts lead to
strong resonant behaviour in films that are much thinner than
the wavelength of light. We demonstrate these ultrathin coatings
on the surfaces of noble metals in the visible regime and show
that deposition of nanometres of a lossy dielectric on a metal
results in a marked modification of the reflectivity spectrum
(and therefore colour).

The equations describing the behaviour of light incident from
air (m, = 1) onto a lossy film with thickness h and complex
refractive index 7, = n, + ik,, deposited on a metallic substrate
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Figure 2 | Optical properties of the thin films. a, Real and imaginary parts of the complex refractive indices of Au and Ge, obtained by variable-angle
spectroscopic ellipsometry. b, Near-normal incidence (7°) reflection spectra of thick Au coated with 7,10, 15, 20 and 25 nm of Ge. Inset: schematic of the
Ge film on a Au substrate, showing a partial wave decomposition. ¢, Calculated reflection spectra using equation (1) and the optical constants in a
corresponding to the measurement in b. d, Calculated fraction of the total incident light that is absorbed within the Ge layer.

with complex index 7i; (Fig. 1), can be found in optics textbooks.
The reflection coefficient for transverse-electric (s-polarized) light
incident at an angle 6, is

Fio + Faze?P
P 12~ 33 _ (1)
1+ 71,732

where Fon = (pm _ﬁn)/([)m +1~7n)> pm = flmCOS(ém), B = (277//\)772}1
cos(6,) and 6,, = sin~"'(sin(6;)/,,), which is the complex-valued
form of Snell’s law (pp. 740-741 of ref. 5). For transverse-
magnetic (p-polarized) light, p,, is replaced by §,, = cos(8,,) /.
The total reflectivity is given by R = |7|%, and because we assume
that the substrate is metallic such that there is no transmission,
the absorption of the structure can be written as A =1—R.
One noteworthy special case of this three-layer structure is an
asymmetric Fabry—Perot cavity comprising a quarter-wave film
(or odd multiples thereof, such that h >~ mA/4n,, where m is an
odd integer) on a perfect reflector (Fig. 1a). This resonator in the
presence of moderate losses serves as an absorbing optical cavity in
which the loss can be considered as a perturbation. In the absence of
loss, this type of cavity functions as a phase-shifting element called
a Gires-Tournois etalon®. Asymmetric Fabry—Perot cavities have
been used for reflection modulation’, resonant cavity-enhanced
photodetection and emission®’, ferroelectric infrared detection'
and other applications.

For a metal substrate in the perfect electric conductor (PEC)
limit, n; — oo and k; — 00, s0 7, 3 = —1, corresponding to complete
reflection with a phase shift of = (Fig. 1a,b), which makes h ~1/4n,
the lower limit on the thickness of a resonant cavity because a
round trip inside such a cavity should accumulate approximately
0 phase (modulo 2m; see Supplementary Information for details).
At optical frequencies, however, metals have finite conductivity and
therefore their complex index is finite® (similar metal-like complex
indices can also be found in a variety of non-metallic materials
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at longer wavelengths such as, for example, indium tin oxide in
the near-infrared region'', sapphire in the mid-infrared region'?
and so on), so the reflection phase shift at the metal interface
can vary (Fig. 1c). Likewise, if a dielectric film has large optical
losses (k;, of the order of n,), the reflection and transmission phase
shifts at the boundary between it and air are not limited to 0 or 7
as in the case for lossless dielectrics (Fig. 1b,d). These non-trivial
interface phase shifts allow the total phase accumulation, which
includes both the interface and propagation phase shifts, to reach
approximately 0 (modulo 2x) for certain films with thicknesses
significantly below 1/4n,, creating an absorption resonance (note
that the phase accumulation is close to but not precisely zero at this
resonance condition when the system has high losses). As there is
very little light propagation in such a thin structure, the material
optical losses must be very high for the round-trip absorption to be
significant. By combining these non-trivial interface phase shifts,
the phase accumulated through propagation and the attenuation
of the wave as it propagates through the highly lossy medium, a
new type of optical coating can be designed (Fig. 1d) where losses
are no longer considered as a perturbation but are an integral
part of the design.

We demonstrated these concepts at visible frequencies by
modifying the reflectivity of a gold (Au) surface by coating it
with evaporated germanium (Ge) films of a few nanometres in
thickness, which creates broadband absorption resonances with
the spectral position determined by the film thickness. The wide
optical absorption band influences the colour by suppressing the
reflectivity in a portion of the visible spectrum. Ge was selected
because it is highly absorbing at visible frequencies (see Fig. 2a)
owing to direct electronic transitions that appear at energies higher
than that of the L-absorption edge'’. We coated an optically
thick (150nm) Au film with Ge of thickness h between 7 and
25nm by using electron-beam evaporation, which resulted in
marked changes in the reflectivity. We performed near-normal
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Figure 3 | Reflectivity spectra. a,b, Experimental reflectivity spectra for s- and p-polarization, respectively, for angles of incidence from 20° to 80° for an
Au film coated with 15 nm of Ge (the value of reflectivity is indicated by the colour bars). ¢,d, The calculated spectra corresponding to those in a,b using

equation (1).

incidence measurements (7° incidence angle with unpolarized
light) between 400 and 850 nm using a spectrophotometer (see
Methods and Supplementary Information for details on the sample
preparation and measurement). The experimental reflectivity
spectra for Ge films of thickness between 7 and 25 nm coated on
Au are given in Fig. 2b.

The calculated reflection spectra corresponding to the mea-
surements in Fig. 2b are obtained by using equation (1), and are
shown in Fig. 2c. Excellent agreement is obtained between the
experimental data and the calculations. The optical constants for
the evaporated Au and Ge were obtained by variable-angle spec-
troscopic ellipsometry of optically thick films (see Supplementary
Information for more details). We also computed the total fraction
of the incident light that is absorbed within the Ge film (Fig. 2d),
finding that most of the absorption occurs in this layer as opposed
to the underlying Au. For example, in the case of the 15nm Ge
sample at a wavelength of ~670nm, over 80% of the incident
light is absorbed in the Ge layer whereas only ~4% of the light
is absorbed in the Au, with the remaining ~15% of the light
reflected. The spectral position of the absorption band, which
corresponds to the reflectivity minimum, depends on 4, with a shift
of approximately 20 nm in wavelength for every 1 nm change in h
across the visible spectral range. This strong absorption resonance
occurs in a film that is much thinner than the wavelength of
light (for example, h ~ A/(13n,) at A ~ 560 nm, with n, ~ 4.3 for
the 10nm Ge film in the calculation)—a result of the interplay
between the complex reflection coefficient at the Ge/Au substrate
and the large but finite attenuation of light within the Ge film
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(see Supplementary Information for a detailed explanation based
on decomposition into partial waves). Note that in our material
system, the absorption coefficient of Ge decreases with increasing
wavelength and the properties of Au slowly approach those of a
PEC, so the resonant absorption thickness will slowly converge to
h~A/(4n,) at long wavelengths.

As these coatings are much thinner than the wavelength of
light, there is little phase accumulation due to the propagation
through the film compared with the reflection phase change on
reflection. As a result, the optical properties of these coatings are
robust with respect to the angle of incidence. We demonstrated
this by measuring the s- and p-polarized reflectivity of the sample
with 15 nm of Ge, which shows that the absorption feature remains
prominent for angles of incidence from 0° to ~60° in both
polarizations (Fig. 3a,b). The corresponding calculated spectra are
shown in Fig. 3¢,d.

The large change in reflectivity allows for the colouring of metals
using these films of subwavelength thickness. Figure 4 shows a
photograph of samples of Au coated with Ge from 0 to 25nm in
thickness, creating a spectrum of colours including pink, blue and
violet. In samples a-h, the substrate material for Au deposition
was a polished silicon wafer. In samples i—k, however, the rough,
unpolished back-side of the wafer was used, and the various colours
are still clearly visible, indicating that the present effect is relatively
insensitive to surface roughness. This is to be expected given the
small dependence of the reflectivity on the incidence angle shown
in Fig. 3, but runs against intuition given our everyday experience
with thin-film interference effects. We also show several samples of
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Figure 4 | Wide variety of colours formed by coating Au with nanometre
films of Ge. a-h, O, 3,5, 7,10, 15, 20 and 25 nm of Ge deposited on optically
thick Au, which was deposited on polished silicon. The clip marks from
mounting in the electron-beam evaporator are visible. i-k, 0, 10 and 20 nm
of Ge deposited over 150 nm of Au, on a rough (unpolished) silicon
substrate.

Figure 5 | Spectrum of colours resulting from coating Ag with nanometre
films of Ge. a-e, Thick Ag films coated with O, 3, 5, 7 and 10 nm of
evaporated Ge, respectively.

silver (Ag) coloured using the same principle (Fig. 5); in particular,
a colour similar to that of Au is induced in Ag samples by coating
them with ~7 nm of Ge (Fig. 5d).

We note that the modification of the absorption and colour
of metals has recently been demonstrated using nano-, micro-
and macrostructuring of the metal surface by lithography and
etching, femtosecond laser ablation or other methods!*'¢. By
comparison, our technique is non-damaging to the metal surface,
can be reversed by chemical etching of the absorbing dielectric
layer, does not require any serial fabrication steps and involves
only smooth surfaces, which may be advantageous for integration
into devices. Furthermore, the approach demonstrated here does
not involve multiple scattering, metallic nanocavity resonances or
surface plasmons, as in refs 14-18, but is instead a result of simple,
albeit counterintuitive, thin-film interference; this simplicity allows
for the prediction and design of new coatings using simple analytical
expressions such as equation (1).
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Figure 6 | Photograph of colour images generated using multi-step
patterning of ultrathin Ge films, with the edge of a United States penny
included for size comparison. Five steps of photolithography with
alignment are used to selectively deposit an optically thick layer of Auon a
glass slide, followed by Ge layers of either 7,11, 15 or 25 nm. This yields light
pink, purple, dark blue and light blue colours, respectively. Among the
demonstrated patterns are the logo and shield of the School of Engineering
and Applied Sciences; these are a trademark of Harvard University, and are
protected by copyright; they are used in this research with permission.

In addition to continuous coatings, single- and multicolour
images can be created by combining the deposition of ultrathin
absorbing films with conventional lithographic techniques. As
an example, we generated several colour images on a glass
slide with feature sizes ranging from micrometres to millimetres
by using multi-step contact photolithography with alignment
(Fig. 6). Five colours are demonstrated: Au (0nm of Ge),
light pink (~7nm), purple (~11nm), dark blue (~15nm) and
light blue (~25nm).

The approach of using ultrathin, absorptive dielectric films
as optical coatings is very general and can be applied to appli-
cations across a range of frequencies, starting with simple ab-
sorbers and colour filters. The large change in optical proper-
ties given relatively small changes in material thickness can be
used for subnanometre optical thickness monitoring of the de-
position of semiconductor films. The colouring of metals with
nanometre-thick films of inexpensive material may prove use-
ful in various aspects of design and the visual arts. Further-
more, creating patterned structures comprising ultrathin ab-
sorbing coatings using conventional fabrication techniques in-
troduces new capabilities for labelling, printing and otherwise
displaying information.

The high degree of absorption in semiconductors makes them
excellent candidate materials for these ultrathin coatings, poten-
tially enabling new types of photodetectors with enhanced quantum
efficiency that require orders of magnitude less semiconductor
material, significantly decreasing the material cost and growth
time (compared with, for example, resonant-cavity-enhanced pho-
todetectors that have an absorbing layer inside a wavelength-scale
Fabry—Perot cavity). Solar cell applications could also benefit from
the large spectral bandwidth of the absorption resonances. Fur-
thermore, in solar cells there is a tradeoff between thickness and
material purity that is related to charge carrier lifetimes in materials
with defects'®; making ultrathin highly absorbing layers could
relax this purity constraint, further reducing costs. Finally, when
applied at infrared, millimetre and longer wavelengths, absorbing
coatings backed by a reflector can be components of bolometer-type
detectors and stealth technology.
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Methods

The Au, Ge and Ag films were deposited by electron-beam evaporation using

a Denton evaporator. Au was deposited at a rate of ~2 A s~ under a pressure

of ~107° torr without substrate heating, with the rate measured by a crystal
monitor. Ge was deposited at a rate of 1 As™! at a pressure of ~2 x 107 torr. The
images in Figs 4 and 5 were taken with a Canon PowerShot ELPH 310 HS digital
camera under illumination from regular white ceiling fluorescent lights.

The near-normal incidence reflectivity spectra were taken using a Hitachi
4100 spectrophotometer with a tungsten lamp source and a photomultiplier tube
in the 400-850 nm range. The angle-dependent, polarization-dependent spectra
were obtained using a Woollam WVASE32 spectroscopic ellipsometer using
reflection/transmission mode. The stability of these optical coatings is discussed in
the Supplementary Information.

The complex refractive indices given in Fig. 2a and used in the calculation
of the spectra in Figs 2c and 3c,d were obtained by variable-angle spectroscopic
ellipsometry of optically thick evaporated films (150 nm for Au and 1,000 nm for
Ge in the 400-850 nm range). In ellipsometry literature, this sort of measurement
is referred to as measuring the pseudo-dielectric function, which is named pseudo
because of the assumption that a single reflection comes from a sharp interface
between the material and the air®*. We preferred this method to ellipsometry on
thin absorbing films (for example, ~10 nm Ge on a known substrate) because it
decreases the number of unknowns from (n, k, h) to (n,k), which helps avoid
over-fitting errors and non-unique solutions.

The theoretical spectra in Figs 2c and 3c¢,d were calculated using equation (1).
In the case of Fig. 2¢, we simulated unpolarized incident light by calculating the
reflectivity for both s- and p-polarizations, and taking an average of the two.

The multicolour patterns of Fig. 6 were generated by five steps of contact
photolithography with alignment. Photoresist was spun onto a glass slide (Shipley
S1813, 4,000 r.p.m.), was exposed through chrome-coated glass photomasks using
a Karl Suss MJB4 mask aligner and was then developed using CD-26. The Au
and Ge films were then deposited through the resulting mask, with the excess
material removed using liftoff in acetone with ultrasonic agitation. The deposition
thicknesses were 65 nm Au (preceded by a 5nm Ti adhesion layer) to create an
optically thick layer, followed by 7 nm, 4 nm, 4 nm and 10 nm of Ge, creating overall
Ge layers of thickness 7 nm, 11 nm, 15 nm and 25 nm, respectively.
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