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ABSTRACT: We present a novel scheme for ultrabroadband
and omnidirectional perfect absorbers with compact multilayer
film structure. Our proposed device shows an average
absorption of ∼98% over a wide range of wavelengths ranging
from 400 to 2000 nm. The ultrabroadband characteristics are
achieved with strongly overlapped optical resonances by
designing a tandem structure composed of three absorptive
materials, while the overall structure features a graded
refractive index profile to obtain a wideband antireflection
property. In addition to the high efficiency and ultrabroadband absorption, our perfect absorbers exhibit a great angular tolerance
up to 60°, which is attributed to not only relatively broad resonances but also negligible propagation phase shifts in ultrathin
highly absorbing layers. Lastly, we explore the effect of the number of semiconductor−metal stacks on the performance of the
absorber. The presented approach can have tremendous potential for various applications, such as solar−thermal energy
harvesting, thermoelectrics, detection, and imaging.
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A perfect optical absorber, as a common optical component,
is of vital importance in a variety of applications at optical

frequencies. In solar−thermal harvesting applications, broad-
band absorption covering most of the solar spectrum is in
critical demand as one of the most important clean energies.
For a compact imaging spectrometer based on multichannel
filters, the perfect optical absorber is highly desired to prevent
the crosstalk between the adjacent channels in the aerospace
and semiconductor industries. In recent years, efficient optical
absorption in the visible and near-infrared (NIR) region, which
can be potentially applied in fields of detecting, imaging,
photovoltaics (PVs), and so forth, have attracted enormous
interests.1−29 Among all the designs for the absorbers,
broadband absorbers based on metamaterials and trans-
formation optics have been investigated widely and developed
in many areas,10−25 whose absorptions are enhanced by the
excitation of the surface plasmon resonance. Especially, the
tapered structure consisting of alternating metallic and
dielectric thin films is mostly discussed,19−21 which can be
treated as a hyperbolic metamaterial (HMM) waveguide with
varying width. Zhou et al. theoretically verified that the
broadband absorption of this structure constituted by these
closely spaced resonances is formed between the top of the
tapered stacks and the cutoff level in the waveguide.20 As the
shadow effect during the evaporation is subtly exploited to
construct the tapered structure instead of the complicated
process of focused ion beam milling, the time and cost of

fabrication are significantly reduced. Liang et al. designed the
broadest bandwidth of this structure, which covers a 1−14 μm
region.21 Apart from this tapered structure, Chen et al.
proposed a broadband absorber of robust high absorption
efficiency for the 900−1600 nm wavelength range by creating
patterns of nanoparticles dispersed on a gold film spaced by a
thin dielectric layer.22 Bouchon et al. experimentally demon-
strated that a patchwork of four metal−insulator−metal patches
leads to an unpolarized wideband omnidirectional absorption
constituted by corresponding absorption peaks.23

However, all the broadband absorbers described above
require either accurate controls or complicated procedures with
multiple steps of nanolithography, reactive ion etching, e-beam
lithography, or focused ion beam milling, severely limiting their
practical applications especially in relatively large areas.
Therefore, thin film devices have been pursued as an alternative
approach.26−28 The most common film stack in the previous
studies is the dielectric−metal−dielectric (DMD) stack on a
reflecting metal.27,28 The metal layer in the DMD stack is
always selected from metals with strong optical absorption,
such as chrome, titanium, and nickel, and the thickness of this
layer is very thin, allowing multiple reflections within the
structure and leading to strong absorption. However, both the
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bandwidth and the absorption efficiency are still highly limited
for NIR applications. Furthermore, the capability of absorbing a
broad spectral range of light with high efficiency from any
incident direction regardless of the polarization state of incident
light, needed for numerous applications, remains significantly
challenging.
Here, we present wafer-scale ultrabroadband absorbers with

angular invariance up to 60° in a structure consisting of a stack
of various semiconductors on a metallic mirror. Our proposed
absorber has a novel device configuration featuring a graded
refractive index profile that allows the absorption of the device
to be significantly enhanced (∼98%) by exploiting antire-
flection (AR) effects, while the ultrabroadband absorption
characteristics are achieved by the designed tandem structure of
three absorptive materials with resonances being strongly
overlapped. Additionally, the broadband absorption perform-
ance with the high efficiency of our absorbers is greatly
insensitive with respect to the angle of incidence and the
polarization state of incident light, both of which are highly
desired properties in diverse applications. We also investigate
how the number of semiconductor−metal stacks affects the
absorption behavior of the absorber. Furthermore, the
proposed device can be fabricated by simple film deposition
methods, thereby opening up the possibility of various
applications targeting large areas, such as solar−thermal energy
harvesting, imaging, and detection.

■ RESULTS AND DISCUSSION
Figure 1a depicts a schematic diagram of the proposed
ultrabroadband and omnidirectional absorber where four thin
dielectrics and semiconductors are placed on top of an optically
thick metallic substrate. Multiple resonances in each dielectric
and semiconductor film at different wavelengths are established,
and the overlap of these resonances enables broadband
absorption up to 2 μm, which is much longer than the state-
of-the-art solar thermal absorber,27−29 especially than that (400
nm to 1.4 μm) reported in ref 27. It should be noted that the
bandwidth can be further widened by inserting more
semiconductor−metal stacks, which will be discussed in the
later section of this paper. To achieve highly efficient
absorption characteristics over a broad range of wavelengths,
an absorptive metal with a high refractive index and extinction
coefficient is selected as the bottom metal layer. Although
chromium (Cr) is chosen for the demonstration in our work,
other absorptive metals, such as titanium (Ti), iridium (Ir),
tungsten (W), nickel (Ni), or their alloys can also be used (see
Figure S1) to attain a similar property. Reflective metals, such

as silver (Ag), can also be utilized as the substrate if the
absorption needs to be mostly confined within the semi-
conductor layers, which is required by PV applications (see
Figure S2). Considering the absorption A = 1 − R − T with R
being the reflectance and T being the transmission, the bottom
metallic film is designed to be thick enough (>100 nm) to
block any transmitted light so that a perfect absorption
property is equal to a zero-reflection property in our system.
Four dielectric and semiconductor layers, germanium (Ge),
silicon (Si), titanium dioxide (TiO2), and magnesium fluoride
(MgF2), are subsequently deposited on top of the metallic
substrate to create a graded index profiled stack that produce
the AR effect,30 while highly absorbing materials (i.e., Si and
Ge) are responsible for the strong absorption at shorter
wavelengths. It is important to mention that other dielectric
materials with a similar optical constant can be utilized to
replace TiO2 (e.g., by HfO2 or Ta2O5) and MgF2 (e.g., by SiO2
or YLiF4), which is given in the Supporting Information (see
Figure S3).
For many solar-related applications, such as PV, thermoPV,

solar−thermal energy conversion,31 and solar control glazing
windows, achieving high-efficiency broadband absorption
characteristics over the full solar spectrum, spanning from
ultraviolet (UV) to near-infrared (IR), is highly desired.
Targeting at the best absorption behavior over the broad
wavelength ranges from 400 to 2000 nm, the required
dimension parameters of the device structure are designed by
the transfer matrix method. The thickness of each layer is found
to be 118, 56, 32, and 33 nm for MgF2, TiO2, Si, and Ge layers
on the thick Cr metallic substrate. In the device fabrication, the
stack was successively deposited by e-beam evaporation with
the substrate kept at 150 °C to obtain dense films. Figure 1b
shows the calculated and measured absorption spectra of our
proposed device at normal incidence, showing great agreement
with each other. The average absorption from the simulation
and the experiment for wavelengths from 400 to 2000 nm is
95.37% and 97.76%, respectively, both of which show very high
absorption efficiency. The slight discrepancy between the
measured and calculated results is primarily due to the
refractive index values for both Cr and Ge materials, which
are sensitive to the preparation condition and quite different
from the bulk data in the literature.32 We should also note that
our device design can be modified to apply to areas such as
aerospace applications (e.g., to eliminate stray light) and
consumer electronics applications of visible−IR detections, all
of which require the perfect absorption of wavelengths from
400 to 1200 nm. This can be easily enabled by slightly

Figure 1. (a) Schematic diagram of the proposed efficient ultrabroadband absorber. (b) Simulated and measured absorption of the proposed
absorber targeted for the 400−2000 nm range (film stack 1). (c) Photograph of the fabricated absorber device under normal incidence.
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decreasing the thickness of each layer, which moves the
resonances toward the shorter wavelength region (see Figure
S4). Figure 1c presents a photograph of the fabricated device
taken at normal incidence, showing a totally black appearance
due to the broadband absorption behavior.
We also explored the angular dependence by both simulation

and experiment. The calculated and measured angle-resolved
absorption spectra under unpolarized light illumination are
displayed in Figure 2a and b, obviously presenting a high
angular tolerance feature up to 60° with little variation of the
absorption efficiency. To clearly see the effect of the incidence
angle beyond 60° on the absorption efficiency of our device, the
average absorption efficiency for both the simulation and the
experiment is plotted as a function of the incidence angle
ranging from 0° to 70°, as shown in Figure 2c. It is clear that
the average absorption of our design varies very little up to 40°,
while the average absorption efficiency gradually decreases as
the incidence angle (greater than 40°) increases further. It is
shown that less than a 5% decrease of the average absorption
can be kept up to 60°. The optical absorption efficiency is still
higher than 80% even at a very large angle (70°). Figure 2d

exhibits optical images of the fabricated device taken under
indoor ambient light illumination (unpolarized light) at three
different angles up to 60°, clearly showing a black color with
negligible reflection. Clearly, the absorber shows a robust
angular insensitivity property, which is attributed to the broad
resonances. In addition, the designed absorber structure
consists of two semiconductors with a high refractive index
(i.e., Ge and Si), which can lead to a very small angle of
refraction into the structure by Snell’s law (n1 sin θ1 = n2 sin
θ/2) at IR ranges.33,34 The strong resonance effects in ultrathin
highly absorbing media (i.e., Ge and Si) appearing at visible
frequencies,35 where the phase cancellation effect between the
propagation phase shifts through the ultrathin semiconductor
films and the reflection phase from the metal film, contribute to
the angle-invariant characteristics.35−37

We also examine why our absorber structure exhibits highly
efficient absorptions. As there is no transmitted light due to the
thick metallic substrate, the high absorptions correspond to the
low reflections, which can be studied by the optical admittance
(inverse of the impedance) at different wavelengths.30 Figure 3
shows the optical admittance locus of our absorber as the

Figure 2. (a) Simulated incident angle resolved spectrum response of the ultrabroadband absorber. (b) Measured incident angle resolved spectrum
response of the ultrabroadband absorber. (c) Simulated and measured average absorption of the proposed ultrabroadband absorber for film stack 1 at
different incident angles. (d) Optical images of the fabricated absorber taken with indoor ambient light at an oblique incidence of 20°, 40°, and 60°.
The diameter of the fabricated device is 2 in.

Figure 3. Optical admittance locus of the ultrabroadband absorber for film stack 1 at each peak reflectance wavelength and valley reflectance
wavelength. The length of the black line provides a measure of the reflectance of the structure. The reflectance marked in the figure is calculated by
the Fresnel reflection formula with the acquired equivalent admittance.
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thicknesses of the different films increase. At long wavelengths,
the Ge/Si/TiO2/MgF2 combination forms a typical graded
index profile of broadband antireflection coatings for the Cr
substrate, where the Cr film has the largest refractive index (n >
4, k > 5) at 839, 1175, and 1710 nm. So, the overall admittance
gradually turns small and is finally close to (1, 0), i.e., the index
of the incident medium, air. However, the refractive index of Ge
is larger than Cr at short wavelengths of 434, 496, 580, and 686
nm. Thus, it is Ge/Cr, rather than the single Cr layer, that has
the largest effective admittance, and the admittance of the
whole structure is reduced gradually to 1 by Si/TiO2/MgF2
layers as AR coatings. The graded index profile results in a
smaller effective admittance so as to reduce the reflectance of
the whole structure gradually. In Figure 3, the length of the
black lines (i.e., distance between the termination point and the
air) provides a measure of the reflectance of the structure for
some wavelengths and is very small for all cases, which is
attributed to the graded refractive index profile producing the
broadband AR effects. The reflectance of the stack at the
corresponding wavelength is calculated by the Fresnel reflection
formula and then inserted at the bottom-left corner of each plot
in Figure 3.
The ultrabroadband absorption mechanisms are further

investigated by studying the main absorptive layers at different

wavelengths. A transition of absorption layers from Si to Cr
when moving to longer wavelengths is clearly identified. Since
the upper TiO2 layer and MgF2 layers are lossless in the visible
and NIR range, they do not contribute to the absorption but act
as the graded index layers for the AR and assist in additional
resonances. The absorption takes place in the three lower
layers, Si, Ge, and Cr layers, particularly at shorter wavelengths.
The absorption distribution profiles of the proposed structure
at different wavelengths are shown in Figure 4. Intuitively, as
the wavelength increases from the visible to the NIR, the main
absorption layers change from Ge/Si layers, to a Ge layer, then
to Cr/Ge layers, and eventually to a Cr layer only. This can be
easily understood by examining the refractive indices of the
layers at various wavelength ranges. From the refractive indices
given in Figure S5, we can see that the extinction coefficient of
Ge and Si is relatively large from 400 to 500 nm, which makes
the Ge and Si layers the main absorption layers within a short
wavelength range. As the wavelength increases, the extinction
coefficient of Si decreases while that of Ge still remains high,
which results in only the Ge layer contributing to the
absorption. When the wavelength is longer than 750 nm, the
extinction coefficient of Ge decreases while Cr becomes more
absorptive with a higher extinction coefficient; thus, the main
absorption layers turn to both the Cr layer and the Ge layer.

Figure 4. Layer absorption distribution profile of the ultrabroadband absorber for a five-layer structure at different wavelengths, showing the shift of
the absorption layer from Si to Cr with increasing wavelength.

Figure 5. (a) Reflectance of the proposed structure with different materials: practical absorptive materials or nonabsorptive hypothetic materials.
ARC: Ge/Si/TiO2/MgF2 where the extinction coefficients of Ge and Si are set artificially, while the optical constants of TiO2 and MgF2 remain
invariant, as shown in Figure S5. (b) Net phase shift in each absorptive layer of film stack 1 and the corresponding reflectance curve. The resonances
indicated by the phase shift curves (the net phase shifts are equal to a multiple of 2π) are highly consistent with the reflection dips.
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When the wavelength further goes beyond 1200 nm, Ge
becomes transparent; therefore, the absorption occurs only
within the Cr layer. On the basis of results in Figure 4 together
with those of Figure 3, each of the absorptive materials is
responsible for the prefect absorption at specific wavelengths
forming the overlapped absorption, whereas the various
resonances within corresponding transparent layers on top of
those lossy media help to enhance the absorption by increasing
the transmission into the absorptive layers with graded indices.
On the basis of the explanations including the antireflection

effect in Figure 3 and the tandem absorptive materials aimed
for a specific wavelength region in Figure 4, the physical origin
of the ultrabroadband absorption of our design is further
elaborated here. A simplified film stack composed of the thick
chromium layer and the antireflection coatings (ARC) is
described in Figure 5a, where the extinction coefficients of Ge
and Si are assumed to be zero, while the optical constants of
TiO2 and MgF2 remain invariant, as shown in Figure S5. By
adding the ARC, the reflectance of the device is significantly
reduced compared with that of the single thick chromium layer,
as shown by the red dotted line. For the wavelengths beyond
1200 nm, the reflection remains the same whether Si and Ge
are assumed absorptive or not, which means that the reflection
valley at 1710 nm is caused only by the antireflection effects on
the absorptive Cr layer. Besides, the reflectance for the 600−
900 nm region and the 400−600 nm region can be greatly
suppressed when the nonabsorptive hypothetic material is
substituted by the actual Ge and Si with absorption, as seen by
the blue and green dotted lines, respectively, verifying the
tandem absorption property in Figure 4. Moreover, we
investigate net phase shifts, involving the propagation phase
shift and reflection phase shifts at the top and bottom
interfaces, to explore the absorption resonances induced by
Ge and Si layers, shown in Figure 5b. As can be seen from the
figure, the resonances in each cavity layer, where the net phase

shift is equal to a multiple of 2π, correspond to the absorption
peaks in Figure 1b. Note that although the ultrathin highly
absorbing media are much thinner than the quarter wavelength
of incident light (h ≪ λ/4n, where h denotes the thickness of
the spacer, λ is the resonant wavelength, and n represents the
refractive index of the spacer), the nontrivial phase shift
associated with the reflections from the interface between
semiconductor (air) and nonideal metals (i.e., finite con-
ductivity) makes up the difference.35 The positions of the
resonances are indicated as the intersection of the dashed and
solid lines, all of which correspond exactly to the valley in the
reflection spectrum (red scatter line). It is obvious that creating
the resonances in different semiconductor materials at different
wavelengths (i.e., overlapped resonance behavior) leads to a
very strong absorption that corresponds to the reflection dip.
For example, the reflection valleys near 434 and 580 nm, which
are represented by (1) and (2), respectively, result from the
strong resonance absorption of the Si layer. At the long-
wavelength region near 1710 nm (4), where all semiconductive
and dielectric layers turn transparent, the resonances within the
Ge and Si layers indicating the strong absorption of the single
Cr substrate are achieved by the enhanced transmission
resulting from those resonances within transparent layers, i.e.,
antireflection effects. Similarly, the reflectance dip at 839 nm
(3) resulted from the antireflection effects induced by the Si/
TiO2/MgF2 stack and the correspondingly enhanced absorp-
tion within the Ge layer, which can be seen in Figure 5a. So the
resonances of the tandem structure comprising diverse
absorptive materials and the antireflection property arising
from the graded index profile structure both contribute to the
ultrabroadband absorption with high efficiency of this structure.
For the solar-harvesting energy applications, it is highly

desired for the solar absorbers to fully cover the solar spectrum
up to 2500 nm, which can be accomplished by inserting
additional semiconductor−metal stacks. Figure 6a presents a

Figure 6. (a) Schematic diagram of the improved ultrabroadband absorber with seven layers by inserting Ge/Cr layers. (b) Simulated and measured
absorption of the improved seven-layer absorber. (c) Calculated reflectance spectra of the seven-layer film stack. One addtional reflection dip is
created by the inserted Ge/Cr pair as compared to the five-layer structure, as shown with the circled valley reflectance. (d) Relationship between the
absorption characteristic and the number of Cr/Ge pairs, indicating that the absorption band can be broadened by 500 nm after inserting every
additional Cr/Ge pair.
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schematic representation of the device, which has an additional
cavity (Ge) whose resonance appears at 2200 nm, showing a
much improved absorption bandwidth (2.1 μm). The required
dimensions of the film stack 2, [Cr(200 nm)/Ge(52 nm)/
Cr(21 nm)/Ge(33 nm)/Si(34 nm)/TiO2(57 nm)/MgF2(111
nm)], is optimized to achieve the broadest bandwidth with
highly efficient absorptions. By placing additional Ge−Cr layers
in the five-layer stack, a new resonance is created at longer
wavelengths, leading to an even broader bandwidth. The
calculated and measured absorption spectra are plotted in
Figure 6b, showing the efficient absorption across the entire
band of 400−2500 nm with the measured average absorption of
96.82%, which agrees well with the simulated value of 96.71%,
implying a great improvement over the state-of-the-art solar
thermal absorber,27−29 especially that in ref 27, showing ∼85%
absorption. The efficient absorption bandwidth is dramatically
expanded with a new reflection dip appearing, as shown in
Figure 6c, which arises from the additional semiconductor−
metal stack. Figure 6d shows the calculated absorption
bandwidth and the average absorption efficiency as a function
of the number of Ge−Cr pairs. We should note that the band
edges correspond to the wavelength positions where the
absorption efficiency is no lower than 90% and the minimal
band edge is kept at 400 nm, which means the results shown in
the figure are the maximal band edges. It is clear that increasing
the number of Ge−Cr pairs enables the absorption property to
be further broadened, while still preserving the high absorption
efficiency (>93%). It is thus expected that a much broader
absorption characteristic up to 3.5 μm or even more can be
achieved by inserting more stacks of semiconductor−metal
layers, thereby opening the door to a multitude of new
applications.

■ CONCLUSIONS

In conclusion, a compact multilayer structure for ultrabroad-
band and omnidirectional perfect absorbers has been
demonstrated. The measured average absorption efficiency of
our proposed device, which consists of only five layers, is ∼98%
for wavelengths from 400 to 2000 nm. The proposed
ultrabroadband absorber can present a great angular tolerance
up to 60°. It has been demonstrated that the absorption
property can be further broadened to 2500 nm, even 3500 nm,
or more by inserting pairs of Ge and Cr layers. Both the
overlapped resonances of the tandem structure comprising
diverse absorptive materials and the antireflection property
arising from the graded index profile structure contribute to the
ultrabroadband absorption with high efficiency of this structure.
The ultrabroadband absorber has great potential in various
applications such as on-chip multichannel filters, solar−thermal
harvesting, light detecting, and imaging.

■ METHODS

Simulation. Simulation of the reflectance and absorption of
the ultrabroadband absorbers was performed by the transfer
matrix method. In our simulation, the wavelength-dependent
optical constant of the Cr material was obtained from the data
of Palik, and the refractive indices of other materials (Ge, Si,
TiO2, and MgF2) were experimentally measured by the
spectrometry method considering both the reflectance and
the transmittance curves, while the refractive index of Ge in
visible wavelengths was obtained by the ellipsometry method.
The absorption distribution profile of the structure was

calculated by commercial electromagnetic field calculation
software, FDTD Solutions from Lumerical Inc.

Device Fabrication. The proposed ultrabroadband absorb-
ers were manufactured on the clean substrates of silicon wafers
with a diameter of 2 in. The film stacks of five or seven layers
were all deposited by e-beam evaporation with a base vacuum
pressure better than 2 × 10−3 Pa. During the deposition, the
substrates were kept at 150 °C. The deposition rates for Cr, Ge,
Si, TiO2, and MgF2 are respectively 0.5, 0.2, 0.2, 0.3, and 0.5
nm/s.

Optical Characterization. The reflectance/transmittance
measurement at normal incidence was performed by
spectrophotometer (Shimadzu UV-3101PC). The angle-
resolved reflectance/transmittance was measured by a Cary
7000 angle-resolved spectrometer from Agilent Technologies
Inc. The optical constant of germanium in the visible
wavelengths was obtained by M-2000 ellipsometry (J.A.Wool-
lam Inc.).
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