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ABSTRACT

We demonstrate that a single-layer coating on a doped GaAs or Si substrate enables broadband antireflection and, hence, broadband perfect
absorption in the terahertz frequency range. This broadband behavior can be generally expected when the substrate material has a Drude-
type dispersion. Our mathematical analyses show that the reflection from Drude-type material may have an anomalously dispersive phase
shift. The anomalous dispersion of the reflection phase is used to compensate for the normal dispersion of the accumulation phase in the
single-layer coating film. Consequently, the antireflection conditions are satisfied in a wide frequency range, and broadband antireflection is
achieved. Thus, broadband perfect absorption is realized with only a single-layer coating film on the substrate. Our method provides a simple
and efficient approach to achieving broadband perfect absorption, which is critical in many applications such as radar stealth techniques and
solar cells.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0153206

I. INTRODUCTION enabled multi-band characteristics.'” '’ However, these multiband
MPAs present two main drawbacks that greatly hamper their prac-

Perfect absorption of incident electromagnetic (EM) waves is tical applications. One drawback is the complexity of fabricat-
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important for both fundamental studies and practical applications,
such as light-matter interactions, thermal emitters, photodetec-
tors, light modulators, and electromagnetic radiation camouflage.'
Dielectric or magnetic loss absorbers were initially proposed at
microwave frequenciesf ’ Over the past ten years, metamaterial
perfect absorbers (MPAs) have drawn extensive attention.'’'® The
typical configuration of MPAs usually consists of periodic metal-
lic resonators at the top, a middle dielectric insulating layer, and
a metallic ground plate. Most MPAs inherently operate within a
narrow bandwidth due to the resonant nature of a single meta-
material unit cell. Dual- or multi-band absorption can be realized
by combining multiple resonator units in an MPA. For example,
MPAs composed of metallic resonators of different sizes arranged
side-by-side at the top layer or stacked in the vertical direction

ing and controlling these structures. Another disadvantage is the
peak-dip-hump feature in the absorption spectrum, which makes
these multiband MPAs unsuitable for broadband perfect absorp-
tion applications. Although the peak-dip-hump lineshapes can be
alleviated by highly overlapping the discrete absorption bands in
the spectrum, the achievable overall absorption bandwidth is lim-
ited due to the finite ability to increase the number of absorption
peaks.

Broadband perfect absorption has always been one of the most
important aspects for practical applications in various industrial and
military fields.””** It can better fulfill practical needs compared to
most multi-band absorbers. Achieving broadband perfect absorp-
tion through multilayer antireflection coatings requires precise con-
trol of the complex process involving multiple depositions.”*’ In
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recent years, new methods have been explored to develop broad-
band perfect absorbers with simple structures.”’** For instance,
Liu et al. (Ref. 24) proposed a broadband absorber with a periodic
monolayered graphene patch array as the top layer, achieving con-
tinuous absorption of over 98% in the range of 1.2-1.7 THz. Huang
et al. (Ref. 25) combined metallic circles and disks concentrically
as the upper planner periodic resonator, resulting in a continuous
absorption of over 99% in the broadband range of 9.06-9.8 THz.
Huang et al. (Ref. 26) proposed a thin membrane silicon metasur-
face absorber with periodic elliptical holes, achieving continuous
absorption of over 90% in the range of 1.1-1.6 THz. These simple-
structured broadband absorbers not only enable easy fabrication
and low cost but also allow highly efficient tunability of the absorp-
tion performance over broadband. In another work by Zheng et al.
(Ref. 28), a VO, disk and a concentric square frame structure were
used as the upper planner periodic resonator, resulting in a shift in
absorption from 1% to 99% over the entire range of 4.2-6.5 THz.
However, in these newly developed simple-structured broadband
absorbers, lithography techniques are still required because they
all involve a top metallic or dielectric periodic array. Semicon-
ductor materials, which are significant in the terahertz regime, are
seldom considered.

In this work, we propose a dispersion compensation strategy
to achieve broadband perfect absorption with a single-layer coated
semiconductor substrate. Dispersion compensation strategies have
been adopted to achieve broadband responses in metamaterial
designs.”” ' Here, we propose a different dispersion compensation

pubs.aip.org/aip/adv

scheme based on the Drude dispersion of doped semiconductors.
Simulation results demonstrate that a 300 ym-thick doped GaAs
substrate coated with a 10 ym-thick polystyrene (PS) thin film
achieves near-perfect absorption (99%) over a broad bandwidth
(from 3.2 to 4.8 THz) at normal incidence. The absorber also main-
tains a relatively broad absorption bandwidth over a wide range of
incident angles. Additionally, it is found that the position of the
absorption band can be shifted by varying the doping concentration
of the semiconductor substrate and the corresponding coating film
thickness. Our proposed strategy can be applied to other material
systems, such as absorbing materials with Lorentz responses
at infrared frequencies’” or damping elastic metamaterials.””*
The method we present offers a feasible and efficient approach to
realizing broadband near-perfect absorption with a simple config-
uration and easy fabrication processes. This opens up possibilities
for a wide range of terahertz functional devices with potential
applications.

Il. DESIGN PRINCIPLE AND MODEL CALCULATION

Consider that a single-layer coating is deposited on an absorb-
ing substrate. The coating layer is assumed to have non-dispersive
and non-absorptive optical properties. When the underlying absorb-
ing medium is non-dispersive, the phases of reflection from the
upper and lower interfaces of the coating film, denoted as ¢(r)
and ¢(p), respectively, are also non-dispersive, as schematically
shown in Fig. 1(a). In this case, the round-trip phase of the incident

Incident light
a Round-trip phase shift b Antireflection occurs when
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T
N  30(n) :¢(r):constant c
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FIG. 1. Principle of a single-layer broadband antireflection coating for absorbing medium with an anomalous reflection phase. The round-trip phase @ of light in the coating
film is the sum of the reflection phases ¢(r), ¢(p), and the propagation phase 8. Generally, the phase change of light waves reflected from the coating/air interface ¢(r)
is a constant. (a) For normal absorbing material, the reflection phase upon the coating/absorbing-medium interface ¢(p) is also a constant. The dispersion property of @ is
only determined by that of 8. (b) The typical narrowband antireflection occurs in the bilayered structure shown in (a). (c) For the absorbing material with negative dispersive
¢(p), @ can remain non-dispersive due to the dispersion compensation of ¢(p) and . (d) The possible broadband antireflection by using the bilayered structure in (c).
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light in the coating film, denoted as @, is equal to the sum of the
reflection phases ¢(r) and ¢(p), along with the propagation phase
8, ie, ®=¢(r) + ¢(p) + 8. As a result, the frequency dispersion of
@ depends solely on the frequency dispersion of 8. The propagation
phase ¢ is given by 8 = 2dn.w/c, where d represents the thickness of
the coating film and #, is its refractive index. Here, w denotes the
angular frequency, and ¢ represents the speed of light in a vacuum.
It can be observed that § increases with an increase in frequency,
indicating that & exhibits positive dispersion. Consequently, ® also
exhibits positive dispersion, as depicted in Fig. 1(b). Considering
that antireflection occurs when @ = 2mm (where m is an integer),
one can anticipate that reflection dips will appear only at specific
frequencies in the spectrum.

By contrast, let us consider another coating structure in which
the reflection phase ¢(p) at the interface between the coating film
and absorbing substrate exhibits negative dispersion, as shown in
Fig. 1(c). This anomalous reflection phase (normal reflection phase
is either non-dispersive or positive dispersive) can be achieved when
the refraction index of the substrate medium follows a Drude-type
behavior near the resonant frequency,” " as we will demonstrate
in the subsequent discussions. Consequently, the positive disper-
sion of the propagation phase § can be effectively compensated by
the negative dispersion of ¢(p) within a specific frequency range.
As a result, the round-trip phase ® remains almost unchanged
over a broad bandwidth, as shown in Fig. 1(d). Moreover, the
phase-matching condition ® = 2mm might be simultaneously or

|
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nearly satisfied. Hence, one can expect that broadband antireflection
can be achieved with a single-layer coating.

We now focus on the problem of determining the conditions
under which a negative dispersive reflection phase ¢(p) occurs.
According to Fresnel’s equations, the reflection coefficient from the
interface between the coating and the absorbing substrate is defined
as follows:”

Nne — Ns

- , 1
L (0
where n. and #n; are the refraction indices of the coating film and
the substrate, respectively. Taking into account the absorption in
the substrate, the imaginary part of n; is non-negligible. We set
ns = n + jk, where k is proportional to the absorption coefficient of

the substrate. Substituting ns = n + jk into Eq. (1), we can obtain

nt —n* -k - 2jnck

= 2
P e n) + K @
Hence, the reflection phase ¢(p) can be derived as
2n,
$(p) = arctan ————. (3)

Tt+k

It can be seen from Eq. (3) that ¢(p) may either increase or

decrease with k, depending on the value of k/\/n* — n?. In the case
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FIG. 2. Complex refractive indices of (a) doped GaAs and (b) doped Si substrates, respectively. These index spectra are calculated by Drude models with fitting parameters
from Refs. 37 and 38. The reflection amplitudes and phases at (c) air/doped-GaAs and (d) air/doped-Si interfaces.
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of 0 < k/\/n* — n < 1, ¢(p) increases as k increases. Conversely, if
k/\/n* — n? > 1, ¢(p) decreases as k increases. In the situation where

0 < k/\/n* = n? < 1, both ¢(p) and k exhibit the same tendency to
change with frequency, i.e., dispersion. Consequently, When k dis-
plays negative dispersion, it can be expected that the reflection phase
¢(p) will also exhibit negative dispersion.

For materials of the Drude type, it is possible to simultaneously

satisfy the conditions of 0 < k/\/n* — nZ < 1 and have a negative dis-
persion of k at frequencies above the plasma frequency wy. This is
because the material losses tend to decrease as the frequency exceeds
wp). As a result, it becomes feasible to achieve a negatively dispersive
reflection phase under these circumstances.

The Drude model is capable of accurately describing the opti-
cal properties of moderately and highly doped semiconductors,
with their plasma frequencies typically falling within the terahertz
spectral range. Figures 2(a) and 2(b) demonstrate the complex
refractive indices of doped GaAs and Si, respectively, which have
been calculated using Drude models fitted to experimental data
obtained from previous studies.””* The conductivity of the semi-
conductor, o(w), can be effectively represented using a Drude
model,

N Né*r
" mr(1 - jwr)’

o(w) 4)
where w represents the angular frequency of the electromagnetic
wave, N denotes the carrier concentration, 7 is the scattering time,
e is the elementary charge, and m” is the effective carrier mass.
The value of 7 can be derived from the measured dc mobility
by u = er/m*. The optimized values of N, m”*, and u for GaAs
and Si are obtained through a Drude fit to the THz transmission
data as reported in Refs. 37 and 38. For n-type doped GaAs in
Fig. 2(a), the values are N = 10.3 x 10" cm™, y = 4000 cm® V™' 571,
and m* =0.079my (where mg is the free electron mass). For
n-type doped Si in Fig. 2(b), the values are N =4 x 10'® ¢cm™,
u=1100 cm? V 157! and m* = 0.26my. Subsequently, the dielec-
tric constant ¢(w) can be obtained from o(w) using the equation,

Ew) =& —
(w) =eg ==~

where ¢; denotes the dielectric constant of the undoped
semiconductor.

I1l. RESULTS AND DISCUSSION

A single layer of PS coating is applied to a doped GaAs sub-
strate for broadband antireflection, as shown in Fig. 3(a). The
substrate has a thickness of 300 ym to prevent the transmission
of terahertz waves. The transfer matrix method (TMM),*’ an ana-
lytical method commonly used to study simple and homogeneous
models, is conventionally employed to calculate the reflectivity
spectra of our structure. Figure 3(b) illustrates the reflection spec-
tra of the Doped GaAs substrate with and without coating. It is
evident that the reflection is significantly reduced by applying a
single layer of coating. Particularly, near-complete antireflection
and near-perfect absorption are maintained over a broad frequency
range.

pubs.aip.org/aip/adv

We now focus on the frequency range of 3.2-4.7 THz, where
broadband near-complete antireflection occurs. Near-complete
antireflection is achieved under two conditions: (i) |r| ~ |p| and
(i) © = ¢(r) + ¢(p) + 6 = 2mm. To satisfy condition (i), a dielec-
tric coating material with a refractive index of 1.6, such as PS,
is selected.”’ "’ This ensures that the magnitudes of the reflection
coefficients |r| and |p| are roughly equal in the desired frequency
range, as shown in Fig. 3(c). In Fig. 3(d), it can be observed that
with a 10 um-thick PS coating, @ (dark dashed line) is close to
zero, indicating an approximate satisfaction of condition (ii) across
the 3-5 THz range. This achievement is significant considering
that traditional single-layer antireflection coatings can only satisfy
condition (ii) at specific frequencies. Such a broadband feasibil-
ity of condition (ii) is attributed to the dispersion compensation
of § and ¢(p). It is noteworthy that within the 3-5 THz fre-
quency range, § exhibits similar values to ¢(p) but with opposite
signs, and their compensation leads to the successive fulfillment of
condition (ii).

In the design of a broadband single coating for doped GaAs
substrates, it is necessary to carefully calculate the refractive index
and thickness of the coating film to satisfy conditions (i) and (ii)
separately. For condition (i), the refractive index of the coating film
should be chosen to match the refractive indices of air and the sub-
strate, ensuring excellent antireflection characteristics. At the same
time, the antireflection coating is desired to operate over a broad fre-
quency range. We observe that the amplitude spectrum of reflection
from the coated/doped GaAs interface, denoted as |p| [see Fig. 3(c)],
exhibits a gentle dip at 3.7 THz, indicating the possibility of a rough
index match in that vicinity. As shown in Fig. 3(c), the amplitude
spectrum line of reflection from air/PS, denoted as |r|, crosses the
gentle dip of the |p| spectrum. This leads to a broadband approx-
imate satisfaction of condition (i) from 3.2 to 4.9 THz. Regarding
condition (ii), the thickness of the coating film determines the dis-
persion slope and values of §, which in turn affect the degree of
dispersion compensation with ¢(p) and the final values of ®. In
our design shown in Fig. 3, the PS coating is set at 10 ym thick,
ensuring that the absolute values of ¢(p) and § are similar but with
opposite signs at frequencies from 3.2 to 4.8 THz. Consequently, the
round-trip phase of @ remains close to zero throughout the
corresponding frequency range.

Due to the nontrivial reflection phase** (not equal to 0 or ) at
the interface between the coating film and the semiconductor sub-
strate in the structure shown in Fig. 3, the thickness of the coating
film (10 ym) is 47% less than that of a quarter-wave plate at 4 THz
(18.75 ym). The reduced film thickness contributes to the robust
optical properties of the antireflection coating with respect to the
angle of incidence. To demonstrate this, we calculate the absorptivity
for both s- and p-polarized incidence waves at an angle of incidence
of 6 =15° 30°, 45°, 60°, and 75° [Figs. 4(a) and 4(b)]. The results
show that the absorption feature remains prominent for incidence
angles ranging from 0° to 60°. Even at a high incidence angle of 60°,
the absorption remains above 90% within the considered frequency
range for both polarizations.

Furthermore, the operating frequency band of broadband
antireflection in such an optimized bilayered structure can be tuned
by changing the carrier concentration of the doped GaAs and the
corresponding thickness of the coating film, as shown in Fig. 5.
The plasma frequencies and, therefore, the optical properties of
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FIG. 3. (a) Schema of the PS-coated doped GaAs substrate. Here, the PS coating is 10 um thick, and the carrier concentration of the n-type doped GaAs is N = 10.3 x 106
cm~3. (b) Absorptivity and reflectivity spectra of the doped GaAs with the PS coating layer, as well as the reflectivity spectra of the doped GaAs without the PS coating. (c)
The spectra of reflection amplitudes |r| and |p|. (d) The dispersion properties of phases ¢(r), ¢(p), o, and .
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FIG. 4. Angular dependence of the broadband absorptivity spectra of the near-perfect absorber for s-polarization (a) and p-polarization (b), for angles of incidence equal to
15°, 30°, 45°, 60°, and 75°.
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doped semiconductors can be greatly shifted by varying the doping
concentration. Figure 5(a) shows the complex refraction indices of
n-type doped GaAs with N = 3.1 x 10" cm™ (4 = 5500 cm* V™'
s and N=6x 10" cm™ (¢ = 5000 cm? Vg™, respectively.
The reflection phases and amplitudes from the PS/doped GaAs
interfaces are also shown in Fig. 5(b). It can be observed that both
the negative dispersion area of the reflection phase spectrum and the
gentle dip in the reflection amplitude spectrum show an obvious red
shift as the carrier concentration decreases. Additionally, it is worth
noting that the morphology of the reflection amplitude and phase
curves and the corresponding values are not significantly influenced
by the carrier concentration. Thus, around the gentle dip in the spec-
trum, condition (i) can still be satisfied with the PS coating material,
while condition (ii) requires adjusting the thickness of the PS coat-
ing film to follow the shifted frequency. In the case of doped GaAs
with N = 6 x 10'° cm ™, a 13 ym-thick PS coating can achieve broad-
band antireflection and near-perfect absorption in the frequency
range of 2.4-3.6 THz [Fig. 5(c)]. For the case of doped GaAs with
N =3.1x10" cm™, a 16 ym-thick PS coating can achieve near-
perfect absorption in the range of 1.9-3 THz [Fig. 5(d)]. The
observed ripples in the high-frequency region of the spectra are
attributed to the resonant effects of the terahertz waves interacting
with the substrate.

Similarly, a doped Si substrate with a coating of PE (Polyethy-
lene)*! can also enable broadband, near-complete antireflection
in the terahertz frequencies. Figure 6(a) illustrates the schematic
diagram of a bilayer structure of PE/doped Si. By using a bilayer
structure composed of a 22 um-thick PE coating and a 500 ym-
thick doped Si substrate (carrier concentration N = 4 x 10 cm™3),a
reflectivity of less than 5% is achieved over the frequency range from
1 to 1.75 THz, as shown in Fig. 6(b). According to conditions (i),
the ideal refractive index value of the coating for a Si substrate with
N =4 x 10" cm™ can be derived to be 1.8. However, there is no
common polymer with a refractive index of 1.8 in the lower terahertz
frequency range. Therefore, PE is chosen as the coating material
because its refractive index of 2 is very close to the ideal index value
of 1.8. With PE coating, the reflection magnitude |r| is only roughly
approximated to |p| in the 1-2 THz range, as shown in Fig. 6(c). This
explains why the reflection cannot be completely eliminated by PE
coating in Fig. 6(b). Regarding condition (ii), the round-trip phase
® remains close to 0 in the 1-1.75 THz range, which is achieved
through effective dispersion compensation between ¢(p) and &, as
depicted in Fig. 6(d).

Table I summarizes the broadband absorbers designed in
this work, demonstrating the general applicability of our pro-
posed method for achieving near-perfect broadband absorption. The
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FIG. 6. (a) Schema of a doped Si substrate with PE coating. Here, the PE coating is 22 um thick, and the carrier concentration of the n-type doped Si is 4 x 106 cm=3.
(b) Absorptivity and reflectivity spectra of the doped Si with a PE coating layer, as well as the reflectivity spectra of the doped Si without the PE coating. (c) The spectra of
reflection amplitudes |r| and |p|. (d) The dispersion properties of phases ¢ (r), ¢(p), 8, and ®.

TABLE I. Comparison of the absorption bandwidths of the four broadband absorbers
designed in this work.

Thickness Freq. Abs.

Substrate N (cm™>) Coating (um) (THz) (%)
GaAs 10.3 x 10'° PS 10 3.2-4.7 99
GaAs 6 x 10'° PS 13 2.4-3.6 99
GaAs 3.1 x 10 PS 16 1.9-3 99
Si 4x10' PE 22 1-1.75 95

relative bandwidths of the four absorbers in the table are all above
38%, with the PE/doped-Si absorber achieving a relative bandwidth
of 54%.

IV. CONCLUSION

In conclusion, we have proposed a simple and efficient method
for achieving near-perfect absorption broadband. By applying

a single-layer antireflection coating on a Drude-type substrate,
we can achieve broadband antireflection through dispersion
compensation, contrary to the well-known narrowband antireflec-
tion phenomenon. We have derived the conditions for the refractive
indices of the coating and substrate that enable anomalous disper-
sion and phase shift upon reflection, facilitating dispersion com-
pensation. Our simulation results demonstrate that the designed
PS/doped-GaAs structure can achieve near-perfect absorption in the
frequency range of 3.2-4.7 THz. Moreover, by adjusting the dop-
ing concentration in the semiconductor substrate and the thickness
of the coating film, the absorption range can be tuned while main-
taining broadband characteristics. This proposed strategy is simple
and can be applied to other natural absorbers or artificial plasmonic
structures.
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