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Polar dielectrics, such as SiC, are excellent candidates for operation in extreme envi-
ronments due to their excellent mechanical and thermal properties. In addition, they
can achieve good IR reflection in the Reststrahlen band. However, these materials
have relatively narrow spectral bandwidth for reflection, especially considering that
the broadband illumination sources in extreme environments. In this study, we inves-
tigated the broadband reflection properties of polar dielectrics by engineering the
Reststrahlen band through doping and stacked layers. Our results indicate that by
doping polar dielectrics, spectral reflection bandwidth can be significantly broad-
ened. In addition, we demonstrate that by stacking different polar dielectric layers, the
reflection spectrum of different materials can be overlapped, and thereby, significantly
broader spectrum is obtained. © 2018 Author(s). All article content, except where oth-
erwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5021650

. INTRODUCTION

Polar dielectrics, such as SiC, are excellent candidates for operation in extreme environments
due to their excellent thermal stability at high temperature, corrosion resistance, and good thermal
properties.! In addition to these properties, they exhibit attractive optical properties. Polar dielectric
materials, such as SiC,? and GaN? are known to demonstrate low optical loss with negative permit-
tivity with properties in the IR regime.* In addition, polar dielectrics can represent negative dielectric
function in the longitudinal (LO) and transverse (TO) optical phonon frequency band, which is also
known as the Reststrahlen band.*~” An incident wave onto a polar dielectric surface exhibits a strong
reflection in the Reststrahlen band. Since the Reststrahlen band for polar dielectrics occurs in the
IR regime, these materials can be used to reflect the IR radiation effects in extreme environment
applications. Despite their attractive optical properties to achieve IR reflection, these materials have
relatively narrow spectral bandwidth for reflection, especially considering that the sources in extreme
environments are broadband. It has been shown that the Reststrahlen band of II-nitride and III-V
semiconductors can be extended using hybrid modes.®'* In this study, we investigated the reflec-
tive properties of intrinsic and doped polar dielectrics when deposited as a single layer or double
stacked layer configurations. First, we demonstrate that by doping these materials, spectral reflec-
tion bandwidth can be significantly broadened. Second, we demonstrate that by stacking different
polar dielectric we managed to overlap the reflection spectrum of different materials, and thereby,
significantly broaden the reflection spectrum of the composite material.

Il. THEORETICAL FORMULATION

In this section, we present the theoretical method and formulations in order to achieve maxi-
mum reflection coefficient in the IR regime. First, a theoretical closed-form formulation is presented
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for investigating the effect of increasing the doping concentration on the broadening the reflec-
tion spectrum at the interface of vacuum and single polar dielectric based on Fresnel reflection
coefficients.!’

Second, obtaining the maximum reflection is theoretically studied for double stacked layers
consisting of SiC, and GaN; and a theoretical formulation is presented. A schematic illustration of
the stacked geometries considered in this study is provided in Fig. 1(a), and 1(b), where the layers of
undoped and doped polar dielectrics are stacked with their individual substrates and illuminated by
a planar wave.

A. Single layer interface

Throughout this manuscript, we deal with the reflectivity properties of 4H-SiC and cubic-GaN
because of their wide Reststrahlen spectral band among the polar-dielectrics.>>!2"'% The optical
dielectric function of the polar dielectric materials (with j = SiC, and GaN) can be represented as
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where, &4 is the high-frequency permittivity constant, w;p ; and wro,; demonstrate the longi-
tudinal, and transverse optical phonon frequencies, respectively, with considering damping fre-
quency of l"j.5’17 It should be noted that, in the theoretical and numerical simulations for GaN
we considered that wro cav=16 [THz], wro,cav~22 [THz], and I'g,n=0.1 [THz]; and for SiC
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FIG. 1. Schematic representation of the stacked layers of (a) undoped polar dielectric substrate, (b) doped polar dielectric,
respectively.
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wro,sice24 [THz], wro sic=29 [THz], T'sic=~0.08 [THz]. Though, the polar dielectrics are uni-
axially anisotropic materials, all the parameters and calculations in this paper are based on the
excitation along perpendicular axis. For materials used in this study, the surface-phonon polariton
(SPhP) modes'® and surface-plasmon (SP) modes>*!° can be supported on the interfaces involv-
ing polar dielectrics with other insulator. Furthermore, since the Reststrahlen band lies in the IR
frequencies, use of polar dielectrics such as SiC are attractive for extreme environment applica-
tions.?%2* In the case of normal incidence of a plane-wave, the reflection from the interface of a polar
dielectric and vacuum can be obtained by R=|n; — 1/ nj + 1* assuming nj = +/g;. Consequently,
it can be theoretically, shown that the frequencies in which the perfect reflection may occur are as
follows:
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Figure 2, shows w. ; versus doping densities in order to understand the doping effects on the
broadening of the Reststrahlen band of SiC and GaN. In the case of the doped SiC, it is considered
that ysic(n) = e/[m,. - usic(n)] with effective mass and electron mobility of mg,.=0.36my and
psic(m)=4.82x10° x n~04?*cm?V-! while for the doped GaN; pgav=440cm?V-! and m}, ,, =0.18mq
where my is the electron mass.” It can be seen from Fig. 2 that increasing the doping density
can intensively affect w, ; frequencies, while it may not affect w_ ;. In fact, the w_ ; frequency
that remains constant over the several doping concentrations represents wro ; which is the pole of
dielectric function according to Eq. (1).
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FIG. 2. The w. frequencies versus doping density for SiC and GaN.
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Consequently, based on Fig. 2, it is obvious that the Reststrahlen band (i.e. w,, j—w- ;) of the
doped GaN is a wider in comparison to the doped SiC. Since polar dielectrics may not yield wideband
reflection, the use of heavily doped polar dielectrics is suggested as an alternative in Section IV of
this manuscript.

B. Stacked layers interface

For the double stacked layers structures similar to the configuration shown in Fig. 1, it can be

shown that the total reflection spectrum can be obtained by R = (rjk + rklewk) / (1 + rjkrklemk) with

rjx = (nj — n)l(nj + ng) and Oy = w-h-ni/c, c as the speed of light and j # k # [ = 1-3, respectively.'-26-7

The theoretical formulation for the transmission and absorption spectrums regarding to the refractive
indices of the structure shown in Figs. 1(a) and 1(b) can also be found in the literature.' 2" However,
as our investigation throughout this manuscript mainly deals with the reflection spectrum, we focus
on the spectral features related to reflection spectrum. In order to study the effects of the first upper
film and substrate stacked layers on the optical behavior of the stacked layers, we focus on the
frequencies and conditions in which the maximum reflection can be obtained. We note that the
perfect reflection may not be achieved due to the presence of the electron and phonon damping
in the dielectric polar layers. One solution arises from the maximum reflection of the first layer
that we discussed and theoretically obtained the frequencies in Section II, in which the maximum
reflection can occur using Eq. (2) and Eq. (3). The second solution arises from ry; = e~ 2% which after
some mathematical simplifications and considering the real part of the dielectric function results in;
Re[er]* -2 (1 + 3e‘4i3k) / (1 - e“”ak) Re[ere;] + Re[g;12=0 that can be demonstrated as:

Re[sr]=-6:Re[e] “

where
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Thus, by using Eq. (4) and Eq. (5) and replacing in the dielectric functions of the mediums using the
Drude-Lorentz classical oscillator model of Eq. (1) in Eq. (4) we obtain:
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In the case of the considered materials i.e., SiC and GaN we can approximately assume that
&0, IRE 0 k; MoOreover, it can be shown that I'; =I', = 0 and thus the optical phonon damping frequencies
cannot impact the results. Hence, we achieve:
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where wl’fl = ‘“12) /€00 and wl’)zk = wlz) i/ €co k- Simplifying Eq. (7) leads to an eighth-degree polynomial

equation so that, its solution results in the frequencies in which the maximum reflection occurs:
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According to Eq. (8) and Egs. (9), it can be seen that although the optical phonon damping frequencies
are negligible, the electron damping frequencies can strongly affect the roots of Eq. (8) and thereby

the maximum reflection frequencies.

lll. COMPARISON OF NUMERICAL AND THEORETICAL RESULTS

In order to confirm the theoretical results presented in the paper, the numerical solution of
the considered structure is obtained. This part consists of finite-difference time-domain (FDTD)
simulation method and the numerical solution of the Eq. (8) using a nonlinear equation solver.

Reflection

0.5

—Doped Theoretical
--==Doped Simulation

Freq. (THz)

[—Undoped Theoretical||

-==Undoped Simulation ||

FIG. 3. The reflection spectrum obtained theoretically and numerically for the undoped and heavily-doped (n = 10%°(cm™3))

for (a) SiC, and (b) GaN, respectively.
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In the following results, a good agreement is shown between the theoretical, and the simulation
results. Figures 3(a) and 3(b) demonstrate the reflection spectrum theoretically and numerically for
undoped and heavily-doped (n = 10?°(cm™)) SiC, and GaN, respectively. According to Figs. 3(a),
and 3(b) it can be seen that wyp cannot be affected by increasing the doping density, however, wro
dramatically blue-shifts by doping which confirms the obtained theoretical results using Eq. (2) shown
in Fig. 2 (i.e. w+ sic and w4 gqy). In addition, it can be seen that, increasing the doping values can
reduce the reflection coefficient especially for the heavily doped GaN. Furthermore, Figs. 4(a)-4(d)
demonstrate the reflection (blue solid-curve) and transmission (blue dashed-dotted-curve) obtained
theoretically using Fresnel equations and the relevant simulation results of reflection (red solid-curve)
and transmission (red dashed-dotted-curve) for undoped [(a), (b)], and doped (n = 10*°(cm~3)) layered
materials [(c), (d)] for A =1 and 1.5 (um), respectively. Based on Figs. 4(a)-4(d) it can be seen that
although some deviations exist between the theory and simulation, the results show a good agreement
and similar trends are observed in both solutions.

Figure 5 demonstrate the theoretical reflection spectrum results for double stacked layers of lossy
mediums®® doping densities of n = 10'8(cm) [solid-curve], n = 10'°(cm~3) [dashed-curve], and
n = 10%(cm™>) [dashed-dotted-curve], respectively.

In addition, Figure 5, represents the averaged summation of reflection spectrum at frequencies
solved numerically using Eq. (2) and Eq. (8) n = 10'8(cm™) [circles], n = 10! (cm™) [diamonds],
and n = 10%°(cm™3) [cubes], respectively.

The results in Fig. 5 suggest that although minimum reflections occur at wro_sic and W7o, Gan-
an additional minimum in the reflection spectrum emerges between 15 THz and 20 THz due
to increasing the doping density in SiC (similar to Fig. 3(a)) which is blue-shifted by adding
more dopants. Furthermore, minimum reflection at higher frequencies are obvious that are due to
interactions of the doped wro sic,doped A0d W10, GaN,dopea Which blue-shifts by increasing doping
value. It can be noticed that in the spectral region between wrp_sic and wro_gay; the reflection
decreases by increasing the doping while the reflection increases by doping between wro sic,doped
and wro,Gan,doped- Also in Fig. 5, a good agreement exists between the theoretical and numerical
results.
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FIG. 4. The theoretically obtained reflection (blue solid-curve) and transmission (blue dashed-dotted-curve); simulation
results of reflection (red solid-curve) and transmission (red dashed-dotted-curve) for undoped [(a), (b)], and heavily-doped
(n=102(cm™)) layered materials [(c), (d)], respectively.
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© n= lOIs(cm'l) ¢ n= lOIg(cm'j) n=10% (cm'3)‘

T

S Vacuum/SiC/
. - —~
o\, o, GaN substrate
-

\ :
- 5 2 3
\ \1=10%(cm™)
o
\

Reflection

h=1(um) 'n =10"(em™)R,

0
15 20 25 30 35 40

Freq. (THz)

FIG. 5. The reflection spectrum theoretically obtained from Fresnel equation for n = 10" (cm™3) [solid-curve], n=10"(cm ™)
[dashed-curve], and n = 102°(cm™3) [dashed-dotted-curve]; the averaged reflection spectrum of n = 10'8(cm™3) [circles],
n=10"(cm™?) [diamonds], and 1 = 102°(cm™3) [cubes] at frequencies obtained by numerical solution results of Eq. (2) and

Eq. (8).

IV. RESULTS AND DISCUSSIONS

In this section, we present and discuss results related to spectral broadening of polar dielectrics.
As we previously discussed, it is desirable to increase the spectral reflectivity over a broad spectrum
to reduce the radiative load. To achieve this, we demonstrate that by doping these materials, spectral
reflection bandwidth can be significantly broadened. In Figures 6(a)-6(c), and 6(d)-6(f) depict the
spectral variations of reflection, transmission, and absorption coefficient of vacuum-SiC, and -GaN
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FIG. 6. Spectral variation of the reflection, transmission, and absorption coefficients versus doping density for [(a)-(c)] SiC,
and [(d)-(f)] GaN of the vacuum/polar dielectric single interface.
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single interface versus n-doping densities, respectively. Based on the results in Figs. 6(a), and 6(d), itis
clear that increasing the doping values can drastically enhance the bandwidth of reflection spectrum of
GaN in comparison to SiC. In other words, doping GaN results in wider a Reststrahlen band, however,
the reflection coefficient amplitude of the doped GaN medium gradually reduced by frequency where
it remains approximately constant for the doped SiC.

This can be also understood from the transmission coefficient spectrum in which the maximum
transmission amplitude occurs for frequencies greater than wyo of the individual polar dielectric
[Figs. 6(b), 6(e)]. Based on the results in Figs. 6(a)-6(f) the optical properties are constant around the
individual wrp, the governing optical mechanism in this method is to increase the reflection band-
width by blue-shifting the w; o frequency. Furthermore, it can be seen that the absorption coefficient
increases approximately around wyp by increasing the doping density. The impact of the doping
densities on the wy in this method of widening of the reflection coefficient bandwidth plays the
most important role.

To improve the reflectivity of the presented doped polar dielectrics, one can utilize the stacked
layers structure of polar dielectrics. Another major parameter in this kind of applications is the
thickness of the polar dielectric medium. In the next set of results we investigate the effect of
thickness in the undoped and doped SiC/GaN stacked layers which can effectively reflect the IR
radiations. Figures 7(al)-7(c1), and 7(a2)-7(c2) depict the spectral variations of reflection, transmis-
sion, and absorption coefficients of vacuum/undoped SiC/undoped GaN substrate and vacuum/doped
SiC/doped GaN substrate, respectively. We have considered the heavy n-doping concentration with
similar density of n = 10%° (cm™) for both of SiC and GaN mediums. Figures 8[(al)-(c1)] and
8[(a2)-(c2)] show the spectral variations of the reflection, transmission, and absorption coefficients
for the vacuum/undoped GaN/undoped SiC, and vacuum/doped GaN/doped SiC, respectively, versus
the thickness of the thin layer.

According to Figs. 8[(al)-(c1)] it can be seen that, for the thin undoped GaN layer stacked to the
undoped SiC substrate, the maximum reflection gap occurs between wro.ganv and wro sic-
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FIG. 7. Spectral variation of the reflection, transmission, and absorption coefficients versus thickness of the [(al)-(c1)] vac-
uum/undoped SiC/undoped GaN substrate and [(a2)-(c2)] vacuum/doped SiC/doped GaN substrate stacked layers structure,
respectively.
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FIG. 8. Spectral variation of the reflection, transmission, and absorption coefficients versus thickness of the [(al)-(c1)] vac-
uum/undoped GaN/undoped SiC substrate and [(a2)-(c2)] vacuum/doped GaN/doped SiC substrate stacked layers structure,
respectively.

It is obvious that, though the GaN layer is able to absorb more radiations around 5 (¢m), for the
thicknesses less than 1 (um) this frequency gap can effectively transmit the IR radiations. Furthermore,
the transmission is so high for the frequencies more than wy ¢ sic. On the other hands, in comparison to
Figs. 8[(al)-(c1)] with Figs. 7[(al)-(c1)], except small gaps; the undoped SiC/undoped GaN stacked
layers represent continuous reflection for the lower frequencies. Besides, based on Figs. 8[(a2)-(c2)],
it can be seen that increasing the thickness of the doped GaN layer can obtain continuous and wide
reflection coefficient through minimizing the transmission coefficient spectrum. In fact, the latter
effect is happened because the high Reststrahlen band of the doped GaN can cover the Reststrahlen
band of the doped SiC substrate via enhancing the thickness. Comparing with the Figs. 7[(a2)-(c2)]
one can interestingly find out that instead of using a doped GaN with several microns of thickness,
a thin layer of doped SiC (=~ 200 nm) deposited on a doped GaN substrate can provide a broadband
reflection spectrum.

V. CONCLUSION

In conclusion, in this paper we investigate the single layer and stacked polar dielectrics with
vacuum interface for potential applications in extreme environments as IR wideband reflectors. We
demonstrated that broadband reflection can be obtained through engineering the Reststrahlen band
of the polar dielectric mediums. Our results indicated that at the vacuum/polar dielectric interface,
broadband reflection can be achieved by dramatically blue-shifting the individual wo frequency
through doping the polar dielectric. For the stacked structure, increasing the doping value results in
two valleys in the reflection spectrum, where the first (lower frequency) dip blue-shifts and increases
by doping. The second (higher frequency) valley decreases and blue-shifts by adding more dopants.
In addition, we show that using a thin layer of doped SiC (thickness of around 200 nm) stacked
on a doped GaN substrate one can achieve a discrete wide band reflection, while a doped layer of
GaN (with thickness of 2 um) is needed to be stacked on the doped SiC substrate for obtaining a
reasonable continuous wideband reflection. Considering that the GaN is an expensive material, in
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some cases researchers may prefer to use the separated broadband reflection of the doped layer of
SiC/GaN substrate configuration.
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