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[Abstract

.

This chapter presents a comprehensive study on the design, analysis, and performance of Metal- Insulator-Metal-Insu-
lator-Metal (MIMIM) multilayer stacks. The behavior of these stacks was modeled using the Transfer Matrix Method
(TMM), allowing for a detailed investigation into their optical properties under varying parameters such as refractive in-
dex, layer thickness, polarization, and angle of incidence. The results highlight significant trends, including the effects of
changing the incidence angle and layer thickness on reflection dips and absorption peaks, which exhibit wavelength-de-
pendent shifis and intensity variations. These finding are particularly relevant for optimizing selective emitters in thermo-
photovoltaic (TPV) systems, where specific resonant peaks are desirable for efficient energy conversion. By adjusting the
thickness of the metal and insulator layers, the study demonstrates how precise control over multilayer parameters can
enhance performance, particularly through the strategic tuning of Fabry-Perot cavities within the stacks. The insights
provided pave way for future applications in photonic and optoelectronic devices.
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Introduction

In the pursuit of advancing our understanding of multilayer
structures [1-4]. this research embarked on a comprehensive
study of various multilayers, employing a range of materials and
varying multiple parameters. The design and analysis of these
multilayer stacks were carried out with a keen focus on opti-
mizing the angle of incidence of incoming light, the thickness
of each layer, the polarization and the refractive index. The pa-
rameters were adjusted systematically to explore their effects on
the overall performance and behavior of multilayer structures.

This paper begins with a specific case study of a Metal-Insu-
lator-Metal-Insulator-Metal (MIMIM) multilayer stack made of
alternating TiN and Hafnia layers on a Si substrate. The choice
of the materials and the MIMIM structure stem from their prom-
ising properties and potential application in various electronic
and optical devices.
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This study utilizes the Transfer Matrix Method (TMM) algo-
rithm [5] to simulate the behavior of various multilayer stacks.
TMM is a powerful computational technique used to model and
predict the reflection, transmission and the absorption spectrum
of multilayer stacks by solving Maxwell equations and comput-
ing the overall transfer matrix of the stack. Through these sim-
ulations a range of important results were uncovered. Various
multilayers were studied exhaustively and some trends were not-
ed in the optical response of these multilayers with a change in
the refractive index, thickness of each layer, incidence angle and
polarization. These findings provided valuable insights which
helped massively while designing selective emitters for Ther-
mophotovoltaic (TPV) systems. A good reference to understand
the concept of TPV systems is [6].

In this research, a thorough analysis of the MIMIM stack is pre-
sented, discussing the specific parameters which were varied,
and the resulting optical properties observed. This detailed in-
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vestigation aims to highlight the complex interplay between the
various factors that influence the behavior of multilayer stacks
and to underline the importance of precise control over these pa-
rameters in the design of these stacks. The insights gained from
this part of our research not only advance our theoretical under-

Table 1: The reference MIMIM stack.

standing but also pave the way for practical applications in areas
such as photonics and optoelectronics.

Description of the Multilayer Stack
The reference MIMIM multilayer stack studied in this paper is
shown below in Table 1.

Top Spacer Layer Metal Insulator

Metal

Insulator Metal Substrate

50nm Hafnia 20nm TiN 80nm Hafnia

20nm TiN

80nm Hafnia 20nm TiN Si substrate

With reference to Table 1, there are alternating layers of metal
and insulator on top of a thick Si substrate. The thickness of this
substrate is considered large (in um), so that the back reflec-
tions from the substrate into the multilayer can be neglected.
The reference stack has considered similar thicknesses of the
metal layers (20 nm), and also the two insulator layers sand-
wiched alternatively between the metal layers (80 nm). On top
of this MIMIM stack is a dielectric spacer layer of 50 nm used to
protect the MIMIM stack. A Metal-Insulator-Metal stack forms
a well-known Fabry-Perot (FP) cavity. A good reference for un-
derstanding FP cavities are [7]. As shown in Error! Reference

source not found., a FP cavity is two lossy metals, a distance
apart, separated by a lossless dielectric. A FP cavity enhances
the response of an optical system to radiation. The MIMIM mul-
tilayer stack in Table 1, therefore, has two tandem FP cavities,
stacked on top of each other with a common metal layer. As will
be investigated further, a minimum in the reflectance spectrum
of the cavity is obtained as a consequence of the resonance of
the cavity with the incident light wavelength. This reflectance
spectrum (and by extension, the absorption spectrum by assum-
ing negligible transmission) is obtained with the help of TMM
simulations in python.

Substrate

Figure 1: A Fabry-Perot Cavity.

The cavity is resonant with the incident light when the cavity
field acquires a phase shift of the 7& order of m. 2, with respect
to the incident light, where m is an integer.

If the reflectance of the FP cavity is considered, at resonance,
the field reflected from the cavity is the superposition of the di-
rectly reflected input field and the cavity field that passes back
TT through the input metal layer. At resonance, there is a phase
shift between the directly 2 reflected input field and the cavity
field that passes back through the input metal layer. This causes
destructive interference and as a result, there is a minimum in
the reflection spectrum at the wavelength where there is reso-
nance. This reflectance can be studied by obtaining the reflec-
tance spectrum of the cavity by, for example, FTIR spectroscopy
or theoretically, by TMM simulations. There is a way to also
“predict” the resonance wavelength of a FP cavity at which the
reflection is minimum. This was discussed in detail in [8] where
phase analysis of a cavity was performed by Finite Difference
Time Domain (FDTD) simulations.
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Effect of Change of Angle of Incidence on Reflectance Dip of
the Mimim Stack

The effect of changing angles of incidence on the reflection
spectrum of the TiN/Hafnia multilayer was studied for differ-
ent polarizations. A trend was observed in the changing posi-
tion and intensity of the reflection dips. With increasing angle
of incidence, these reflection dips shift to smaller wavelengths,
because the component of the wave vector perpendicular to the
layer surfaces decreases for a given wavelength, which is com-
pensated by reducing the wavelength. This is also seen for ‘s’
polarized and unpolarized incident light. ‘p’ polarized incident
light For ‘p’ polarized light, an increase in the angle of incidence
from 10 to 60° was studied for a Visible-NIR reflection spectrum
of the TiN/Hafnia multilayer stack. As can be seen from the plots
of Figure 2 and Figure 3, there were two prominent reflection
dips and the intensity of the reflection curve, position and depth
of the reflection dips varied with the angle of incidence. For ‘p’
polarized incident light, both the higher wavelength reflection
dip and the lower wavelength reflection dip — within the range
of 200nm to 1400nm — blue shift, almost linearly, as the angle of
incidence increases from 10° to 80°.
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Figure 2: Reflection of 'p' polarized incident light for different angles of incidence for the MIMIM stack.
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Figure 3: High wavelength and low wavelength reflection dip for different angles of incidence for ‘p’ polarized light.

The reflection spectrum of the TiN/Hafnia multilayer stack be-
tween 200 nm to 1400 nm range was studied for different angles
of incidence for ‘s’ polarized light. With reference to plots of
Figure 4 and Figure 5, there were once again two reflection dips
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Reflection of s polarized light for a TiN/Hafnia stack
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Wavelength in nm

in the spectrum, and with increasing angles between 10 and 80°,
both the reflection dips were blue shifted with respect to their
wavelengths. It was also seen that the intensities of the reflection
peaks greatly increase with an increase in the angle of incidence.

Figure 4: Reflection of 's' polarized incident light for different angles of incidence for the MIMIM stack.
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Figure 5: High wavelength and low wavelength reflection dip for different angles of incidence for ‘s’ polarized light.

Unpolarized light The TiN/Hafnia multilayer stack was also
studied for unpolarized light at different angles of incidence. Un-
polarized light is light with random, time-varying polarization. It
was interesting to note that the trend of the blue shift in the two
reflection dips continued also for unpolarized impending light

7, there was a clear blue

on the stack. As can be seen in the plots of Figure 6 and Figure

shift in the wavelengths of the two re-

flection dips when the angle is increased from 60 to 80° with a
step of 10°. Also, there was a definite increase in the intensities
of the wavelength dependent reflection curves as the angle was
increased from 10° to 80°.
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Figure 6: Reflection of unpolarized incident light for different angles of incidence for the MIMIM stack.
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Figure 7: High wavelength and low wavelength reflection dip for different angles of incidence for unpolarized light.
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Effects of Changing the Thickness of The Layers in The Stack
Changing the bottom metal layer

In this part of the simulations, the effect of changing the thick-
ness of the bottom metal layer of the reference stack on the ab-
sorption spectrum of the reference MIMIM stack was studied.

Table 2: The bottom metal layer in the stack is varied.

This is highlighted in the Table 2 below. The thickness of this
layer was varied between 20 nm to 300 nm. As can be seen in
Figure 8, there were two prominent peaks in the absorption spec-
trum.

Top Spacer Layer

Metal

Insulator

Metal

Insulator

Metal

Substrate

50nm Hafnia

20nm TiN

80nm Hafnia

20nm TiN

80nm Hafnia

20nm TiN

Si substrate

Absorption of p polarized light at 40 degrees fer MIMIM changing the Bottom TiN layer

20 nm

400 &00 800

Wavelength in nm

1000 1200 1400

Figure 8: Absorption spectrum for reference spectrum, changing the bottom metal layer.

With reference to the plots of Figure 8 and Figure 9, as the thick-
ness of the bottom metal layer just above the substrate was in-
creased between 20 nm to 80 nm, the two prominent peaks shift-
ed slightly to higher wavelengths. The intensity of the higher

wavelength peak (Second peak) slightly decreased. For the lower
wavelength peak (First peak), the intensity was the same. As the
thickness is increased beyond 100 nm, the absorption spectrum
was exactly the same.

Wavelength in nm
g g

g 3
(=]
1 L

&
L]

&

T T
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—m— First peak
= Second peak
| | n
| | ]
T ] T
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Figure 9: Peaks in absorption spectrum change with changing the bottom metal layer.
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Changing the Insulator layer in the second cavity

The thickness of the insulator layer in the second cavity as shown
in Table 3 was varied and the absorption spectrum of the stack
with different thicknesses of this layer was compared.

There were two higher wavelength prominent peaks as seen in
Figure 10. As is quantified in the Figure 11, the first peak shifted
to higher wavelengths as the thickness of this insulator layer was
increased. The second prominent peak however decreased in in-
tensity as the thickness of this layer increased and disappeared for
170 nm and beyond. The absorption spectrum shifted to higher

Table 3: The insulator layer in the second cavity is varied.

wavelengths as the thickness increased, and there were variations
in the intensity and width of the peaks.

This was as expected for a Fabry-Perot Cavity, because as the
thickness of the dielectric layer between the two metal layers is
increased or decreased and the wavelength of the incident light
remains the same, the resonant peak will not be at the same wave-
length. This is because this produces the phase shift of the cavity,
which changes the resonant wavelength. This was also seen when
the dielectric layer in the top Fabry-Perot Cavity was changed.

Top Spacer Layer

Metal

Insulator

Metal

Insulator

Metal

Substrate

50nm Hafnia

20nm TiN

80nm

20nm TiN

80nm Hafnia

20nm TiN

Si substrate

-

— Absorption of p polarized light at 40 degrees for MIMIM changing the Fafmia layer in the bottom cavity
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Figure 10: A comparison of absorption spectrum of the reference MIMIM stack, changing the insulator layer in the second cavity.
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Figure 11: Peaks in the absorption spectrum change with changing the insulator layer in the second cavity.

Changing the Middle metal layer Thickness

A comparison of the absorption spectrums obtained by varying
the thickness of the middle metal layer, as highlighted in Table 4,
is shown in Figure 12.

Two prominent peaks were studied. The first prominent peak
shifted to lower wavelengths, and the absorption spectrum was
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the same beyond 200nm thickness. When the thickness of the sec-
ond peak was increased from 20 nm to 50 nm, the intensity of the
peak decreased and the peak shifted slightly towards lower wave-
lengths. Beyond 50 nm, the second peak was the same.
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Table 4: The middle metal layer is varied.

Top Spacer Layer

Metal

Insulator

Metal

Insulator Metal Substrate

50nm Hafnia

20nm TiN

80nm

20nm TiN

80nm Hafnia 20nm TiN Si substrate

el

Absorption

400

Absorption of p polarized light at 40 degrees for MIMIM changing the middle TiN layer

800
Wavelength in nm

20 nim

1000 1200

Figure 12: A comparison of absorption spectrum of the reference MIMIM stack, changing the middle metal layer.

Changing the insulator layer in the first cavity

As the insulator layer in the top Fabry-Perot Cavity (Table 5) was
increased between 50 nm and 190 nm, the absorption peaks shift-
ed to higher wavelengths. The intensity of the lower wavelength
prominent peak (first peak) slightly decreased, but the decrease

Table 5: The insulator layer in the first cavity is varied.

in the intensity of the higher wavelength prominent peak (second
peak) was more pronounced. As mentioned before, this is an attri-
bute of the phase change of the cavity with respect to the incident
light. This can be seen in Figure 13 and Figure 14.

Absorption

400

Top Spacer Layer Metal Insulator Metal Insulator Metal Substrate
50nm Hafnia 20nm TiN 80nm 20nm TiN 80nm Hafnia 20nm TiN Si substrate
Absorption of p pelarized Tight at egrees for MIMIM changing the Hafnia Tayer in the first cavity

1ee 50 nm
BO i
90 nm

1 130 nm
170 nm

Wavelength in nm

190 nm

1200

1000

Figure 13: A comparison of absorption spectrum of the reference MIMIM stack, changing the insulator layer in the first cavity.
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Figure 14: Peaks in the absorption spectrum shift with changing the insulator layer in the first cavity. Changing the first metal layer

Table 6: The first metal layer is varied.

Top Spacer Layer Metal Insulator Metal Insulator Metal Substrate
50nm Hafnia 20nm TiN 80nm 20nm TiN 80nm Hafnia 20nm TiN Si substrate
: sorption of p polanzed light at egrees 1or changing t rst TiN layer

(T — w20 nmM

Y - - e 50 nm
| S — 5w
/ \“‘w.._ 200 nim
\,_// S 300 nm

g
400 ©00 800 1000 1200 1400
Wavelength in nm

Figure 15: A comparison of absorption spectrum of the reference MIMIM stack, changing the top metal layer.

Changing the First Metal Layer Induced More Trends

The first metal layer thickness was studied in detail with refer-
ence to the second metal layer and the dielectric spacer layer
thicknesses. The absorption of the reference stack at p polarized

light at 40° angle of incidence with a thickness of 20 nm for
the first metal layer was as shown in Figure 16. There were two
prominent peaks in the absorption spectrum.

Absarption of p polarized light at 40 degrees for MIMIM
v — 20 nm
// \\ R
P \
. s R
|'l' R \
) N\
N
= / N
2 W, 3
\\
\\
LY \\\\
‘\‘\
400 600 B0 1000 1200 1400
Wavelength in nm

Figure 16: Absorption spectrum of the reference MIMIM stack (where the first metal layer is 20 nm).
The thickness of the first metal layer was changed as shown in the following Figure 17.
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Absorption of p polanized NGt at 40 degrees for MIMIM changing the first 1IN layer

BOD
Wavelength in nm

L1000 1200

Figure 17: Absorption spectrums of the reference stack obtained on changing the thickness of the first metal layer.

In the top MIM cavity, it was noted, if the thickness of the top
metal layer is greater than the thickness of the second metal lay-

er, there were two prominent peaks in the absorption spectrum,
as seen in the Figure 18 below.

Absarption of p polanized ight at 40 degrees for MIMIM

400 500

BOOD
Wavelength in nm

Lo0g 1200

Figure 18: Thickness of the first metal layer is less than the thickness of the second metal layer. There are two prominent peaks in the absorption
spectrum.

For a thicker top TiN layer in the first cavity, transmission
through the first metal layer was significantly reduced. It was
noted that the FP resonance of the second peak becomes weak-

er and the absorption intensity is reduced. The other prominent
peak disappears eventually (Figure 19).

Absorption

Absorption of p polarized light at 40 degrees for MIMIM changing the first TIN layer

— B0 nm
100 nm
200 nm
= 300 nm

400 600 BOOD

Wavelength in nm

1000 1200

Figure 19: Thickness of the first metal layer is greater than the thickness of the second metal layer. There is only one prominent peak in the ab-
sorption spectrum.
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When the dielectric coating thickness was greater than the thick-
ness of the first metal layer another small peak was noticed at
very low wavelength. To eliminate this small peak, the first met-
al layer was increased to beyond the dielectric coating thickness.

To see if this was valid, the dielectric coating thickness was in-
creased to 80 nm, as an example. With reference to Figure 20

below, the dielectric coating in the reference stack was changed
from 50 nm to 80 nm. Up to 80 nm thickness of the first metal
layer, there was the small peak at the lower wavelengths. For the
thickness of the first metal layer beyond 80 nm, the small peak
disappears.

TR =
fi .’\_\‘-‘\::?:j/;:ﬁ‘_’_ g ‘\\
N d S

\/{ ]

.

400 600

Absorption of p polanzed light at 40 degrees for MIMIM changing the first TiN layer

= 50 nmi

5 nm

10 nm
15 nim
20 nm
30 nm

80 nm

100 nm
200 nm
300 nm

1200 1400

800 1000
Wavelength in nm

Figure 20: Absorption for MIMIM stack changing the first metal layer.

To check if this trend is also with MIMIM stacks with another metal, a MIMIM stack with Aluminum (Al) as the metal was studied

as shown in Table 7.

Table 7: MIMIM stack with another metal, Aluminum (Al).

Top Spacer Layer Metal Insulator

Metal Metal

Insulator Substrate

50nm Hafnia 20nm TiN 80nm

20nm TiN

80nm Hafnia 20nm TiN Si substrate

Many simulations were done to check this, and it was realized
that the above trend for the top FP cavity of the MIMIM stack
continued also for this stack. This is shown in Figure 21.

There were two peaks in the absorption spectrum of Table 7.

When the thickness of the first metal layer was increased beyond
the thickness of the second metal layer (of 50 nm), one of the
peaks was suppressed entirely, and there was no change in the
spectrum beyond a certain thickness.

Absorption

BOD

Absorption of p polarized light at 40 degrees for MIMIM changing the first Al layer

Wavelength in nm

5 nm
10 nm
15 nm
20 nm
30 nm
50 nm
B0 nm
100 nm
200 nm
300 nm

1000

Figure 21: Same trend observed in another multilayer stack with Aluminum as the metal. One of the prominent peaks is completely
suppressed when the thickness of the first metal layer is greater than that of the second metal layer.

Changing the Source of Refractive Index
The refractive index for TiN for all the above simulations in sec-
tions 2, 3 and 4 were obtained by ellipsometry measurements of
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a wafer which was a simple 100 nm TiN layer on Si substrate.
The refractive index of the Si substrate was taken as 3.97 for n
and 0.03 for k.
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To explore what happens when the n and k values are obtained
from another source, measurements were done for refractive
index of TiN obtained from the parameters from RefFIT fit
of another wafer. The n and k for Si substrate was taken from
the database and the change in these values with respect to the
wavelength was also considered.

Thereby, the following plots were obtained, and there were vari-

ations in the absorption spectrum of the stack. The blue plots are
for the n and k of TiN obtained with the ellipsometry measure-

ractive Index

ange in

amparnng How t anges Absorpbion t

m ol |p podarns wght at egrees for MIMIM changing the

ments, and a constant n and k for Si. The black plots are for the
n and k of TiN obtained from the RefFIT fit and n and k of Si
varying with respect to the wavelength.

The main purpose of this section was to show that there are vari-
ations in the simulated absorption spectrums when the refractive
index is changed and the n and k of the Si substrate are consid-
ered varying with the wavelength, and hence each plot is not
compared separately. Figure 22 to Figure 26.

ttom Tl laye

Absorption

Bottom TiM 20nm
Bttom TiM S50nm
Bottom TiN B0nm
Bottom TiN 100nms

Bottom TiN 200nm
Bottom TiN 300nmy
Bottom TiN 20 nm
Bottom TiN 50 nm
Baottom TiM B0 nm
Bottom TiN 100 nm
Bottom TiN 200 nm
Bottom TiN 300 nm

400 600 800 1000
Wavelength in nm

e

NERRRRRERER

s

1200

Figure 22: Absorption spectrum changing the bottom metal layer with refractive index from different sources. There is a change

in the absorption spectrum. The blue plots are for the n and k of TiN obtained with the ellipsometry measurements, and a constant

n and k for Si. The black plots are for the n and k of TiN obtained from the RefFIT fit and n and k of Si varying with respect to the
wavelength.

Comparing Huw_thr: Change in Refractive index Changes Absorption Spectrum aof p polarized light at 40 degrees for MIMIM Changing the Snﬂ?nd Hafnia Layer

aniq

A

Hafnia in Second Cavity S0nm
Hafnia in Second Cavity B0nm
Hafnia in Second Cavity 90nm
Haffnia in Second Cavity 130nm
Halnia in Second Cavity 170nm
Hafnia in Second Cavity 190nm
Hainia in Second Cavity S0nm

Hafnia in Second Cavity 80nm

Hafnia in Second Cavity 90nm

Hafnia in Second Cavity 130nm
Hafnia in Second Cavity 170nm
Hafnia in Second Cavity 190nm

a00 600 800 1000
Wavelength in nm

NERRRERNERY

i

1200

Figure 23: Absorption spectrum changing the insulator layer in the second cavity with refractive index from different sources. There
is a change in the absorption spectrum. The blue plots are for the n and k of TiN obtained with the ellipsometry measurements, and
a constant n and k for Si.

The black plots are for the n and k of TiN obtained from the RefFIT fit and n and k of Si varying with respect to the wavelength.
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Figure 24: Absorption spectrum changing the middle metal layer with refractive index from different sources. There is a change

in the absorption spectrum. The blue plots are for the n and k of TiN obtained with the ellipsometry measurements, and a constant

n and k for Si. The black plots are for the n and k of TiN obtained from the RefFIT fit and n and k of Si varying with respect to the
wavelength.
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Figure 25: Absorption spectrum changing the insulator layer in the first cavity with refractive index from different sources. There
is a change in the absorption spectrum. The blue plots are for the n and k of TiN obtained with the ellipsometry measurements, and
a constant n and k for Si.

The black plots are for the n and k of TiN obtained from the RefFIT fit and n and k of Si varying with respect to the wavelength.
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-
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Absorption

Figure 26: Absorption spectrum changing the first metal layer with refractive index from different sources. There is a change in

the absorption spectrum. The blue plots are for the n and k of TiN obtained with the ellipsometry measurements, and a constant n

and k for Si. The black plots are for the n and k of TiN obtained from the RefFIT fit and n and k of Si varying with respect to the
wavelength.

Page No: 12 / www.mKkscienceset.com J of Electron Sci and Electrical Res 2025




Absorption V/S Depth

To check how each layer contributes to the absorption in the
stack at a particular wavelength, the absorption versus depth
profile of the reference stack presented ecarlier is as shown in
Figure 27. As an example, five wavelengths were studied and
for example, at 1075 nm wavelength of incident radiation, there

was zero absorption in the dielectric layer (as would be the case),
and the maximum absorption was in the top metal layer. In the
second dielectric hafnia layer, there was zero absorption. Deeper
in the second metal layer from the top, there was absorption, and
the trend continued up to the depth of the Si substrate.

— wi=T00.0
wi=825.0
— wi=950.0
— wi=1075.0
wi=1200.0
[
|
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o 200 400 600 200 1000
Depth from sample surface (nm}

Figure 27: Absorption vs depth profile of the reference MIMIM multilayer stack.

To understand this better, the absorption was studied lay-
er-by-layer for another simple multilayer stack with one FP cav-
ity as shown in Table 8 and figures that follow (Figure 28, Figure
29, Figure 30, Figure 31 and Figure 32). With reference to the
absorption vs depth profile of this stack, the absorption is only
in the metal layers and the absorption in the dielectric layers is
zero.

It can be inferred that the metal layers of the FP cavity act as
reflectors of light, and the dielectric layer inside is the lossless
layer. At any wavelength of incident radiation, the total absorp-
tion sums up to 100%.

Table 8: A simpler MIM FP cavity multilayer stack to study the absorption in each layer.

Figure 28: Study of absorption in each layer: Absorption in the
top dielectric spacer layer.
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Figure 29: Study of absorption in each layer: Absorption in the
top metal layer.
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Figure 30: Study of absorption in each layer: Absorption in the
middle dielectric layer.

Figure 31: Study of absorption in each layer: Absorption in the
bottom metal layer.
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Figure 32: Absorption vs depth profile of the simpler MIM multilayer stack of Table 8.

R, T and A by Changing Different Parameters at Once
Effect of Changing the Thickness of Different Layers (Also Si-
multaneously Changing the Angle of Incidence and Wavelength)

XYZPY is a library in python used for, among other tasks, ef-
ficiently plotting data which has a lot of dimensions [9]. In this
section, the reflection, transmission or absorption of a multilayer
stack are plotted against the thickness of each layer, angle of
incidence and wavelength in one plot.
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Reflectance

The density plots of the reflectance of the stack created using the
XYZPY library are as shown in Figure 33. It was easy to create
these plots using code, and these plots with more dimensions
of data can be easily interpreted. Using these plots, it is easy to
find the combination of the angle of incidence and thickness of
the layers to obtain the desired reflectance at any wavelength
between 500 nm and 2000 nm. For example, with reference to
Figure 33 (a), when the thickness of the top TiN metal layer was
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kept at 100 nm and the angle of incidence between 0 and 40°, a high reflectance peak can be achieved between 1000 nm and 2000
nm wavelength.
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Figure 33: XYZPY plots of reflectance of a multilayer stack with changing angle of incidence. Changing the thickness of (a) top
TiN metal layer (b) bottom TiN metal layer (c) top dielectric spacer layer (d) second dielectric layer (e) middle TiN metal layer.

Transmittance
The density plots from Figure 34 for the Transmittance of the reference stack show that there was no transmittance across the stack
no matter what the thickness, angle of incidence or wavelength.
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Figure 34: XYZPY plots of transmittance of a multilayer stack with changing angle of incidence. Changing the thickness of (a)
top TiN metal layer (b) bottom TiN metal layer (¢) top dielectric spacer layer (d) second dielectric layer (¢) middle TiN metal layer.

Absorption

The main objective of this research was to create a multilayer
stack which has high absorption around a desired wavelength
range. During the design of these multilayers for applications as
selective emitters, XYZPY plots proved to be very efficient in
predicting the amount of absorption at a particular wavelength

given the thickness of each layer and angle of incidence, and
the need to repeat all TMM stimulations to try all the combina-
tions one by one which would be extremely time consuming was
eluded. The absorption XYZPY plots of the reference multilayer
stack in Table 1 is shown in Figure 35 for different thicknesses
and angles of incidence.
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Figure 35: XYZPY plots of absorption of a multilayer stack with changing angle of incidence.

Same Trend Observed in Another Multilayer Stack

Another MIM cavity was studied to see if the trends in the effect
of change of angle of incidence and polarization on the reflection
spectrum remains. This cavity was made of alternating Al/Haf-
nia layers on top of a Si substrate. A 400 nm Al metal layer on
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top of the substrate, on which there is a 425 nm dielectric Hafnia
layer, followed by another very thin layer of 10 nm Al metal on
top, and a top dielectric spacer layer of 90nm Hafnia. This mul-
tilayer stack is shown in Table 9.
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Table 9: Another MIM multilayer stack to study if the trend remains.

Top Spacer Layer Metal

Insulator

Metal Substrate

90nm Hafnia 10nm Al

425nm Hafnia

400nm Al Si substrate

This section reports the effect of change of angle of incidence on
reflectance dip of the MIM stack in Table 9 for:

*  ‘p’polarized incidence light

* ‘s’ polarized incidence light

» unpolarized incidence light

In general, much deeper reflectance dips in this stack of Al/Haf-
nia multilayers were seen, because of the higher absorption coef-
ficient of Al compared to TiN, this was studied in detail in [10].

‘p’ Polarized Incident Light

The two prominent dips in the reflectance spectra of the MIM
stack of Table 9 shift to lower wavelengths as the angle of in-
cidence was increased from 0 to 90°. This is the same trend as
observed in the MIMIM stack of TiN and Silica nano layers on
Si substrate in Table 1. The higher wavelength reflection dip was
slightly deeper as the angle of incidence increases. On the other
hand, the lower wavelength reflection dip decreased as the angle
of incidence was increased. As reported in the previous sections,
the reflectance dip at very low wavelengths was due to the top
metal layer being thinner than the dielectric coating layer.
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Figure 36: Reflectance spectrum of MIM stack of Al/Hafnia multilayer stacks for ‘p’ polarized light showing the same trend as the
MIMIM stack.
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Figure 36: Reflectance spectrum of MIM stack of Al/Hafnia multilayer stacks for ‘p’ polarized light showing the same trend as the
MIMIM stack.

For the 's” polarized incidence light, as the angle of incidence
was increased, both the prominent reflection dips in the reflec-
tance spectra shifted to lower wavelengths. The higher wave-
length reflection dip decreased and so did the lower wavelength
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reflection dip. This was also noted as a trend. The reflectance
dip at very low wavelengths is due to the top metal layer being
thinner than the dielectric coating layer.
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Figure 38: Reflectance spectrum of MIM stack of Al/Hafnia multilayer stacks for ‘s’ polarized light showing the same trend as the
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Figure 39: High wavelength and low wavelength reflection dip for different angle of incidence for ‘s’ polarized light unpolarized

Both the prominent higher wavelength reflection dip and lower
wavelength reflection dip decreased and shifted to lower wave-
lengths as the angle of incidence was increased, for unpolarized

incident light

layer.

light too. The reflectance dip at very low wavelengths was due
to the top metal layer being thinner than the dielectric coating
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Figure 40: Reflectance spectrum of MIM stack of Al/Hafnia multilayer stacks for unpolarized light showing the same trend as the
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Figure 41: High wavelength and low wavelength reflection dip for different angle of incidence for unpolarized light.

It is beneficial to mention here that in this stack also, there were
two main reflection dips in the reflection spectrum, because the
top metal layer thickness was less than that of the bottom metal
layer, and hence there were two main peaks in absorption (two
reflection dips). To cross-check this statement also, a quick set of

simulations were run for stack with the top metal layer thickness
increased to be more than the bottom metal layer thickness (from
10nm to 420nm), and it was noted that there is now only one
reflection dip, as shown in the plots in Figure 42.

Table 10: The first metal layer thickness is increased to be greater than the second metal layer thickness.

Top Spacer Layer Metal

Insulator

Metal Substrate

90nm Hafnia 420nm Al

425nm Hafnia

Si substrate

400nm Al
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Figure 42: Making the top metal layer thickness greater than the second metal layer thickness results in only one prominent reflec-
tion dip (and hence, absorption peak), for all angles of incidence.

Conclusion

A MIMIM multilayer which formed two FP cavities stacked on
top of each other with a common metal layer on a thick Si sub-
strate was the focus of this research and was studied in depth
using TMM simulations. It was seen that a FP cavity enhances
the response of an optical system to radiation. This MIMIM cav-
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ity, as the abbreviated name suggests, was made of alternating
dielectric and metal layers on top of a Si substrate.

Initially, three different polarizations were considered and the
effect of changing the angle of incidence on the prominent dips
in the reflection spectrum of the stack was studied for visible-
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infrared region of the electromagnetic spectrum. The amount of
reflection, position and depths of the reflection dips varied sig-
nificantly for all polarizations. It was noted that these reflection
minima shifted to lower wavelengths as the angle of incidence
was increased in steps between 0 to 80°, for all polarizations,
because the component of the wave vector perpendicular to the
layer surfaces decreases for a given wavelength.

From these simulations of the effect of change of angle of in-
cidence on the response of the MIMIM structure, it was noted
that it is important to stay at lower angle of incidences to get
optimum results for all polarizations and this was shown to be
a trend for two different stacks (MIMIM TiN Hafnia and MIM
Al Hafnia). It was also inferred that the reflection dips in the
spectrum of the Al-Hafnia multilayers MIM stack were much
narrower and deeper owing to a greater absorption coefficient of
Al compared to TiN.

The effects of changing the thickness of each layer was studied,
and for the bottom metal layer in the reference MIMIM stack
with TiN and Hafnia multilayers, beyond a certain thickness, the
response was same. This was also the same in case of the middle
metal layer and the first metal layer.

When the thickness of the dielectric layer in the second cavity
was changed, the resonant peak in absorption also changed. This
was attributed to a change in phase shift of the cavity which
changed the resonant wavelength. This was also seen when the
dielectric layer in the top FP cavity was changed.

More interesting results were noted for a change of the first met-
al layer thickness. In the top MIM cavity, if the thickness of the
top metal layer is increased to be greater than the thickness of the
second metal layer, then there were two prominent absorption
peaks. However, for a thicker top metal layer, the other promi-
nent peak fades out and disappears. This was noted as a trend in
two MIMIM cavities with different metals (TiN and Al).

This information was extremely useful when designing selective
emitters for a TPV system, because only one prominent peak
around the bandgap wavelength of the respective converter cell
is desired. A thicker top metal layer than the bottom layer in a FP
cavity serves the purpose.

It was also cross-checked that the first metal layer thickness
must be greater than the dielectric coating thickness to avoid a
small peak in the absorption spectrum at low wavelengths.

Simulations were performed for refractive index of TiN and Si
from different sources and varying results were obtained. It is
best to consider the dependence of n and k on the wavelength for
all the materials.

Layer by layer absorption was also studied for the reference
MIMIM stack, and the absorption vs depth profile was also cal-
culated and plotted. Another simple FP cavity was studied in this
section for better understanding of the amount of absorption in
each layer. This data was confirmed to be accurate, because all
the absorptions in the layers were added and the total absorption
was tallied with that of the original absorption spectrum. For any
multilayer, the absorption in the top metal layer is the highest,
and decreases in deeper metal layers because there is least elec-
tric field penetration into the bottom metal layer.

Density plots of the reflectance, transmittance and absorption
of the reference MIMIM stack created using XYZPY package
in python were studied for data which had a lot of dimensions.
During the design of selective emitters, these plots made it easy
to find, predict and optimize the combination of the angle of
incidence of the radiation and thickness of each layer to get the
desired absorption peaks. It was also confirmed through these
density plots that the transmittance in this stack was negligible.
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