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(Abstract I
This chapter validates the accuracy of Transfer Matrix Method (TMM) simulations for designing multilayer thin films by
comparing them with experimental measurements. Five multilayer wafers were fabricated via the plasma-enhanced chem-
ical vapour deposition (PECVD) method and sputtering techniques with various materials, including aluminum, silica and
titanium nitride (TiN). The fabricated wafers were subjected to extensive testing via ellipsometry and scanning electron
microscopy to measure the layer thickness, refractive indices, and optical properties. The experimental results closely match
those of the TMM simulations, confirming the reliability of this design approach. Wafers with various multilayer configu-
rations, including metal—insulator—metal (MIM) stacks, have demonstrated controlled absorption characteristics tailored
to specific optical requirements. This study supports the use of TMMs for designing multilayer stacks for advanced optical
applications, such as selective emitters in thermophotovoltaic systems, validating the approach for further development in

optimizing multilayer designs.
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Introduction

When a thin layer is deposited on a substrate, it is known as a
thin film. For example, a reflective metal layer is deposited at the
back of a glass substrate to make a mirror. When multiple layers
of different or similar materials and thicknesses are deposited on
a substrate, it becomes a multilayer stack that has an enormously
broad range of applications [1-3]. Multilayer stacks are used to
make structures with desired optical, thermal or electrical prop-
erties [4].

In this research, the thickness and refractive index of each layer
were carefully considered and varied to obtain a stack that works
as desired. It was important to test our design process for the
absorption of the wafers via TMM simulations; in that context,
a group of different multilayer stacks were fabricated in a clean-
room and extensively tested, and their optical properties were
measured, studied and compared to quantify the soundness of
the simulations.

There are a number of ways to fabricate multilayers as thin as a
few nanometers up to micrometers [5, 6]. The multilayers in the
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devices studied in this work were built via the plasma- enhanced
chemical vapour deposition (PECVD) method [7, 8] to deposit
the dielectrics and sputtering to deposit the metals [9-11].

The PECVD technique is most popularly used in photovoltaics
for making solar cells [12]. With this technique, large surface
areas and a high degree of control of the properties of the thin
films being deposited can be achieved by tuning the plasma.

In the sputtering technique, atoms from the surface of a target
are ejected by high bombardment of ions or electrons and al-
lowed to settle on a substrate (usually silicon). The ions in the
plasma should have a minimum energy corresponding to the
binding energy of the target atoms but are not very high because
the ions penetrate deep inside the target, and the surface atoms
are then not affected or ejected.

Description of the Wafers

Five multilayer thin films were studied on a silicon substrate.
These multilayer wafers were made from CMOS-compatible
materials, i.e., aluminum (Al), silica and titanium nitride (TiN).
Wafers 1 and 2 were metal insulator metal (MIM) and metal
insulator metal (MIMIM) stacks designed with Al and silica.
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These two wafers were intended for use as a selective emitter for
a thermophotovoltaic system designed to peak around the band-
gap wavelength of gallium arsenide (GaAs) [13-18]. The other
wafers with TiN and silica multilayers (Wafer 3 and 4) were de-

Table 1: Five wafers of five different multilayer stacks.

signed with the purpose of validating the simulations with ex-
periments. The TiN layer on the silicon substrate (Wafer 5) was
a test wafer designed to check the accuracy of the fabrication
methods. The specifications of these wafers are listed in Table 1.

Insulator Metal Insulator Metal Insulator Metal Substrate
Wafer 1 120 nm - - 50 nm Al 100 nm 150 nm Al Silicon
Silica Silica
Wafer 2 120 nm 50 nm Al 100 nm 100 nm Al 100 nm 150 nm Al Silicon
Silica Silica Silica
Wafer 3 90 nm - - 60 nm 70 nm 60 nm Silicon
Silica TiN Silica TiN
Wafer 4 90 nm 50 nm 300 nm 50 nm 300 nm 50 nm Silicon
Silica TiN Silica TiN Silica TiN
Wafer 5 - - - - - 80 nm Silicon
TiN

The scanning electron microscopy (SEM) images of the fabricated Wafer 1 and Wafer 2 products described in Table 1 are shown
in Figure 1 and Figure 2.
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Figure 1: SEM images of the fabricated multilayer stack of Wafer 1 with the measured thickness of each layer. V1 is the bottom
metallic layer of aluminum, followed by V2, V3 and V4 being the top layers.
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Figure 2: SEM images of the fabricated multilayer stack of Wafer 2 with the measured thickness of each layer. V1 is the bottom
metallic layer of aluminum, followed by V2, V3, V4, V5 and V6 as the top layers.

The responses of these five films are as follows: Figure 3, Figure 4 and Figure 5.
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Figure 3: Absorption, reflection and transmission of Wafer 1 and Wafer 2 calculated via TMM simulations. The absorption peak
around the bandgap wavelength of a GaAs converter cell was optimized.
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Figure 4: Absorption, reflection and transmission of Wafer 3 with TiN and silica multilayers calculated via TMM simulations.

Absorption, Reflection, Transmission of unpolanized light at 0 degrees for Wafer 4
— —— Reflection Water 4
"I { ranarnivsion Waler &
| '|| ™, { —— Absorption Waler 4
o84 L |'r \ I|I \
\ [
"-Jr\-\,."l \/ i
b = i
as \ / ‘|| e
| ‘\. o e
< \ -/’}{MH
u a4 l".l .|' -\.._______—_-_
W P
Nﬁl i
02 { | l." III
E %)
llI
-T2}
W 1000 1300 2000 2900
Wavelength [rm]

Figure 5: Absorption, reflection and transmission of Wafer 4 with TiN and silica multilayers calculated via TMM simulations.
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The response of Wafer 1 and Wafer 2 is similar and has a peak in
absorption around the bandgap wavelength of GaAs (870 nm),
which was our reference converter cell. The response is similar
because almost all the absorption takes place in the top MIM
Fabry—Perot cavity. A Fabry—Perot cavity is well explained in
[19]. The absorption peak due to the Fabry—Perot resonance in
the bottom Fabry—Perot cavity is suppressed by the use of very
thick metal layers; hence, the transmission into this bottom Fab-
ry—Perot cavity is greatly reduced; therefore, the Fabry—Perot
resonance in this cavity becomes weaker, resulting in a reduced
absorption intensity. The intensity of the absorption peak is also
similar because both wafers have the same thicknesses in the
top cavity and are made of the same metal. Notably, the trans-
mission of the whole stack is zero because of the 150 nm thick
bottom Al metal layer, which prevents transmission.

The response of Wafer 3 and Wafer 4 is much greater when the
TiN/silica multilayers are used, but these do not have a sudden
drop in intensity, as would be required in the case of a selective
emitter. Therefore, these methods have been used to study other
parameters of multilayers, such as the refractive index, thickness
of fabrication, ellipsometry parameters, etc.

Wafer 5 is a test wafer of a very thin TiN layer on a silicon sub-
strate, and the desired thickness during fabrication in the clean
room was between 50 nm and 100 nm. After the thickness was
studied via ellipsometry, it was found to be approximately 80
nm in thickness.

Results

Verification of the Thickness of the Layers in the Wafers

After fabrication, and before dicing the wafer into smaller sam-
ples, the thickness of each layer at 9 different points in the wafer

was measured via ellipsometry.

Only the thicknesses of the top two layers of Wafer 1 and Wafer
2 were obtained via ellipsometry because it is difficult for the
light to penetrate below the first Al layer; hence, the thicknesses
below the Al layer were not obtained.

The penetration depth of light, inside a metal layer is
1
8=

2.mk

where
k is the absorption coefficient of the metal.
A is the wavelength of incident light

As an example, the penetration depth of light calculated at 1000
nm for Al was approximately 17 nm, and that of TiN was ap-
proximately 44 nm. Since the penetration depth of light in the Al
layer is low, light cannot penetrate beyond the first layer to reach
the other deeper layers. However, this is not the case for Wafer
3 and Wafer 4, since, in general, the TiN layers can be thicker
than the Al layers.

Wafer 1 and Wafer 2:

These are noted in the Table 2 below. Here, layer 1 refers to the
top insulator layer in the wafer. As shown in Table 2 from the
ellipsometry results, the fabricated insulator layer on the top is
approximately 12 nm thicker than expected, and the Al layer was
fixed in the model at a thickness of exactly 50 nm at all 9 points
in the wafer. However, from the SEM images of both Wafer
1 and Wafer 2, the measured thickness is slightly less than the
designed 120 nm top layer, and the second layer from the top is
more or less similar to the designed thickness of 50 nm.

Table 2: Calculated thicknesses of the top two layers of Waferl and Wafer2 via ellipsometry.

9 points Layer 1 in nm Layer 2 in nm
Point 1 132.8207 50
Point 2 13330% 50
Point 3 13562% 50
Point 4 13611% 50
Point 5 13569% 50
Point 6 130.4108 50
Point 7 132.9804 50
Point 8 134.8564 50
Point 9 134.2519 50

Wafer 3

As shown in Table 3, for Wafer 3, the top insulator layer (Layer 1) thickness is slightly different at different points on the wafer but
around the designed thickness. For layer 2, the Al layer thickness is slightly greater than the designed thickness but is only 4-6 nm
thick, which should not affect the response much. Layers 3 and 4 are close to the designed thicknesses and do not vary much over
different points on the wafer—Layer 4 of TiN is fixed in the model at exactly 60 nm, as designed.
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Table 3: Calculated thicknesses of the different layers of Wafer3 via ellipsometry.

9 Points Layer 1 (in nm) Layer 2 (in nm) Layer 3 (in nm) Layer 4 (in nm)
Point 1 87.5238 66.0784 7178.42% 60
Point 2 8816% 6487% 7142.95% 60
Point 3 9001% 6483% 7252.60% 60
Point 4 9025% 6495% 7204.48% 60
Point 5 8994% 6500% 7202.31% 60
Point 6 84.7433 60.127 7000% 60
Point 7 87.0809 60.0015 7110% 60
Point 8 88.1358 60.2381 71.3403 60
Point 9 88.3389 60.3875 71.0397 60

Wafer 4: The thicknesses of the layers are very well distributed in this wafer, except for the thicker layers 3 and 5, where at some
points, there is a deviation in the thicknesses of approximately 15-18 nm.

Table 4: Measured thicknesses of Wafer 4 at different points via ellipsometry.

9 Points Layer 1innm | Layer 2innm | Layer3innm | Layer4innm | Layer Sinnm | Layer 6 in nm
Point 1 87.7586 55.9182 292.041 51.8084 293.1354 50
Point 2 90.2351 54.8226 289.8662 51.438 288.685 50
Point 3 90.379 54.7569 293.5395 51.3087 293.9226 50
Point 4 90.3774 54.712 291.819 51.8251 291.7248 50
Point 5 88.6537 54.8955 291.7368 51.2499 291.9204 50
Point 6 88.3284 50.1836 282.5496 47.9144 279.096 50
Point 7 89.0099 51.2136 282.4552 45.6952 286.7646 50
Point 8 89.046 51.2511 284.7369 45.5058 289.4139 50
Point 9 86.3767 49.5665 284.7243 49.0079 281.6538 50

Wafer 5: The intended thickness for this wafer was 80 nm, which was measured via ellipsometry after fabrication at different points,
and the thicknesses in Table 5 were obtained.

Table 5: Calculated thicknesses at different points of Wafer S via ellipsometry.

9 Points TiN Layer in nm
Point 1 79.6944
Point 2 7879%
Point 3 7836%
Point 4 7878%
Point 5 7860%
Point 6 75.6744
Point 7 73.5532
Point 8 76.2353
Point 9 73.4106

n, k for five wafers from simulations in the RefFIT software and measured via ellipsometry after fabrication [20]. Both results are
experiment more or less in good agreement with each other, with slight devi-
The real and imaginary parts of the refractive indices of the ation, as shown in the plots below.

metals in the wafers were simulated via RefFIT software and
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Figure 6: Comparison of n and k of Wafer 1 and Wafer 2 from simulations and ellipsometry measurements.
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Figure 8: Comparison of n and k of Wafer 4 from simulations and ellipsometry measurements.
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Figure 9: Comparison of n and k of Wafer 5 from simulations and ellipsometry measurements.

Tan (Psi) and Cos (Delta) from simulations and experiments
Tan (Psi) and Cos (Delta) give the amplitude ratio and the phase
difference between the p- and s- polarized light components.
Both parameters are important for studying the optical proper-
ties of thin films, providing the desired information about mate-
rial composition, structure, and thickness [21, 22].

Tan (Psi) indicates the ratio of the change in the amplitude of
the reflected light components. This parameter is sensitive to the
thickness and refractive index of the film and substrate. It is de-

termined by the ellipsometer as the arctangent of the amplitude
ratio.

Cos (Delta) is related to the phase change between the p and s
components. It provides information about the optical path dif-

ference and is also sensitive to the refractive index and thickness
of a material. It is measured directly by an ellipsometer, typical-
ly after the phase shift is determined.

The ellipsometry parameters Psi and Delta were measured via
two ellipsometers, and their values of Tan (Psi) and Cos (Delta)
were calculated. These data were compared with those from the
Psi and Delta obtained via simulations for the wafers in the lot.
These values were measured at 59, 65 and 71 degrees between
250 nm and 900 nm for 59 degrees, between 900 nm and 2200
nm for 65 degrees, and between 250 nm and 900 nm for 71 de-
grees. The results are very similar and are as follows.

Wafer 1 and Wafer 2: 59 degree
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Figure 10: Calculated Tan (Psi) and Cos (Delta) of Wafer 1 and Wafer 2 from simulations and ellipsometry at a 59° angle.
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Figure 14: Calculated Tan (Psi) and Cos (Delta) of Wafer 3 from simulations and ellipsometry at a 65° angle.
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Figure 15: Calculated Tan (Psi) and Cos (Delta) of Wafer 3 from simulations and ellipsometry at a 71° angle.
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Conclusion

Five multilayer wafers were designed and studied via TMM
simulations, and the relevant optical properties of the fabricated
wafers were measured or calculated via two ellipsometers and a
scanning electron microscope.

The data from the simulations and ellipsometry were consistent
with each other, with little difference owing to the small varia-
tion in the thicknesses of the fabricated wafers. The thicknesses,
refractive indices and ellipsometry parameters of the fabricated
wafers were measured and compared with those of the simula-
tions.

The thicknesses of the fabricated wafers were determined by
scanning electron microscopy images and one of the two ellip-
someters. There was little variation in the thickness of each mul-
tilayer with respect to the designed multilayer. This is common
for the fabrication techniques used for these wafers. The varia-
tions were negligible.

In Wafers 14, the top MIM part of the multilayers, for example,
forms a Fabry—Perot cavity, which is used to create a resonance
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in the absorption spectrum of the wafer; hence, they can be de-
signed and modified to peak at the desired wavelength.

The absorption spectra of Wafer 1 and Wafer 2 were identical,
with a well-defined peak around the bandgap wavelength of
GaAs (870 nm), because their top Fabry—Perot cavities were
made of the same metal with the same thickness. Almost all of
the absorption takes place in this top Fabry—Perot cavity and
hence has the same absorption spectrum, with the same intensity
and wavelengths of the absorption peaks.

Much greater absorption was observed for Wafer 3 and Wafer
4, which were made with alternating TiN/silica multilayers. The
absorption spectra obtained via TMM simulations for these two
wafers were studied to determine whether they are good for use
as selective emitters for a TPV system, but a sudden drop in the
intensity is not observed, as would be required in the case of a
good selective emitter. Therefore, these parameters were used
to study other parameters of multilayers, such as the refractive
index, thickness after fabrication, ellipsometry parameters, etc.

Wafer 5 was a very thin TiN layer on a silicon substrate meant
to be a test wafer. The desired thickness of the fabricated wa-
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fer was instructed to be between 50 nm and 100 nm, and the
thickness of this TiN layer was determined via ellipsometry to
be approximately 80 nm.

The thicknesses of all the fabricated wafers were measured at
9 different points across each wafer, and the thicknesses were
almost the same at all 9 points. This confirmed that the thickness
of the layers is more or less uniform across the wafer and thus is
a positive outcome of the fabrication methods.

The dependence of n and k on the wavelength for all the de-
signed wafers was simulated via RefFIT software and compared
with those of the fabricated wafers via one of the two ellipsom-
eters, and the results were in good agreement.

The ellipsometry parameters Psi and Delta were measured via
two ellipsometers, and their values of Tan (Psi) and Cos (Delta)
were calculated. These data were compared with the data ob-
tained via simulations for all the wafers in the lot. These parame-
ters were measured at different angles of incidence and different
wavelength ranges. The results were very similar.

In conclusion, the results of this paper strongly root for the de-
sign of multilayer stacks using TMM for many applications.
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