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Foreword
On behalf of the MicDAT’ 2020 Organizing Committee, I introduce with pleasure these proceedings devoted to
contributions from the 3rd International Conference on Microelectronic Devices and Technologies
(MicDAT '2020), 22-23 October 2020. The conference is the third of a series of annual International Conferences
on Microelectronic Devices and Technologies (MicDAT) held in Barcelona (Spain) in 2018, and in Amsterdam
(The Netherlands) in 2019. The conference is organized by the International Frequency Sensor Association (IFSA)
in a technical cooperation with our sponsors IFSA Publishing, S.L., (Barcelona, Spain) and media partner - MDPI
‘Micromachines’ (ISSN 2072-666X) journal (Switzerland). The conference program provides an opportunity for
researchers interested in microelectronics to discuss their latest results and exchange ideas on the new trends and
challenges. The main objective of the MicDAT’ 2020 conference is to encourage discussion on a broad range of
microelectronics related topics and to stimulate new collaborations among the participants.
The proceedings contains all papers presented at the conference. We hope that these proceedings will give readers
an excellent overview of important and diversity topics discussed at the conference. Based on the proceeding’s
contributions, selected and extended papers will be submitted by the authors to the ‘Sensors & Transducers’ open
access journal (ISSN: 2306-8515, e-ISSN 1726-5479) or ‘Micromachines’ open access journal. The limited
number of articles, published in the ‘Sensors & Transducers’ journal will be invited to be extended for ‘Advances
in Microelectronics: Reviews’, Vol. 3, Book Series.
We thank all authors for submitting their latest work, thus contributing to the excellent technical contents of the
conference. Especially, we would like to thank the individuals and organizations that worked together diligently
to make this conference a success, and to the members of the International Program Committee for the thorough
and careful review of the papers. It is important to point out that the great majority of the efforts in organizing the
technical program of the conference came from volunteers.

Prof., Dr. Sergey Y. Yurish
MicDAT’ 2020 Chairman
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Characterization and Modeling of Prepregs Applied in MEMS Sensor
Packages with a Focus on Moisture Dependence
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1
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Summary: The use of Micro-Electro-Mechanical Semiconductor (MEMS) sensor packages has revolutionized the automotive,
home, and building applications (HABA) and Internet of Things (IoT) industries. However, increasing demands on their
functionality and reliability necessitates an improved behavior of the packaging materials concerning thermal and hygroscopic
changes. Only a low material sensitivity to environmental influences will ensure the reliable performance of the sensors during
their application lifetime. To this end, the potentially applied materials undergo defined humidity and temperature-dependent
experimental tests. In this contribution, the influence of humidity and temperature has been studied for five different prepreg
materials, which are commonly applied as a substrate material in a MEMS sensor. The measured humidity dependent material
properties are the basis for a numerical diffusion analysis and a virtual hygro-thermo-mechanical reliability assessment.
Keywords: Moisture uptake, Gravimetric method, Hygroscopic swelling, Coefficient of moisture expansion, Humidity
tensile tests.

1. Introduction

2. Hygroscopic Material Characterization

The MEMS sensor packages are a multi-material
composite system. These packages comprise
polymeric materials like prepregs, solder-mask,
insulation, and conductive adhesives. The materials
involved in MEMS sensor packages show significant
effects like thermal expansion and hygroscopic
swelling when exposed to harsh environmental loads.
Due to these effects, during the application of the
packages, stresses are introduced. The induced stresses
cause deformation, potentially delamination, and
cracks in the materials [1, 10]. In this contribution, the
dependence of moisture absorption of five different
prepregs, which are commonly used in MEMS sensors,
is analyzed. The prepreg materials serve as a substrate
material for a MEMS sensor build-up. The moisture
absorption of prepregs has a significant impact on the
MEMS sensor package reliability [7]. Many failures in
MEMS sensor packages are due to the absorption of
moisture. Therefore, the characterization of moisture
absorption and diffusion in these packages needs to be
accounted for modeling the reliability behavior of the
sensor package. In doing so, the prepreg materials have
been extensively studied using different humidity
dependent material characterization techniques. The
obtained humidity and temperature-dependent material
properties are prepared to be used in hygro-thermomechanical simulations [1, 2] to assess the deformation
and changes in stress conditions. This information
serves as vital information for material and design
optimization to eliminate moisture-related failures.

The material characterization involves analyzing
the effect of moisture absorption and its impact on the
physical and chemical properties of the polymeric
materials involved in this contribution. Different
moisture dependent characterization techniques like
gravimetric humidity conditioning, Coefficient of
Moisture Expansion (CME), and humidity dependent
Young's modulus were performed. Five different
prepregs,
CCL-1037,
CCL-1078,
PP1-1037,
PP2-7628, and PP3-1037, were considered for the
characterization. They vary in their matrix material,
fabric reinforcement type, and thickness. The
thickness of the prepregs varied from 60 µm
to 1.5 mm.
2.1. Gravimetric Humidity Conditioning
The moisture dependent properties like moisture
diffusion coefficient D and saturated mass Msat for the
prepregs were measured using the gravimetric
humidity conditioning method [3]. Apart from
conditioning the prepregs in a distilled water bath [1],
a climate chamber was used to measure the moisture
uptake at 85 °C and 85 % R.H. (Relative Humidity).
Before starting the humidity conditioning, the prepregs
were conditioned in a temperature oven at 125 °C until
they were completely dried (constant weight) To
monitor the weight change during the conditioning, the
prepregs were repeatedly shortly removed at
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predefined points in time from the plastic container or
the climate chamber. The surface of the prepregs was
cleaned using paper tissue, and they were weighed
using a high precision balance. The prepregs tend to
follow single Fickian diffusion law above their glass
transition temperature (Tg) [4]. But, at a temperature
below Tg, these materials follow a non-Fickian or dual
Fickian diffusion model. In this contribution, the
experimental conditioning curves were analytically
approximated using both single and dual Fickian
diffusion models.

(Mettler-Toledo, Columbus, Ohio, USA) in a tensile
mode under controlled displacement load.
The prepreg materials were tested at a frequency of
1 Hz and over a temperature range of -100 °C to
300 °C with a heating rate of 2 K/min. Fig. 1 shows the
test setup used for the measurement of humidity
dependent tensile tests for the prepregs.

2.2. Coefficient of Moisture Expansion (CME)
The hygroscopic swelling strains  developed
during the gravimetric humidity conditioning are
supposed to have a linear relationship with the change
in concentration C [5] according to (1):
𝜀

𝛽∆𝐶,

(1)

where  is the CME. The effect of hygroscopic
swelling strains  in the prepregs is measured using a
Digital Image Correlation (DIC) approach. In this
process, the hygroscopic strains are monitored during
drying at defined temperature levels [2]. The moisture
changes or changes in concentration are measured
using a high-resolution balance. The CME
measurements are carried out on the prepregs, which
have reached their maximum mass saturation during
the humidity conditioning process. The desorption of
the saturated material samples was carried out at 70 °C,
90 °C, 120 °C, 140 °C, and 160 °C for six hours. The
CME () is computed from a linear curve fit between
the hygroscopic swelling strains  and the change in
concentration C.
2.3. Humidity Dependent Young's Modulus
In order to assess the effect of humidity and
temperature on Young's modulus, humidity and
temperature-controlled tensile tests were performed on
the prepregs. Before the humidity dependent testing,
the prepregs were dried in a temperature chamber at
125 °C for 24 hours in a first step and conditioned
using a climate chamber in the second step. The
defined temperature and humidity levels were 23 °C
(50 % and 85 % RH), 60 °C (50 % and 85 % RH), and
85 °C (50 % and 85 % RH). The temperaturedependent tensile tests were performed for the defined
temperatures 23 °C, 100 °C, 180 °C and 250 °C. The
tests were performed using a Weiss Technik climate
chamber and an Instron 4505 universal testing system.
For the strain data acquisition, a Mercury 3D DIC
system was used. The dimensions of the tensile
specimens were prepared according to ISO 527 – 1BA.
The measured Young's modulus was compared with
results from Dynamic Mechanical Analysis (DMA)
performed
using
Mettler
Toledo
DMA

Fig. 1. Experimental setup for the humidity-controlled
tensile test with climate chamber and a Mercury
3D DIC system

3. Verification Simulation Model
To determine the moisture absorption in prepregs
numerically, a verification simulation model was set
up in Abaqus (Abaqus 2017, Dassault Systemes
Simulia Corp., Providence, USA) using a mass
diffusion analysis at test specimen level. As Abaqus
uses Fick's law to model the mass diffusion analysis
[8, 9], this analysis was numerically solved using a
dual Fickian diffusion model approach [1]. This
diffusion model was solved using two parallel single
Fickian mass diffusion analyses using the analytical
fitted parameters moisture diffusion coefficient D and
saturated mass Msat as boundary conditions. The
resulting single Fickian moisture concentrations were
saved as field variables and were summed up using the
USDFLD subroutine.

4. Results and Discussion
The results from the gravimetric humidity
conditioning for prepregs show a temperature and
humidity dependent moisture uptake trend for the
considered prepregs. Fig. 2. represents the typical
moisture uptake curve for the prepregs conditioned at
85 °C and 85 % R.H. The maximum moisture uptake
of nearly 0.8 % was observed in PP3-1037 material,
and a minimum of 0.5 % was found in CCL-1078.
Figs. 3, 4 and 5 depicts the typical moisture gain
trend obtained by immersing the prepregs in a distilled
water bath and conditioning them at 90 °C, 60 °C and
23 °C. The PP3-1037 material absorbed the maximum
moisture (1.3 %) compared with other prepreg
materials at all conditioning temperatures. This
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prepreg is made up of substandard matrix material,
which tends to absorb more moisture during the
humidity conditioning.

experimental data in the initial region. The obtained
saturated mass Msat and the diffusion coefficient D
obtained from dual Fickian fit were further used in
"Hygro-thermo-mechanical simulations" [2] and in the
verification simulation model, to compute the total
concentration change numerically. To summarize,
from the typical moisture gain trend, both the diffusion
coefficient and saturated mass increase with an
increase in temperature and humidity.

Fig. 2. Typical moisture gain trend and curve fit using
an analytical solution (dual Fickian diffusion model)
for prepregs at 85 °C and 85 % R.H.

Alternatively, a minimum of 0.6 % of moisture
absorption was noticed in CCL-1078 material. The
prepregs CCL-1037 and CCL-1078 have similar
matrix material but differ in their resin content, fabric
reinforcement type, and thickness. The CCL-1037 has
a higher resin content of 27 % compared with
CCL – 1078 (23 %). Therefore CCL-1037 absorbs
more moisture compared with CCL-1078.

Fig. 4. Typical moisture gain trend and curve fit using
an analytical solution (dual Fickian diffusion model)
for prepregs at 60 °C immersion.

For the Coefficient of Moisture Expansion (CME),
the change in concentration C measured using
desorption or drying process is depicted in Fig. 6. It
can be observed that the prepreg PP3-1037 and
PP2-7628 show the highest concentration change of
nearly 1.2 % compared with PP1-1037 (0.8 %),
CCL-1078 (0.6 %), and CCL-1037 (1 %). The
desorption measurements were also carried out at
140 °C and 160 °C for six hours.

Fig. 3. Typical moisture gain trend and curve fit using

an analytical solution (dual Fickian diffusion model)
for prepregs at 90 °C immersion.
Additionally, the materials PP1-1037 and
PP2-7628 have a similar moisture gain trend, but differ
in the amount of maximum moisture absorbed. From
Fig. 2 and Fig. 3, a maximum of 0.7 % and nearly 1 %
was observed for PP1-1037 and PP2-7628 prepregs,
respectively. Consequently, Figs. 2-5 depict that the
dual Fickian diffusion model fits the overall behavior
of the experimental data.
Furthermore, in Fig. 5 the dotted lines represent the
nonlinear fit from the single Fickian diffusion model.
On more detailed evaluation, the fit from the single
Fickian model cannot follow the trend of the

Fig. 5. Typical moisture gain trend and curve fit using
an analytical solution (single and dual Fickian diffusion
model) for prepregs at 23 °C immersion.

The measured hygroscopic swelling strains  for
the prepregs are depicted in Fig. 7. The swelling strains
are very low for all the prepregs considered. However,
significant shrinkage of 0.12 % was observed for
prepreg PP2-7628 at 70 °C. Moreover, the CCL-1037
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and CCL-1078 did not show any hygroscopic swelling
strains at all conditioning temperatures. Henceforth,
the
desorption
and
hygroscopic
swelling
measurements were not performed at 70 °C. The
prepreg PP2-7628 and PP3-1037 follow a similar
temperature trend, i.e., the swelling strains decrease
with an increase in temperature. The temperature trend
for PP1-1037 is vice versa. This effect is mainly caused
by the different glass transition temperature (Tg)
regions for the prepregs. The prepregs PP1-1037,
PP2-7628, and PP3-1037 have a Tg of 270 °C, 170 °C
and 150 °C respectively.

PP2-7628 and PP3-1037. The decrease is mainly in the
glass transition region for both the prepregs.

Fig. 8. The measured CME at different temperatures
for the prepregs.

Fig. 6. Change in moisture concentration C for prepregs
from the desorption process at 70 °C, 90 °C and 120 °C
for six hours.

While the considered conditioning temperatures to
measure CME is below the Tg level for PP1-1037, they
are within the onset of the transition region for
PP2-7628 and PP3-1037. Therefore, a different
temperature dependence trend can be observed for
these materials [6].

The results obtained from humidity and
temperature controlled tensile tests for the considered
prepregs are presented exemplarily. They are
compared against Dynamic Mechanical Analysis
(DMA) and the temperature-controlled tensile test
results. (See Figs. 9-13). The solid lines in Figs. 9-13
represent the DMA curve measured at 1 Hz; the square
symbols represent Young's moduli measured using a
temperature oven, and the dot symbols and the star
symbols represent Young's moduli measured using a
climate chamber with a controlled humidity level of
50 % R.H. and 85 % R.H. respectively.
Overall, Young's moduli E obtained from
temperature-controlled tensile tests are in good
agreement with DMA results at increased temperatures
for the prepregs considered for both Warp (0°) and 45°
test specimens. Discrepancies at room temperature for
CCL-1037, CCL-1078, PP2-7628, and PP3-1037 can
be attributed due to possible unstable humidity
conditions when not using the climate chamber.

Fig. 7. The measured CME at different temperatures
for the prepregs.

The computed CME () at different temperatures
for the prepregs is depicted in Fig. 8. As the prepregs
CCL-1037 and CCL-1078 did not show any swelling
strains, no CME is presented for these materials in the
figure. The figure also depicts the change decrease in
the value of CME with an increase in temperature for

Fig. 9. Comparison of controlled humidity tensile tests
with DMA and tensile tests in temperature oven
for CCL-1037 prepreg.
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To quantify the effects of relative humidity, the
prepregs were tested at 50 % R.H. and 85 % R.H.
conditions at temperature levels of 23 °C, 60 °C, and
85 °C. A decrease in Young's moduli E for all the
prepregs was observed at 50 % R.H. and 85 % R.H.,
respectively, at all considered temperature levels. This
decrease is mainly attributed due to the presence of
moisture in the prepregs during the humidity
conditioning. The E value for 85 % R.H. is relatively
smaller compared with E at 50 % R.H. The lower value
of E is mainly due to the presence of higher moisture
content at 85 % R.H. than at 50 % R.H. at the same
temperature. This hydration difference explains the
difference as excess moisture lowers the mechanical
strength and stiffness of the prepregs. An increased
humidity level leads to a reduced stiffness.

Fig. 13 shows the tensile test results obtained for
PP3-1037. The temperature controlled tensile tests
were only performed at room temperature of 23 °C.
Therefore, the results from humidity dependent tensile
tests are compared with E values at 23 °C and with
DMA along 0° (Warp) and 45° test specimens.

Fig. 12. Comparison of controlled humidity tensile tests
with DMA and tensile tests in temperature oven
for PP2-7628 prepreg.

Fig. 10. Comparison of controlled humidity tensile tests
with DMA and tensile tests in temperature oven
for CCL-1078 prepreg.

The prepreg PP2-7628 is most commonly used in
MEMS and PCB manufacturing. This prepreg has a
higher resin content compared with other prepreg
materials. Therefore, this material absorbs more
moisture and affects the strength of the material by
lowering Young's moduli E (see Fig. 12 for 0° (Warp))
compared with the results from DMA and temperature
controlled tensile tests.

Fig. 11. Comparison of controlled humidity tensile tests
with DMA and tensile tests in temperature oven
for PP1-1037 prepreg.

The results from the verification simulation have
been depicted in Fig. 14. The verification simulation
was performed at the specimen level for the prepregs
immersed in a distilled water bath and conditioned at
90 °C. The solid red lines represent the result obtained
from a verification simulation; the black dotted lines
represent the curve from the analytical fit, and the
black and blue squared symbols represent the
experimental humidity conditioning curves for
CCL-1037 and PP2-7628, respectively. The humidity
verification simulation, using the dual Fickian
diffusion model is in good agreement with the overall
behavior of both experimental and analytical fit
curves. Therefore, this verification simulation model
serves as a basis to model in the hygro-thermomechanical modeling approach.

Fig. 13. Comparison of controlled humidity tensile tests
with DMA and tensile tests in temperature oven
for PP3-1037 prepreg.
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Fig. 14. Comparison of moisture absorption curve between
experimental, analytical and numerical simulation using
humidity conditioning simulation for CCL-1037
and PP2-7628

4. Conclusions
In this research work, the results from moisture
absorption, CME, and humidity and temperaturedependent Young's Moduli E for five different prepreg
materials are presented. The measured moisture
diffusion coefficient D and saturated mass Msat are in
good agreement with the analytical fit and verification
simulation. The calculated values of CME serve as a
material property to analyze the moisture and thermal
mismatch in the MEMS sensor package in further
reliability studies. The measured humidity and
temperature-dependent E value provide critical
information on shifts in the mechanical properties of
the prepregs due to moisture absorption. The measured
experimental data will further be used in a numerical
simulation to determine the moisture and temperatureinduced deformation and stresses in a MEMS sensor
package. Thereby the measured material behavior is
the crucial basis for a reliable sensor system design.
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Summary: The temperature dependent optical properties of PECVD deposited amorphous silicon films were determined for
the wavelength range from 1000 to 2000 nm in a temperature range from 25 to 830 °C. The measurements were performed at
heat up rates of 2000 K/s in order to shift the phase change of the amorphous material to higher temperatures and make it
therefore accessible for examination. This is the foundation to fabricate laser crystallized polysilicon on top of a CMOS at
CMOS compatible conditions.
Keywords: CMOS MEMS, SoC, Monolithic integration, Optical properties, Thin films, Amorphous silicon.

1. Introduction
Moore’s
law
describes
the
continuous
miniaturization of Complementary Metal Oxide
Semiconductor (CMOS) transistors as the core element
of an integrated circuit (IC). To further accelerate the
progressive increase in integration density, it is
necessary that integration technologies for systems
connected to an IC, e.g. micro-electro-mechanical
systems (MEMS), keep pace.
A very promising approach is the vertical
monolithic integration of MEMS and IC’s. The MEMS
is processed on top of the completed IC and therefore
the same chip area can be occupied by the IC and the
MEMS which results in an extremely high integration
density [1].
The dimension of electrical connections between
MEMS and ICs can be minimized, resulting in
minimal parasitics and finally in lower power
consumption and improved sensitivity. Furthermore
standard CMOS foundries can be utilized to fabricate
the CMOS wafers which keeps the complexity of the
process flow relatively low while the MEMS can be
fabricated by an extension to the CMOS line [2].
A limit of this technological approach is that the
deposition temperature of the MEMS materials must
lie within the allowed temperature budget of the
CMOS wafer of 450 °C. This excludes the use of
mono- and polycrystalline silicon as important
high-performance MEMS materials and makes the
technology less attractive for MEMS devices like
inertial sensors [1].
To overcome this drawback, laser crystallization
can be used as a low thermal load process for the
crystallization of amorphous Silicon (a-Si) layers,
prior deposited at processing temperatures below

450 °C, to make those high-performance materials
accessible for MEMS-last processes.
The laser crystallization of a-Si layers with
thicknesses in the range of 1 to several 10 microns has
to be performed carefully in order to achieve a
complete, homogenous and low stress crystallization
of the a-Si layer without exceeding the thermal budget
of the underlying IC. During laser crystallization, the
optical properties of the semiconductor undergo a
drastic
temperature-dependent
change.
This
significantly complicates the targeted energy
deposition in the layer system by laser radiation. Hence
a profound understanding of the temperature
dependent optical properties of the processed material
is required.
To characterize the a-Si layer several methods for
the determination of the temperature dependent optical
properties are available, but limited in temperature for
several reasons. When heated beyond 500 °C the
structure of amorphous silicon will change with an
increasing temperature dependent rate. Thus, the
optical properties are not only dependent on the
temperature, but also on the heating rate [3]. For this
reason the temperature dependent optical properties
have to be determined under conditions that are as
similar as possible to the intended fast laser treatment
using high heating rates of several thousand K/s.
Otherwise the phase change would start prematurely
and the results obtained would not reflect the true
material properties under the process conditions.
A method using very short heating times from
room temperature to the melting point in the
nanosecond range is presented by Hoyland [4]. The
sample (140 nm a-Si. 100 nm SiN, 400 nm SiO2, glass
substrate) is heated by a single 30 ns pulse from a XeCl
excimer laser which acts as a surface heat source due
to the optical penetration depth of less than 10 nm at a
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wavelength of 308 nm. Simultaneously the reflectance
of a probe beam with a wavelength of 808 nm is
measured. The development of the resulting spatial
temperature distribution is being calculated.
Subsequently, the temperature profile is transformed
into a complex refractive index profile by functional
relations for the real and the imaginary part depending
on one material-specific parameter each. The functions
were then fitted to the measured reflectance of the
probe beam to determine those material-specific
parameters.
In contrast, we would like to present a method that
allows the determination of the desired material
parameters in a significantly wider spectral range.

2. Experimental Setup
The sample consists of a 5 µm thick a-Si layer
which is deposited on a silicon wafer with a thermal
oxide at 400 °C using PECVD. The thickness of the
oxide layer is 2.5 µm and a thickness of wafer is
750 µm. An illustration of the experimental setup is
shown in Fig. 1.

The sample temperature is captured by two pyrometers
(H). For low temperatures up to 200 °C the pyrometer
KT19.82 II, Heitronics Infrarotmesstechnik, GmbH,
Germany is used. The temperature range from 200 to
800 °C is covered by the Pyrometer EP60P, Dr.
Mergenthaler GmbH & Co. KG, Germany. With this
setup, heating rates of up to 2000 K/s can be achieved.

3. Results
The complex refraction index is extracted from
each during the heat up phase measured spectra by a
fitting procedure with the software SCOUT, W. Theiss
Hard- and Software, Germany, applying a dielectric
background and the OJL model. The results can be
presented in a more condensed form by applying the
following equations to the determined temperature
dependent complex refractive index. [5]
𝑛 𝑇, 

𝑛 

∙

,



(1)

where n(T,λ) is the refraction index, n0(λ) is the
refraction index at room temperature, T is the
temperature, TR is the room temperature, Cn is the
material parameter.
𝑘 𝑇, 

𝑘  ∗𝑒

∙

,

(2)

where T is the temperature, TR is the room temperature,
Ck is the material parameter.
The extracted Cn and Ck values are shown in Fig. 2.
0,005

CK
CN

Fig. 1. Illustration of the experimental setup.

The probe beam is provided by a white light source
(A), HL-200-FHSA, Ocean Optics, Florida, USA. The
probe beam is first collimated and then focused to a
diameter of 2 mm on the sample surface by the means
of parabolic mirrors (B). By applying reflective optics
chromatic aberration is avoided. The sample (C) is
placed on a quartz glass sample holder (D) which
provides a low thermal conductivity and a high
transmittance for probe beam and heat beam. The
probe beam is reflected at the sample surface, then
collimated and introduced into a spectrometer (E),
NIRQuest-512 2.2, Ocean Optics, Florida, USA, by
another pair of parabolic mirrors (F). The spectrometer
covers a spectral range of 900 to 2200 nm with a
resolution of 2.3 nm, an integration time of 1 ms and a
sample rate of 100 Hz. During the measurement the
sample is heated by laser radiation which is provided
by a beam source (G), DILAS Compact Evolution,
DILAS Diodenlaser GmbH, Germany, which emits
radiation at a wavelength of 980 nm with a power up
to 450 W. The spot size of the laser beam is 4×4 mm².
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Fig. 2. Cn and Ck from room temperature up to 830 °C.

The rate of change for the real part of the refraction
index Cn() is (2.5…3.7)×10-3 °K-1. The corresponding
is
rate
for
the
imaginary
part
Ck()
(2.5…3.9)×10-3 °K-1.

4. Conclusions
As a conclusion, a method for determining the
temperature-dependent optical properties of a-Si is
presented, with which the phase transition can be
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raised to 800 °C, and thus the optical properties can be
determined up to this point. An additional advantage is
that the optical material parameters can be determined
over a considerably extended wavelength range from
1000 to 2000 nm in a single measurement.
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Summary: This work proposes and validates a digital single-electron transistor (SET) based astrocyte module. This module
simulates the Ca2+ oscillations in the cytosol caused by external stimuli. It is inspired by an architecture that has been previously
proposed for FPGA implementation. The module is built upon a SET-based NAND gate (nanoNAND) to achieve a
nanoelectronic implementation. Currently one of the main challenges in the neuromorphic area is to reduce both area and
power usage in the networks. The use of nanoNANDs instead of CMOS-based NANDs allows the proposed architecture to
have a smaller footprint and consume less power than other previously proposed systems.
Keywords: Single-electron transistor, Nanoelectronics, Neuromorphic systems, Astrocyte, Neural networks.

1. Introduction
Hardware implementation of neural networks (NN)
has been highly explored in the last decade. NNs
algorithms implementations are usually very
computationally intensive, requiring powerful
traditional (von Neumann) hardware and often in large
quantities. A neuromorphic approach seeks to solve
these problems [1]. However, the CMOS-based
neuromorphic implementation can be much optimized
by exchanging it with a nanoelectronic-based
neuromorphic approach [2].
Most of the work regarding neuromorphic
hardware has focused on the implementation of neural
networks alone. However, recent experimental results
show that astrocytes have a significant role in neural
spike synchronization, synaptic transmission and
information
processing
[3].
The
hardware
implementation of astrocytes is a first step to create a
fully neuron-astrocyte integrated neuromorphic
circuit.
This work proposes and validates a nanoelectronic
digital implementation of an astrocyte module. This
module is based on the 2D version of the spontaneous
astrocyte model [4, 5]. The system is based on
single-electron transistor technology, and its
functionality prioritizing parameters such as energy
consumption and the occupied area is shown.

2. Single-electron Transistor
The single-electron transistor (SET) consists of two
tunnel junctions connected to create an island between
them, as shown in Fig. 1 [6-9]. The SET operation is
done by the flow control of single tunneling electrons.
That leads to low power consumption. The gate
voltage manipulates the Fermi level, i.e., the highest
energy level occupied on the island, thus controlling
the electrons conduction through the transistor [10].
The operation of SETs up to 350 K has already been

reported [8, 11, 12]. The module developed in this
work employs a SET SPICE model, which operates at
room temperature, proposed by and available at
Lientsching et al. [13].

Fig. 1. Single-electron transistor.

2.1. SET-Based NAND Logic Gate
Both the NAND and NOR Boolean functions have
the functional completeness property, i.e., any Boolean
expression can be rewritten using only NAND (or
NOR) operations. Based on this property all logic
gates, circuits and modules in this work were design
using only nanoNAND gates.
Different circuit architectures of SET-based
NANDs can be found in the literature. The
programmable single-electron NAND/NOR gate
presented by Gerousis et al. [7] (Fig. 2) has been
deeply analyzed by Tsiolakis et al. [14] and showed
stability and energy efficiency, which are interesting
parameters for large scale circuits.
As shown in Fig. 2 voltages VA and VB are the gate’s
inputs A and B, respectively. Voltage S is a select input
that enables either the NOR function on the gate’s
output when its value is high or the NAND function
when its value is low. In this work both SETs in the
circuit are considered equal (SET1 = SET2). The
circuit parameters for the designed nanoNAND are
shown in Table 1.
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Fig. 3. Spontaneous Ca2+ flow model.

The model’s equations are given by:
Fig. 2. Programmable SET NAND/NOR gate.

Table 1. nanoNAND circuit values for room-temperature
operation.
Circuit Parameter
Cj
RT
Cg
Cin
CL
Vbias
VA
VB
S

Value
0.01 aF
1 MΩ
0.15 aF
2 aF
0.2 aF
0.5 V
0 V (low) and 0.5 V (high)
0 V (low) and 0.5 V (high)
0V

3. 2D Spontaneous Astrocyte Model
The astrocyte model used is a 2D spontaneous
astrocyte model [4, 5]. The spontaneous Ca2+
oscillations are triggered by small changes in the
cytosolic concentration. This model’s equations
describe the calcium flow within the astrocyte after
receiving an external stimulus (e.g. from a neuron)
without describing the neuron interaction. It has two
main variables: Ca2+ concentration in the cytosol (X)
and Ca2+ concentration in the endoplasmic reticulum
(Y). The spontaneous oscillations process is illustrated
in Fig. 3.
This process begins with small changes in the
cytosolic Ca2+ concentration due to an extracellular
Ca2+ flux through the plasma membrane into the
cytosol. On the first path calcium ions are released
from the ER into the cytosol via the type-2 inositol
triphosphate receptor (IP3R-2). These receptors are
activated by the intracellular messenger IP3, whose
production is initiated by the delta-isoform of
phospholipase C (PLC). On the second path Ca2+ ions
are sequestered in the ER through the
sarco(endo)plasmic calcium ATPase (SERCA) pump.
Both paths are feedback loops in which the feedback
actors are Ca2+ and IP3. This is the primary selfperpetuating mechanism for the spontaneous
oscillations.

𝑑𝑋
𝑑𝑡
𝑑𝑌
𝑑𝑡

𝑉
𝑉

𝐾

𝑋

𝑉

𝑉

𝑉
𝐾 𝑌

𝐾 𝑌

𝑋

,
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𝑋
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⎧𝑉
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,
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⎡
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⎣ 𝐾

𝐾
𝑉
𝐾
𝐾

⎤
⎥
⎥
⎦

𝐾
(3)

The other parameters of the equations are as
follows:
 Vin is the different stimuli levels are stored in this
variable. It represents the flow of calcium from the
extracellular space through the astrocyte’s
membrane;
 KoutX is the rate of calcium efflux from the cytosol
into the extracellular space;
 VCICR is the IP3-mediated flux of calcium from the
ER to the cytosol;
 VSERCA is the sarco(endo)plasmic reticulum ATPase
that fills the ER with Ca2+ from the cytosol;
 Kf(Y-X) is the leak flux from the ER into the cytosol;
 VM2 is the maximum flux of calcium ions out of the
pump;
 K2 is the VSERCA fix factor;
 VP, KP is the parameters for considering period
adding regime to chaos;
 VM3 is the maximum flux of calcium ions into the
cytosol;
 KCaA is the activating affinities;
 KCaI is the inhibiting affinities;
 Kdeg is the degradation of IP3;
 Kip3 is the IP3 factor;
 n, m is the Hill function coefficients.
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The original model’s values parameters are
presented in Table 2. The two main non-linear terms
used to build the circuit are: VSERCA, which accounts
for the SERCA pumps, and VCC. Non-linear terms lead
to the development of overly complex digital systems,
which are high-cost and low-speed systems. To solve
this issue both VSERCA and VCC equations are presented
as parametric discretized equations by Haghiri, et al.
[5]. They are presented in the following equations:
89𝑋
⎧
⎪44𝑋
15𝑋
⎨5.2𝑋
⎪
⎩1.6𝑋

𝑉

𝑉
1.4
3.3
9.1
12
13.55

0
⎧35𝑋 1.4
⎪
130𝑋 7.2
⎨210𝑋 11
⎪ 67𝑋 44
⎩ 25𝑋 24

0 𝑋 0.10
0.10 𝑋 0.20
0.20 𝑋 0.30,
0.30 𝑋 0.45
𝑒𝑙𝑠𝑒
0 𝑋
0.04
0.06
0.08
0.20
𝑒𝑙𝑠𝑒

𝑋
𝑋
𝑋
𝑋

0.04
0.06
0.08
,
0.20
0.50

(4)

(5)

4. Digital Astrocyte Model
The original equations consider the use of 41 bits
to avoid information loss. However, through
exhaustive testing, it has been determined that 6 bits
for the integer part plus 14 bits for the decimal part

returns a good enough accuracy from the system.
Therefore, this implementation uses only 20 bits.
Table 2. Original model’s parameters.
Vin = 0.07
Kout = 0.50
Kf = 0.50
VM2 = 15
K2 = 0.10

VP = 0.05
KP = 0.30
VM3 = 40
KCaA = 0.15
KCaI = 0.15

Kdeg = 0.08
Kip3 = 0.10
n = 2.02
m = 2.20
dt = 0.01

Fig. 4 shows the complete astrocyte digital module.
Every component in this module is made from
SET-based NAND gates (nanoNAND). They require
four SET transistors. To simplify the operations of the
module the circuit implemented is multiplierless.
Values for Vin, X[i], and Y[i] are stored in
nanoelectronic SRAMs proposed by Câmara
et al. [15].
The astrocyte control unit (ACU) generates the
values of VSERCA and VCC by comparing X[i] value
with the conditions of the piecewise linear equations
given in Haghiri et al. [5]. This value is forwarded to
the pipeline (PiP) unit along with Vin value. The PiP
unit then generates the next values for X and Y. The
values are consequently stored at the output provider
unit (OPU), which consists of two nanoelectronic
SRAM modules. The OPU feeds the ACU for the
generation of the next values of X and Y and outputs
the generated values to a DAC so that the values can
be read by an oscilloscope.

Fig. 4. Digital astrocyte block diagram.

5. Simulation and Results
All simulation was executed on the LTspiceXVII
software [16]. Before the start of the circuit operation,
the system resets the OPU, to guarantee that X and Y
initial values are 0. Different values of Vin are stored in
the input provider unit (IPU). For each run of the
simulation one value of Vin is chosen.
Fig. 5 presents the calcium oscillations obtained
with the nanoelectronic astrocyte for Vin = 0.8. These

oscillations are similar enough to those obtained with
the original spontaneous astrocyte model, confirming
the correct execution of the proposed circuit. Results
obtained for other values of Vin also match those of the
original model.
The entire module has around 60000 nanoNANDs,
making a total of 10.32 µm2 of area and 210 nW of
power dissipation, which highlights the benefits of
making a nanoelectronic neuromorphic astrocyte
module.
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Fig. 5. Cytosol Ca2+ oscillations for Vin = 0.8.

6. Conclusions
A digital nanoelectronic astrocyte module was
presented and validated. The proposed hardware takes
advantage of SET’s properties making the module
highly scalable with a small area and power dissipation
footprint. The Ca2+ oscillation is obtained with fewer
bits than previous works while still presenting a
reliable output. Future works aim to integrate the
astrocyte module with integrate-and-fire neurons to
create a hybrid neural network.
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Summary: MB2020 NoC, the Network on Chip generator developed as part of the Mont-Blanc 2020 European project, targets
Systems on Chip designed for High Performance Computers. It is based on the new CHI protocol and designed and optimized
for processors with many high-performance cores, accelerators and several High Bandwidth Memory stacks which require a
very high bandwidth coherent Network on Chip. The NoC can manage the requirements of the Scalable Vector Extension set
of instructions developed to target HPC workloads, it supports cache coherency, cache stashing, snoop filtering, atomics
transactions and distributed last level cache to limit data movement. In this paper, we first present an overview of the NoC,
then we describe our emulation-based validation methodology and finally we explain how it integrates within the European
Processor Initiative program whose first generation of HPC processors is expected to be ready by 2022.
Keywords: Coherent network on chip, ARM, ASIC, CHI, N oC, HPC.

1. Introduction

2. Architecture Overview

The Network on Chip is an essential module of the
next high-performance processors. With the new High
Bandwidth Memories and high-performance cores, it
must be able to handle a very high message rate and
bandwidth. In the Mont-Blanc 2020 NoC project, we
focus on designing a N oC generator based on the new
CHI protocol that can handle up to 128 ARM cores and
different memory types. The NoC can manage the
requirements of the Scalable Vector Extension (SVE)
set of instructions developed to target HPC workloads
[1], it supports cache coherency, cache stashing, snoop
filtering, atomics transactions and distributed last level
cache to limit data movement. It is highly configurable
and can be adapted to meet the requirements of
different chip markets: autonomous driving, edge
computing or AI. We used an implementation tool that
allows different configurations while enabling fast
iterations for sizing, profiling, modeling and
performance estimations. Fig. 1 shows the MB2020
reference NoC composed of the mesh cross points
(XP) and the Home Nodes (HN) protocol engines
which include the last level cache and the snoop filter.
The Mont-Blanc project follows a co-design
approach to ensure the final hardware design meets the
requirements of real-world High-Performance
Computing (HPC) applications. A close collaboration
between software and hardware designers guarantees
that the proposed system on chips will work properly.
The use of ARM cores for HPC computing being
in its early days, no CHI NoC meeting our bandwidth,
Quality of Service and reliability expectations were
available from independent suppliers at the start
of the project.

2.1. Required Performances
One of the main challenges is to provide a very
high memory bandwidth interconnect as the cores
dedicated to high performance applications will embed
two SVE units which can read/write from/to the
memories with a very high bandwidth, 64 GB/s
interface. To sustain this bandwidth, up to four
HBM2/2e [2] and four DDR4/5 memories are
connected to a single die for a total memory bandwidth
of 1510.4 GB/s. To further improve the memory
bandwidth and improve the latency, a Last Level
Cache (LLC) can be included in the NoC. It is split in
several slices and distributed across the NoC to handle
simultaneously more messages in parallel and sustain
the required message rate. As reference configuration
we have selected a system with 32 cores, hence
allowing a theoretical bandwidth of 2 TB/s
(32 × 64 GB/s) per direction and per die. The NoC
manages cache coherency between clusters and
memory access with a good throughput, comparable to
the aggregated cores bandwidth. To achieve this, the
Home Node protocol engine and associated Snoop
Filter are split in several slices. Studies carried out
within the framework of the MB2020 project have
shown that a bandwidth of 20 GB/s per core is enough
for good performance.
2.2. Internal Protocol
The N oC follows internally the CHI protocol,
which is natively used by ARM high performance
cores. The mesh topology is used for its scalability.
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The coherency protocol between the cores is handled
by the Home Node (HN) which is also the point of
serialization where the ordering between requests from
different agents is determined. It embeds a Snoop Filter
to reduce the overhead of coherency protocol and a
Last Level Cache to limit data movement as shown on
Fig. 2. Direct Memory Transfer and Direct Cache
Transfer, that permit the memory and the cores to send
data directly to the requesters, are used to reduce the
read latency.

channel lanes, two DAT physical channel lanes and
one SNP physical channel are used in each direction.
The supported routing algorithms include
Dimension ordered Routing or any kind of turn
models. Custom algorithms are implemented for each
channel, depending on the expected traffic, using
routing tables in each cross point input port and can be
programmed at run-time. Multicasting of messages is
implemented for the snoop network in order to
optimize the links usage. Multiple physical channel
buses can be used between two cross points to increase
the bandwidth.
To allow traffic isolation and real time traffic for
specific applications such as automotive, two Virtual
Channel are implemented. Any QoS level can be
mapped on the priority VC if the associated messages
need a very low/deterministic latency.
XP
XP
REQ
XP
RSP
XP
DAT
XP
SNP

XP

XP

XP
REQ

XP

XP
REQ
XP
RSP

XP
REQ
XP
RSP

XP
DAT

XP
RSP
XP
DAT

XP
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DAT
XP
SNP

XP
SNP

XP
XP
REQ

Fig. 1. MB2020 N oC reference configuration.

XP
RSP
XP
DAT

Home Node

CHI interface

XP
SNP

Snoop Filter

Point of
Serialization
Point of
Coherence

Fig. 3. Mesh network by physical channels.
protocol
management

Last Level Cache

Fig. 2. Home Node Overview.

As there is a dependency between the different CHI
channels, request (REQ), response (RSP), data (DAT)
and snoop (SNP), it is necessary to make sure that they
can flow independently of each other to prevent
protocol deadlock. As the bandwidth of all channels
will be quite high, the best way to ensure this
independence is to use physical channels with a
separate mesh network for each channel [3, 4]. This
means that all wires between cross points and all cross
points input buffers are dedicated to a single channel.
Multiple physical channel lanes of the same kind can
be used between two cross points to increase the
bandwidth as shown on Fig. 3. On this figure there are
three REQ physical channel lanes, three RSP physical

2.3. NoC Generator
The N oC implementation is based on IPs (Router,
Snoop Filter, Home Node…) which are automatically
connected and configured through a tool. It is flexible
enough to handle all the target topologies with flexible
link bandwidth. To ease the backend task, the diversity
of IP configuration should be limited. As an example,
in the reference configuration, the 36 cross point of the
central area have the same configuration and therefore
uses the same hard IP. A limited number of physical
channels are implemented but not used to save layout
runtime, but the overconsumption is not significant.
2.4. Reliability
As supercomputers become larger to reach
exascale, the probability of failure increases
proportionally with the number of components. As an
example, an exascale HPC built with 10-TFLOP nodes
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to the software and another quarter to the Interconnect
(including boards, connectors, cables, and network
chips), only half of this budget is allocated to the
compute unit hardware.
In the NoC, all buses are protected with Error
Correcting Code (ECC) throughout the mesh network
as shown on Fig. 4. In the Home Node, all the RAM
memories are be protected, SECDED (Single Error
Correction and Double Error Detection) protection is
mandatory for critical parts such as the Last Level
Cache or input buffer whose data cannot be recovered
while Snoop Filter Presence Vector can be protected
either with SED or SECDED; SED is acceptable as it
is possible to broadcast a snoop to recover the data.

would require interconnecting 100 000 nodes and
around 5000 switches. Each node is composed of one
(or several) Network Interface Component,
Processors, RAM... If each component creates a fatal
error every 10 years and the node is composed of
5 devices, the system would be down every 10 minutes
which is, of course, not acceptable. In order to maintain
the Mean Time Before Failure (MTBF) of the full
machine with tens of thousands of nodes above
24 hours, aggressive techniques have been employed
to keep the NoC Failure In Time (FIT) as low as
possible. The target is to reach a maximum failure rate
of 10 FIT for the Silent Data Corruption (SDC) and
287 FIT for the Detected Unrecoverable Error (DUE)
at node level. As one quarter of this budget is allocated
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Fig. 4. N oC ECC protection overview.

Techniques such as poison data are used to avoid
raising an error when a cache line is corrupted but
never used. Whenever an error is detected, for example
in the N oC, and can’t be corrected it is better to defer
the error by associating a poison state to the data. In a
processor, a poisoned data value may be stored into a
cache (e.g. L2 or LLC cache). It is considered
“consumption” for a processor to use a poisoned data
value to alter the non-speculative state. Any attempt to
store a poisoned value into a control register or
otherwise consume the value rather than storing it or
transmitting it must result in an error.

2.5. Real Time Traffic
To allow traffic isolation and real time traffic for
specific applications such as automotive, two Virtual
Channels (VCs) are implemented. Any QoS level can
be mapped on the priority VC if the associated
messages need a very low/deterministic latency. The
two VCs are implemented throughout the
mesh network.

2.6. Snoop Filter Implementation
To avoid sending snoops to all RNs to check
whether they have a cached copy or not, a so-called
snoop filter (SF) is implemented. It is a directory
describing cache states of addresses present in any
cache. For each address present in at least one L2
cache, the SF indicates in which Caching Agent it is
present and in which state: the HN decides whether the
RN must be snooped or not. The coherency unit is the
cache line (64 B), so the access to some bytes in a line
is considered as an access to the whole line.
To reduce the snoop filter size and keep a very low
level of evictions initiated by the snoop filter,
techniques such as twin lines and coarse mode
are used.

2.7. Power Consumption
Power consumption must be a differentiator that
will allow to build sustainable exascale systems with a
reasonable Total Cost of Ownership. To achieve a very
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high efficiency, the NoC will extensively implement
state-of-the-art power design techniques such as power
islands and clock gating. The NoC mesh is clocked at
1 GHz and an ultra-low power mode with a clock
running at 500 MHz and a lower voltage is
implemented.
As supercomputers become larger to reach
exascale, the probability of failure increases
proportionally with the number of components. In
order to maintain the Mean Time Before Failure
(MTBF) of the full machine with tens of thousands of
nodes above 24 hours, aggressive techniques have
been employed to keep the NoC Failure In Time as low
as possible. All buses are protected with Error
correcting code throughout the mesh NoC and
techniques such as poison data are used.

3. Evaluation of the N oC Architecture
We have explored different modeling and
emulations approaches. On the one hand, we have
developed a SystemC TLM model, on the other hand,

the Register Transfer Level (RTL) code is
implemented on an emulator to verify that the actual
NoC sustains the required performance.
3.1. SystemC TLM
The SystemC TLM model that allows architectural
explorations such as mesh network sizing, routing
algorithms or congestion management. As an example,
Fig. 5 shows the data transfer latency distribution on
the reference NoC model with a traffic model with two
reads for a write from all requesters and 50 % hit in the
LLC. The "Idle latency" curve is achieved with low
traffic; increasing the load, there is point when the
N oC behavior becomes chaotic and latency increases
dramatically. The "latency with the max supported
traffic" curve indicates when the chaotic behavior
starts to develop, 44.8 GB/s read bandwidth in this
example; increasing the load by 7 % results in the
"latency with the overloaded traffic" curve. The NoC
is sized so that it never enters the chaotic mode.

Fig. 5. NoC latency.

3.2. Emulator
It is very important to demonstrate on an emulator,
before processor tape-out, that the actual MB2020 N
oC sustains the required performance with real
workloads. Even the largest state-of-the-art industrial
FPGA platforms cannot simulate 64 ARM cores, their
SVE units, a complex N oC and 32 HBM memory
controllers. Since the ARM core is proven IP obtained
from a commercial vendor, it was decided to abstract
it with an injector to favor a more detailed analysis of
the memory hierarchy required to feed the vector units.
The injector will use traces obtained from executions
of ARM binaries on real platforms, such traces will
contain information regarding all dynamic instructions

executed on real runs, including SVE. The information
obtained from the detailed RTL-on-FPGA simulation
will then be fed back to the architectural simulators for
further calibration of the full application models.

4. Conclusions
The outcome of the MB2020 project will be the
basis for European HPC exascale systems and is
expected to achieve market adoption and economic
sustainability within the coming years. The first
generation of HPC processors using this N oC is
expected to be ready by 2022. The next steps include
multi-die support and bandwidth increase.
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Summary: The earlier digital micromirror design had a thick beam in the middle layer that was supported by two thin hinges.
The thick beam rotated with the mirror and came in contact with the bottom layer to create rotating stops. This design posed
serious manufacturing and performance challenges when the micromirror underwent size reduction and tilt angle increase. A
beamless micromirror design replaced the rotating beam with a thin stationary layer that consists of raised electrodes, spring
tips, and hinges. This design eliminated many wafer processing steps associated with the beam and enabled design features
such as longer hinges, lower spacers, and rotating stops in the middle layer, which resulted in significant improvement in the
micromirror manufacturability and performance. In this paper, the technical insights of the micromirror design and practice to
improve the manufacturability and performance of the micromirror will be presented.
Keywords: MOEMS, Micromirrors, MEMS design, MEMS design for manufacturing, MEMS manufacturability and yield.

1. Introduction
The micromirror used in the first digital projectors
launched by Texas Instruments in 1996 was
17 µm × 17 µm and tilted ±10 degrees [1]. It enabled
the DLP® display technology and many applications
that were beyond display [2]. The middle layer of this
design included hinges and four narrow spring tips that
had different thickness from the beam and raised
electrodes as shown in Fig. 1.

narrower and thinner to maintain the hinge compliance
thus further adversely impacted the manufacturability
of the micromirror and resulted in poor device yield.
The beamless micromirror design shown in
Fig. 2(b) had four major design changes that
significantly
improved
the
micromirror’s
manufacturability and performance [3, 4]. First, the
beam with two metal thicknesses was eliminated and
replaced with a stationary layer with a uniform
thickness consisting of hinges, anchored raised
electrodes, and spring tips. Second, longer hinges were
used. Third, the spacers between the mirror and the
electrodes in the middle and bottom layers were
reduced. Fourth, the rotating stops were repositioned
from the bottom layer to the middle layer. In the
following sections, the technical insights into the
impacts of these design changes were discussed.

Fig. 1. The middle layer of the earlier micromirror
design [1].

The market demand for smaller and brighter
projectors led to the development of the
14 µm × 14 µm micromirror with a 12° tilt angle.
However, the size reduction and tilt angle increase of
the earlier micromirror posed tremendous challenges
to
the
micromirror’s
performance
and
manufacturability. Fig. 2(a) shows the micromirror
design scaled down directly from the earlier design.
The areas of the electrodes were decreased for the
smaller mirror size. The spacers were raised to enable
the 12° tilt angle while keeping the clearances between
the mirror and electrodes in both middle and bottom
layers. The smaller electrode areas and higher spacers
resulted in weaker electrostatics and a poorer dynamic
performance of the mirror. In addition, the shortened
hinges had to be compensated for by making the hinges

(a)

(b)

Fig. 2. The top view of the micromirror designs.
(a) Micromirror that was scaled down directly
from the earlier design; (b) The beamless micromirror.

2. Design for Manufacturing
2.1. Two-metal-layer Beam Elimination
The rotating beam of the earlier design included
two metal layers with different thicknesses that
required multiple oxide and metal etches. The
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processes to create the two-metal-layer beam included
the following:
1) Hinge metal deposition;
2) Hinge oxide deposition;
3) Pattern hinge oxide;
4) Etch hinge oxide;
5) Ash off oxide resist pattern;
6) Beam metal deposition;
7) Beam oxide deposition;
8) Pattern beam oxide;
9) Etch beam oxide;
10) Ash off beam oxide resist pattern;
11) Etch beam metal;
12) Strip beam oxide mask.
Many of the above processes required tight
tolerances on equipment. A slight alignment shift of
the beam metal with respect to the spring tips could
cause different landing voltages and compromise the
operation margin of the micromirrors.
The two-layer metal process also caused beam
cupping and spring tip flatness variation due to stress
differences. Furthermore, the thick-beam process left a
deep trench that was transferred to the mirror metal
deposition, resulting in poor mirror planarity. As a
result, the beam processes were responsible for the
highest yield loss of the micromirror manufacturing.
The beamless design eliminated the major yield
loss processing steps associated with the two-metal
layer design. Gong and Hogan [5] discussed the
fabrication processes of the beamless micromirror. The
middle metal layer, much thinner than the thick beam,
had a uniform thickness that was easier to fabricate.
Fewer process steps were required to create the middle
layer of the beamless micromirror:
1) Hinge metal deposition;
2) Pattern hinge metal;
3) Etch hinge metal;
4) Remove hinge pattern.
The mirror planarity improved dramatically due to
the flatter sacrificial layer topography before mirror
metal deposition. As a result, significant
manufacturing and yield improvements were achieved.
2.2. Longer Hinge Design
The beamless micromirror design utilized most of
the diagonal length of the mirror pitch for the hinges,
as shown in Fig. 3, while the previous design had much
shorter hinges due to the width of the thick beam, as
shown in Fig.1.
Equation (1) shows the torsional stiffness of the
hinge K as a function of the hinge geometry:
𝐾 ~

Wt
16

16

3.36

1

12W

,

(1)

where W, t, L are hinge width, thickness, and length,
and G is the shear modulus.
The longer hinge design created more design
flexibilities in choosing hinge width and thickness to
achieve the same torsional stiffness. Wider and thicker

hinges were more manufacturing-friendly and less
sensitive to process variations.

Fig. 3. SEM image of the beamless micromirror that has
longer hinges and rotation stops in the middle layer.

2.3. Reposition of the Rotating Stops to the Middle
Layer
The rotating stops were critical design features for
the tilt angle control. The uniformity of tilt angles
across the device had a direct impact on the image
quality of the projection system. The rotating stops of
the beamless micromirror were repositioned from the
bottom layer to the middle layer. So were the direct
contact surfaces. The mirror of the beamless design
rotated and came into contact with the spring tips
anchored in the middle layer. While the previous
design put the spring tips at the end of the beam and
they rotated with the beam until they contacted the
bottom layer that stopped the rotation. Since the
topography and surface conditions of the middle layer
were much easier to control compared to the bottom
layer, the beamless design improved tilt angle
uniformity of tilt angles across the wafer.

2.4. Incorporate Process Variations in Design
Another effective design for manufacturing
practice was to include process variations during the
design and simulation of the new micromirrors. Hogan
et al. [6] evaluated the fabrication space of the
micromirror and established the process control limits.
The statistical process variation data for each critical
dimension of the micromirror, such as spacer height,
hinge width and thickness, were used to assess the
robustness of the design. Monte Carlo analysis of the
micromirror performance, using randomly chosen
spacer height and hinge geometries based on the
statistical process control chart, was conducted to fine
tune the design parameters. Fig. 4 shows an example
of this analysis. The horizontal axis of the plot
represents the static landing voltage and vertical axis
represents the voltage of the upper and lower operating
limit that measured the robustness of the design against
process variation. This analysis was used to guide the
process development effort and tradeoff evaluations
between critical design parameter requirements and
manufacturability.
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3. Design for High Performance
The design changes made in the beamless
micromirror not only improved the micromirror’s
manufacturability, but also enhanced its performance.
The beamless micromirror had a faster crossover time
and a shorter settling time, a larger operation margin,
and a better optical performance.

Tilt Angle (deg)

12º

-12º

Time (s)

Fig. 5. Measured dynamic transition of beamless
micromirrors.

3.2. Larger Operation Margin

Fig. 4. Monte Carlo analysis of micromirror performance
based on process variations of critical design parameters.

3.1. Faster Crossover Time and Shorter Settling
Time
The elimination of the rotating beam for the
beamless micromirror greatly reduced the moment of
inertia as the mirror became the only rotating
component. The spacer between the mirror and the
center of rotation was lower as the rotation stops were
positioned closer to the center of rotation. In addition,
a thinner mirror (3300 Å vs. 4350 Å) was enabled that
further reduced the mirror’s moment of inertia. The
dynamic transition of the mirror was driven by
electrostatic attraction. The governing equation that
described the mirror rotation was [7]
∑Γ

𝐼 ∙ 𝛼,

(2)

where  was the torque created by the electrostatic
force and the hinge restoration force, I was the moment
of inertia, and  was the angular acceleration. A mirror
with lower moment of inertia makes a faster crossover
transition for the same torque.
The beamless design also lowered the stack height
between the bottom metal layer and the mirror, which
helped the mirror damp the oscillation after the mirror
landed on the other side. Fig. 5 showed measured
dynamic transitions of several beamless micromirrors.
The damped oscillation after the mirror landed was
clearly shown [8]. The faster crossover transition and
settling enabled faster data loading and better
image quality.

The beamless design created two levels of
electrostatic attractions by adding address electrodes in
the middle layer. Unlike the thick-beam design that the
tilt angle control and the electrostatics generation were
coupled, the beamless design separated the tilt angle
control and electrostatics generation by repositioning
the rotating stops to the middle layer. The electrode
areas in the bottom layer became much larger when the
landing areas were no longer needed. A lower spacer
between the middle layer and the bottom layer was
enabled because it was not constrained by tilt angle
requirement. The larger electrode areas and lower
spacers strengthened the electrostatics of the beamless
micromirror and increased the robustness of the mirror
in a larger operation space.
Fig. 6 shows a designed operation space with green
(or “0”) representing successful operations and red
representing failed operations. Gong and Mehrl [8]
discussed the detailed micromirror dynamic
transitions. The horizontal axis represents the duration
of time T_bo when the voltage of the mirror was set
the same as the address voltage applied to the address
electrode. The vertical axis represents the magnitude
of the bias voltage Vb applied to the mirror. Fig. 7
shows the waveform of the bias voltage as a function
of time. The lower left corner of the operation space
shows the potential crossover failures when the bias
voltage is too high and the top of the operation space
shows the weakness of latching when the bias voltage
is too low. The larger operation margin around the
designed operating point at the center was achieved for
the beamless micromirror.
3.3. Better Optical Performance
In addition to a faster transition and larger
operating margin, the beamless micromirror had
achieved much better optical performance. The
replacement of the thick beam in the middle layer
discussed in Section 2.1 significantly improved the
mirror planarity [9]. Fig. 8 shows the difference
between the lowest and highest points on the mirror
surface was less than 30 nm. The reposition of the
rotating stops to the middle layer improved the
uniformity of the tilt angle across the device. As a
result, the beamless design achieved higher brightness.
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Fig. 6. Designed operation space in which “0” represents fail, “1” represents pass, and the normal operating voltage
is circled in the middle.

Fig. 7. Waveform of the bias voltage that was applied
to the mirror.

layer not only reduced the number of processing steps,
but also improved the tolerance of process variation in
critical design parameters. The longer hinges allowed
more design flexibility and were more manufacturingfriendly. The reposition of the rotating stops to the
middle layer resulted in better mirror planarity and tilt
angle uniformity. The beamless design also had lower
moment of inertia, stronger electrostatics, and the right
level of damping that enabled faster dynamic
transition, shorter settling time, and larger operation
margin. The smaller mirror via and narrower mirror
gaps also enabled better optical performance with
higher brightness and contrast ratio.
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Fig. 8. Measured mirror planarity across 20 micromirrors.

The lower spacer between the mirror and the
middle layer also enabled smaller mirror vias and
narrower gaps between mirrors. The result: a boosted
contrast ratio was achieved. The high performance
micromirrors in combination with CMOS and
algorithms
enabled
many
unique
display
solutions [10].

4. Summary
The beamless micromirror was developed with
design considerations for manufacturability and
performance improvement. The replacement of the
two-metal layer beam with a stationary thin-metal
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Summary: The paper presents the research results on the impact of key parameters of the eye tracking system on the accuracy
of pupil position estimation. The system was based on the method of scanning the eye surface with a laser beam through a 2D
MEMS mirror. The research was conducted based on a virtual simulator. During the tests, the effects of the detector's field of
view, signal sampling frequency and frequency ratio of the MEMS mirror axis was examined. With the expand of detector's
field of view, errors increase – when reduced from 2° to 0.1°, the relative error decreased by 45,3 %. Increasing the sampling
rate resulted in a 59 % decrease in error compared to the initial value and a stabilization at a 0.4° relative error rate. As the
frequency ratio increased, the relative error decreased - increasing the ratio from 5 to 20, resulted in a 46.2 % error reduction.
Keywords: Eye tracking, MEMS mirror, Laser scanning, Head-mounted display.

1. Introduction

2. Materials and Methods

Eye tracking systems are used in various market
areas – marketing analysis, psychology, neurology,
medicine, automotive industry, and others. Depending
on the accuracy of the device, saccades and eye
fixation points can be detected. Eye tracking systems
are nowadays largely based on image analysis [1]. In
such systems, the IR camera captures the image of the
eye, illuminated by a set of diodes. The software, on
the other hand, analyzes the image and looks for a pupil
in the frame. However, image processing is
computationally very demanding. Especially in the
case of systems with higher resolution - the analysis
must pass through every pixel. Eye-tracking systems
based on image analysis require a high-end PC for
analytical work. To adapt such a system to the
computing capabilities of a mobile system, it is
necessary to use cameras with very low resolutions [2].
An alternative to vision tracking is systems based on
laser scanning [3]. An example is a system using a 2D
MEMS mirror. Such a system scans the eye area by
changing the orientation of the MEMS mirror. The
curve drawn by the laser beam depends on the type and
frequency of the mirror vibrations in both axes. Biresonant mirrors are usually found. In this case, the
beam path can be described by a Lissajous curve and
its shape depends on the frequency ratio of both axes.
The quality of eye tracking is dependent on the
accuracy of the eye's orientation determination. This in
turn is based on matching the estimated pupil position
with the eye model [4]. Then, the determination of the
point observed by the user in space consists of finding
the intersection point of normal vectors to both
eyes' pupils.
This paper presents research on key parameters of
the MEMS scanning eye tracking system and their
impact on the accuracy of pupil estimation. The system
is designed for use in HMD (head-mounted display).

To test the operation of an eye tracking based on
the MEMS mirror scanning method, a virtual simulator
of such a system was built (Unity3D v.2019.3.3f1).
The simulator consisted of geometric models of
individual elements of the system and the eye (together
with the face of the virtual user). The algorithms
responsible for movement and functions of individual
elements were implemented. The output product of the
simulator was data from the virtual detector saved to
file. Estimation of the pupil position of the virtual eye
based on the data from the detector was performed in
MATLAB (v.2019b) software from MathWorks.
Based on the simulator, the effect of the spatial
distribution of the elements on the pupil position
estimation errors was examined. As the system was
adapted to work in HMD, different variants of
mounting positions of the MEMS mirror, laser and
detector were tested inside such a device (in relation to
the axis of the eye - HMD lens).
Moreover, the effect of main elements' parameters
– the detector's field of view, signal sampling
frequency, or the ratio of operating frequency of the
MEMS mirror axes was also examined. For each of the
examined parameters 10 independent series were
carried out at different settings of the system. In each
series 15 000 – 25 000 measurement samples
were collected.

3. Results
The research on the detector's parameters has
shown that with the increase of its field of view (FoV),
errors in estimating pupil position also increase. The
correlation coefficient was 0.96. When the FoV was
reduced from 2° to 0.1°, the relative error decreased
by 45.3 %.
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Studies on the effect of sampling resolution showed
a negative correlation (-0.88) between the number of
samples per slow axis period of the MEMS mirror and
the relative error of pupil position estimation. A
diagram of this effect is shown in Fig. 1.

Fig. 1. Correlation between the number of samples
and the pupil position estimation error.

Studies on the influence of frequency ratio on the
error of pupil position estimation showed a negative
correlation (-0.76). As the frequency ratio increased,
the mean relative error decreased. The study showed
that for low ratios (f/s<10) the relative error was about
0.6°, and for high ratios (f/s>15) 0.4°. As the ratio
increased from 5 to 20, the errors decreased by 46.2 %.
The graph of this relation is shown in Fig. 2.

The pupil circumference points are determined less
precisely on flatter slopes. This makes the error of
estimating the pupil position larger for a higher
detector's FoV. However, increasing the averaging
area can have a positive effect in terms of eliminating
random measurement errors.
The signal sampling rate determines how many
measurement points were collected during one period
of the slow axis. This parameter is similar to the
resolution in video systems. A larger number of
samples allows for more accurate determination of
pupil circumference points. As the number of
measuring points increases, the error value is aiming at
a constant value of about 0.4 %.
The MEMS mirror's axis frequency ratio tests
showed its effects on pupil position estimation error.
With a low frequency ratio, the relative resolution of
points on the vertical axis increased, which resulted in
accurate measurements of pupil position in specific
eye settings. However, when the eyeball took a
different orientation, the error increased significantly.
For large ratios, the standard deviation was much
lower, and the average relative error was smaller.
Studies of the spatial distribution of the system
elements showed its influence on the error of pupil
position estimation. When increasing the distance of
the MEMS mirror from the optical axis (eye - HMD
lens), the error increased. Horizontal positions
(relative to the eye) were the most accurate settings.
For vertical, the scanning area was obscured by the
user's eyelashes and caused more error.

5. Conclusions

Fig. 2. A graph of the relation between the axis frequency
ratio and the error of pupil position estimation.

Studies on the spatial distribution of the MEMS
mirror, laser and detector showed a correlation
between the distance from the eye/lens axis and an
increase in the pupil position estimation error. When
the MEMS mirror was mounted directly in the lens
circumference area, the average relative error was 0.7°
(standard deviation 0.32°). In the peripheral area it was
1.4°, with a standard deviation of 0.24°. The most
accurate areas were perpendicular to the axis (vertical
and horizontal), where the error averaged 0.35°.

4. Discussion
As the detector's field of view increases, the area it
averages increases. This smoothes the signal slope.

The developed simulator made it possible to
determine the correlation curves of the elements'
parameters with the error of pupil position estimation.
This allowed to find the optimal configuration of their
values. The study of the spatial setting showed at
which setting the errors will be the smallest. These
studies will enable the construction of a stand
consisting of real, physical elements with optimal
configuration of the setting and parameters.
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microdose effects [8], long-term reliability
degradation [9].
In this work, we investigated single event upset in
SRAM based on advanced temperature hardened
CMOS technology using Synopsys Sentaurus TCAD.
In addition to the traditional SOI structure, different
buried oxide configurations were considered. For each
kind of structure, the threshold temperature was
determined at which failures begin to occur.

1. Introduction
High fault-tolerance of SRAM to the single event
upset after heavy ion exposure is an important
condition for the reliable operation of aerospace and
other special-purpose equipment [1]. It was shown that
the fault-tolerance of CMOS ICs decreases due to the
strong temperature dependence of the transistor main
parameters and the physical processes of particle track
formation [2]. So this effect occurs more critical at
high (up to 300 °C) temperature.
The result of an ion strike significantly depends on
the transistor structure, in some cases, on the strike
location [2], as well as on the orientation of the
transistor with respect to the substrate crystallographic
orientation [4].
The most common effects are single-event gate
rupture (SEGR) [5], soft breakdown [6],
radiation-induced leakage current (RILC) [6],

(a)

2. SOI MOSFET Structures
Temperature hardened 0.24 um SOI MOSET [10]
with three configurations of buried oxide were
considered: a traditionally buried oxide (see Fig. 1a), a
buried oxide with the selective window – SELBOX
(see Fig. 1b) [11], and buried oxide with additional
silicon layer – Double SOI (see Fig. 1c) [12].

(b)

(c)

Fig. 1. Schematics of conventional SOI (a), SELBOX (b) and Double-SOI (c) MOSFET structures.

All structures have the same size and doping levels
of the active region and shallow trench isolation (STI)
regions. The gate length is 240 nm. The oxide
thickness is 7 nm, the active layer thickness is 88 nm.
The buried layer thickness for traditional and
SELBOX configurations is 145 nm.
The selective window in the buried oxide of
SELBOX configuration is exactly located under the
gate. The buried layer of DSOI configuration consists

of three layers: a silicon layer with electrode (77 nm)
between two SiO2 layers (70 nm and 75 nm,
respectively).
2.1. SELBOX MOSFET
One of the methods to eliminate the floating body
effect is to connect the channel region to a silicon
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substrate. However, this method increases the area of
the transistor. A simpler and least expensive way to
suppress this effect is to create a "window" in a buried
oxide layer below the channel (Selective BOX –
SELBOX) [13], so that the hidden oxide is only under
the source and drain areas. Thus, the holes generated
by impact ionization can easily move from the channel
region into the depth of the substrate. The SELBOX
structure is shown in the Fig. 2.
After irradiation the amount of the trapped positive
charge is much less in the SELBOX structure, since
there is almost no buried oxide under the channel
region. For this reason, the radiation leakage current is
only induced under the gate dielectric. But since the
thickness of the gate dielectric is small, the induced
current will be insignificant.

in comparison with the only TCAD or SPICE
simulations.

Fig. 3. Schematic diagram of the DSOI structure.

Fig. 4. TID response of DSOI NMOS [15].

Fig. 2. Schematic diagram of the SELBOX structure.

2.2. Double-SOI MOSFET
The Double SOI (DSOI) structure is an
experimental SOI structure with an additional silicon
layer (SOI2) in the buried oxide (see Fig. 3). This kind
of structure provides higher radiation hardness for total
ionization dose (TID) [12] and single-event upset
(SEU) [14] effects.
The BOX1 layer thickness is at least two times less
than that of the original BOX layer, and therefore the
volume for positive charge accumulation is smaller. In
addition, negative bias on the SOI2 silicon layer can
reduce the amount of charge collected by the drain.
In [15] our colleagues calibrated the TCAD model
for 0.2 um DSOI structure. Id–Vg characteristics for the
DSOI structure with gate length 1 um and width 8 um
were simulated before and after irradiation up to
1000 krad. The simulation results are in agreement
with the measured experimental data on the order of
magnitude (see Fig. 4).

3. SRAM Cell SEU Simulation Results
As soon as the single event transients (SETs)
depend not only on the MOSFET structure under the
strike, but also on the whole SRAM cell circuit
behavior, the most correct SEU simulation can be
achieved by coupling the TCAD (structure) simulator
with the SPICE (circuit) simulator (see Fig. 5) [16].
Such combined approach provides more correct results

Fig. 5. Scheme of coupled TCAD-SPICE simulation
of SEU in CMOS SOI SRAM cell caused
by heavy ion strike.

The struck of the Argon ion [17] was stimulated at
ninth points in all structures: three points in source
region (1, 2 and 3), source junction (point 4), middle
of the gate (point 5), drain junction (point 6) and points
in drain region (7, 8 and 9). The LET of ion is
10.78 MeV∙cm2/mg, the radius is 0.02 um and the
length is 4 um.
Three discrete values of external temperature were
considered for every combination of the structure and
strike point: 300 K (room temperature), 423, 573 K.
In Fig. 8 it is shown that threshold LET (LETth)
strongly depends on temperature and configuration of
buried oxide:
1. SELBOX configuration is most sensitive to the
single event upset. The upset occurs at room
temperature in case when an ion strikes into drain
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or gate regions (points 4–9), while at temperatures
above the room temperature, the cross-sectional
area expands to the source (points 2, 3) and the
failure occurs even at room temperature.
2. SOI configuration remains the logical state at room
temperature. However, failures begin to occur
(point 4, 5, 6) at temperatures above ~77 °C.
3. DSOI configuration was considered for two states:
without applied voltage to the back gate electrode
(VBG) and with an applied voltage VBG = -15 V. In
the first case, LETth is closes to the value of the
traditional SOI configuration. In the second case,
LETth increases by 30 % and SEU occurs only at
temperature of ~450 K and above.
4. At temperature of 573 K, SEU was occurred for
DSOI configuration with VBG = -15 V (see Fig. 6
and Fig. 7). However, the cell remains the logic
state, if the ion does not strike into the most
vulnerable spot of the transistor – the drain junction
(point 6) and center of the gate (point 5).

state at temperatures up to 573 K when the ion strikes
into a non-critical region.

Fig. 6. Simulated drain voltage dependence
on the temperature at drain junction point hit
for DSOI MOSFET.

4. Conclusions
Coupled TCAD-SPICE simulation of the SRAM cells
with SOI, DSOI and SELBOX transistor structures
under the ion strike was performed at temperature up
to 573 K. It was shown that for high temperature
application using DSOI MOSFETs instead of
traditional SOI MOSFETs in SRAM cell increases the
radiation hardness to the heavy ion strike. The 0.24 um
CMOS SRAM cell on DSOI MOSFETs with
VBG = -15 V always remains the logic state at
temperatures up to ~450 K and remains the logical

Fig. 7. Simulated drain current dependence
on the temperature at drain junction point hit
for DSOI MOSFET.

Fig. 8. Layout of MOSFET structures with the indication of ion strike points: a) SELBOX, b) SOI and DSOI
– at 423 K, – at 573 K,
with VSOI2 = 0 V, and c) DSOI with VSOI2 = −15 V. –transistor failure at 300 K,
. – no failure; d) threshold LET of point 6 as a function of temperature for different buried oxide configurations.
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Summary: The fundamental scientific problem for micro- and nanoelectronics has been solved – methods for creating and
investigating properties of physically doped materials with spatially inhomogeneous structure at the micro- and nanometer
scale have been developed. For the application of functional nanocomposite film coatings based on carbides of various
transition metals structured by nanocarbon, for the first time in the world we developed a new technique for their plasma
deposition on a substrate without the use of reaction gases (hydrocarbons such as propane, acetylene, etc.). We have created
nanostructured film materials, including those with increased strength and wear resistance, heterogeneous at the nanoscale,
physically doped with nanostructures - quantum traps for free electrons. We learned how to simultaneously spray (in a plasma
of a stationary magnetron discharge) carbides and graphite from a special mosaic target (carbide + carbon) made mechanically.
Keywords: Physical alloying, Allotropic carbon nanostructures, Coefficient of dry friction, Wear and temperature resistance
of nanocomposites, Charged layer.

1. Introduction
Nanostructured carbon materials raise interest due
to their unique properties. They are tens of times more
durable and ductile and have improved luminescent
characteristics, etc. [1-12]. To create the modern
devices, it is highly important to make use of the
high-temperature materials based on compounds of the
transition metals of IV-VI periodic system group with
nitrogen, boron, silicon and carbon.
There is a special place for carbides with a high
melting temperature from 2580 оC for molybdenum
semicarbide to 3880 оC for tantalum carbide, up to
31 GPa hardness, wear resistance, corrosion resistance,
resistance to molten metals, low vapor pressure and
low evaporation rate. In addition, they also possess
some specific electrical and thermal properties and can
be used as materials in the heating elements of
high-temperature furnaces, thermocouples and
thermionic device cathodes, etc. Among the new
materials, special attention is paid to film materials,
which have recently been widely used to modify the
working surfaces of machines and mechanisms,
significantly increasing the service characteristics of
most parts and metalworking tools. Enhanced
properties of the surface layers of the parts’ material
and improved contact conditions of their functioning
result in an increase in terms of the machine operation
and, accordingly, in huge savings in materials and
energy [7].
We first developed methods for creating and
investigating properties of physically doped materials
with spatially inhomogeneous structure at the
micro- and nanometer scale have been developed. For
the application of functional nanocomposite film
coatings based on carbides of various transition metals
structured by nanocarbon, for the first time in the world

we developed a new technique for their plasma
deposition on a substrate without the use of reaction
gases (hydrocarbons such as propane, acetylene, etc.).
We have created nanostructured film materials,
including those with increased strength and wear
resistance, heterogeneous at the nanoscale, physically
doped with nanostructures - quantum traps for free
electrons. We learned how to simultaneously spray (in
a plasma of a stationary magnetron discharge) carbides
and graphite from a special mosaic target (carbide +
carbon) made mechanically.

2. Concepts of the Polarization Mechanism
and Experimental Techniques for the
Physical Doping of Nanocomposites
2.1. The Use of Allotropic Forms of Nanocarbon:
Fullerenes and Graphene
At present, in the scientific literature, clear ideas
about the mechanisms leading to the appearance of
unique properties of such nanostructured physical
alloying composites are found only in works [2, 3]. In
[2], during the physical doping of copper with carbon
nanostructures, the behavior of 2-component
nanocomposites in metallurgically non-interacting
materials (carbon and copper) was studied. In [3] we
have analytically investigated a possibility of
hardening and modifying properties of plasma
metallization composite coating (nanocomposite
materials) by creating spatial nanolayers of space
charge on the nanocrystals surface by using
nanostructures made of carbon allotropic forms with a
high electron affinity - fullerenes (Fig. 1). All carbon
nanostructures have a great electron affinity.
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Fullerenes, nanotubes, and other nano-structures of the
allotropic carbon forms with a high electron affinity
can be used as free electrons traps that generate a
negative charged nanolayer on the surface of the
hardened material. These nanostructures (modifiers)
attach or capture free electrons and thus charge the
crystals of the modifiable material with positive charge
(Fig. 1). The Coulomb forces are determined at the
level of nanoscale, they are long-range. Therefore, the
formation of nanoclusters or nanostructures capable of
capturing electrons with resonant energy (traps for free
electrons) can substantially modify the macro
properties of nanocomposites. This effect (physical
alloying of nanostructured materials [2, 3]) may result
in the development and production of new materials
for various industries [7, 9, 10, 12].
These phenomena are associated with the quantumsize effects of polarization capture of electrons by
carbon nanostructures [2, 3, 7, 9, 10] (Fig. 1). With
such alloying, the properties of the surface of spatially
charged nanocrystals also change. This leads to
11 quantum-dimensional effects of nanocomposites
appearing in the mesosphere [12]. Here are a
few of them.
1. The separation of charges in the nanocomposite
leads to Coulomb levitation of positively charged
nanocrystals relative to each other and prevents the
recrystallization of physically doped positively
charged
nanocrystals
in
the
composite
(Fig. 1b) [1-3, 7, 9].

Fig. 1. The scheme of physical doping of nanocrystals
with quantum resonators for de Broglie waves of electrons
[3]. (a) The charge structuring is caused by the capture
of electrons by traps-quantum resonators. "+"– a positively
charged nanocrystal; "-" – a quantum resonator
that physically alloys the nanocrystal. As the concentration
of traps increases, the electric field of the nanocrystal
and the energy of electrons in its region increases. This
increases the efficiency of phosphors. (b) The arrows show
the Coulomb compression forces due to the structuring
of the volume charge.

In this paper, we will use drawings to illustrate the
main achievements of our works [1-3, 7, 9-12]
(Figs. 1-6). We have discovered the possibility of the
formation of endo electrons in fullerene molecules due
to their polarization capture of free electrons with
resonant energies. This idea is fully consistent with
experimentation [14-17].
2. According to the review [17], a single C60
molecule can capture up to 6 electrons in experiments.
In our experiments [9], according to indirect data, we
observed 3 own resonant energy levels of electron

capture in the inner cavity of fullerenes, which
corresponds to up to 6 electrons per C60 molecule. We
can see this from the Vysikaylo’ concentrationquantum-size effect of the second type [3, 9] (Fig. 3).
Using this effect, we can restore the first energy level
of a hollow quantum resonator-C60 of the order of
0.24 eV. This value coincides well with experimental
data [14-16] and theory (CQM) [3].

Fig. 2. The scheme of the cumulative polarization electron
capture with the resonant energy from 0.24 to 20 eV
into a hollow C60,70 molecules [3]. The endoion radius
(the location of reflecting «mirror» Ri = (RC60, C70 + rind).
(a) The 4D space-time process of formation of a standing de
Broglie wave in a polarizing quantum resonator.
(b) The diagram of a metastable (quasi-open) quantum
particle with the polarization mirror (of finite size), which
captures the electron with energy E > 0 into the polarization
trap of the characteristic size R + rind. The polarization mirror
is darkend. This problem is the first Helmholtz boundary
value problem [13, p. 515].

Fig. 3. The Vysikaylo’concentration-quantum-size effect
of the second type: (a) – the manifestation of the quantumsize effect in macroscopic parameters of the nanocomposite,
due to polarization capture of electrons by polarized hollow
molecules [3, 9]. A characteristic dependence
of the nanocomposite parameters, for example,
the concentration of ions or electrons n on the volume
content of C60 quantum resonators in the composite.
The profiles shift with a change in the characteristic radius
of the nanocrystallites, forming with a relative concentration
of traps a quantum-sized pair that changes the parameters
of the nanostructured composite in the mesomir [3, 9];
(b) – the results of experimental measurements
of the resonance profiles of the electron concentration
with a change in the relative concentration of traps
upon doping with C60 fullerenes of nanocrystals
of semiconductors (thermoelectrics) at various temperatures
(from 295 to 77 K). The characteristic radius
of nanocrystallites after annealing is R ≈ 17 nm [9].

3. In [3] we have proposed a foundation of
cumulative quantum mechanics (QCM) that allows
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one to describe the resonance cos-waves with the ψn-1/2
function of an electron (ψn-1/2(r) ~ cos (kn-1/2r)/rk)
unlimited (with k ≠ 0) in the nanoresonator center in
hollow quantum nanoresonators with any type of
symmetry (plane – k = 0, spherical – k = 1, and
cylindrical – k = 0.5). Irregular in the center of a
resonator, the cos solutions are regularized in the
resonator center by the geometric normalization
coefficient corresponding to the symmetry type and
being χ(r) = 2kπ1/2rk, at k ≠ 0 (if k = 0, then χ = 1). The
stratification of the probability of finding the particle
in the quantum nanoresonator volume is similarly
determined by the energy of a particle or a full set of
squares of the corresponding quantum numbers
((n-1/2)2 for cos-waves and n2 for sin-waves) for any
type of resonator symmetry.
4. Based on this idea, we can solve the following
problems (by physical doping of nanocomposites):
1) the appearance of cracks in fuel cells (TVEL) [10];
2) swelling of fuel elements during their operation at
nuclear power plants; 3) the appearance of cracks and
roughness in engineering products. These problems
can be solved by adding fullerenes to the
nanocomposite - spherical symmetrical traps for free
electrons that actively participate in the growth of
cracks and swelling of materials under load. We have
already experimentally developed ways to increase (by
physical alloying): 1) the strength of copper [2] and
aluminum products [9] up to 10 times, up to 10 GPA;
2) the intensities of phosphors at times, the generation
of electric fields in the region of positively charged
crystallites of a phosphor can reach up to 1011 V/m [3];
3) the efficiency of thermoelectric by 30 % [9]; 4) the
long-term functioning of nanocomposites without
recrystallization at times [7, 12]; 5) the increase of
conductivity up to 1010 [12] in silicone (siloxane,
polysiloxanes, organic silicon) compounds.
The processes of physical doping of nanostructured
(meta-) materials have been investigated. On the basis
of the author's formulated cumulative quantum
mechanics (QCM) [3], we describe: 1) two types of
interference and diffraction (in the center) in hollow
quantum resonators for the de Broglie waves of
electrons (Figs. 2, 4); 2) ten types of the Vysikaylo’
quantum-dimensional effects due to the polarization
capture of electrons in the cavity of quantum
resonators [3, 12]. The first type of interference and,
accordingly, diffraction in the resonator center
corresponds to the de Broglie-Fresnel interference
(sin-waves ψn with a wave node in the center of the
resonator (Fig. 4)) and is used to describe the
cumulation of electrons in an atom with an atomic
nucleus in the center.
5. The second type of diffraction is called the
Vysikaylo – de Broglie – Fraunhofer’ diffraction
with the antinode of the electron de Broglie wave
intensity in the center of a hollow resonator, wherein
the ψn-1/2 functions of the electron infinitely cumulate
by a polarization «mirror» towards the center of a
hollow quantum spherical or cylindrically symmetric
resonator (ψn-1/2(r) ~ cos(kn-1/2 r)/rk). It is shown that
cos-solutions irregular in the resonator center, are

regularized for any wave phenomena by the geometric
coefficient (Fig. 4b). It is proved in the framework of
CQM that, alongside with the classical energy
spectrum for asymmetric ψn functions (sin-waves
(overtones)) with En ~n2, for hollow quantum
resonators, there exist and are realized in experiments
the quantum resonances for ψn-1/2(r) – functions
(cos-waves (the principal tone) [13]) with
En-1/2 ~ (n-1/2)2. The spectrum of energy states,
localized by the barrier, with En>0 (a partially open
quantum dot, line or well), as in the case of En < 0 (a
closed quantum dot, line or well), is determined by the
effective internal sizes of the box (R+rind) with
polarization forces effectively acting at a distance of
rind from the molecule. The comparisons of the results
of analytical results with the experimental
observations proves convincingly the validity of the
CQM application in describing the quantum-size
effects in the case of physical doping of metamaterials.

Fig. 4. (a) The probability 4πr2|ψn(r)|2dr to find an electron
in the region of a hollow spherically simmetric molecule
versus the distence to its center for half-resonance
(with Ecos1) is denoted by the solid graph
and for the wave-resonance (with Esin1) by the dotted graph.
The relative probability of finding an electron
at 1/2 resonance outside the C60 shell is obscured.
(b) The ψcos1 – cos(k1-1/2r)/r function of the electron versus
the distance to the hollow molecule center (r - in radians).

6. In nanocomposites, the pair of “eigenfunction
ψn – self – eigenenergy En” describing the quantum
state in the nanoworld noted by the number n, in the
mesoworld of nanocomposites by physically doped
with traps is replaced by two nanoworld parameters:
the nanocrystal diameter D and the relative
concentration of the modifier (traps, e.g. C60) ζn. In
[3] the self-assembly of hollow allotropic carbon forms
on resonant electrons is discussed (Fig. 3).
7. An important quantum-dimensional effect is the
cumulation of electron fluxes at libration points
between positively charged nanostructures (see
Fig. 6). This effect has so far been studied in
gas-discharge plasma in [11] and it has not been
studied in sufficient detail in nanocomposites (Fig. 1b).
This cumulative quantum-dimensional effect, due to
the capture of free electrons with resonant energy in a
quantum resonator and the formation of positively
charged nanocrystals of the doped material, can be
used to control the conductivity, thermal conductivity
and other properties of nanocomposites. The formation
of cumulation (libration) points L1 of electron fluxes
by long-range electric potentials for positively charged
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nano-and Femto-structures and their systems (Figs. 1b
and 7) becomes clear to us from Fig. 6.

[https://wiki2.org/ru/Точки_Лагранжа#/media/File:Lagran
gianpointsanimated.gif]

Fig. 6. Schemes of cumulative-dissipative structures:
(а) – this is a cross section of surfaces of equal potential
(taking into account the centrifugal potential) in the Roche’
model in the orbital plane of a double gravitational system.
The Roche surface scheme consists of two closed cavities
surrounding both material points (two stars or stars
and planets, for example, the Sun-a massive point on the left)
and Jupiter-a massive point on the right) and having
a common point L1. The points of libration and cumulation
of Lagrange-Euler L2-5 are due to the interference
of long-range non-local gravitational and centrifugal
potentials or to the inertia of gravitational bodies (term
m(V⋅∇V) in the momentum transfer equation),
(b) – cross-section of equal potentials according
to the Vysikaylo-Roche’ model [11] in the cross-section
plane of two positively charged plasma structures.
Equipotential surfaces consist of two closed cavities 1 and 2,
for example, two positively charged 3D finite plasma
structures: a cathode spot 1, for example, on the left,
and a positive column 2 on the right (or two positively
charged strata) and having a common point L1 – the point
of accumulation of electron flows (L1 – the point
of accumulation of electron flows or focus for electrons);
U – external drop of potential, the electrons in it move
from point 1 to point 2; (c) – a vivid illustration of long-range
convective nonlocality is clear lightning with points
of cumulation of electron fluxes and Faraday dark spaces
(FDS) between luminous, positively charged plasmoids [11].

8. Coulomb melting of nanofullerite (fullerene
nanocrystals) occurs when k electrons are captured by
fullerene molecules in fullerite. In a fullerite crystal,
C60 molecules are bound together by weak Van der
Waals’ forces. The binding energy of a single fullerene

molecule in a fullerite nanocrystal does not exceed
1.6 eV. The potential energy of the Coulomb
interaction of two negative ions in fullerite with k
electrons is about 1.4ꞏk2 eV (the average distance
between fullerenes in fullerite is D ≈ 1 nm). Therefore,
the capture of several electrons from a nanocrystal
physically doped with fullerenes leads to Coulomb
scattering of fullerite nanostructures and coating of a
positively charged doped nanocrystal with a
monolayer of negatively charged fullerenes (see
Fig. 1b) [3, 9, 11,12]. One fullerene C60 molecule can
capture up to 6 electrons [9, 17].
Note that neither nanotubes, because of their
entanglement, nor nanographens, because of their
strength, can have this property of breaking up into
strictly nanometer structures. In experiments, this
property of fullerites allowed us to create
nanocomposite materials with unique functional and
strength properties when the thermoelectrics [9],
copper [18] and aluminum [8] are physically doped
with C60. However, the most significant progress in
improving the strength properties was observed in the
physical alloying of transition metal carbides [7]. The
theory in [2, 3] predicts the possibility of increasing the
microhardness to 100 GPA.
9. As a quantum-dimensional effect of Fermi gas
counteraction to compression of nanocomposites
physically doped with nanocarbon structures, we
present the reaction of electrons trapped in the trap to
external action on the trap and the entire
nanocomposite material (Fig. 2). In this case, the
electrons already at the size D = 2(R+rind) from the
physically doped nanocrystal traps counteract the
external influence, preserving the physically doped
material from destruction; R – the radius of the trap;
rind – the characteristic induction size to which the
electron exits the trap. In experiments, this effect was
observed when metal products were coated with
graphene sheets and was used to explain the properties
of white dwarfs in astrophysics by Frankel’ and earlier
in Fowler's works. It turns out that any electrons
localized in the Coulomb well in any quantum
resonators with sizes from 10-15 m (in this case, the role
of electrons is played by negative mesons [3]) up to
1026 m have dual properties to focus and counteract
compression.
10. In this paper, we study the interaction of
3 nanocomponents in a nanostructured material – a
physically doped carbide with nanocarbon (Fig. 7).
We believe that the theory of physical doping of
carbides with carbon nanostructures does not differ
significantly from the theory of physical alloying of
copper nanocomposites, built in [2, 3]. In the study of
composites on the basis of transition metal carbides,
we confine ourselves to the experimental results and
when discussing them we will rely on the theory [2, 3].
Our design of a target made it possible to intensively
cool it in the magnetron body and spray its parts
(carbide + carbon) simultaneously with a high power
density of a constant plasma discharge - in the range of
values from 40 W/cm2 to 125 W/cm2. Such sputtering
with a change in the power or relative surface areas of
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various parts of the target (carbon and carbide) made it
possible to change the average density of carbide,
metal, and carbon in a nanostructured (nanocarbon and
metal nanostructures) coating. The changed relative
density of various components of the nanocomposite
(nanostructures of carbide, metal, and carbon in the
form of graphite) significantly affected the physical
properties of the nanocomposite coating. We have
proposed the new method for creating multiphase
nanostructured composite plasma film coatings (based
on transition metal carbides) with high hardness of
30 GPa, a low friction coefficient to dry of 0.13-0.16,
with high heat resistance up to 3000 °C and thermal
stability in the nanocrystalline state for more than
1200 °C designed. We consider the experimental
results study of the physical alloying of carbides as a
result of joint magnetron sputtering of transition metal
carbides and graphite. We reveal the synergetic effect
essence of negatively charged traps for electrons on the
modification of the physically alloying crystals
properties as a function of the dopant
concentration [1-3].

Fig. 7. The scheme of physical doping of nanocomposites
(gray nanocrystals with "+") by carbon nanostructures
(circles with "-"). Carbon nanostructures have an affinity
for free electrons and are charged with a negative charge
("-"). The arrows indicate the direction of the Coulomb
forces that compress the nanostructured polarized composite.
Circles with the minus sign inside are the nanostructures
with the captured electron. Circles with the positive sign
inside correspond to a positive ion in the positive
nanocrystal. Hexagons – MeC (nanostructures of carbide
metal – Me). Pentagons – Me (nanostructures of metal).

2.2. The Physical Doping of Self-healing
Borosiloxane Matrices with Carbon
Nanotubes
For many modern materials used in electronics,
space technology, automotive and many other areas,
self-healing is relevant. One of the most promising
oligomeric substances to create self-healing materials
are borosiloxane. They combine unusual properties:
fluidity at a long time and elasticity at a short time of
application of external load. This is due to the presence
of intermolecular hydrogen bonds and donor-acceptor
interactions between boron and oxygen atoms of
neighboring molecules. Thus, with application of an
external load in borosiloxane formed hydroclasters. It
has been experimentally shown that doping of
borosiloxanes with multi-wall carbon nanotubes
affects the hydroclaster structure of borosiloxanes,

changing its characteristics. When the concentration of
nanotubes increases, quantum-dimensional effects
begin to appear, which affects the reduction of fluidity
and increase of elasticity due to Coulomb
strengthening of intermolecular bonds in borosiloxane
hydroclasters (the first effect) and an increase in
brittleness (the fourth effect). As the concentration of
nanotubes increases, the electrical resistance of
borosiloxane materials decreases (tenth effect). Thus,
legira borosilicone carbon nanostructures, it is possible
to manage the whole complex of characteristics of
materials. This is especially important when
developing self-healing materials with specified and
controlled characteristics, where the speed of selfhealing, positioning the place of self-healing, as well
as the presence of a physical mechanism for
stimulating self-healing is important [1, 2].
By varying the concentration of carbon nanotubes,
it is possible to obtain materials with different
rheological parameters and, accordingly, self-healing.
By applying an electric current to the doped section of
the borosiloxane self-healing coating, it is possible to
increase the fluidity due to heating caused by the
current of electrons in a medium with an electrical
resistance of a given range. These parameters can be
controlled not only by changing the concentration, but
also by changing the degree of dispergation. The
dispergation process in borosiloxanes can be
intensified due to the possibility of using mixing in the
modes of brittle and viscous destruction when creating
a self-healing composite material.

3. Conclusions
The technological process used in this work is a
breakthrough. First, in it, using our technique, it is
possible to spray any materials from one target, setting
their concentration by a simple ratio of the areas in the
zone of maximum target erosion. Secondly, any
physical alloying carbides (Fig. 7) can be obtained by
a simple joint sputtering of metal and graphite without
feeding explosive gases into the working volume of the
chamber. Third, by controlling the sputtering mode
(plasma discharge power density), it is possible to
change the structure and phase composition (free
amorphized graphite content) in a wide range and
thereby control the properties of the most important
performance characteristics of composite coatings
based on carbides (hardness, wear resistance, friction
coefficient, etc.).
The method of physical doping, developed by the
authors, has no world analogues and can be used to
solve problems of nanoelectronics and optoelectronics.
In its pure form, carbides have an increased
brittleness. To increase their plastic properties, the
metal phase is introduced into the composition of
carbides and the grain is ground, then they are sintered.
In this process, the formation of charged layers does
not occur.
In order to preserve fine-grained carbides, we used
an original method of physical doping of carbide
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nanocrystals with carbon nanostructures, which are
traps for free electrons, for long-term operation of
devices based on them. Structures made of carbon,
polarized, pull over a portion of the free electrons of
the composite. They themselves are charged
negatively, and the nano-crystals of carbides that
donated free electrons are charged with a positive
charge (Fig. 7). For this reason, positively charged
carbide nanocrystals do not recrystallize with time.
Without the formation of layers of space charge
(Fig. 1 and Fig. 7), the nanocrystals in the
nanocomposites crystallize case of energy loads.
The method allows, under certain conditions
(changing the power density of a plasma discharge in
the range of values from 40 to 125 W/cm2), the joint
spraying of mosaic targets with different compositions
of
materials,
for
example,
metal-graphite;
graphite-metal-carbide; carbide metal; carbide metal –
graphite and in a wide range to vary equally the
composition (the ratio of the areas occupied by the
metal, carbide and graphite) and the dispersion of the
crystal structure, the change in the discharge power.
The carbide coating rates using this stationary
discharge method at such sputtering power densities of
materials (metal and graphite) are 0.1 to 0.7 μm/min,
which is almost an order of magnitude more than with
conventional magnetron sputtering (MRSPVD) and
vacuum arc spraying (ARC-PVD). In our case, we can
get not only carbides, but also other phases, including
nanocarbon and metal nanostructures (Fig. 7). This
idea is confirmed by the properties and features of the
processes of applying a composite coating of
metal-carbon, where the metal does not interact
metallurgically with carbon. In this case, the coating
has a two-phase composition consisting of metal
nanostructures and a nanographite phase [1].
The theory of quantum-size effects, developed by
us in [3] and tested in [1, 2, 5, 6, 10, 12, 18, 19],
including these experiments, successfully works for
physically doped carbides (Figs. 1, 7). Thus, in
[1, 5, 6, 8, 18], during physical doping of copper and
in aluminum, hardening of materials in 10 times, to
10 GPa was obtained, and in the case of carbides in this
work, we obtained up to 31 GPa. According to the
theory [3], hardening of nano-composites is possible
during physical doping with fullerene layers
up to 100 GPa.
We have created nanostructured materials,
including materials with increased strength and wear
resistance, heterogeneous at the nanoscale, physically
doped with nanostructures - quantum traps for free
electrons. It has been established that the presence of
nanographite in the composite significantly improves
the toughness and expands the range of possible
applications compared to pure carbides. Carbon
nanostructures can function as a conductor in the
sp1 – carbine-and sp2 chain of the planar structure of
graphene and graphite, or as a wide-band dielectric
with sp3 bonds − for example, diamond, etc. The first
two has the potential to form bonds that are electrically
conductive, and sp3 has heat-insulating properties.
These properties suggest that nanostructured

composite materials have a powerful potential for their
application in transistors and other electronic
components [4]. Our research is of special interest to
the nuclear industry and rocket production, where
high-temperature composites are needed.
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Summary: In this work, preliminary simulation results for development of a platform for detection of toxic gases in a dusty
environment is presented. The platform encompasses three main modules including a microfluidic system for in-line and
continuous filtering of the dust, an adsorption unit for toxic gas adsorption and a RF circuit for the gas detection.
The proposed platform is specifically designed for harsh environment where the high humidity, high temperature and dusty
and polluted air results in numerous false positive and true negative errors. Simulation study of the gas filtering (for dust
removal) and microwave-resonator sensitivity study have been performed. The results showing high dust separation from the
main line with performance of 75 % (with one spiral module). Furthermore, the microwave simulation showing a detectable
frequency shift of 2.5 GHz for the designed resonator. The preliminary results here showing a proof-of-principal that the
proposed platform can be further used as a sensitive platform for toxic gas detection such as H2S in the harsh industrial
environments.
Keywords: Modular sensing, Microfluidics, Lab on a chip, Microwave, RF resonator, Adsorption, Toxic gas detection,
Hydrogen sulfide (H2S), Particle separation.

1. Introduction
Gas detectors attract many research interests due to
their wide applications in the areas of environmental
monitoring, homeland security, anti-terrorism,
industrial quality control, etc. Recently, various
microstructured gas detectors have been developed to
be integrated with micro-GC (Gas Chromatography)
and/or microfluidic systems for on-site quick gas
detection [1-2].
Devices developed by applying microfluidics
technology have a great opportunity to be used in
chemical industries for detection of gas, liquid, and
solid species and impurities. Microwave resonator
sensors offer attractive and non-contact solutions for
the real-time monitoring of many events and properties
in pipes and tubes where the need for the bulky
detection systems and external characterization tools is
eliminated.
Coupling of microfluidics with microwave sensing
can be used for the real-time detection of specific
parameters of a medium. Incorporation of selective
nanomaterials that can provide effective gas
adsorption, provides selective sensing and protect the
surface of sensing site against harsh environment and
contaminated particles in the pipes. Also integration of
sensing microwave resonators placed right underneath
the sensing materials via a thin quartz (or borosilicate
glass) interface significantly enhances the detection
sensitivity while protecting the electrodes from a direct
contact with the contaminated medium. The capability
of real-time calibration (within few seconds) of the

microwave sensors and improved compositional
algorithms considerably improves the accuracy and
repeatability of quantitative gas toxic content
analysis [3-5].
Hydrogen sulfide and other sulfur bearing
compounds naturally exist in all natural gas fields
throughout the world. The detection and removal of
toxic gases such as H2S is of great importance in
various chemical industries to meet contractual
agreements, preserve public safety, reduce corrosion in
pipelines and equipment, and to control odor in the gas.
Typically, the maximum H2S concentration in
pipelines is around 4 ppm/volume. At this
concentration, H2S is not fatal and its presence can be
detected by various technologies, among them,
electrochemical and chemical detection methods are
the most common [2].
In this work, the simulation study of the proposed
platform is performed in detail. We have proposed a
modular microfluidic, adsorption, microwave platform
for detection of toxic gases in dusty environment
where the amount of suspended particles in the air is
high. A study show daily averages of PM10
concentration (particulate matter that is 10 micrograms
per cubic meter or less in diameter) in Kuwait during
2015 showing high levels (2800 µg/m3) during dust
storms and dusty days.
In the first step, the microfluidic system that is used
for particle separation has been simulation to obtain
the high efficiency of the dust filtration in a continuous
mode. For this reason, Ansys Fluent package was used
and dust was simulated using a discrete phase
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modeling (DPM). Furthermore, the microwave sensing
module has been designed and then simulated to obtain
the sensitivity of the resonator toward detection of the
gas in two cases.

3. Results and Discussions
3.1. Particle Separation in Microfluidics
Ansys Fluent package was used for flow simulation
and dust (with average size of 50 micros) was
simulated using a discrete phase modeling (DPM) [6].
A spiral microfluidic system was designed for particle
separation. For the purpose of gas detection, having
and unwanted particles can contribute to the false
negative alarm or false positive alarm, which is more
dangerous in the case of a false negative for the
application of toxic gas detection. The simulation
results are shown in Fig. 2 verify high efficiency in the
particle separation. The close up image, showing the
75 % of the particle steams are exiting the lower
channel. Using multiple separation module in series
will improve the efficiency.

2. Material and Method
The proposed sensor will have three main modules
including: (1) microsystem module, which performs
gas preparation/filtration; (2) selective toxic
component adsorption in the adsorption module; and
(3) sensing toxic component by using the microwavesensing module. A schematic of the proposed
integrated platform that will be used for this work is
shown in Fig. 1.

Fig. 1. Schematic of the proposed modular gas sensor that enabled in-line live gas detection in a dusty environment.

(a)

(b)
Fig. 2. CFD Simulation of particle separation in microfluidics for in-line filtering of the inlet dusty air flow: (a) residence time
simulation of particles while traveling in the spiral microfluids, the dean and drag forces applied to each particles move
the particles to one side of the channel; (b) particle tracking at the outlet of the microfluidics system showing high degree
of separation. About 75 % of the particles tend to exit the outer channel.
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3.2. Microwave Simulation
The proposed microwave module is made from a
microstrip planar resonator [3-4]. The resonator is
printed on a substrate with the relative permittivity of
4.71. Fig. 3 shows the overall geometry of
the structure.

(a)

Fig. 3. Overall geometry of the resonator.

The structure was simulated at two different
situations. For the first scenario, the material filling the
channel is considered air with the relative permittivity
of 1.006 and in the second scenario the material filling
the channel is considered to be water with the relative
permittivity of 81. Fig. 4 show the transmission
coefficient or the S12 of the resonator in each case.
The simulation that was conducted with the high
frequency simulation software (HFSS) [3-5] with
sweeps the frequency from 1 GHz to 8 GHz. It is
obvious from the results that at 2.5 GHz, we can see a
clear contrast that will definitely help us to detect
the material.

4. Conclusions
The simulation study of a platform – a modular
microfluidic, adsorption, microwave platform, for
detection of toxic gases in dusty environment is
performed in detail. The results show the particle
separation module create high dust separation from the main
line with performance of 75 %. The microwave module
simulation showing that at 2.5 GHz, we can see a clear

contrast that can be used for toxic gas detection. The
simulation results show a shift in frequency is
detectable when the permittivity of the medium in the
channel changes for the cases of having air and water
in the microfluidic channel.

(b)
Fig. 4. (a) S12 of the resonator for air, (b) S12
of the resonator for water.
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Summary: In this paper, a novel, sensitive, low-cost, and reproducible sensing platform is presented using combined
microwave, microfluidics, and thin membrane interfacing technologies. The application that is discussed here is measuring the
flow rate within microchannel in a real-time, noncontact, and nonintrusive manner with the proposed technology. The
deformation of the thin circular membrane alters the permittivity and conductivity over the sensitive zone of the microwave
resonator device and enables the high-resolution detection of ﬂow rate in microfluidic channels using non-contact microwave
as a standalone system. The proposed flow sensor is reproducible with the error of 0.1 % for flow rate as low as 1 µl/min.
Furthermore, the sensor does not need any contact with the liquid and is highly compatible with several bio-applications which
makes it ideal candidate for microfluidic-based lab-on-chips, micro-bioreactors, and organ-on-chips platforms.
Keywords: Organ-On-Chip, Lab-on-a-Chip, Microfluidics, Flow sensor, Thin-Layer PDMS, Microwave sensing.

1. Introduction
Organ-on-a-chip (OOC) technology, in particular,
aims to build biomimetic in vitro physiological
micro-organs to compliment animal models in
biological systems and benefit the pharmaceutical
industry for drug discovery. The OOC systems still
need on-chip integrated flow sensors compatible with
their fabrication processes and functions. The flow
sensing would be more critical for multi-organ
platforms where the cross-talk of different bioreactors
and biosensors changes the fluid flow among
components [1-2].
The ideal flow sensor for OOCs would measure the
flow rate locally in a long-term, continuous and fully
automated manner, with minimal side effects on flow
patterns, cells cultured within bioreactors, and
functions of other integrated sensors. The primary
microfluidic flow sensors are micro electromechanical
systems (MEMS)-based sensors with high-resolution
sensing performance. However, the MEMS flow
sensors have the constraint in complexity of
fabrication processes and the drawback of
contact-based measurement [3].
Recently, microwave planar resonator devices have
demonstrated promising results for sensing
applications. They operate based on the interaction of
electric fields with materials in the sensor’s near
soundings [4]. The planar structure, simple fabrication
process and robustness of microwave resonators make
them attractive for a variety of different applications,
such as liquid monitoring in oil-sand, measurement of
parameters in OOC microfluidics, gas sensing for
environmental monitoring and studying nanomaterials
and nanostructures [4].

In the present work, a robust, portable and scalable
flow sensor relying on microfluidic and microwave
technologies is presented for the real-time, long-term,
noncontact and nonintrusive detection of flow rate in
microfluidic environment. The flow sensor detects the
flow rate with the resolution of 1 µl/min, with the
detection limit of 0.5 µl/min, within the detection
range of 0.5-300 µl/min. The high performance of this
sensor is sourced from the high sensitivity of the
integrated thin circular membrane to the pressure
change resulted from the fluid flow; the specific design
of microwave platform; and the presence of the thin
membrane interfacing the electrodes and the fluid.

2. Material and Method
The designed flow-sensor of the microwavemicrofluidic flow sensor is shown in Fig. 1. The flow
of liquid through the microchannel passing over the
thin circular membrane deforms the membrane and
alters the effective permittivity of the medium above
the sensor. Then the change of permittivity of the
environment measured by the resonator placed
underneath.
In order to calibrate the results, fluid-solid
interaction of flow and the thin-membrane was first
being simulated to calculate the membrane
deformation in the flow rates of interest. Furthermore,
the performance of the microwave resonator has been
modeled to obtain the geometry of the sensitive region
of the resonator. The design process is generally a back
and forth between microfluidics design and microwave
resonator design.
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Fig. 2. The response of the flow sensor to different flow
rates. (a) The response of large membrane (3 mm dia)
integrated to the microwave resonator sensor to flow-rates.
The resonant amplitude is presented in blue and the flow rate
is presented in red. (b) The behavior of small membrane
(1.5 mm dia) integrated to the microwave resonator sensor
in response to flow-rate versus time.

4. Conclusions

Fig. 1. (a) Schematic of the flow sensor. (b) Deformable
thin-layer. (c) The fabricated sensor. Scale bar: 5 mm.

3. Results
The performance of the flow sensor is examined
from several aspects, such as sensing range, accuracy,
response to flow fluctuation, leaking, reproducibility
and long-term detection within the incubator,
applicable for further integration into microfluidicbased bioreactors. Applying a pressure to the
membrane results in its downward deformation.
Two circular-shape membranes with the thickness
of 100 µm and diameter sizes of 3 mm and 1.5 mm are
tested in flow range of 0-250 µl/min. The size of the
membrane can be, however, customized based on the
flow-rate range to achieve the highest precision and
accuracy. Testing results for both designs are shown in
Fig. 2. As it can see from the results, the measured
resonant amplitude is scattered and not reliable for the
large membrane for low range of flows.

A sensitive, noncontact and non-intrusive flow
sensor based on integrated microwave- microfluidic
technologies is presented. The flow sensor has a linear
response in the range of 0-150 µl/min for the optimal
performance. As the primary application, the flow
sensor developed in this work is highly well-suited to
be integrated with micro-bioreactors and OOCs for
long-term detection of flow rate in real-time.
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Summary: Anisotropic optical properties of free nanoporous anodic alumina films transparent in the visible spectrum for the
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Keywords: Anodic alumina, Membrane, Light scattering, Light propagation.

1. Introduction
Nanochannel-array materials have attracted
considerable scientific and commercial attention due to
their potential utilization in magnetic, electronic, and
optoelectronic structures, and devices. Nanoporous
anodic alumina was originally considered as insulating
component of semiconductor silicon microchips with
metal aluminium conductors. It can be developed by
electrochemical anodizing of aluminium to get free
membranes with thickness up to 1 mm. Depending on
the anodization regimes, pore size can be made from a
few nanometers to hundreds of micrometres. Though
structural properties and basic electrochemical routes
are subject of extensive research during last five
decades, only in the recent years unique optical
properties of nanoporous anodic alumina have been
discovered: a high transmission along pores with
simultaneous high reflection from cut-edges [1], an
optical birefringence [2], etc. So, nanoporous anodic
alumina films are promising to control a light
propagation in liquid crystal display devices.

anodization parameters. The masking layer was
removed from the back side and the rest of aluminum
foil was etched to get free-standing films of porous
alumina. Fig. 1 illustrates the technological stages to
form optically homogeneous and transparent films of
nanoporous alumina.
Then the light transmission through porous anodic
alumina membranes was studied. For comparison, a
commercial Kimoto PF-90S M/M (K) holographic
scattering film was used.

2. Experimental
The 100 mm thick 40×48 mm2 sized aluminum
foils were used as initial substrates. The back side of
the samples was protected with a masking layer. The
two-stage porous anodization was made from the front
side of the sample. The pore diameter and spacing are
dictated by parameters of the anodization process,
specifically by the electrolyte composition and the
anodization voltage. High-ordered anodic alumina
pore array with controllable parameters can be formed
[3-6]. Structural properties of anodic alumina
(porosity, pore size and shape) and therefore oxide
parameters (electrophysical, optical, thermal, etc.) as
well as thicknesses of porous layers formed to create
desired media and devices can be controlled by the

Fig. 1. Technological stages for the formation of optically
homogeneous and transparent alumina films.

The spectra of light transmission by porous anodic
alumina films were studied using an experimental test
desk, the scheme of which is shown in Fig. 2. The
detector consists of a highly sensitive spectrometer and
a waveguide that transports light from the point of
space under study to the spectrometer. As a power
source, a voltage source was used, the value of which
can be continuously adjusted. The ability to change the
detection angle α is realized in this scheme (in our
experiments the registration was carried out along the
normal to the surface of the samples, i.e., α = 0 °).
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Fig. 2. Test desk scheme for the study of the light
transmission spectra: 1 – LED backlight, 2 – porous anodic
alumina film, 3 – LCD indicator, 4 – waveguide,
5 – spectrograph Solar TII S-3801, 6 – CCD matrix
LN/CCD-1152-E.

porous anodic alumina membrane provides higher
radiation intensity in the whole spectral range studied
(from 400 to 800 nm) as compared to the LED
backlight system without the membrane. An increase
in the brightness in the visible region of the spectrum
is obtained on average by 11 % (the maximum gain
reaches 18 %).

For the research, three types of porous anodic
alumina membranes were prepared under various
anodizing conditions as shown in Table 1. For
comparison, a commercial Kimoto PF-90S M / M (K)
holographic scattering film was used.
Table 1. Anodizing conditions and output parameters of
anodic alumina membranes.
No.

Electrolyte

Ua, Ta,
(V) (ºC)

Sample
color

Thickness,
μm

1.

5 %H2C2O4

60

2

yellow

230

2.

10 % H2SO4

25

2

colorless

100

3.

12 % H3PO4 160

9.5

white

50

Fig. 4. The emission spectra of the backlight system
without a sample (red line) and with a sample (black line)
(upper panel) and differential spectrum (lower panel).

4. Conclusions
3. Results and Discussion
Fig. 3 shows the intensity of light scattering along
the pores of alumina membranes for different angles of
incidence. It can be seen that varying the membrane
formation conditions makes it possible to obtain both
the samples that are similar in characteristics to a
commercial scattering film, and the samples with a
pronounced predominance of scattering along pores.
The latter property characterizes the possibility of
using aluminum oxide films as passive brightness
amplifiers for illuminating liquid crystal indicators
and displays.

The results obtained show that nanoporous
structure of electrochemical anodic alumina films can
be purposefully used to control light propagation,
namely, to perform anisotropic light scattering in LCD
backlight systems as well as the luminance
enhancement.
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Summary: The analysis of the internal stress in deposited aluminum layers is demonstrated and dependences of the internal
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1. Introduction
In recent years, there is an intensive development
of sensor technology that reaches a new level of
sensitivity. Electrochemical, acoustic, optical sensors
and biosensors are developed. Among the optical
sensors, it should be noted the devices on the surface
plasmon resonance (SPR), reflectometric spectroscopy
sensors, waveguide sensors, including waveguide
sensors on a metal underlayer (WSMP). WSMP which
is a thin film structure consisted of a waveguide layer
of porous anodic aluminum oxide on the aluminum
sublayer is of particular interest. Technology of
coatings based on anodic alumina for sensor
applications (SPR- sensors and WSMP) includes the
following stages: the vacuum deposition of aluminum
films on the dielectric substrate; the one-step anodic
oxidation for the formation of the alumina film and a
translucent aluminum film; the chemical etching for
widening of pores with controlled optical parameters
of nanostructured coatings. So, control of mechanical
stress of the film on the basis of which the device is
formed is very important for designing devices with
required parameters [1-5].

2. Experimental

thickness of the evaporated film; μ is the
Poisson's ratio.
The modulus of elasticity for the substrate was
measured by hanging of a plummet to the console end
and determining of the glass flexure. This was
calculated by the formula:
E

4Gl 3
wd 3 x

,

(2)

where G is the plummet weight, and w is the
substrate width.
Young modulus was equal to 5∙1010 N/m2.
The aluminum evaporation was made at various
substrate temperatures and deposition rates. The
flexure values x were measured at the room
temperature when the samples were taken out of the
vacuum chamber.

3. Results and Discussion
Figs. 1-2 show dependences of the internal stresses
calculated by the Eq. (1) on the thickness of the
aluminum films deposited at various substrate
temperatures and evaporation rates.

Electron-beam evaporation was used for the
aluminum deposition on the 165 μm thick rectangular
glass strips in the length-to-width ratio of 10:1 to
measure stresses by the console method as the simplest
and easy-to-use method for the vacuum evaporated
films. The stress σ was calculated by the Stoney’s
formula:
 

Ed 2 x
3l h(1   )
2

,

(1)

where E is the modulus of elasticity (Young modulus)
for the substrate; d is the substrate thickness; x is the
flexure of the free end; l is the substrate length; h is the

Fig. 1. Dependence of the internal stresses on the thickness
of the aluminum films at various substrate temperatures.
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two-layer system but at the least a three-layer one
consisting of the substrate, a transition plastically
deformed aluminum layer, and an outer elastically
stressed aluminum layer should be considered. Then
the stress reduction with the film thickness can be
explained by the expansion of the transition layer.
With thin aluminum films, the aluminum yield point
increases almost by the order and therefore the
relaxation of the stresses is difficult.

4. Conclusions
Fig. 2. Dependence of the internal stresses on the deposition
rate of the aluminum films.

Referring to Fig. 1, in the aluminum films the
internal stresses are reduced with the increase in the
film thickness and the substrate temperature. The glass
substrate flexes towards the deposited film. This is
indicative of the tensile stress presence in the
aluminum film. In contrast to thin films, in more than
1 μm thick aluminum films the tensile stresses are
reduced when the deposition rate increases, as shown
in Fig. 2. The tensile stresses values are equal to
(1.0-3.5)∙107 N/m2 to be comparable with the
aluminum yield point (2.3∙107 N/m2).
It is clear that stresses measured are characteristic
of residual stresses including thermal stresses resulted
from the difference in the linear expansion coefficients
of aluminum and the substrate material. Thermal
stresses are calculated by the formula:

Thus, in this paper the analysis of the internal
stresses in deposited aluminum layers is demonstrated
and dependences of the internal stresses on the
thickness of the aluminum films deposited at various
substrate temperatures and evaporation rates are
studied. The study may be applied to fabricate the
nanoporous alumina coatings for different kinds of
high-sensitive sensors.
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