WAFER-LEVEL VACUUM PACKAGING FOR MEMS
TECHNOLOGY

VIKRAM MAHARSHI

DEPARTMENT OF ELECTRICAL ENGINEERING

INDIAN INSTITUTE OF TECHNOLOGY DELHI

DECEMBER 2023



© Indian Institute of Technology Delhi (I11TD), New Delhi, 2023



WAFER-LEVEL VACUUM PACKAGING FOR MEMS
TECHNOLOGY

by
VIKRAM MAHARSHI

Department of Electrical Engineering

Submitted

in fulfilment of the requirements of the degree of doctor of philosophy

to the

INDIAN INSTITUTE OF TECHNOLOGY DELHI
DECEMBER 2023



Dedicated to my
parents and my
family members



CERTIFICATE

This is to certify that the thesis entitled, “WAFER LEVEL VACUUM PACKAGING
FOR MEMS TECHNOLOGY,” being submitted by Mr. VIKRAM MAHARSHI to the
Indian Institute of Technology Delhi for the award of the degree of “Doctor of
Philosophy,” is a record of bonafide research work carried out by him under my guidance

and supervision.

In my opinion, the thesis has reached the standard of fulfilling the requirement of all
the regulations regarding the degree. The results contained in this thesis have not been

submitted, in part or in full, to any other university or institute for the award of any degree

or diploma.
Prof. Bhaskar Mitra Prof. Ajay Agarwal
Department of Electrical Engineering Department of Electrical Engineering
Indian Institute of Technology Delhi Indian Institute of Technology Jodhpur

New Delhi-110 016, India Jodhpur-342 030, India



Acknowledgements

| would like to thank my supervisors, Dr. Bhaskar Mitra, and Dr. Ajay Agarwal for
their valuable guidance, advice and encouragement throughout this work. Their
continuous guidance, generous support and constant encouragement have helped me to
broaden my views and knowledge in the subject matter. They have devoted a lot of his
time for technical and nontechnical discussions. Also, they have helped me a lot in
preparing manuscripts for Journals and in thesis writing. | will always remember their
contribution in the future.

Also, | would like to express my sincere gratitude to my research committee
members: Prof. Dhiman Mallick, Prof. Vikrant Tiwari and Prof. Madhusudan Singh, for
being in my committee and giving me valuable suggestions during the evaluation of my
research work.

| am thankful to Mrs. Priya Vinayak and Mr. Sumit Sharma for the collaborative
interdisciplinary work to develop sensors for different applications. | appreciate the
company of researchers from Bhaskar Mitra research group, especially Mr. Imran
Ahmad, and Mr. Aamir Saud Khan who have made useful contributions to this work by
way of discussions and suggestions. | also thankful to my friends Saiman Kumawat,
Rahul Dhayal and Akshay Moudgil for their constant support during my Ph.D. journey.

I would like to thank Central Research facility (CRF) and Nano Research Facility
(NRF), Physical Testing laboratory, CART Lab of IIT Delhi, CSIR CEERI, Pilani,
Physics lab, Delhi University for providing the device fabrication and characterization
facilities.

I would like to express my deepest feelings of gratitude to all my family members,
especially my parents, wife Snehswati, sisters Vinita and Veerta and my son Rudra, for
their consistent encouragement and unconditional love. Their support, care, guidance and
encouragement have been priceless, especially during the challenging times. At last, |
deeply feel debt towards Mother Nature for inspiring and rejuvenating the constructive

energy in me.

Vikram Maharshi



Abstract

Ever since the introduction of MEMS devices, constant research has been going on to
improve their performance by packaging them with minimum size. There is a need for low-
cost and hermetic wafer-level vacuum packaging of microdevices for commercializing
MEMS products. This opens the opportunity to study various adhesive materials for wafer-
wafer bonding purposes, thin film encapsulated vacuum packages, and getter performance
for stable vacuum inside the package for a longer duration. Although many dedicated works
are being done all over the world, a large number of questions are still to be answered in
this field. Therefore, this research focuses on developing wafer-level vacuum packages for
MEMS and IC technology.

This dissertation discusses the development and characterization of a thin film-
encapsulated MEMS vacuum package. The formation of the anodized porous alumina
membrane was optimized, which is used as a capping layer inside the MEMS package. The
getter material was integrated inside the package in a pore-sealing manner, which avoids
exposure to atmospheric conditions, resulting in excellent adsorption. The texturing of the
getter by depositing over a porous alumina membrane increases the film's surface-to-
volume ratio. The pore-sealing getter method is not restricted to APA (Anodized Porous
Alumina) membranes but can be applied to other porous membranes with small enough
pore sizes. The high aspect ratio nano porous alumina membrane has the advantage that the
sealing material is not deposited inside the package and avoids degradation of the device's
performance. The silicon pirani was used inside the package to monitor the pressure
change. Furthermore, the package was characterized using 1-V characterization of pirani

over the last 550 days; the initial drop and stabilization of the pressure were observed.

An indigenous way of introducing the getter in thin film encapsulation was
demonstrated in order to prevent the high-temperature getter activation and to make an
active generation of the vacuum inside the package. The thin film-encapsulated vacuum
package was fabricated, integrating a glow discharge getter into the package. The thin-film
encapsulated package was fabricated using anodized porous alumina as a capping layer and
PECVD silicon dioxide as the sacrificial layer. A silicon pirani gauge was used to monitor
the pressure changes inside the sealed cavity. The two titanium-gold film electrodes were
separated by ~300 um and placed above the capping layer. The package was sealed at 50



MTorr pressure using evaporated aluminium oxide. A glow discharge is formed in the cavity
when a voltage >800V is applied at room temperature. The sputtered titanium from the
discharge reacts with available reactive gas molecules and reduces the vacuum of the micro
package. After the glow discharge getter activation, a decrease in the pressure of 50 pTorr
from 2 pTorr was observed for the volume of 1.65x10° cm?. The pressure in the micro
package might be below the reported one since the limiting sensitivity of the MEMS pirani

gauge.

Additionally, this work provides insight into an adhesive-based bond interface that
offers a hermetic bond interface. A wafer-capped vacuum package utilizing recrystallized
parylene as an adhesive layer was fabricated and characterized. The parylene material was
recrystallized by thermal annealing at 250°C for 30 minutes using a hot plate. The XRD,
FESEM, and FTIR results confirm the increase in the crystallinity without degradation of
the material; the recrystallized parylene was used as a bonding layer between the two
wafers. A stable interface for the parylene-parylene bond is ensured by the testing machine
(UTM). The FESEM and Infrared imaging was performed to examine the homogeneous
and defect-free bonding. The getter material was used inside the package to create the
vacuum due to the unavailability of a vacuum bonding tool. The hermeticity of the bond

interface was examined by characterizing the pirani, which is placed inside the package.

A low-temperature hybrid bonding integrating copper and parylene material for 3D
integration was developed. The parylene was deposited using a chemical vapor deposition
process over electroplated copper bumps, which induces a higher topology. The parylene
has a higher tolerance for height topology and surface roughness. Parylene and
recrystallized parylene were used in separate experiments to create a hybrid bond interface.
To obtain the hermetic bond interface, the recrystallized parylene material was used. The
recrystallization of the parylene was performed at 250 °C for 30 mins. The homogeneous,
stable and hermetic bond interface provided by parylene makes it the optimum bonding
substance for hybrid bonding. Chemical mechanical polishing (CMP) was performed to
planarize copper/parylene topology and flatten the roughness of a copper surface. The
copper and parylene material were bonded simultaneously at 300°C. A homogenous bond
of copper to copper and parylene to parylene bonding interface without any significant
bonding voids was obtained. The bond interface's tensile and shear bond strength was

evaluated using a universal testing machine. The contact resistance of the copper-copper

iv



bond interface was achieved at 279.16 mOhm.cm™. The developed hybrid bonding is well

suited for 2.5 and 3D heterogeneous integration.

This dissertation study offers a novel perspective on wafer-level packaging,

specifically for thin film-encapsulated and adhesive thermocompression-bonded MEMS

vacuum packages.
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stable and homogeneous interface [color bar suggests the
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Xvii

Fig. 4.9

Fig. 4.10

Fig. 4.11

Fig. 4.12

Fig. 5.1

Fig. 5.2

temperature distribution over the sample surface], (b)
Cross-sectional FESEM imaging of two wafers bonded
with recrystallized parylene as a bonding layer, (c) and (d)
Tensile and Shear strength examination of the parylene-
parylene bond interface using Universal testing
machine(UTM), inset shows the fracture interface of the

parylene bonded surface after the test.

(@), and (b) Schematic process flow for the fabrication of
MEMS vacuum package utilizing recrystallized parylene

material as an adhesive layer on SOI and glass substrate.

Optical image of 3X2 array of MEMS vacuum package at
the wafer level using glass as a capping layer, which
confirms the two silicon electrodes (kept outside for the

measurement) and the underline pirani.

(@ and (b) Cross-sectional FESEM image of ruptured
MEMS vacuum package, insets ensure that cavity between
glass and silicon wafer and release of pirani cantilever

beam.

(a) Resistance of a recrystallized parylene bond integrated
packaged device and un-packaged devices with the applied
voltage. (b), Resistance of the recrystallized and non-
recrystallized parylene integrated vacuum packages for

various days.

Thermogravimetric analysis of parylene C with different
temperatures indicates that the parylene can withstand

300°C without degradation

DSC analysis of parylene C with the temperature shows
the material's glass transition (72°C), melting (296°C), and
degradation point (490°C).
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Fig. 5.3

Fig.5.4

Fig. 5.5

Fig. 5.6

Fig. 5.7

Fig. 5.8

(@) and (b) 2D and 3D AFM mapping of 20 umx20 um
electroplated copper surface area before and after the CMP
process, which shows the surface morphology and the
average roughness of the copper surface demonstrating the
copper surface's flattering of roughness after the CMP
process [color bar shows the step height profile of the

sensor]

(a) and (b) Cross-sectional FESEM imaging of two silicon
wafers bonded with electroplated copper as a bonding
layer ensures a stable and homogeneous bond interface.
The grain development as a single lattice at the bond

interface was observed.

(@) Cross-sectional EDX imaging of two silicon wafers
bonded with electroplated copper as an intermediate layer
which ensures a homogenous copper-copper bond
interface, and (b) IR imaging of two silicon wafers bonded
with copper as a bonding layer ensures a homogenous and
stable bond interface [color bar indicates the temperature

distribution over the bonded samples].

Schematic Process flow for the fabrication of hybrid
bonding integrating electroplated cooper and parylene

material

(@) and (b) Cross-sectional FESEM and EDX imaging of
hybrid bonding of two wafers integrating electroplated
copper and parylene material ensures a stable and

homogeneous bond interface.

(@) and (b) Cross-sectional FESEM imaging of two wafers
bonded, ensuring interdiffusion of the copper and parylene

into metal and polymer without any air gap.
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XiX

Fig. 5.9

Fig. 5.10

Fig. 5.11

Fig. 5.12

Fig.AL

Fig.B1

(@) and (b) FESEM and EDX imaging of parylene surface
after the CMP process, ensuring a uniform parylene surface

without any crack to avoid electrical failures

(@ and (b) Experimental setup for mechanical bond
strength of Tensile (before) and Shear Strength (After) of
parylene-parylene, copper, and copper and hybrid bond
interface, which was examined using a universal testing
machine (UTM).

Contact resistance of copper-copper bond interface,
obtained to 279.12 mOhm.cm™, shows the photographic
image of the copper-copper bonded sample and

measurement setup.

I-V characteristics of structure where parylene material
was sandwiched between two metal layers. The thickness
of the parylene material was 1.3 um. The leakage current
was observed at an applied voltage of 5V, which can

increase the material's thickness.

(a) Angled FESEM image of CPW line depicting that there
is a clear isolation between G-S-G, (b) Measured S-
parameters of 2mm long CPW line on SiO2 and Al203 as
dielectric on low resistivity Silicon Substrate, Sy1 of Al2O3
is less than -1.4 dB and for SiO: is -8 dB at 50 GHz, (c) S11
of Al>Oz is less than -24dB while that of SiO, -20dB at 50
GHz, (d) Measured Sz; of Al2O3 depicts that there is loss
of less than 1dB along the line for the whole frequency

range.

(a)Accumulation of primary ions in the pores of anodized
porous alumina b) Depletion layer formed near the surface
of anodized porous alumina because of the accumulation

of primary ions in the pores; (¢) FESEM image of the
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Fig.Cl

porous alumina after the heavy metal detection process, (d)
Effect of the concentration of lead on response of the

porous alumina membrane device.

(a) The photograph shows the side view of the flexible
capacitive sensing-based tactile sensor, (b) The Field
emission scanning electron microscopy image shows the
nanoneedles on the PDMS layer; the inset shows the
nanoneedles' magnified appearance on the PDMS film
metal layers, (c) The sensitivity curve of a flexible tactile
sensor for different thickness nanopatterned PDMS as a
dielectric layer, (d) Characterized property of different
tomatoes under different loads using a Universal testing

machine.
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