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Large Scale Integration of Functional Radio-Frequency
Flexible MEMS under Large Mechanical Strain

Edy Azrak, Laurent Michaud, Jéréme Richy, Alexandre Reinhardt, Samuel Tardif,
Joél Eymery, Marie Bousquet, Frank Fournel, and Pierre Montmeat*

A versatile industrial recipe of transferring nitride microelectronic compo-
nents such as micro-electromechanical systems (MEMS) onto flexible and
stretchable substrates is demonstrated. This method bypasses difficulties
of temperature-related processing, and is applicable to large-scale and mass
production. The technological process of fabrication is presented along with
its underlying structural and radio-frequency characterizations. In particular,
the Raman strain shifts of aluminum nitride (AIN) thin films are determined
for uniaxial and biaxial mechanical deformations. The transferring process
onto polymer is also demonstrated by an adhesive bonding of AIN-based
MEMS onto a 200 mm silicon (Si) wafer. The devices microstructure is
assessed using X-ray before and after transferring, as well as their electrical
radio-frequency (RF) features when on Si and polymer substrates. Then, RF
measurements are also performed on the transferred and flexible devices;
some in their relaxed states, and others in an in situ manner under an

example, UV-emitters,”?l detectors,’ field
effect transistors,! and diodes.”! Due to
its remarkable chemical stability and inert-
ness, AIN is used as a passivation layer in
different applications.®! At nanoscale, AIN
has shown a gas detection ability owing to
the variation of its electrical conductance
upon superficial gas adsorption.”l Its high
thermal conductivity but low electrical con-
ductivity allows its use as a high-k dielec-
tric material in many devices.l®! Wurtzite
AIN is also prominent for its piezoelectric
response with high acoustic wave velocity
and low thermal expansion that provide
tangible advantages for piezoelectric-based
micromachined devices such as bulk
acoustic wave (BAW) resonators®! or sur-

increasing macroscopic strain. It is shown that bulk acoustic wave reso-
nator MEMS are fully functional even under 12% uniaxial stretching of the

substrate.

1. Introduction

Aluminum nitride (AIN) has numerous technological appli-
cations related to its outstanding physical and chemical
intrinsic properties. For instance, its direct wide band-gap
of 6.2 eV, the largest among the wide band-gap semiconduc-
tors,[! combined with high-CMOS compatibility have allowed
constructing AlN-based optoelectronics and electronics, for
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face acoustic waves (SAW) resonators.'!l It
is important to mention that the crystalline
quality and orientation has a major impact
on AlN-based technologies, in particular
low defect and dislocation densities are
required to obtain high quality micro and
optoelectronic devices.'2l However, piezoelectric features do not
require an epitaxial relationship and lower cost techniques like
magnetron sputtering yielding highly-oriented textures (domi-
nant c-axis orientation) can be used as well.l!’]

The rise of mobile and internet of things applications has
increased the interest in the fabrication of low-cost lightweight
bendable micro-electromechanical systems (MEMS) devices.
The flexibility properties are introduced in many technological
domains, for instance in field-effect transistors electronics,1¢l
lithium-ion battery,” OLED-based displays,™® biocompatible
memories,”) neuromorphic computing system,?”! and bio-
integrated technologies in which sensors/devices/MEMS can
be exposed to rough mechanical movements and harsh chem-
ical environments.[21-24

A usual approach is based on the direct synthesis of MEMS
on polymer substrate. For example, polyimide (PI) substrates
can be used for flexible sensors and MEMS, taking benefits from
its mechanical strength and electrical insulation. Polyimide film
can be freestanding or bonded to a holder substrate, for example,
silicon (Si) that can be removed by dissolving an interfacial sac-
rificial layer such as silicon oxide (SiO,)*°! and ALF”®l Another
intermediate layer can be obtained by spin-coating a PDMS
(polydimethylsiloxane) layer.””) The separation of the sensors-on-
PI from the PDMS/Si substrate is done by raising the tempera-
ture to 100 °C and peeling off. Several drawbacks are related to

(1of 1) © 2022 Wiley-VCH GmbH
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these processes, such as a wavy polymer or air bubble formation
between the polymer layer and the Si substrate due to thermal
annealing. The device performance in terms of materials quality
can also be affected by temperature limitations for deposition or
annealing steps that are specific to each polymer. Stretching or
expansion can occur when using over-threshold thermal opera-
tions. Besides, the detrimental misalignments and fractures
that are temperature-induced hinder lithography or other high-
precision adjustments. Even if a PDMS layer is used as a carrier
to transfer the MEMS onto a polyethylene-terephthalate (PET)
flexible substrate,””! the relaxation of internal stresses is prone to
lead to carpet-like rolling of the MEMS-on-polymer structure. It
is noteworthy that internal stresses are not only due to polymer,
but also to the MEMS components themselves, for example a
free-standing Mo/AIN/Al film can also roll up.”® These phe-
nomena can also lead to fractures and cracks in the active layers,
which lower the performances and lower the fabrication yield. A
second way to build MEMS is transfer printing.?’!

Excimer lasers can be used for detaching the devices from
their growth glass wafer onto a polymer.?% In fact, the beam
penetrates the backside of the glass wafer, targeting a sacrificial
hydrogenated amorphous Si nanolayer (e.g., tens of nm thick)
located between the layers of interest (LOI, that is, component)
and the glass wafer. This results in weakening of a-Si:H bonds.
For 200 mm or 300 mm wafers, full-sheet laser irradiation con-
sumes a significant amount of energy and requires a long dura-
tion to act on the entire interface. The carrier wafer should be
transparent enough to transmit the beam. This limits the types
of substrates that can be used.

Instead of a-Si:H, SiO, layers can be employed as a sacrifi-
cial layer.?132 Partially etching SiO, located in between the Si
wafer and the layers of interest weakens the adherence between
them. In ref. [31], LOI are protected by a hard-baked photoresist
from the partial chemical etching of native SiO,. Afterward,
a PDMS is glued on the surface of the devices and cured to
enhance the adherence. The transfer is achieved by peeling off
the PDMS/devices from the Si wafer. Although this method
does not require lots of energy, this process flow is long (e.g.,
durations of photoresist etching: 3 h; and PDMS curing: 24 h).
These durations are prone to be longer in case of using larger
wafers, because the buried oxide (BOX) SiO, is less accessible
for etching. In ref. [32], non-native SiO, layers are used. They
are grown in between the Si wafer and the layers of interest
by the means of photoelectrochemical oxidation. This type of
oxidation at the interface requires dipping the samples in an
H,SO, solution for 30 min under continuous light irradia-
tion, and an applied voltage bias. Another method removes the
SiO, by soaking the wafer in concentrated HF for 20 min.53!
Consequently, these methods are hardly versatile, limiting the
choice of metals and semiconductors due to etching reasons.
Besides, the processing temperature, in the latter one, goes up
to 1000 °C, intensifying the limitations and raising the cost.

Another method consists in using various transfers associ-
ated to multiples carrier and sacrificial wafers increasing the
cost and complexity of the process.[*4

All these kinds of transfer are hardly applicable to 200 and
300 mm diameter wafer tools and less attractive industrially.
Namely because of the excessive duration of the release etch
step, limited active materials (e.g., using harsh acid solutions
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for the release) and substrate wafers (e.g., required transparent
for laser use), lower scale of the transfers (e.g., few mm? to cm?
of patterns), the use of multiple temporary wafers, and lower
reliability (e.g., 70% of patterns are transferred).??3% As a com-
parison, the transfer printing proposed in this manuscript ena-
bles successful complete transfers of 200 mm wafers.

Compared to rigid devices, the performance of flexible ones
might vary due to deformations, cracks, and to the influence of
internal strain on AIN piezoelectric constants.®! The resulting
non-linear AIN piezoelectric response has been studied in liter-
ature as well as the AIN band-gap,?”38 and the charge mobility
dependence on strain.’!

We have previously developed an industrial process for trans-
ferring a single-crystal Si (c-Si) film or a polycrystalline AIN film
from an Si substrate onto a flexible polymer.***l In this work,
we carefully adjusted this process in order to transfer AIN/Si
thin layers and MEMS devices on polymers using silicon-on-
insulator (SOI) 200 mm wafers. This new process is detailed
first, and the uni-(bi-)axial microscopic strains measured in the
AIN thin-films by Raman spectroscopy under mechanical defor-
mation are reported. With the internal reference provided by the
thin Si layer sandwiched between the AIN and the polymer sub-
strate, the effective strain applied to AIN is determined, as well
as the Raman stress factor for both uniaxial and biaxial strains.
X-ray diffraction is further used to characterize the crystal quality
of AIN thin-films during the application of external uniaxial
tensile strains. We further show that this recipe can easily be
optimized for industrial processes (e.g., on 300 mm wafers) to
transfer MEMS components onto polymer substrates, bypassing
all the previously mentioned deleterious effects reported in lit-
erature. Finally, we report in situ X-ray diffraction and radio
frequency (RF) measurements of the mechanical and electrical
properties of MEMS components under uniaxial deformations.

2. Adhesive Bonding Transfer of AIN/Si
Layers on Polymer

The AIN growth substrates are 200 mm silicon-on-insulator
Unibond wafers, with a 205 nm-thick, [100]-oriented crystalline
Si (c-Si) film on a 400 nm-thick BOX film, itself on top of a
725 um-thick Si wafer (Figure 1a). More information about the
processing machines is mentioned in Section SI-1, Supporting
Information. Standard lithography, using one patterning mask,
is performed to pattern the ultra-thin c-Si film to get suitable
shapes for biaxial and uniaxial tensile machines, that is, disk
and rectangular patterns (Figures 1b and 2a).

PVD-grade (physical vapor deposition) polycrystalline AIN
(pc-AIN) films, with thicknesses between 200 nm and 1200 nm,
are grown using reactive DC magnetron sputtering of a high
purity Al target under Ar/N,. The wafers are held at 350 °C,
with a chamber pressure of 2.5 mTorr, and 2 kW RF power (see
Figures 1c and 2b). The DC power is adjusted to maintain the
residual film stress within +100 MPa.[

Wafer edges are trimmed 1.5 mm wide starting from the
outer edge of the wafer, and a few hundreds of pm in depth
(Figure 1d). This step ensured an optimal mechanical grinding
of the Si substrate: without trimming, the wafer edges are
fragile upon thinning and could fracture subsequently.

© 2022 Wiley-VCH GmbH
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a) Silicon-on-Insulator  b) Lithography

Patterned c-Si

¢-Si =200 nm
L i

Si =725 um

e) Temporary bonding

}Si carrier

' Anti-Sticky ~5 nm

Si=725um
Glue =40 um

h) Dismounting Si carrier

c) PVD deposition

Grinding + Etching

d) Edge trimming

< @

Adhesive polymer substrate

i) (AIN/c-Si)-On-Polymer

Cross-section view

Figure 1. Schematic illustration of the fabrication of an AIN/SOl-on-polymer structure by a transfer method. a) Initial 200 mm SOI wafer constituted by
200 nm Si (100), 400 nm SiO, layer, and 725 um Si substrate. b) Patterning of the c-Si thin-film using standard lithography. c) Physical vapor deposition
of 800 nm AIN using magnetron sputtering on patterned Si, transparent purple is used to show the underlying Si patterns. d) Edge trimming excluding
about 1 mm in diameter and a depth of few hundreds of micrometers. e) Temporary polymer bonding of the main Si substrate with a Si carrier having
40 um of organic polymer 2 (glue). f) Grinding and chemical etching of the Si substrate. g) Polymer bonding of Si carrier onto an adhesive substrate
framed on a metal-ring. h) Dismounting the Si carrier leaving the AIN/Si-on-polymer. i) Top view showing different shapes of AIN/Si samples to be
used in uniaxial and biaxial strain measurements, the cross-section view shows the constitution of the AIN/Si-on-polymer: 800 nm AIN, 200 nm c-Si,

on a 230 um polymer substrate.

Afterward, an anti-sticky (NOVEC EGC-2702), abbreviated A.S.,
ultra-thin layer of 5 nm is spin-coated on the AIN thin-film. The
A.S. reduces the adherence of the glue layer, therefore facili-
tating the dismounting procedure in the final step.

All polymers used from hereon are described in details in
the Section SI-2, Supporting Information, and only referred to
as polymer 1, 2, or 3 for the sake of clarity.

Another Si wafer called “Si carrier” with an about
40 um-thick spin-coated organic glue (polymer 2) on its sur-
face is used for temporary bonding at 200 °C, using an applied
bonding force of 6 kN (Figure le). Small defects on the border
may arise due to clamps, which are two metallic grips to hold
the wafers during the bonding process. Photographs are added
in the Section SI-3, Supporting Information to show the small
untransferred region due to clamp defects on the border.

The role of the Si carrier is to hold the AIN/Si films,
during the grinding and etching of the main Si substrate
(Figure 1f). The main Si substrate and its BOX are removed by
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a combination of mechanical grindings and chemical etching.
First, a coarse thinning was performed by grinding down
to 200 um in an Okamoto tool. Afterward, fine thinning was
then performed in a Disco Grinding Polishing tool to obtain
the desired thickness of 50 um (i.e., Z2 grinding wheel). The
etching of the residual Si wafer is done by chemical etching
(i-e., HF/HNO; mixture) and HF is used for removing the BOX.
The AIN/Si is then bonded on a metal-framed either adhe-
sive polymer 1, see Figure 1g, or polymer 3 for the MEMS.
Finally, to dismount manually the Si carrier (Figure 1h), the
non-adhesive backside of the polymer is fixed on a chuck by a
vacuum suction. The last step in this process, is to manually dis-
mount upward the Si carrier, which leaves the AIN/Si films on the
polymer. The A.S. layer helps in reducing the adherence between
the AIN/Si and the polymer on the Si carrier. The dismounting
step is achievable in industrial EVG machines, where polymer
substrates are frequently used. However, before adjusting and
calibrating the machines to grab the Si carrier and dismounting

© 2022 Wiley-VCH GmbH
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Figure 2. Photographs of the wafer a) after the patterning the 200 nm c-Si of the Unibond wafer, b) after the deposition of 800 nm thick polycrystalline
AIN on the patterned crystalline Si, and c) after transferring AIN/Si to the polymer substrate. Zooms are located at the right-hand side of each picture.

it, manual handling of this process is required to prove its feasi-
bility, as these trials are still in the proof-of-concept stage.

AIN/Si with different patterns are now located on a polymer
(1 or 3) substrate, (top-view of Figures 1i and 2c). Inversely, the
A.S. layer can be coated on the Si carrier (i.e., at the interface
between the Si carrier and the polymer 2). Then, after com-
pletely etching the main Si substrate, AIN/Si is now located on
polymer 2. Therefore, AIN/Si on polymer 2 can be easily peeled
off the Si carrier. Figure 1i shows the schematics of the final
stack with c-Si embedded between the AIN thin-film and the
polymer substrate. The ¢-Si thin-film is essential, as it will be
used as a strain gauge to determine the effective local strain &
of the AIN film. As a hypothesis, the induced-strain in c¢-Si is
equal to that of AIN thin-film.

3. Strain Measurement of AIN/Si-on-Polymer by
In Situ Raman Spectroscopy

3.1. Uniaxial-Strain

In-plane uniaxial tensile strains perpendicular to the AIN
[0002] growth direction were performed on 800 nm thick AIN
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covering rectangle-patterned 205 nm c¢-Si with [100] and [110]
orientations on polymer 1. The samples have a size of 1x 4 cm?.
Experiments were performed on a HORIBA LabRAM HR Evo-
lution Raman Spectrometer (632.81 nm laser wavelength), with
a 100x objective and a 1 um diameter spot. Detailed description
of AIN Raman modes, and the tensile machines were described
in Section SI-3 and SI-4, Supporting Information. Samples
were stretched by 1400 um at 20 um s~! with a 50 um elonga-
tion step. After each stretching step, the laser shutter is opened
5 s and repeated twice to improve the signal to noise ratio.
The Raman peak positions were fitted by a Lorentzian curve.
The ¢-Si signal provides an internal calibration to estimate
the microscopic strain ¢ using standard Raman strain shift
coefficient €= Aw/b .., where Aw is the peak shift with respect
to the unstrained Si peak and b, is the corresponding Si-Si
mode Raman strain shift. These coefficients were tabulated in
literature for c-Si <110> and <100> directions: by;y = —337 cm™,
and by = —260 cm ™[44

The AIN peak positions during the uniaxial strain are plotted
as a function of the Si peaks for the [100] and [110] directions
(Figure 3a,b). The observed linear variation allows determining
the microscopic strain transferred to the AIN thin-films.
Figure 3c,d shows the AIN Raman peak (E2 high-mode) shift as

© 2022 Wiley-VCH GmbH
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Figure 3. In situ Raman spectroscopy of uniaxially strained AIN/Si-on-polymer. Linear relationship between Raman AIN and Si Raman peaks for
a) [110]-oriented Si, and b) [100]-oriented Si patterns. Peak positions of AIN grown on c) [110]- and d) [100]-oriented Si as a function of uniaxial strain.

Fits of uniaxial Raman coefficients byq and by are indicated in the figures.

a function of g41y. The linear fittings of these data show that the
Raman strain shift coefficients of the uniaxially strained AIN on
[110] and [100]-oriented Si patterns are —5.26 + 0.33 cm™!/% and
—5.03 £ 0.59 cm™/%, respectively.

The sample elongation was measured by an optical encoder
and the applied force with a force sensor. The first few elonga-
tion steps shown in Figure 4 require a small stretching force,
because the samples were curved (i.e., bowed, warped) due to
the manual attachment procedure. It is noteworthy that any
residual stress due to the transfer process is insufficient to
cause bows or warpages of the employed samples.[*!

The force started to increase after a few steps, and at the final
stage, AIN/Si thin-films started cracking; further stretching
increased the fracture sizes.

By fitting the linear stretching part of the graph for both
[110]- and [100]-orientation, the spring constants (slopes) are
estimated to be 7060 N m™ and 6650 N m™, respectively.
This behavior of the full AIN/Si-on polymer is coherent with a
larger Si Young modulus along [110] (170 GPa) than along [100]
(130 GPa).

3.2. Biaxial-Strain
In-plane biaxial strains perpendicular to the AIN [0002] growth

direction have been also performed on circular-cut samples of
AIN/Si-on-polymer for several polymer substrates polymer 1
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and 2, with AIN thicknesses of 800 and 1200 nm. Three config-
urations are considered: 800 nm AIN on 205 nm Si located on
both polymer 1 and polymer 2, and 1200 nm AIN on 205 nm-
thick Si located on polymer 2. As a remark, polymer 2 is more
rigid and brittle than polymer 1.

8 —r—T—r T+t -1 T ' T ' T ' T ' 1
= [110]Si . -
"Il « [100]Si i
([ ]
6 - - .
— 5| Slope =0.00665N  ° )
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L 1 L 1 L 1 L 1 Fm.1. 1 L 1 L 1 L 1
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Figure 4. Force measured as a function of the applied elongation, for

AIN patterns along [100]-oriented Si (red) and for AIN patterns along
[110]-oriented Si (black).
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Figure 5. Optical microscope top-view images of 800 nm AIN/Si-on-
polymer during bulge tensile strain tests, a) before and b) after straining
(i.e., =0.24% microscopic strain).

In situ Raman measurements are performed during biaxial
tensile straining. The AIN/Si-on-polymer bottom interface
is pressurized progressively by 0.05 bar steps, starting from
AP = 0 bar (the “relaxed” state), until the “fully strained” state is
reached. After attaining the “fully-strained” state, the AIN film
relaxes by cracking and the AIN Raman peak shifts back to its
initial “relaxed” position.

In situ top views showing the 800 nm AIN/Si on polymer are
acquired using an optical microscope during bulge tensile tests.
Figure 4 shows the top surface of the attached sample prior to

tensile straining. The surface is flat with no visible fractures.
Bubbles are located in the beneath polymer. Straining AIN/Si
up to 0.24%, results in cracking which limits further micro-
scopic strain. Along fracture lines, AIN/Si starts to fold forming
carpet-like (e.g., rolls) structures. This is due to the manifes-
tation of the internal strain after the local release from the
polymer along fracture lines" (Figure 5).

As previously mentioned, the Si thin-film is used as an
internal strain gauge, and we use by;,, = 723 cm™ for the Raman
strain shift coefficient® To confirm the linear relationship
between the Si and AIN microscopic strains, the AIN peak posi-
tion (E2 mode) is plotted as a function of the Si peak position
in Figure 6a—c, and conversely as a function of the strain in
Figure 6d—f, assuming that the in-plane strain in the Si and in the
AIN are the same. The Raman strain shift coefficients deduced
by linear fits are —15.5 + 1.3 cm™/%; —16.08 £ 1.16 cm™/%;
and —16.03 + 1.13 cm™/% for the three configurations men-
tioned above. Considering error bars, these results show that
the strain shift coefficients are neither affected by the substrate
type nor by the increase in AIN targeted thickness. For the sake
of comparison, taking the AIN Young’'s modulus E = 345 GPa,
the Raman strain shift coefficients of 800 nm AIN on 205 nm
Si located on both polymer 1 and polymer 2, and 1200 nm AIN
on 205 nm Si located on polymer 2 are —4.49 + 0.37 cm™ GPa™),
—4.66 + 0.34 cm™ GPa™, and —4.64 £ 0.33 cm™ GPa™\, respec-
tively. These values are close and coherent to literature results
giving —4.45 cm™ GPa™! although quite large discrepancies are
reported (see the value of —3.7 cm™ GPa™! for reference).264!
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Figure 6. In situ Raman spectroscopy of biaxially strained AIN/Si-on-polymer. Linear relationship between the AIN and Si Raman peaks for a) 800 nm
AIN/Si on polymer 1, b) 800 nm AIN/Si on polymer 2, and c) 1200 nm AIN/Si on polymer 2. Peak position of the AIN grown on 205 nm thick c-Si as a
function of biaxial strains for d) 800 nm AIN/Si on polymer 1, e) 800 nm AIN/Si on polymer 2, and f) 1200 nm AIN/Si on polymer 2. The fitted values
of the biaxial Raman coefficient by, are indicated in the figures.
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Figure 7. Schematic illustration of MEMS resonators fabrication and transfer onto polymer: a) cleaning and preparation of the 200 mm Si wafer for
deposition, b) Mo deposition (200 nm) as the bottom electrode, c) AIN deposition as the active piezoelectric layer (thicknesses varying between 200
and 1200 nm), d) Al deposition (500 nm) as top electrodes, including patterning using standard lithography and wet etching, e) transfer (see text for
the detailed process) onto an electronic grade polymer 2 substrate with a thickness of 125 um.

4. Fabrication and Transfer Process of MEMS
Resonators on Polymer

4.1. Process Description

MEMS, including BAW resonators, are fabricated on 200 mm
Si wafer. The surface of the silicon wafer is cleaned in a CSVG
wet bench, then inserted in a Sigma Fxp (Aviza Technologies)
PVD magnetron sputtering cluster for subsequent deposition of
200 nm molybdenum, and 200 or 1200 nm thick [0002]-textured
AIN. The two layers are deposited in sequence, without air expo-
sure. A 500 nm aluminum top electrode is deposited using an
ENDURA PVD (see Figure 7a—c). The top electrode is patterned
using standard lithography followed by wet etching. The AIN
piezoelectric layer and the bottom electrode underneath remain
full sheet (Figure 7d). Using this particular mask, the smallest
pattern is 2.5 um (e.g., top Al electrode for SAW components).

The process previously described is used to transfer these
resonators on polymers. It begins by trimming the edges of the
MEMS wafer, and spin-coating an anti-sticky nanolayer on its
front surface (on the top electrodes). An Si carrier with polymer
2 on its top is temporarily bonded onto the front side of the
MEMS wafer. By a combination of a coarse mechanical grinding
followed by chemical-mechanical etching, the primary Si sub-
strate is totally removed, thus leaving the resonators directly
bonded to the Si carrier. The exposed backside of the resonators
is bonded onto the adhesive side of the polymer. Finally, the Si
carrier is dismounted as shown in Figure 6e. thanks to the anti-
sticky layer leaving the MEMS devices directly on polymer. Poly-
mers 1 and 2 were used as substrates (already described above).

The optical images of the 200 mm diameter MEMS-on-Si
(MOSi) wafer is shown in Figure 8a and the resulting device
transfers onto a polymer substrate, that is, MEMS-on-polymer
(MOP) in Figure 8b.

4.2. Microstructure Assessment of MEMS-on-Polymer Using
X-Ray Diffraction

The crystal structure of the MOSi and MOP piezo-
electric films was evaluated by X-ray diffraction using a
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Bruker Delta-XM diffractometer (parallel beam geom-
etry, main Cu line A(Kal) = 1.5406 A), with a particular
focus on AIN and Mo thin-films texture. Symmetric
26-0 scans were performed before and after the transfer
on polymer. Main peaks were attributed to AIN(0002),
Al(111), and Mo(110) (see Figure 8c). A nearly chro-
matic X-ray beam is used with no additional monochro-
mator or Kp filter, providing a high flux at the cost of Cu
KB and W Lo lines contamination (See Section SI-6,
Supporting Information for details). Peak 26 positions
for AIN(0002) on MOSi and MOP are fitted at 36.058° and
36.052°, respectively. The [110] Mo peaks are measured at
respectively 40.556° and 40.541° for MOSi and MOP. These
variations in peak position are within measurement uncer-
tainty. It indicates that the transfer contribution to the strain
is limited. Indeed, during the transfer process of MEMS onto
Si carriers, the polymer 2 is expected to get in a tensile state
due to the relatively high bonding temperature of 200 °C
and to the applied bonding force of 6 kN. After the complete
etching of the main Si substrate, the polymer 2 relaxes and,
therefore, compresses the structure in-plane, leading to an
increase of out-of-plane interatomic distances in both Mo and
AIN. This expected behavior is not observed in the symmet-
rical scans, which show shoulder peaks on their high angle
side for both AIN and Mo, indicating an in-plane tensile
strain. As the main peaks are not impacted, this strain
seems non-uniform and may be located on the edge of
the pattern.

Rocking curve scans were also performed around the 0002
AIN diffraction peaks, as shown in Figure 8d. As expected,
the AIN film shows a preferential texture along the (0002)
direction, with a FWHM of 1.34° for MOSi. After transfer,
a slight FWHM increase is visible with a FWHM of 1.43°,
along with a high bottom baseline and a peak base broad-
ening. The higher baseline level accounts for X-ray diffusion
of the polymer substrate. The peak base broadening is most
likely due to partially disoriented grains. This grain popula-
tion may be linked to the strain observed in the symmetrical
26-0 scan. Most importantly, the slight broadening of the
main peak indicates that the transfer has a limited impact on
the grain orientation.

© 2022 Wiley-VCH GmbH
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Figure 8. a) Picture of the MEMS after the deposition and patterning of the top electrode, and b) of the MEMS-on-polymer. c) 26-6 X-ray diffraction
scan of MEMS-on-Si and on polymers, and d) rocking curve around the 0002 reflection of AIN.

5. Radio-Frequency Measurements

5.1. Ex Situ RF Measurement of Unstrained MEMS-on-Polymer
and on Silicon

The electrical characterization of BAW resonators has been
performed after their fabrication on Si substrate and after
their transfer on a polymer film. For the purpose of device
performance evaluation, no acoustic isolation was inserted
between the metal/piezoelectric/metal stack and either the
silicon or polymer substrate. No bottom electrode patterning
has been also performed: simple resonators were defined by
the circular shape of the top electrodes, surrounded by a large
ground plane.”) Within this configuration, two resonators
were measured connected in series by the full sheet bottom
electrode.

For the measurements, Ground-Signal-Ground (GSG)
RF probes were used to establish the electrical contact. While
measurements of resonators on silicon substrates were fully
standard, the measurement of BAW resonators required a
careful landing of the RF probes onto the polymer: insufficient
pressure prevents reaching a good electrical contact, while a
too large pressure induces a large deformation of the polymer
under the probes, capable of causing the AIN film to break.
Hence, the positioning of the probes had to be performed
manually.
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The electrical scattering parameters (S-parameters) have
been acquired by a network vector analyzer, sweeping the fre-
quency from 10 MHz to 10 GHz with 500 kHz steps. These
S-parameters were then directly converted to admittance before
plotting in Figure 9.

Devices exhibit a thickness mode resonance at respectively
4.8 and 6.4 GHz for 500 and 200 nm-thick AIN films. We first
fitted the measurements with a Butterworth—Van Dyke equiva-
lent model,*®! that is, a series RLC circuit with a parallel capaci-
tance and a series resistance and inductance to account for
ohmic losses in the electrodes, to evaluate their quality and
electromechanical coupling factors. When resonators are meas-
ured on silicon substrates, their quality factors are determined
respectively as 8 * 1 for 200 and 500 nm-thick AIN films and
their electromechanical coupling factors respectively 6.2 + 0.2%
and 4.2 + 0.2%. The evaluated quality factors are significantly
lower than state of the art BAW resonators. This is in fact due
to radiation of the acoustic waves excited in the piezoelectric
film into the substrate. After transfer onto a polymer substrate,
the resonances are maintained at the same frequencies and
their quality factor are even improved toward 30 + 1, as the low
density of the polymer film leads to a significant reflection of
the acoustic waves at the Mo/polymer interface, hence a better
confinement of waves inside the resonator. On their side, the
electromechanical coupling factors are now 6.7 £ 0.2% and
3.9+ 0.2%, close to those reported on silicon.

© 2022 Wiley-VCH GmbH
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Figure 9. Radiofrequency measurements of MEMS on polymer in their relaxed state and on silicon substrate. The admittance versus electrical signal
frequency of a) 500 nm AIN-based MEMS shows a resonance frequency of 4.8 GHz for both devices. b) 200 nm AIN-based MEMS shows a resonance

frequency of 6.4 GHz for both devices. Dotted lines correspond to simulated responses calculated using Mason’s mode

To relate the estimated electromechanical coupling factors
to the piezoelectric properties of the AIN films, independently
of layer thicknesses and electrical extrinsic contributions, we
also fitted the electrical response with a Mason’s model.*’!
This model describes the 1D propagation of acoustic waves by
representing each layer in a resonator as an equivalent trans-
mission line parameterized by its acoustic velocity, its acoustic
impedance, and its thickness. The 1D assumption is valid in
our case since the measured resonators are designed with
radii ranging from 60 to 100 pm, that is, at least two orders
of magnitude larger than Mo and AIN layer thicknesses, so
that we can consider them of nearly infinite lateral extent. In
the model, the polymer film is supposed semi-infinite both
due to its large thickness compared to the other layers and due
to its probably large acoustic attenuation. This later assump-
tion is further comforted by the fact that the measurements
of polymer in Figure 9 are very clean and do not exhibit the
noise-like contributions visible on the measurements of the
same BAW resonators on Si. Indeed, these additional contri-
butions are in fact thickness mode resonances of the silicon
substrate, which acts as a thick resonance cavity and promotes
therefore a large number of resonances regularly spaced by a
few MHz only. However, since the Si substrate is only single
side polished, the acoustic waves are scattered and do therefore
not exhibit sharp resonances. For this reason, we also consid-
ered the Si substrates as infinite in the model. Eventually, we
considered the material constants for Mo, AIN, and Si listed
in Section SI-7, Supporting Information that we determined in
previous works.” On the other hand, without any knowledge
of the elastic parameters of the polymer, we determined its
acoustic impedance by fitting the electric response of the BAW
on polymer devices. Since this parameter controls the acoustic
reflection coefficient at the interface between Mo and Polymer,
we could unambiguously determine it by using it to match
the quality factor of the modelled response to the one of the
measurements. Eventually, the resonance frequencies of the
resonators were finely matched to the measurements by set-
ting the AIN thickness to respectively 492 and 185 nm instead
of respectively 500 and 200 nm. As these thickness variations
remain within usual on-wafer and wafer-to-wafer thickness dis-
persions, no adjustment of acoustic velocities had to be intro-
duced. Noticeably also, the spacing between the resonance
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(maximum of the admittance) and antiresonance (minimum
of the admittance) was directly well estimated by the thickness-
adjusted model, so no change in the piezoelectric properties
of the AIN film (namely, its electromechanical coupling factor)
needs to be introduced to reproduce the electric response of
the resonators on polymer films, whatever the thickness of
AIN. This shows that the film transfer process had no signifi-
cant impact on the resonators.

5.2. In Situ RF Measurement of MEMS-on-Polymer under
Uniaxial Deformation

In situ RF measurements are performed on rectangular
(1 x 4 cm?) MEMS on polymer samples under uniaxial ten-
sile strain (see Figure 10a). Similar BAWs to the ones already
studied (see the left-side inset of Figure 10b) are used for in
situ RF measurements except that the thickness of the active
layer and the top electrode were respectively 1.2 and 0.5 pum.
The device is less prone to fractures. The samples are stretched
by the tensile machine in an arbitrary direction. Then, probes
were landed on the top electrodes of BAW components and RF
measurements were executed after each straining step. At the
end of the stretching (see Figure 10b), samples are plastically
deformed. Resonator responses are studied for different mac-
roscopic strains (see Figure 10c). Three orders of resonance
are measured around 2, 4, and 7 GHz, and the fundamental
resonance exhibits the largest electromechanical coupling
factor (5.2 £ 0.2%) and quality factors similar to the ones previ-
ously reported for devices on polymer (30 £ 1). A closer insight
on the fundamental resonance at each macroscopic strain is
shown in Figure 10d. Remarkably, the devices remain func-
tional even after stretching the substrate up to 12% and the
resonance peak position does not exhibit any frequency shift.
This indicates that the macroscopic strain has no detrimental
behavior on the RF features of the active layer, and has only a
weak effect on the resonance amplitude, although mechanical
plasticity of the substrate is observed at high deformation rate.
We note that most of the macroscopic strain should be taken
up by the most ductile sample areas, for example, outside of
the devices, which are stiffer due to the additional materials
layers.

© 2022 Wiley-VCH GmbH
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Figure 10. In situ radiofrequency measurements of BAW MEMS-on-polymer under engineered uniaxial straining a) RF probe measurement of a “Capa-
Doughnut” component (shown on the right side as an inset) while applying an external uniaxial stress. b) Picture of the relaxed sample after about
8% macroscopic elongation. c) Admittance as a function of electrical frequency (the three harmonic frequencies are measured at 2, 4, and 7 GHz,
respectively). d) Fundamental harmonic evolution under uniaxial elongation (from 0% to 12%).

6. Conclusions and Perspectives

As a conclusion, we demonstrate an optimized industrial
recipe to obtain thin-films and functional MEMS devices on
200 mm diameter polymer substrates. Its versatility has been
shown for the substrate point of view with the use of three
kinds of commercial polymers, and with the transfer of dif-
ferent kinds of MEMS (i.e., bulk and surface BAW compo-
nents). The fabrication steps have been studied by a series of
tests and characterizations. The structural-behavior has been
measured under mechanical stresses of AIN/Si thin-films
on polymers using Raman spectroscopy. By employing Si
thin-films in these samples as a microscopic internal strain
gauge, uniaxial and biaxial Raman strain shift coefficients of
AIN were determined to be 5 cm™'/% and 16 cm™/%, respec-
tively. X-ray diffraction was first used to study the strain in
the thin-films transferred on rigid Si and on stretchable
polymer substrates. The measurements demonstrated that
there is no significant deformation induced by the techno-
logical process, and only a slight increase of crystal disori-
entation about the 0002-axis has been observed. This is also
confirmed by RF measurements of BAW resonators. Inter-
estingly, the MEMS-on-polymers exhibit improved quality
factors compared to MEMS-on-Si, with resonance fre-
quencies remaining the same. The higher quality factor is
explained by the acoustic energy confinement in the layers
of the device. In fact, the acoustic energy transmitted to the
polymer substrate is limited due the high acoustic imped-
ance difference between the polymer and the MEMS, and
the acoustic waves reflect back to the device layers. In situ
RF measurements were finally performed on MEMS-on-pol-
ymer, under uniaxial mechanical stretching. In a remarkable
way, the devices are still functional even after reaching max-
imum stretch of 12% of the initial substrate length. It opens
the way for its use in deformable, conformable, and stretch-
able devices. Moreover, the proposed transferring process
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is well-optimized and suited for large-scale fabrications. It
opens new routes toward the mass production of flexible
electronics at an industrial scale.
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Supporting Information is available from the Wiley Online Library or
from the author.
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