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1. Introduction

The motivation for this research lies primarily in the need to design and fabricate the miniaturized
pressure sensors able to withstand the harsh conditions. The microscale pressure sensors are type of a
micro-electro-mechanical system (MEMS) that operates on the principle of mechanical deformation
and stress change of thin diaphragms. The use of Si-based electronics is restricted in harsh
environments, i.e. in chemically aggressive environment or when they operate at high temperatures. In
this case, the IlI-nitrides (111-N) group provides advantageous properties what makes these materials to
be preferable for using in such conditions. They are very attractive for pressure and stress sensor
applications because of their excellent piezoelectric properties. Compared with the other commonly
used piezoelectrics, the I1I-Ns provides important advantages: compatibility with standard high
electron mobility transistor (HEMT) technology, high mechanical stability of epitaxial films and
possibility to be used at high temperatures because their piezoelectric properties are preserved in a
wide temperature range [1-3].

In this thesis, the specific I11-N compounds (AlGaN, GaN) are used to create the piezoelectric
MEMS pressure sensor. A conductive two dimensional electron gas (2DEG) is created by
interconnecting these two materials into the heterostructure. The piezoelectric polarization and
conductivity of the 2DEG channel in the nitride layers can be changed by external mechanical forces.
Therefore the heterostructure can read the pressure through the HEMT device integrated. Moreover
the 2DEG can also be utilized otherwise. Thanks to the piezoelectric properties of IlI-Ns, a
piezoelectric sensitive layer is created by the HEMT device cross-sectional configuration [4, 5]. The
2DEG is then used as the bottom sensing electrode connected with piezoelectric AlGaN barrier layer.
The second collecting electrode is created by the gate electrode of the HEMT device. The piezoelectric
charge is generated between two sensing electrodes while the AIGaN/GaN diaphragm is mechanically
loaded.

Micromachining of the 111-N semiconductors is relatively a new technology. High mechanical
stability of the AlIGaN/GaN heterostructure makes it very difficult to be etched into the design
applicable for pressure sensing, i.e. diaphragm. Hence we decided to use well-developed
micromachining of silicon (Si) and therefore, the supplied AlGaN/GaN heterostructure was
preferentially grown on Si substrate. Then the convenient AlGaN/GaN diaphragms are manufactured
by deep reactive ion etching (DRIE) of the Si substrate from bottom side. Finally, the functionality of
proposed AlGaN/GaN piezoelectric MEMS pressure sensor working on direct piezoelectric effect is
verified by both the measuring and the simulation of piezoelectric response of the MEMS sensor under
the dynamic pressure load.

2. Goals of dissertation thesis
Within the scope of this thesis, the following goals are stated:

e Verification of the functionality of the proposed AlGaN/GaN MEMS pressure sensor
according to the piezoelectric sensing principle.

e Determination of the mechanical and piezoelectric behavior of the diaphragm-based pressure
sensor using the experimental measurement and the FEM modeling.

e Investigation of the residual stress in the thin AlGaN/GaN layers of proposed MEMS
pressure sensor using various experimental methods.

e Creation of the FEM model of the MEMS pressure sensor which includes the initially
stressed diaphragm and reflects behavior of the real manufactured device.

e Experimental investigation of the piezoelectric response of the MEMS pressure sensor and its
comparison with the simulated piezoelectric charge.

e Optimization of the FEM model in order to maximize the piezoelectric charge readout with
regard to the distribution of mechanical stress in the loaded diaphragm.



3. Current state-of-the-art in AlGaN/GaN-based MEMS pressure

sensors

Recently, the Si-based MEMS were mainly used in pressure sensing because of low cost and ease
of circuit integration. In the present, we can see the appearance of alternative material systems.
Material group I11-Nitrides (111-Ns) is very attractive for pressure and strain sensor applications due to
their excellent piezoelectric properties [3]. Commonly, the AlGaN/GaN-based devices exploit a fact
that the piezoelectric polarization in the nitride layer can be changed by the external forces. This
change causes the corresponding change in the density of the two dimensional electron gas (2DEG)
confined at the AlGaN/GaN heterointerface. As a result, the change in the HEMT conductivity can be
obtained which is directly related to the external strain. Therefore, HEMTSs, Schottky diodes and
resistors based on the AIGaN/GaN heterostructures could be very useful as sensing devices, especially
for application in harsh environment, e.g. in the combustion engine, exhaust, etc. [2].

To investigate the piezoelectric response of I11-N devices, various approaches were reported, e.g.
bulk device approach, devices integrated on a bulk substrate cantilevers, or devices integrated on
membrane structures. In the first approach, the device does not require the realization of suspended
microstructure. The function is based on the action of hydrostatic pressure which alters Ni/Au/GaN
and Ni/AlGaN Schottky barrier height [6, 7], respectively, the internal fields in GaN/AIGaN/GaN
heterostructures [8] and the polarization in AlGaN/GaN heterostructure [9]. In the second approach,
the AlGaN/GaN HEMT process technology is performed on a bulk sapphire or SiC substrate. The
substrate with the integrated HEMT as a strain sensor is then cut out into a bulk cantilever structure
which is then exposed to bending [4, 5, 10-16]. The resulted channel resistivity is measured in
dependence on applied strain. In third approach, the potential of 111-Ns for pressure sensors based on
membrane or diaphragm structures integrated with HEMT sensing device is much less evaluated in
compare with SiC or sapphire bulk devices. The difficulty to fabricated suspended AlGaN/GaN
heterostructure arises from the high mechanical stability of 11I-N material group, which complicates
the necessary undercutting techniques. A promising approach is the deposition of AlGaN/GaN
heterostructure on Si. Despite the high prospects of the 2DEG for mechanical sensors with internal
amplification, only a few reports on membrane test structures are available [3, 17]. The pressure
induced changes in the conductivity of AlGaN/GaN HEMT membranes were observed also in [18]
where the drain-source current-voltage characteristics of the HEMT were evaluated. The pressure
sensor based on the GaN HEMT was proposed e.g. in [19]. Change in the piezo-induced 2DEG
density at the AlGaN/GaN interface affected the capacitance of the channel of AlGaN/GaN HEMT
diaphragm. The carrier density was therefore directly correlated with the calculated tensile strain in the
membrane and hence with the differential pressure acting on the membrane.

Although the AIGaN/GaN diaphragms were successfully manufactured, a fundamental
piezoelectric readout of mechanical sensors has not been reported for I1I-N group. Mostly, the
AlGaN/GaN heterostructures are used in active sensing using of HEMT. The sensors based on the
piezoelectric sensing have been reported only for GaN-based Schottky diodes [20]. The fundamental
principle of piezoelectric sensing was firstly demonstrated by Vanko et al. [4, 5, 5, 14, 15, 21] on bulk
SiC cantilever-based structure. A thin piezoelectric element was created by the HEMT device
cross-sectional construction (FIG. 1). The 2DEG was used as the bottom conductive electrode of the
piezoelectric AlGaN barrier layer which generates a piezoelectric charge on the top collecting gate
electrode of the HEMT device, while the external mechanical forces were acting on the entire
structure. In this thesis, the fundamental piezoelectric readout of the piezoelectric element created
from AlGaN/GaN diaphragm is investigated for the first time.
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FIG. 1 The piezoelectric charge is generated in AlGaN layer while the device is loaded.



4. Results

4.1.FEM model of AlIGaN/GaN MEMS pressure sensor

Although the cantilever-based structure demonstrated the functionality of the MEMS sensor to
sense the external dynamic stress [4, 5], it was considered to be inappropriate for pressure sensing.
The circular symmetry of the 2DEG was fully considered compatible with the circular diaphragm
structure preferentially used for MEMS pressure sensors design. Therefore the piezoelectric element
created by C-HEMT electrodes was implemented into the diaphragm structure at first (FIG. 2). The
identical 28 nm/1.9 um Aly,GaggN/GaN heterostructures as used in cantilever topology [4, 5] were
applied in designing the new diaphragm-based sensing structures.
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FIG. 2 C-HEMT electrodes implemented into circular (a) and ring/sequential diaphragm (b).

The SiC substrate material was replaced by the 330 um thick Si which was locally selective etched
to create the suspended diaphragm of circular, ring and sequential ring shape (FIG. 3). The
diaphragms with outer diameters approximately 480 um were designed and successfully manufactured
in the first step. In some cases, remaining part of the substrate formed the ring or sequential ring
diaphragms with diameter of central pillar approximately 120 um. Next goal was to determine the
mechanical and piezoelectric behavior of diaphragm-based pressure sensors. Then, the results can be
used in following optimizing process. Two steps were required to achieve this goal: residual stress in
the diaphragm needed to be determined and the piezoelectric response should be experimentally
investigated and compared with the FEM analysis results.

a) b) c)

[,

FIG. 3 Sketches of various dlaphragm designs and corresponding SEM pictures of manufactured
diaphragms: the circular (a), the ring (b) and the sequential ring diaphragm (c).

Firstly, the residual stress was mapped on the top surface of 1.9 um thick GaN diaphragms on path
starting at the outer radius and ending on the inner radius of the diaphragm (FIG. 4). The tensile stress
approximately 300 MPa was experimentally determined using the micro-Raman technique and
subsequently considered as the initial value of residual stress in the following FEM simulations. The
simulated deflection of the sequential ring diaphragm with 240 pm radius was quite low even if the
loading pressure was quite high, i.e. static pressure of 10 kPa caused the deflection as small as
0.04 um. Consequently, the piezoresponse would be very low and insufficient for evaluation by the
charge amplifier. Hence the FEM models were modified in the way that the outer radius of
diaphragms was increased. We assumed increased deflection of enlarged diaphragms what could lead
to the increased sensitivity of the pressure sensor.
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FIG. 4 SEM image of the sequential ring diaphragm structure obtained by DRIE of the 330 um
thick Si substrate with marked direction of stress investigation (a) and distribution of the
diaphragm residual stress measured by micro-Raman scattering technique (b).

So the outer radii of both (circular and ring) diaphragm models were set to 1000 um. The real
structures with these dimensions were planned to be manufactured regarding the results of FEM
analyses. The FEM models were created in ANSYS software. The diaphragm of circular/ring was
firstly stretched to achieve the desired initial stress and subsequently loaded by the pressure. The goal
of this investigation was to determine the optimal position or size of the sensing electrodes and to
create a “charge map” which discovers the most appropriate locations for electrodes to maximize the
effectiveness of generating the piezoelectric charge. The optimization of the sensing electrodes was
based on shifting the electrode with constant width on the surface of diaphragm (FIG. 5).

a)

b)

electrode with constant width

FIG. 5 Optimization of electrode position in the FEM model on the circular diaphragm (a) and
ring diaphragm (b) of the AIGaN/GaN MEMS pressure sensor.

The diaphragm of MEMS pressure sensor is considered with finite thickness so it is not an “ideal
membrane”. Therefore the behavior of a plate is also incorporated into the general behavior. If the
diaphragm is loaded by the pressure, the different stresses are induced on opposite surfaces and the
stress varies in radial direction (FIG. 6).
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FIG. 6 The mechanical stress changes at surfaces of a diaphragm with fixed edges while bending
by pressure. The neutral stress point appears where the surface stress goes to zero.

A “neutral stress point” occurs at the certain position on the diaphragm. It is a place where the
stress changes its character from tensile to compressive or vice versa. From the results of FEM
analysis, the various distribution of induced piezoelectric charge can be seen for both diaphragm
topologies (FIG. 7). At certain position, approximately 950 um from the center of circular diaphragm
(FIG. 7, a), the induced charge changes its character from negative to positive. The neutral stress point
is located there. Similar effect also occurs in the model of ring diaphragm (FIG. 7, b).
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FIG. 7 The FEM calculated distribution of piezoelectric charge on the surface of circular (a) and
ring diaphragm (b). Proposed optimal locations of sensing electrodes are marked.

Following the results of performed simulations, the new electrode layout was designed for the
pressure sensors. Subsequently the additional FEM models of the circular diaphragms with varied
diameters were simulated (models of diaphragms with 750 and 1500 um diameter, thickness 1.9 pm).
The results showed that the position of the neutral stress point primarily depends of the radius of
diaphragm and is located approximately in 95 % of its radius (0.95*R). For instance, the neutral stress
point is situated at position 712 pm for diaphragm with radius 750 um. If we consider generally the
better sensitivity of the circular diaphragms, only the circular design is included in new design
proposals of the pressure sensors. The “MESA” design based on additional mesa isolation step and the
“SixN,” design based on passivation layer were defined (FIG. 8).
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FIG. 8 New design of AlGaN/GaN MEMS pressure sensor developed in consideration of the FEM
analyses results: sequential ring or “C shape” electrodes (a) and ring electrodes (b). A simplified
schematic cross-section of both designs is outlined below.

Mesa etching enabled the electrodes to connect separately through the metallic leads to the
expanded contacting pads in the MESA design. Consequently, the ring electrodes divided into
sequential ring shapes were determined (FIG. 8, a). The areas of electrodes are smaller compared to
those of ring electrodes of SixN, design (FIG. 8, b). In SiN design, the metallic leads that connect the
sensing electrodes with the expanded contact pads are placed on silicon nitride layer. Conductive
connection with the sensing electrodes is performed through the windows etched in thin SixN, layer. In
both new design concepts with 1500 pm diameter, the first sensing electrode was designed with inner
and outer radii of 80 and 710 um, respectively. The second sensing electrode located near the rim of
the diaphragm was designed with varied inner and outer radius. Several widths of these electrodes
were proposed to obtain varied sensitivity. Three widths of the outer electrode were proposed: 20, 40



and 60 um. Also the position of the outer electrodes varied in range from 720 to 770 pum. In some
cases, the outer electrode was located at the rim of the diaphragm or even exceeded the area of the
diaphragm so it was placed partially outside the diaphragm. Mechanical and piezoelectric properties of
both designs were then experimentally investigated and compared with results of the FEM analyses.

4.2.MEMS pressure sensor technology

Structures on which the previous FEM models were based, exhibited high tensile residual stress
(300 MPa) what caused rupture of the diaphragms. Low residual stress in diaphragms was considered
to be the key parameter to obtain the function and undamaged MEMS pressure sensors. We assumed
that diaphragms made from the low prestressed heterostructure can be loaded by higher pressure than
previously investigated diaphragms. Moreover, most of the former diaphragms were ruptured even
without loading. In case of low prestressed structures, the total stress, i.e. the sum of residual stress
and stress caused by load, would be sufficiently distant from maximum strength of GaN, i.e. 400 MPa
of tensile stress [22]. Thus AlysGag7sN/GaN heterostructure on 6” Si substrate was supplied by
external manufacturer. The manufacturer stated stress-free or low residual stress what needed to be
accurately determined. Therefore the stress was investigated in these structures using of two
experimental methods and FEM analysis. The original dimensions of previously used heterostructure
(28 nm AIGaN/1.9 um GaN) were modified by manufacturer (NTT Advanced Technologies, Japan) to
grow the stress free GaN on Si using of MOCVD technique. The 4.2 um thick low stressed GaN
buffer structure is grown on 600 um Si substrate. Finally, the 20 nm thin AlGaN barrier layer was
grown on GaN buffer layer (FIG. 9). The substrate was then grinded to approximately 350 um. Such
thinned structure is prepared for further processing, i.e. serves as a base for the metallization process
technology.

20 nm Alo2sGao.7sN

2DEG 4.2 pm GaN

~ 350 um
thinned Si substrate
v

625 pm
original thickness
of Si substrate

Si substrate

6-inch circular Si wafer ‘

FIG. 9 The AlGaN/GaN heterostructure grown on Si substrate (not in scale). Si substrate is
grinded to less difficult micromachining.

4.2.1. MESA design of pressure sensor

This design does not allow using of full ring area of the sensing electrodes. Instead an adequate
sequence of the ring electrode was used. Thus decreased amount of the generated piezoelectric charge
was expected. In the MESA design concept, the simple C-HEMT process technology based on mesa
etching technique was performed. In the first step, it involves selective etching of the AlGaN layer by
reactive ion etching (RIE) in CCl, plasma. The AlGaN layer is etched out in the areas where the
metallic leads will connect the sensing electrodes with the expanded contact pads (FIG. 10, a).
Therefore this type of sensor is referred as the “sequential ring MESA design” in thesis. In next step,
the circular source/drain ohmic contacts of the C-HEMT devices are formed by a sequential electron
beam evaporation of Nb/Ti/Al/Ni/Au metallic system with thickness 20/20/120/40/70 nm of material
used, followed by the alloying process at 850 °C for 35s[5]. Then, Ir (15 nm) electron beam
evaporation and lift-off technique were carried out subsequently to form the Schottky ring gate
contacts of variable area.
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FIG. 10 Manufacturing technology of MESA type of MEMS pressure sensor (a): mesa etching of
AlGaN layer, patterning of the ohmic, Schottky sensing and top bonding contact metallization and
the cross-section of the final C-HEMT. SEM and optical images of single and double electrode
MESA with various electrode widths (b).

In the last step, Ti/Au (30/120 nm) contact metallization (metallic lead connecting the electrodes
and pads) was deposited and formed by lift-off technique on top of the ohmic contacts, respectively.
FIG. 10, b depicts the scanning electron microscope (SEM) photos of the fabricated MEMS pressure
sensors. Various layouts of the MESA sensor were proposed.

4.2.2. SixNy design of pressure sensor

The SixN, design was proposed in order to achieve the maximal charge amount due to using the
full area of ring sensing electrode. In this layout, the similar C-HEMT process technology was
performed as that in MESA design. However, the process technology omits the mesa etching of
AlGaN (FIG. 11, a). The metallic leads that connect source, drain and Schottky ring gate electrodes of
the C-HEMT with the expanded contact pads are mutually isolated using the insulating SixN, layer.
Similarly as in the MESA design, the circular source/drain ohmic contacts were formed by sequential
electron beam evaporation using Nb/Ti/Al/Ni/Au metallic system with thickness 20/20/120/40/70 nm
of material used and it was followed by alloying at 850 °C for 35 s [5]. Then Ni/Au (40/120 nm)
electron beam evaporation and lift off technique were carried out to form the Schottky ring gate
contacts of variable area. The isolation and SixyN, passivation layer were subsequently deposited on the
ohmic and Schottky gate contacts by CVD technique. Then opened windows were created in 100 nm
thin SixN, by a selective etching technique in order to connect the sensing electrodes (ohmic and
Schottky gate contacts) with the contacting pads through the metallic leads patterned in the last
process step. In the last step, Ti/Au (30/120 nm) contact metallization was deposited on top of the
isolation layer. The resulted design of the C-HEMT device integrated in the AIGaN/GaN
heterostructure can be used to sense pressure when modified by etching the diaphragm.
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FIG. 11 Manufacturing technology of the SiyN, design of the MEMS pressure sensor (a):
deposition of ohmic and Schottky gate contacts, deposmon of SixN, isolation/passivation layer,
etching of the windows into the isolation layer, deposition of contact metallization on top of the
isolation layer and cross section of the final C-HEMT. Optical microscope images of the SixN,
design (b): single electrode designs in which the narrow gate sensing electrode is located near the
rim of diaphragm and the Si,N, design with two sensing electrodes.

The SEM images of various layouts of SiyN, MEMS pressure sensors are depicted in FIG. 11, b.
In alternative design with only one sensing electrode, the source contact with large area is located in
the center. The varied width of the outer sensing electrodes can be seen when comparing various
modifications of the SiyN, pressure sensor.

4.2.3. Diaphragm fabrication
The circular diaphragms of the MEMS pressure sensors were micromachined by the deep reactive
ion etching (DRIE) of the thick bearing Si substrate [21]. DRIE has been performed in a time
multiplexed inductively coupled plasma (ICP) reactor with SF¢ for etching and C4Fg for sidewall
passivation gas mixture.

FIG. 12 Deep reactive ion etching (DRIE) of Si substrate performed to create the circular
diaphragms consisting the AlGaN/GaN heterostructures (a) and SEM images of the etched
circular diaphragms with various diameters (b).
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The AIN interfacial layer (FIG. 12, a) served as the etch stop layer of the trench free silicon
etching. Low frequency pulsing bias power was used to minimize destructive etching effects at the
diaphragm base. Finally, the circular holes with diameters 750, 1000, and 1500 pm were etched.

4.3.MEMS pressure sensor performance analysis

Firstly, the residual stress in previously proposed MEMS pressure sensors was examined using of
two independent experimental methods supported by the FEM analysis [23]. The resonant frequency
method was used to determine the stress in all proposed diaphragms. The static bulging method was
performed to determine the residual stress in the largest MEMS sensor including diaphragm with
1500 um diameter. Consequently, the dynamic piezoelectric responses of the selected MEMS sensor
devices were investigated. Dependence of the piezoelectric charge on the frequency of exciting load
was studied. The sensitivity of both types of the AlGaN/GaN piezoelectric MEMS pressure sensors
and maximum pressure load are determined.

4.3.1. Residual stress investigation
The residual (built-in) stress in the C-HEMT diaphragm-based pressure sensors consisting of
4.2 um thin Alg5Gag7sN/GaN diaphragms with diameters 750, 1000 and 1500 um was investigated.
Thickness of the diaphragms is determined by the thickness of the GaN buffer layer (FIG. 13, a). Total
thickness of nitride diaphragm was measured on the ruptured diaphragm using the SEM software tool.
The residual stress in fabricated diaphragms was investigated using of two different experimental
techniques. Firstly, the resonant frequency method using laser Doppler vibrometry (LDV) was

applied.
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FIG. 13 SEM cfossfse‘ction view of the AIGaN/GaN diaphragm with specified thickness (a) and
the experimental set up scheme for measurement of the diaphragm natural frequencies (b).
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The investigated diaphragms with various diameters were excited by the acoustic pulse (Dirac unit
impulse). The excitation was carried out at atmospheric ambient pressure using the experimental
scheme depicted in FIG. 13, b. The focused spot from the laser vibrometer head Polytec OFV-302
scanned vibration of the investigated diaphragms. The output signal from vibrometer was processed by
the Polytec OFV-2601 signal controller. Digital oscilloscope LeCroy 808Zi with Fourier transform
processing was used to evaluate the signal and obtain the frequency spectra of each investigated
diaphragm (with 750, 1000 and 1500 um diameter, MESA type). Visible peaks (FIG. 14) at various
frequencies are associated with (0,1), (1,1) and (2,1) circular diaphragm modes. Measured spectra for
all investigated diaphragms are summarized in TAB. 1.

TAB. 1 Comparison of the measured and simulated resonant frequencies of examined diaphragms.

Mode No. / Res. frequency (kHz)
Diameter (um) | Method 1" mode | 2" mode | 3" mode
1500 Measurement MESA 52.9 90.0 142.1
Measurement Si,N, 50.0 87.0 143.2
Simulation (6=43 MPa) 52.8 90.7 131.8
Deviation (FEM vs. measured MESA) (%) 0.2 0.8 7.0
1000 Measurement 76.9 146.6 -
Simulation (6=21 MPa) 76.7 145.6 2275
Deviation (%) 0.3 0.7 -
750 Measurement 125.5 - -
Simulation (6=23 MPa) 1254 244.4 387.9
Deviation (%) 0.1 - -

12
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FIG. 14 Characteristic displacement spectra of diaphragm with 750 um diameter (a), 1000 um
diameter (b), 1500 um diameter MESA design (c) and 1500 um diameter SiyN, design.

Almost the
measured as in

same resonant frequency spectrum of the Si,N, design with 1500 um diaphragm was
case of the MESA design with equal diaphragm size. Slightly lower value of the first

resonant frequency (MESA vs. SiyNy, 1500 um) can be seen from TAB. 1. It indicates lower tensile
residual stress caused by deposition of the isolation/passivation SixN, layer. The resonant frequency of
the other SixNy sensors with 1000 and 750 pm diaphragms were not measured. Considering the small
thickness of these diaphragms compared to their diameters, e.g. 1500 um vs. 4.2 um, the structures
should behave almost as the ideal membranes. However if the ratios of the second and third mode to

the first natural

mode are plotted, a specific behavior can be seen (FIG. 15, a). The measured values

lie within the range defined by the known theoretical values of an ideal circular plate and circular
membrane. This specific behavior is described by the k-parameter which describes the combined

behavior of the
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The ratios of the frequency of different modes to the first fundamental mode of
ed diaphragm with 1500 um diameter where measured data lie within the range defined

by the theoretical values of an ideal circular plate and circular membrane (a) and the customized

set-up usi

ng WLI to measure the diaphragm bulging during static pressure load applied to bottom

side of the investigated MEMS pressure sensor (b).
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Therefore residual stress in investigated diaphragms was calculated using equation which
describes the combined behavior of an ideal circular membrane and plate, respectively [26]:

2 2
2 _ |24048 |o 3.1962%2 |Dp
f_[an\/%] +[27TR \/%]’ (1

where Dk is the flexural rigidity of the diaphragm with thickness h, R is its radius , f is the measured
resonant frequency, p is mass density of the diaphragms and ¢ is the uniform biaxial tensile stress we
calculated. Using of equation (1), the bending stiffness was included in calculation. We assumed the
diaphragm consisting of GaN and simplified isotropic material properties for GaN [27]. Consequently,
the tensile residual stress was calculated from the measured first natural frequency of each investigated
diaphragm: 47 MPa and 41 MPa were calculated for the MESA and SixN, design with the largest
diaphragm, respectively. The tensile stresses 22 MPa and 21 MPa were calculated for the MESA
diaphragms with diameters 1000 pum and 750 um. We assumed that the tensile residual stress would
have been identical for all the investigated diaphragms and independent on their diameter because the
diaphragms were fabricated on the same substrate. The initial (uniform) stress in the heterostructure
can be subsequently influenced e.g. by following metallization deposition [28] or deposition of an
additional layers such isolation/passivation SiyNy layer in SixN, design.

In FEM models we took into account only the final stress state of the diaphragms so we neglected
the influence of the additional layers. The FEM simulation was performed to simulate resonant
frequencies of the experimentally investigated diaphragms. The anisotropic material properties were
input in the FEM model. The goal of modal analysis was to determine the natural mode shapes and
frequencies of the modeled diaphragms. In first step of the analysis, the diaphragms were prestressed
by the tensile stress calculated from the measured resonant frequencies. Calculated value for each
specific diaphragm was set as an initial input value of the built-in stress during the self-consistent
solution. Then modal analysis was repeated iteratively by changing the input residual stress to reveal
the natural frequencies of all investigated diaphragms until the deviation between the measured and
simulated frequency was minimized. The tensile stress of 43 MPa, 21 MPa, and 23 MPa was
determined for 1500 pm, 1000 um, and 750 um diaphragm, respectively (TAB. 1).

To investigate the residual stress in proposed diaphragm-based pressure sensors, the deflection, i.e.
bulging method, was additionally performed. Using the customized set-up (FIG. 15, b), the
investigated diaphragms were loaded by the uniformly distributed static air pressure to their bottom
side. This method included the center deflection measurement to obtain the pressure-deflection
characteristic which also strongly depends on the residual stress. The non-contact optical white light
interferometry (WLI) using Bruker Contour GT-K1 with 525 nm light wavelength was used to scan
the shape of deflected diaphragm while loaded. In this experimental method, only the largest
diaphragm with 1500 um diameter was examined due to the most visibly interference fringes. The
uniformly distributed air pressure of 2-14 kPa was applied to the bottom side of the diaphragm and the
central deflection was firstly estimated by counting of the interference fringes (FIG. 16, a). For
accurate determination of the central deflection, the cross sectional deflection profile of optical
interferometry was used (FIG. 16, b).

a)
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FIG. 16 The interference fringes of the largest deflected diaphragm at 6 kPa pressure (a) and
deflected cross section profile of the same diaphragm at 6 kPa applied to bottom side (b).
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The characteristic plate-like behavior of the deflected structure can be seen at the rim of diaphragm
where the bending stiffness plays its role. The deflection-pressure characteristic of the loaded
diaphragm was experimentally measured (FIG. 17). Considering the isotropic material properties and
diaphragm consisting only of GaN, the tensile residual stress can be simply determined for each set of
applied pressure and the corresponding deflection of diaphragm (deducted from FIG. 17) as
follows [29]:

Eyh w
1-92)R*

Eth

pP= (:0 ( 1— 0)1?41 (2)

where P is the applied pressure, h is thickness and R radius of the diaphragm, Ey denotes Young’s
modulus and o the Poisson’s constant, W is the maximal deflection in the center of diaphragm i.e.
bulge height and C,, C4, and C, are dimensionless coefficients that depend on the structure shape [26].
Even if the calculated stress slightly varies for the specific applied pressure, it can be determined as an
average value. In this way, the tensile residual stress of approximately 50 MPa was determined for
examined diaphragm.
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FIG. 17 Measured and simulated deflection response of the largest diaphragm during static
pressure load applied to bottom side (a) and in-plane stress on top of the loaded diaphragm with
1500 um diameter while the static pressure 10 kPa is applied to bottom side of the diaphragm (b).

The experimental bulging method was confronted with results of the FEM analysis (FIG. 17, a) in
such way that the tensile stress of 43 MPa determined in the previous FEM experiment (representing
the experimental resonant method) was newly prescribed in the FEM model. In this way, the static
pressure was applied to the bottom side of prestressed diaphragm. The deflection was expected to be
comparable to the thickness of diaphragm so the non-linear static structural analysis was performed.
The 43 MPa FEM calculated stress from simulation of experimental resonant method differs from the
stress 50 MPa determined by the bulging method using equation 2 by approximately 14 %.
Nevertheless, we can say that the stress in the investigated structure was determined quite accurately.
Compared to the previously used highly stressed (300 MPa) heterostructures, the new designed
heterostructure provides less stressed diaphragms what may result in improved sensitivity.

According to experimentally and FEM obtained results (FIG. 15, FIG. 16, FIG. 17, a), the shape
and the resonance of the investigated diaphragm were certainly influenced by both, the tension and the
bending stiffness. The character of mechanical radial (in-plane) stress is therefore examined on top of
the diaphragm where the sensing electrodes are placed. The result (FIG. 17, b) showed a considerable
dependence of the in-plane stress on the distance from the diaphragm center which is in position 0 pm.
Near the outer edge of the diaphragm (the rim, position 750 um), the character of stress on top surface
changes from the tensile to the compressive/negative values and creates the characteristic edge
zone [24]. The neutral stress point should determine the most effective location and/or size of the
electrodes, e.g. for piezoelectric charge sensing. The residual stress state of a diaphragm must be taken
into account. If the initial residual stress is tensile e.g. 43 MPa as in FIG. 17, b then “new neutral
stress point” automatically moves to the location where the mechanical stress on top surface of the
diaphragm crosses the value 43 MPa. Finally, the extent of edge zone and therefore the in-plane stress
in diaphragm caused by pressure load is affected by the residual stress, geometry and material
properties. All of these factors are incorporated in k-parameter. At high levels of residual stress and/or
high pressure load, the mechanical stresses become critical and this zone completely vanishes. Then
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the structure behaves like a pure membrane, i.e. ideal membrane. Diaphragms we used in the MEMS
pressure sensor cannot achieve such high stress because they would rupture. In the design of pressure
sensor, the maximal tensile strength of used mater