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Abstract 

 

Dynamic Pressure Sensors for Hypersonic Flow Measurements 

 

Yoonho Seo, Ph.D. 

The University of Texas at Austin, 2020 

 

Supervisor:  Neal A. Hall 

 

This Ph.D. dissertation will focus on the research and development of an acoustic 

pressure sensor tailored for hypersonic boundary layer flow measurements. Hypersonic 

boundary layer flows comprise shocks, laminar-to-turbulent transitions, and high-

frequency turbulence with small (sub 1-mm) characteristic length scales. Non-invasive 

acoustic pressure measurements at the walls of such flows offer useful diagnostics and are 

desired by the hypersonic community. The desired sensor specification are as follows: 

operation up to 1,000-K temperature, 0.5-MHz bandwidth, and sensing elements spanning 

less than 1 mm. The chosen embodiment is a piezoelectric sensor employing AlN as the 

sensing material. Preliminary prototypes have been micromachined at the UT MRC. These 

sensors are comprised of diaphragms with 500-µm diameter and 2-µm thickness. The 

sensors have been packaged into a cylindrical form factor with 0.25-inch diameter for 

mounting in hypersonic test-tunnel facilities. The dissertation will focus on the rigorous 

performance characterization of these sensors, the exploration of an array embodiment to 

enable pressure gradient measurements, and sensor design and characterization at elevated 

temperatures. 
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Chapter 1:  Introduction 

1.1 BACKGROUND AND RESEARCH MOTIVATION 

Hypersonic flows are defined as flows faster than Mach 5—five times the speed of 

sound that occur under realistic enthalpy conditions where dissociation effect occurs [1, 

2]1. The flows are highly complex and are often three-dimensional and unsteady. Such 

flows are encountered in several modern scenarios including atmospheric entry of space 

probes in the case of planetary exploration, and re-entry of satellites and weapons into our 

own atmosphere on earth. The study of low-atmosphere specialized hypersonic flight 

vehicles is also an active area of research. The hypersonic international flight research and 

experimentation (HIFiRE) program is one example, aiming to explore the fundamental 

physics of hypersonic flow and the design for reliable next generation aeronautical systems 

[3, 4]. 

Small pressure sensors with broad bandwidth and high dynamic range are used in 

many aeroacoustics and flow related applications. Often times the goal is to study and 

localize the source of radiated acoustic noise, which in-turn leads to studying turbulence 

and turbulent boundary layers. More generally, dynamic pressure data at points of interest 

in a complex flow may be used to compare against and validate computational models, and 

for design purposes. In ground-testing, specialized pressure sensors can capture critical 

physics of these extreme flows such as laminar-to-turbulent transition and shock formation. 

Going further, in addition to serving as a diagnostic tool in ground test facilities, light-

 
1 Content in this chapter appears in similar form in Ref. [1] and [2]: 
Y. Seo, D. Kim, and N. A. Hall, “Piezoelectric pressure sensors for hypersonic flow measurements,” J. 
Microelectromech. Syst., vol. 28, no. 2, pp. 271–278, Apr. 2019 and Y. Seo, D. Kim, and N. A. Hall, 
“High-temperature piezoelectric pressure sensors for hypersonic flow measurements,” in Proc. 20th Int. 
Conf. Solid-State Sens., Actuators Microsyst. Eurosensors XXXIII (TRANSDUCERS & EUROSENSORS 
XXXIII), Jun. 2019, pp. The first author, Y. Seo, has contributed to the majority of the work. The second 
author, D. Kim, has contributed to the hypersonic-flow measurements and data analysis. 
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weight and broadband pressure sensors can potentially be integrated onto hypersonic flight 

vehicles, offering real-time data for use in closed-loop decision making processes. 

Sensor requirements for these applications are well beyond those of modern MEMS 

microphones and include >1000-K operating temperature and dc – 0.5-MHz frequency 

range [5, 6]. In addition, the small size of the sensor is required to accurately resolve 

pressure fluctuation with high frequency in hypersonic boundary layers, which can be as 

small as1to 3-mm thick [7-9]. 

Most hypersonic-flow measurements have been performed in ground-test facilities 

using commercially mature pressure sensors offered by Kulite and PCB Piezotronics [10, 

11]. However, these commercial sensors are complementary to each other, and the use of 

these sensors are greatly limited in high-temperature environment. Our research motivation 

is to develop a pressure sensor to outperform these commercial sensors. 

1.2 STATE-OF-THE-ART PRESSURE TRANSDUCERS AND LIMITATIONS 

Kulite and PCB sensors have proven capable of capturing critical physics of 

hypersonic flows [12, 13]. The sensors are small size with equal or less than 1/8 inch 

diameter [14-16]. A comparison of properties of such sensors are listed in Table 1.1 along 

with AlN pressure sensor proposed in this study. 
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Products 
Sensor 

diameter 
[mm] / [inch] 

Low freq. 
cut-off 
[kHz] 

High freq. 
cut-off 
[kHz] 

Resonance 
frequency 

[kHz] 

Operating 
temperature 
range [°C] 

PCB 
132A31 3.18 / 0.125 11 N.A. 1000 -18 – 79 

PCB 
132B38 3.18 / 0.125 11 N.A. 1000 

(300)* -25 – 79 

Kulite 
XCS-062 1.62 / 0.066 N.A. 20 – 40 150 – 200 -55 – 120 

AlN pressure 
sensor 0.5 / 0.020 0.8 N.A. 256 20 – 600 

* The value is obtained from Ort et al. [17] 

Table 1.1: A comparison of properties of sensors offered by Kulite and PCB 
Piezotronics along with AlN pressure sensor proposed in this study. 

The frequency response of each sensor is complementary to the other, as presented 

in Table 1.1. The Kulite suite (model: XCS-062) is microelectromechanical-system 

(MEMS) piezoresistive pressure sensor with a typical diaphragm resonance from 150 to 

200 kHz. The Kulite sensor has a protective cap, which imposes another high frequency 

cut-off around 20 to 40 kHz, further limiting the sensor’s useful measurement range [18]. 

The PCB suite (model: PCB 132A32, and PCB 132B38) has higher resonance frequency 

as 1 MHz, however, it has low frequency cut-off around 11 kHz, limiting its measurement 

over the low frequency range. 

There is a broad range of problems pertaining to hypersonic boundary layers. One 

such problem that has attracted considerable interests is laminar-to-turbulent boundary 

layer transition. Recent studies [7, 13] have shown how hypersonic laminar-to-turbulent 

transition occurs between 100 to 500 kHz in a Mach-6 quite flow. The transition process 

yields a characteristic footprint at the fluid-surface interface corresponding to a second-

mode instability. The second mode instability is well characterized and offers an ideal test 
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beds for developing a new sensor. Among sensors offered by Kulite and PCB Piezotronics, 

PCB suite has been frequently used for hypersonic flow measurements owing to its 

relatively wide frequency range. Interestingly, the sensor was not designed with calibrated, 

precise hypersonic-flow measurements in mind. Rather, the sensor was originally designed 

as time-of-arrival sensor. Furthermore, PCB Piezotronics specifies the sensor’s resonance 

frequency (model: PCB 132B38) as 1 MHz, however, a recent article dictates its resonance 

frequency as 300 kHz, far below than the specified value [17]. 

Aside from the frequency response, the size of the active sensing area of the Kulite 

and PCB sensors is comparable in size with the boundary layer thickness of hypersonic 

flows, affecting measurement accuracy (3.18-mm PCB sensor and 1.62-mm Kulite sensor 

vs. 1–3-mm boundary layer thickness, respectively) [7]. There is a need for pressures 

sensors having smaller active sensing area. In addition, the Kulite and PCB sensors also 

lack high-temperature operating capability. The Kulite suite operates up to 120 °C, and the 

PCB sensor only to 79 °C due to its packaging material. 

A sensor with smaller sensing area and higher temperature operating capability 

would be a step forward for hypersonic-measurements technology. There have been many 

research efforts to address this challenge. A high-sensitivity piezoresistive sensor with a 

low-resonance frequency diaphragm was fabricated using an innovative fabrication 

process by Huang et al. [19]. Special array configurations have also been pursued. Berns 

et al. [20] fabricated their own piezoresistive MEMS sensors using a silicon-on insulator 

(SOI) wafer and configured these elements onto a flush-mounted printed-circuit-board to 

form an array. The array was used to resolve static pressure gradients on the top of a 

cylinder at a Reynolds number of 2 × 105 in a wind tunnel at The University of Rostock 

in Germany. Krause et al. [21] fabricated an on-chip array with 1.25-mm pitch using 

capacitively-transduced pressure-sensing elements. A dual-backplate capacitive 
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microphone has also been realized specifically for high dynamic-range aeroacoustics 

applications [22]. Piezoresistive sensors using silicon-on-insulator (SOI) technology have 

the advantage of sensing to dc, but their operating temperature is still limited to 600 °C 

[23]. In addition to these works, special embodiments targeting high temperatures (>1,000 

°C) have been pursued employing optical-interference detection methods and variable-

capacitance wireless sensing but their implementation is relatively complicated. In the case 

of wireless sensors, sample rate, and therefore bandwidth, are limited [24, 25]. 

1.3 SENSOR REQUIREMENTS 

The sensor requirements for an in-flight test in hypersonic flow are beyond modern 

pressure transducer technology and summarized as below: 

• Wide frequency range: 20 Hz to 0.5 MHz 

• High-temperature capability: up to 1000 K 

• Small-sized sensing element less than 1-mm diameter 

• Minimum detectable pressure: 1 mPa/√Hz 

1.4 HIGH-TEMPERATURE PIEZOELECTRIC PRESSURE SENSOR EMBODIMENT 

Piezoelectric transduction is chosen for this study owing to many advantages. The 

method is passive and robust, and does not require external signals or power sources for 

sensor operation, as otherwise would be the case for piezoresistive and capacitive schemes. 

Piezoelectric sensors have high signal energy because of relatively large capacitance 

(approximately 10 times capacitance than capacitive sensors of the same size). The 

relatively large capacitance and high signal energy are beneficial, as less signal is 

attenuated across cabling and interconnects. 
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Figure 1.1 presents a schematic of a high-temperature sensor embodiment. The 

embodiment employs Si diaphragm as a mechanical base structure, on which a 

piezoelectric sensing layer is integrated. This piezoelectric material is vertically polarized 

in the 3-direction (normal to substrate) and is sandwiched with top and bottom metal 

electrodes. Those electrodes are connected to electronics to sense electrical potential across 

the piezoelectric layer. The diaphragm deflects upon applied mechanical pressure, 

generating in-plane stress in 1- and 2-directions. The figure inset shows a typical stress 

distribution. The in-plane stress generates an electric field in the vertical, or “3”, direction, 

in-turn resulting in a measurable potential across the electrodes. 

 

Figure 1.1: A schematic of an envisioned high-temperature pressure sensor 
embodiment. 

1.5 ALUMINUM NITRIDE FOR HIGH-TEMPERATURE APPLICATIONS 

For this study, aluminum nitride (AlN) is employed as a piezoelectric sensing layer. 

There were three important criteria for choosing AlN as a best material choice for high-
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temperature applications: (i) high-temperature capability, (ii) integration feasibility into Si-

based micromachining process and (iii) high sensor signal-to-noise ratio (SNR). 

Thin film of AlN is a piezoelectric material with built-in electrical polarization in 

c-axis (normal to the substrate) and operates at extreme temperatures (up to 1420 K) [26], 

satisfying criterion (i), as otherwise would be impossible for preferred ferroelectric 

materials such as lead zirconate titanate (PZT) with Curie temperature of 300 °C at which 

the piezoelectric properties disappear. In addition, AlN features other high-temperature 

favorable properties such as high melting point, high resistance to oxidation, high thermal 

conductivity, a low mismatch in coefficient-of-thermal-expansion (CTE) between Si and 

AlN, making AlN attractive material for high-temperature applications. 

Aside from its excellent high-temperature properties, AlN is a material compatible 

to Si-based micromachining process (criterion (ii)). The AlN film is deposited using a 

reactive-sputtering process, which uses an aluminum sputtering target and Ar and N2 

plasma. The sputtered Al atoms chemically react with reactive nitrogen species on the 

substrate at temperatures, typically ~500 °C. The critical film property to realize the sensor 

such as residual stress is controllable by adjusting sputtering process parameters, which 

has been extensively investigated by other research teams [27, 28]. 

Regarding criteria (iii), AlN shows lower dielectric-leakage noise for a given sensor 

architecture compared with PZT, which is a favorable choice for most cases. It is well 

known that a fundamental noise source in piezoelectric sensors is thermal-electrical noise 

generated by the dielectric leakage in the piezoelectric film [29]. This leakage may be 

represented with a resistance 𝑅𝑅  in series with the sensor’s inherent capacitive-source 

impedance. 𝑅𝑅 is proportional to the loss tangent (tan𝛿𝛿) of the material. AlN has a low 

tan𝛿𝛿  value equal to 0.002, which is 10× lower than that of PZT. Combined with its 

piezoelectric property and dielectric constant, an AlN sensor shows higher SNR figure of 
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merit for a given sensor architecture in comparison to a PZT sensor. The SNR figure of 

merit is discussed in detail in the following chapter. 

AlN is best choice of material among piezoelectric materials, considering all 

criteria discussed above. As a preliminary study prior to sensor developments, design-of-

experiments (DOE) was performed to get an AlN film with good piezoelectric property 

using a reactive-sputtering process. Details regarding the DOE for AlN film is presented 

in appendix. 

1.6 CHAPTER OVERVIEW 

The remainder of the dissertation is organized as follows: Chapter 2 presents the 

design of the piezoelectric pressure sensor. A finite-element analysis is used to explore a 

design space of the piezoelectric pressure sensor to optimize the sensor performance. The 

effort concluded with a mask drawing for the chosen embodiments. Chapter 3 describes 

the fabrication and laboratory characterization of a first-generation prototype, followed by 

hypersonic-flow measurements at Purdue University. In Chapter 4, the second generation 

of prototype is presented, featuring on-diaphragm temperature sensors. High-temperature 

behavior of both temperature and pressure sensor is characterized up to 600 °C. Chapter 5 

presents the summary of this work and recommendations for future work. 
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Chapter 2:  Design of the Piezoelectric Pressure Sensor 

This chapter presents a design procedure for a piezoelectric pressure sensor. A 

circular diaphragm structure is modelled, and important design input parameters are 

identified. A finite-element analysis is used to perturb the design parameters and the sensor 

output parameters are simulated. The simulated output parameters are used to form 

Thevenin-equivalent circuit model of the sensor. The sensor system, comprised of the 

sensor and its signal conditioning circuit model, is optimized in terms of signal-to-noise 

ratio, from which an optimized design is identified. The optimized design is reflected in a 

photomask layout for a first generation of pressure sensor prototype. 

2.1 ALN PRESSURE SENSOR MODELING 

A piezoelectric sensor may be modeled as a two-port network having two domains, 

electrical and mechanical, as presented in Figure 2.12. The right-hand side (RHS) of the 

network describes a complete 2nd-order acoustical or mechanical system composed of 

mass, compliance, and resistance. For pressure sensor applications, low frequency response 

below mechanical resonance is of interest, hence leading to the simplified network having 

only compliance (or capacitance) as presented in Figure 2.1. The left-hand side (LHS) of 

the network contains an electrical capacitance that is denoted by 𝐶𝐶𝑒𝑒𝑒𝑒 , defined under the 

condition of restricted motion of the diaphragm structure. The subscript “b” in 𝐶𝐶𝑒𝑒𝑒𝑒  denotes 

“blocked”. The effort and flow variables for the LHS are electrical voltage and current, 

respectively. The effort and flow variable for the RHS are acoustical pressure and 

volumetric velocity. 𝐶𝐶𝑎𝑎𝑎𝑎 is the acoustical compliance of the diaphragm structure defined 

 
2 Content in this chapter appears in similar form in Ref. [30]: 
Y. Seo, D. Corona, and N. A. Hall “On the theoretical maximum achievable signal-to-noise ratio (SNR) of 
piezoelectric microphones” Sens. Actuators A, Phys., vol. 264, pp. 341-346, 2017. The first author, Y. Seo, 
has contributed to the majority of the work. The second author, D. Corona, has contributed to the 
generation and insertion of equations. 
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as the volumetric displacement per 1-Pa pressure input (units of m3/Pa). The transformer 

ratio, Φ) is defined as the short-circuit charge (𝑄𝑄𝑠𝑠𝑜𝑜 ) generated across top and bottom 

electrode per volumetric displacement of the diaphragm structure (units of C/m3). A 

coupling coefficient may be defined as the ratio of stored electrical energy to stored 
mechanical energy under the action of a mechanical input, 𝑘𝑘2 = 𝐸𝐸𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒

𝐸𝐸𝑚𝑚𝑒𝑒𝑒𝑒ℎ𝑒𝑒𝑎𝑎𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒
. Inspection of 

the network in Figure 2.1 leads to the expression 𝑘𝑘2 = Φ2𝐶𝐶𝑒𝑒𝑎𝑎
𝐶𝐶𝑒𝑒𝑒𝑒

. The Thevenin or source 

capacitance of the transducer, 𝐶𝐶𝑡𝑡ℎ, is the capacitance looking into the electrical terminal 

under condition of zero input pressure. Transferring 𝐶𝐶𝑎𝑎𝑎𝑎 from the mechanical domain to 

the electrical domain results in the expression 𝐶𝐶𝑡𝑡ℎ = 𝐶𝐶𝑒𝑒𝑒𝑒(1 + 𝑘𝑘2) [30]. The complete 

Thevenin representation of the transducer is comprised of 𝐶𝐶𝑡𝑡ℎ and the open-circuit voltage 

per input pressure, 𝑉𝑉𝑜𝑜𝑜𝑜 𝑃𝑃⁄ . For transducers with simple geometries (bars and plates), 

analytical expressions exist for 𝑉𝑉𝑜𝑜𝑜𝑜 𝑃𝑃⁄ . For more general structures like the diaphragm 

under consideration, finite-element (FE) modeling is required. 

 

Figure 2.1: (a) A two-port network model of a piezoelectric pressure sensor and (b) 
Thevenin-equivalent circuit model of the sensor. 
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2.2 FINITE-ELEMENT MODEL FOR AN ALN PRESSURE SENSOR 

A commercial finite-element analysis (FEA) software package (COMSOL 

Multiphysics) is used to simulate sensor parameters described in the previous section. A 

MEMS module in COMOSL features coupled-physics analysis, required in the 

piezoelectric pressure sensor simulation. The proposed sensor employs silicon as a 

pressure-sensitive diaphragm, with integrated AlN layer. The diaphragm is circular in 

shape. The AlN layer is sandwiched with the top and bottom metal electrode, across which 

electrical signal (voltage or charge) is generated upon pressure input. A schematic of such 

a pressure sensor is illustrated in Figure 2.2, with details regarding the design input 

parameters. The radius of the diaphragm (𝑅𝑅𝑜𝑜) and thickness of each layer are basic design 

input parameters. The bottom metal electrode covers the entire surface area of the sensor. 

The top metal electrode is patterned into a ring-shaped electrode with its outer radius 

aligned with the radius of the diaphragm. The inner radius of the electrode (𝑅𝑅𝑖𝑖) is a design 

parameter, determining coverage of the top electrode over the diaphragm. 

Vout

+

-

Pressure-sensitive circular diaphragm

tAlN

tSi

Top and bottom metal electrode

Ri

Ro

Top-down View Cross-sectional View

(a) (b)

Ri

Ro

 

Figure 2.2: An illustration of the schematic of the proposed pressure sensor showing (a) 
the top-down and (b) cross-sectional view. 
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Most design parameters are pre-determined by limitations imposed by the sensor 

fabrication. Thickness of Si (𝑡𝑡𝑆𝑆𝑖𝑖) is determined as 2.0 µm, considering the author group’s 

accumulated fabrication experience. Thinner Si thickness would pose issues in yielding the 

devices. Thicker Si thickness can be considered and would be better for the device yield, 

but the size of the diaphragm would be larger than that of thinner diaphragm for the same 

resonance frequency or compliance. Thickness of AlN and Pt was determined as 1.0 µm 

and 0.1 µm, respectively. Their thickness is also determined by previously established 

processes in the group. Material properties were assigned to each layer, which are loaded 

from the material library offered by COMSOL Multiphysics. Then, only 𝑅𝑅𝑜𝑜 and 𝑅𝑅𝑖𝑖 are 

left as design parameters for the FE model. 

Initial values of 250 µm and 200 µm were assigned to 𝑅𝑅𝑜𝑜  and 𝑅𝑅𝑖𝑖  for the FE 

model construction. Figure 2.3 presents the model, with details of the mesh and boundary 

conditions summarized. The model only contains one quadrant of the diaphragm to reduce 

computational load. The boundary along the diaphragm perimeter is clamped, and a 

symmetry boundary condition is applied where the model intersects with the symmetry 

planes (i.e. 𝑥𝑥 =  0  and  𝑦𝑦 =  0 ). The model only contains Si and AlN layers for 

simplicity, as their contribution to the total thickness of the diaphragm is most significant 

in comparison to other layers. In addition, zero residual stress is assumed in Si and AlN 

layers. This assumption for Si layer is valid when epitaxial Si layer residing on SOI wafer 

is considered, which was intended for the sensor fabrication. However, the residual stress 

in AlN layer widely varies from compression to tension based on its sputtering parameters 

[27], resulting in uncertainty for the projected residual stress for AlN. Zero stress, therefore, 

was assumed in AlN layer for simplicity. Top and bottom metal electrodes are not 

physically present in the FE model, however their presence is applied as a form of electrical 

terminal boundary condition. The portion of top electrode is visualized using different 
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colors, as shown in Figure 2.3. The bottom electrode is assigned electrical ground condition 

(i.e. zero voltage), and the top electrode is assigned zero-charge or zero-voltage conditions 

for short-circuit or open-circuit conditions, respectively. 

 

Figure 2.3: The FE model of the quadrant diaphragm along with details regarding 
boundary conditions. 

2.3 ALN PRESSURE SENSOR SYSTEM MODELING 

Two design parameters 𝑅𝑅𝑜𝑜, and 𝑅𝑅𝑖𝑖, have been identified as input parameters for 

the FE model. There is an important output parameter to optimize the sensor, signal-to-
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noise ratio (SNR). A circuit model used to map input parameters to SNR is presented in 

Figure 2.4. 

Voc/P
Cth

Cp Cgs

Rb

Thevenin-equivalent 
sensor model Cabling FET 

Amplifier

Vsig

en
vn,Cth       

vn,Rb       

 

Figure 2.4: A circuit model of a pressure sensor system comprised of sensor, cable, and 
signal conditioning circuit with their noise sources. 

The piezoelectric sensor is modeled as a Thevenin-equivalent circuit model 

composed of 𝐶𝐶𝑡𝑡ℎ , 𝑉𝑉𝑜𝑜𝑜𝑜/𝑃𝑃, and dielectric-loss induced voltage noise on the LHS in the 

model, as presented in Figure 2.4. Dielectric loss or leakage may be represented with a 

resistance 𝑅𝑅𝑡𝑡ℎ  in series with 𝐶𝐶𝑡𝑡ℎ  with value 𝑅𝑅𝑡𝑡ℎ = tan 𝛿𝛿 /(𝜔𝜔𝐶𝐶𝑡𝑡ℎ), where tan𝛿𝛿 is the 

loss tangent of the material and 𝜔𝜔 is angular frequency. The resistance generates thermal-

electrical voltage noise expressed as 𝑣𝑣𝑛𝑛,𝐶𝐶𝑒𝑒ℎ = �4𝑘𝑘𝑒𝑒𝑇𝑇𝑅𝑅𝑡𝑡ℎ , which is in series with 𝐶𝐶𝑡𝑡ℎ 

where 𝑘𝑘𝑒𝑒 and T are Boltzmann constant and temperature, respectively [29, 30]. 

The Thevenin-equivalent sensor model is connected to a first stage amplifier 

through cabling. The amplifier could be a junction field-effect transistor (JFET), metal-

oxide-semiconductor field-effect transistor (MOSFET), or an operational amplifier. 

Regardless of the specific selection, the amplifier is represented with an input or gate 

capacitance (𝐶𝐶𝑔𝑔𝑠𝑠), a bias resistance (𝑅𝑅𝑒𝑒) with associated noise source, and input voltage 
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noise (𝑒𝑒𝑛𝑛). 𝑅𝑅𝑒𝑒 generates thermal-electrical voltage noise expressed as 𝑣𝑣𝑛𝑛,𝑅𝑅𝑒𝑒 = �4𝑘𝑘𝑒𝑒𝑇𝑇𝑅𝑅𝑒𝑒. 

𝑒𝑒𝑛𝑛 is a voltage noise at the amplifier input, specified by a manufacturer for an operational 

amplifier. For a MOSFET or JFET, this term would include both flicker noise and thermal 

noise at the gate. The signal conditioning circuit is modeled as a FET amplifier with unity 

gain as presented in Figure 2.4. Inspection of the network reveals a voltage divider for the 

signal voltage at the FET output (𝑉𝑉𝑠𝑠𝑖𝑖𝑔𝑔) expressed as the following: 

𝑉𝑉𝑠𝑠𝑖𝑖𝑔𝑔 =
𝐶𝐶𝑡𝑡ℎ

(𝐶𝐶𝑝𝑝 + 𝐶𝐶𝑔𝑔𝑠𝑠 + 𝐶𝐶𝑡𝑡ℎ)
𝑉𝑉𝑜𝑜𝑜𝑜/𝑃𝑃. (2.1) 

For microphone applications, SNR in the unit of dB[A] is frequently used. The [A] 

in the unit denotes A-weighted noise over the frequency range of interest (typically audio 

band, 20 Hz to 20 kHz) [31]. For hypersonic-flow application, the frequency range of 

interest is beyond the audio band (up to 0.5 MHz), hence, there is utility using SNR in the 

unit of dB with 1-Hz bin size, which is defined as the following: 

SNR = 20 𝑙𝑙𝑙𝑙𝑙𝑙10 �
𝑉𝑉𝑠𝑠𝑖𝑖𝑔𝑔(𝑓𝑓)
𝑣𝑣𝑛𝑛𝑜𝑜(𝑓𝑓)�, (2.2) 

where 𝑉𝑉𝑠𝑠𝑖𝑖𝑔𝑔(𝑓𝑓) is signal voltage at FET output resulting from 1 Pa and 𝑣𝑣𝑛𝑛𝑜𝑜(𝑓𝑓) is the total 

output-referred noise voltage at the frequency of interest. 𝑣𝑣𝑛𝑛𝑜𝑜 is the incoherent summation 

of all component noise at FET output resulting from their respective noise sources. An 

expression for 𝑣𝑣𝑛𝑛𝑜𝑜 is 

𝑣𝑣𝑛𝑛𝑜𝑜 = �𝑣𝑣𝑛𝑛𝑜𝑜,𝐶𝐶𝑒𝑒ℎ
2 + 𝑣𝑣𝑛𝑛𝑜𝑜,𝑅𝑅𝑒𝑒

2 + 𝑣𝑣𝑛𝑛𝑜𝑜,𝑒𝑒𝑎𝑎
2  (2.3) 

where 𝑣𝑣𝑛𝑛𝑜𝑜,𝐶𝐶𝑒𝑒ℎ  and 𝑣𝑣𝑛𝑛𝑜𝑜,𝑅𝑅𝑒𝑒  are output-referred noise contributed by 𝑅𝑅𝑡𝑡ℎ  and 𝑅𝑅𝑒𝑒 , 

respectively, and 𝑣𝑣𝑛𝑛𝑜𝑜,𝑒𝑒𝑎𝑎 is output-referred noise contributed by 𝑒𝑒𝑛𝑛. The expressions for 

each component noise are given below: 
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𝑣𝑣𝑛𝑛𝑜𝑜,𝑅𝑅𝑒𝑒 = �
1

1 + 𝑗𝑗𝜔𝜔𝑅𝑅𝑒𝑒(𝐶𝐶𝑡𝑡ℎ + 𝐶𝐶𝑝𝑝 + 𝐶𝐶𝑔𝑔𝑠𝑠)
�𝑣𝑣𝑛𝑛,𝑅𝑅𝑒𝑒 , (2.4) 

𝑣𝑣𝑛𝑛𝑜𝑜,𝐶𝐶𝑒𝑒ℎ = �
𝑗𝑗𝜔𝜔𝑅𝑅𝑒𝑒𝐶𝐶𝑡𝑡ℎ

1 + 𝑗𝑗𝜔𝜔𝑅𝑅𝑒𝑒(𝐶𝐶𝑡𝑡ℎ + 𝐶𝐶𝑝𝑝 + 𝐶𝐶𝑔𝑔𝑠𝑠)
�𝑣𝑣𝑛𝑛,𝐶𝐶𝑒𝑒ℎ , (2.5) 

𝑣𝑣𝑛𝑛𝑜𝑜,𝑒𝑒𝑎𝑎 = 𝑒𝑒𝑛𝑛. (2.6) 

The value of 𝐶𝐶𝑡𝑡ℎ  and 𝑉𝑉𝑜𝑜𝑜𝑜/𝑃𝑃  is obtained using the FEA simulation with the input 

parameters varied, and the simulation results are inserted into the Thevenin-equivalent 

circuit model in Figure 2.4. Then, SNR of the system is computed using the SNR 

expression. 

Prior to SNR simulation using the expressions above, it is interesting to note that 

an SNR figure of merit can be assigned to a piezoelectric material. If the dominant noise 

source for a sensor is tan𝛿𝛿 noise, an SNR figure of merit is expressed as  

SNR ∝
𝑒𝑒31,𝑓𝑓

�𝜀𝜀0𝜀𝜀33tan𝛿𝛿
 (2.7) 

where 𝑒𝑒31,𝑓𝑓 is a material property known as the effective 𝑒𝑒31 piezoelectric coefficient, 

𝜀𝜀0 is permittivity of free space, 𝜀𝜀33 is dielectric constant of the piezoelectric material, and 

tan𝛿𝛿 is the loss tangent [32]. Inspection of this expression gives insights on why AlN is 

advantageous over the other favorable ferroelectric material PZT. Table 2.1 summarizes 

values of 𝑒𝑒31,𝑓𝑓, 𝜀𝜀33, and tan𝛿𝛿 for each material and the resultant SNRs. AlN shows SNR 

with a factor of 2.5 – 4 higher than that of PZT [32]. 
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 𝑒𝑒31,𝑓𝑓 [C/m2] 𝜀𝜀33 tan𝛿𝛿 SNR [105/Pa] 
AlN [33, 34] -1.05 10.5 0.003 20 

PZT [35] -8 – -12 300 – 1300 0.01 – 0.03 4 – 8 

Table 2.1: A comparison of expected SNR figure of merit of AlN and PZT when 
dominant noise source for a sensor is tan𝛿𝛿 noise [32]. 

2.4 ALN PRESSURE SENSOR SIMULATION 

The sensor output parameters (𝑓𝑓𝑛𝑛, 𝐶𝐶𝑡𝑡ℎ, 𝑉𝑉𝑜𝑜𝑜𝑜/𝑃𝑃, and 𝑄𝑄𝑠𝑠𝑜𝑜/𝑃𝑃) are simulated using the 

FE model presented in Figure 2.3 varying the design input parameters, 𝑅𝑅𝑜𝑜 and  𝑅𝑅𝑖𝑖/𝑅𝑅𝑜𝑜. 

First, the sensor resonance frequency vs. 𝑅𝑅𝑜𝑜 is simulated with fixed  𝑅𝑅𝑖𝑖/𝑅𝑅𝑜𝑜 value, with 

the result presented in Figure 2.5. The sensor resonance frequency increases with the 

decrease in 𝑅𝑅𝑜𝑜, as anticipated. Three 𝑅𝑅𝑜𝑜 values are chosen based on their corresponding 

diaphragm resonance frequencies (700 µm, 350 µm and 250 µm for 25 kHz, 100 kHz, and 

200 kHz). We choose to make three types of sensors to accommodate various hypersonic-

flow test conditions. With 𝑅𝑅𝑜𝑜 determined, 𝑅𝑅𝑖𝑖/𝑅𝑅𝑜𝑜 is the only design parameter remaining, 

and this is chosen based on SNR optimization. 
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Figure 2.5: The simulation result of the diaphragm resonance frequency vs. 𝑅𝑅𝑜𝑜. All 
layers composing the FE model are assigned zero residual stress. 

The design output parameters, 𝐶𝐶𝑡𝑡ℎ, 𝑉𝑉𝑜𝑜𝑜𝑜/𝑃𝑃, and 𝑄𝑄𝑠𝑠𝑜𝑜/𝑃𝑃, are simulated using the FE 

model varying the design parameter, 𝑅𝑅𝑖𝑖/𝑅𝑅𝑜𝑜  for the three different 𝑅𝑅𝑜𝑜 values selected. 

Figure 2.6 presents the simulation results for 𝐶𝐶𝑡𝑡ℎ , and 𝑉𝑉𝑜𝑜𝑜𝑜/𝑃𝑃 vs. 𝑅𝑅𝑖𝑖/𝑅𝑅𝑜𝑜  for the given 

𝑅𝑅𝑜𝑜. 𝐶𝐶𝑡𝑡ℎ is proportional to the area of top electrode. As 𝑅𝑅𝑖𝑖/𝑅𝑅𝑜𝑜 increases, the area covered 

by top electrode decreases, leading to decrease in 𝐶𝐶𝑡𝑡ℎ. On the other hand, 𝑉𝑉𝑜𝑜𝑜𝑜/𝑃𝑃 shows 

opposite behavior against 𝑅𝑅𝑖𝑖/𝑅𝑅𝑜𝑜. 𝑉𝑉𝑜𝑜𝑜𝑜/𝑃𝑃 is proportional to the averaged stress in radial 

direction. The radial stress in the diaphragm is maximized at the clamped anchor and 

minimized at the center of the diaphragm. Going from the anchor to the center of the 

diaphragm, zero-stress point occurs where the polarity of the stress is changed. As 𝑅𝑅𝑖𝑖/𝑅𝑅𝑜𝑜 

decreases, the area covered by top electrode passes over the zero-stress point (also referred 

as an inflection point), starting to integrate the stress in opposite polarity, and in-turn 
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leading to reduction in the averaged in-plane stress and therefore 𝑉𝑉𝑜𝑜𝑜𝑜/𝑃𝑃, as observed in 

Figure 2.6. 

 

Figure 2.6: The simulation results for Thevenin capacitance (𝐶𝐶𝑡𝑡ℎ), and open-circuit 
voltage per pressure (𝑉𝑉𝑜𝑜𝑜𝑜 𝑃𝑃⁄ ) vs. 𝑅𝑅𝑖𝑖/𝑅𝑅𝑜𝑜 for the given 𝑅𝑅𝑜𝑜. 
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From 𝐶𝐶𝑡𝑡ℎ  and 𝑉𝑉𝑜𝑜𝑜𝑜 𝑃𝑃⁄  simulations, it is also possible to compute 𝑄𝑄𝑠𝑠𝑜𝑜/𝑃𝑃  vs. 𝑅𝑅𝑖𝑖/𝑅𝑅𝑜𝑜 

using the expression defined as 𝑄𝑄𝑠𝑠𝑜𝑜 = 𝐶𝐶𝑡𝑡ℎ × 𝑉𝑉𝑜𝑜𝑜𝑜, as presented in Figure 2.7. 

 

Figure 2.7: The simulation result for short-circuit charge per pressure (𝑄𝑄𝑠𝑠𝑜𝑜/𝑃𝑃) vs. 
𝑅𝑅𝑖𝑖/𝑅𝑅𝑜𝑜 for the given 𝑅𝑅𝑜𝑜. 

It can be shown that theoretical maximum SNR is proportional to signal energy, defined as 

𝐸𝐸 =  12 × 𝐶𝐶𝑡𝑡ℎ × 𝑉𝑉𝑜𝑜𝑜𝑜2, for a dielectric-leakage noise limited sensor [30]. Signal energy is 

therefore a meaningful metric to plot. From the data in Figure 2.6, the signal energy vs. 

𝑅𝑅𝑖𝑖/𝑅𝑅𝑜𝑜 is computed and presented as Figure 2.8. 
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Figure 2.8: The simulation result for signal energy vs. 𝑅𝑅𝑖𝑖/𝑅𝑅𝑜𝑜 for the given 𝑅𝑅𝑜𝑜. 

2.5 ALN PRESSURE SENSOR SNR OPTIMIZATION 

Optimizing for high SNR is important, so SNR vs. 𝑅𝑅𝑖𝑖/𝑅𝑅𝑜𝑜 is studied. Minimum-

detectable pressure (MDP) is a similar metric, and is synonymous with input-referred 

noise. Comparison of MDP with the anticipated pressure level for a specific application 

tells whether the sensor can resolve the pressure signal of interest. A simulated output-

referred voltage noise is presented along with component-wise noises in Figure 2.9. The 

simulated output signal level for 1-Pa pressure input is also shown. These simulations are 

for the case 𝑅𝑅𝑜𝑜  = 250 µm and 𝑅𝑅𝑖𝑖/𝑅𝑅𝑜𝑜 = 0.8. A JFET (On Semiconductor Corp., TF412S) 

is employed for the noise simulation. Additional details regarding the simulation are 

summarized in Table 2.2. 

For this set of design input parameters, the dominant noise source over the low 

frequency regime is noise caused by 𝑅𝑅𝑒𝑒 rather than 𝑅𝑅𝑡𝑡ℎ. For the high frequency regime 
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above 20 kHz, the dominant noise source is 𝑒𝑒𝑛𝑛. SNR is the difference between the signal 

output and output-referred-noise at the frequency of interest. The difference is highlighted 

in Figure 2.9 for several frequencies. 

Parameter Value Parameter Value 
𝐶𝐶𝑔𝑔𝑠𝑠 4 pF 𝑒𝑒𝑛𝑛* 3 nV/√Hz 
𝐶𝐶𝑝𝑝 4 pF 𝑅𝑅𝑒𝑒 500 MΩ 

* the value for 𝑒𝑒𝑛𝑛 is experimentally determined and assumed spectrally flat over the frequency of interest. 

Table 2.2: Details regarding circuit parameters used for the noise simulation. 

 

Figure 2.9: A simulated output-referred noise of the sensor system along with the signal 
output of the diaphragm with 𝑅𝑅𝑜𝑜  = 250 µm and 𝑅𝑅𝑖𝑖/𝑅𝑅𝑜𝑜 = 0.8. 

Figure 2.10 presents a simulation result of normalized SNR vs. 𝑅𝑅𝑖𝑖/𝑅𝑅𝑜𝑜  for the 

diaphragm with 250 µm radius at three frequencies (1, 10, and 100 kHz). The 𝑅𝑅𝑖𝑖/𝑅𝑅𝑜𝑜 

maximizing SNR is varied from 0.75 to 0.85 at the three different frequencies. At 𝑅𝑅𝑖𝑖/𝑅𝑅𝑜𝑜 =

 0.8 SNR shows almost its maximum value at 10 and 100 kHz, although slightly lower 
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SNR value is observed at 1kHz. The reduction in SNR at 1 kHz is less than 1 %, so it is 

negligible. In addition, high frequency response is of interest for hypersonic flow 

applications. Therefore, 𝑅𝑅𝑖𝑖/𝑅𝑅𝑜𝑜 = 0.8 is chosen as the optimized value for the pressure 

sensor. 𝑅𝑅𝑖𝑖/𝑅𝑅𝑜𝑜 = 0.8 is close to the optimal value regardless of 𝑅𝑅𝑜𝑜. 

 

Figure 2.10: A normalized SNR of the sensor system with 𝑅𝑅𝑜𝑜 = 250 µm vs. 𝑅𝑅𝑖𝑖/𝑅𝑅𝑜𝑜 for 
the given frequencies (1, 10, and 10 kHz). 

2.6 THE EFFECT OF PARASITIC CAPACITANCE ON SNR 

For SNR optimization in the previous section, 𝐶𝐶𝑝𝑝 was set as 4 pF. This value is 

small and characteristic of a sensor located in immediate proximity of the FET amplifier. 

For pressure sensor applications in harsh environments (e.g. high-temperature 

environments), locating a first stage amplifier away from the sensor is beneficial. A cable 

between the sensor and the circuit is required. Typical coaxial cable has capacitance equal 

to 30 pF per foot, so even 1 ft of cable adds significant capacitance compared to the 
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capacitance of the sensor and FET. Figure 2.11 presents a simulation result of SNR vs. 𝐶𝐶𝑝𝑝 

for different frequencies (1, 10, and 100 kHz). As 𝐶𝐶𝑝𝑝 increases, the sensor signal at the 

FET output decreases by the signal voltage divider described in Section 2.2, leading to 

reduction in SNR values at each frequency as shown in Figure 2.11. 

 

Figure 2.11: A simulation result of SNR vs. 𝐶𝐶𝑝𝑝 for the sensor with 𝑅𝑅𝑜𝑜 = 250 µm and 
𝑅𝑅𝑖𝑖 𝑅𝑅𝑜𝑜⁄  = 0.8 for the given frequencies (1, 10, and 100 kHz). 

Sensors with high capacitance 𝐶𝐶𝑡𝑡ℎ  compared to parasitic capacitance 𝐶𝐶𝑝𝑝  are 

beneficial. Configuring a few sensors in parallel fashion is an easy approach to increase 

sensor capacitance without altering the sensor geometry. A simulation of SNR vs. 𝐶𝐶𝑝𝑝 is 

repeated for the same sensor simulated in Figure 2.11 assuming four sensor diaphragms 

are configured in parallel, showing higher SNR than single sensor configuration as 

anticipated. This analysis is presented in Figure 2.12. 
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Figure 2.12: A repeated simulation result of SNR vs. 𝐶𝐶𝑝𝑝 for the sensor with 𝑅𝑅𝑜𝑜 = 250 
µm and 𝑅𝑅𝑖𝑖 𝑅𝑅𝑜𝑜⁄  = 0.8 for the given frequencies (1, 10, and 100 kHz) when 
four diaphragms are configured in parallel. 

2.7 MASK DESIGN 

In previous section, two important design output parameters were considered, 𝑓𝑓𝑛𝑛 

and SNR. Three different 𝑅𝑅𝑜𝑜  values (700 µm, 350 µm and 250 µm) were selected to 

provide designs with a range of resonance frequencies. 𝑅𝑅𝑖𝑖/𝑅𝑅𝑜𝑜 = 0.8 was selected for each 

design, as this provides close to maximum SNR. These selected design input parameters 

are reflected into a mask. 

Several embodiments were included on the mask, as summarized in Figure 2.13. 

Case 1 with 4 diaphragms connected electrically in parallel is anticipated to yield highest 

SNR, whereas Cases 2 and 3 provide interesting array measurement capability. 
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Figure 2.13: A schematic of various diaphragm configurations. 
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Chapter 3:  First Generation AlN Pressure Sensor 

3.1 OVERVIEW 

This chapter presents the fabrication and packaging details of the sensor and then 

presents test results from a Mach-6 hypersonic-flow facility, where the prototype sensor 

data are compared against data from a mature commercial sensor present in the same tests. 

Salient hypersonic-flow-specific features are observed in signals captured by the prototype. 

The package is comprised of an on-chip two-element array with 650-µm pitch. 

3.2 MICRO FABRICATION AND PACKAGING 

Figure 3.1 presents the fabrication process used to realize the sensing elements3. 

The fabrication starts with a SOI wafer with 2-µm-thick epitaxial Si device layer and 1-

µm-thick embedded oxide layer. A 300-nm-thick SiO2 layer is thermally grown on a 

piranha-cleaned SOI wafer, which serves as an electrically insulating layer for subsequent 

steps. A 30-nm-thick Ti layer is sputtered and thermally oxidized to TiO2 at 750 °C. A 0.1-

µm-thick layer of Pt is then sputtered at 500 °C to form a metallized surface serving as 

electrical ground and providing a (111)-oriented surface for the subsequent AlN reactive 

sputtering process. A 0.75-µm-thick layer of AlN is then reactively sputtered at 400 °C 

using a 99.9995% Al target and 75% N2/Ar gas ratio. A 0.03-µm-thick layer of Ti and a 

0.1-µm-thick layer of Pt are sequentially deposited on the AlN and patterned into the ring-

shaped top electrodes using a lift-off process. A dry etch into the AlN layer is performed 

to access the bottom electrode. The backside fabrication steps then begin, as highlighted in 

 
3 Content in this chapter appears similar in form in Ref. [1] and [2]: 
Y. Seo, D. Kim, and N. A. Hall, “Piezoelectric pressure sensors for hypersonic flow measurements,” J. 
Microelectromech. Syst., vol. 28, no. 2, pp. 271–278, Apr. 2019 and Y. Seo, D. Kim, and N. A. Hall, 
“High-temperature piezoelectric pressure sensors for hypersonic flow measurements,” in Proc. 20th Int. 
Conf. Solid-State Sens., Actuators Microsyst. Eurosensors XXXIII (TRANSDUCERS & EUROSENSORS 
XXXIII), Jun. 2019, pp. The first author, Y. Seo, has contributed to the majority of the work. The second 
author, D. Kim, has contributed to the hypersonic-flow measurements and data analysis. 
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Step 4. in Figure 3.1. The 300-nm-thick layer of SiO2 on the backside is dry-etched and a 

1.5-µm-thick layer of AlN is deposited by reactive sputtering using parameters mentioned 

above. The AlN layer is patterned and dry-etched to serve as a hard mask for the subsequent 

through-wafer deep reactive-ion etch (DRIE) step, with the embedded SiO2 layer serving 

as the DRIE etch stop. A vapor hydrofluoric acid (HF) etch is performed to remove the 1-

µm-thick embedded SiO2 underneath the diaphragm. Step 5 shows the final cross-section. 

The wafer is diced into 1.8-mm × 1.8-mm die using a dicing saw (ADT 7100). 

 

Figure 3.1: Fabrication flow for AlN pressure sensor. 

XRD (X-ray diffraction) measurement is performed to confirm (0002)-oriented 

AlN. Properly oriented AlN is essential to realize good piezoelectric properties. Figure 3.2 

presents XRD measurement on the AlN film, with details regarding the crystalline 
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orientation summarized. The XRD data show (0002) AlN peak with high intensity and 

narrow full width at half maximum (FWHM), indicating the high crystallinity of AlN in 

(0002) orientation. It is interesting to note there is also (111) Pt peak with high intensity 

and narrow FWHM. (111)-oriented Pt is a prerequisite condition for (0002)-oriented AlN, 

as it serves as a seed layer for the AlN growth in (0002) direction. 

 

Figure 3.2: XRD measurement on AlN film used for AlN pressure sensor fabrication. 

Knowing actual dimensions of the fabricated sensor is critical, as these directly 

affect the pressure sensor parameters. First, all layer thicknesses are confirmed using 

(scanning electron microscope) SEM, with measured thickness for each layer summarized 

in Figure 3.3. The thickness values of Si, SiO2, and Pt are close to what we targeted. The 

thickness of TiO2 is not easily visible, so total thickness including SiO2 and TiO2 layer is 

measured. The thickness of AlN film is observed to vary from 600 nm to 750 nm across 

the wafer. The thickness of AlN for a specific device can be conveniently determined by 
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measuring the device capacitance, obtained using admittance spectroscopy, and using a 

dielectric constant of 10.5 [36]. 

 

Figure 3.3: A SEM image showing a cross-sectional view of the fabricated diaphragm, 
with details regarding each layer thickness annotated. 

In addition to the thickness of each layer, the diameter of diaphragms varies across 

the wafer due to variation in the DRIE Si etching process. This step is summarized in Step 

5 in Figure 3.1). The diaphragm diameter can be visualized by removing the diaphragm 

using a Kapton tape. Micrographs of MEMS die with removed diaphragms are presented 

in Figure 3.4. For this particular device, the difference between design target and realized 

diameter is measured as 26 µm. 
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Figure 3.4: A photograph showing MEMS die with diaphragm removed using a Kapton 
tape and optical micrographs showing the MEMS die corresponding to the 
photograph. 

Completed MEMS die were packaged into a cylindrical form factor with 0.25-inch 

diameter. Figure 3.5 presents many details of the package. Epoxy (Loctite E-20HP) is used 

to fill-in areas around the die to create an approximately flush package. A photograph of a 

completed package is shown from top-down in Figure 3.6(a). This 1.8-mm × 1.8-mm die 

houses four diaphragms, each having 500-µm diameter. The diaphragms are configured to 

form a two-sensor array as presented in Figure 3.6(b), with two “front” diaphragms 
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configured electrically in parallel and two “back” diaphragms configured in parallel. The 

direction of hypersonic flow in experiments described subsequently is also shown labeled. 

The capacitance of each diaphragm pair is measured as 21 pF, implying that each 

diaphragm nominally comprises 10.5 pF. Capacitance measurements were performed 

using admittance spectroscopy as summarized in detail previously [36]. 

Sealed back cavity

Epoxy

AlN+Si diaphragms

PCB

Coaxial cable

0.25-in diameter
stainless steel tube
(GND for EMI rejection)

Signal

MEMS die
(1.8 mm × 1.8 mm)

Shield (GND)

Wire bond

Signals connected 
to the amplifier

0.5 
inch

 

Figure 3.5: A schematic showing the cross-sectional view of the sensor construction. 
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Figure 3.6: (a) Photograph showing the sensor head (top-down view) and (b) 
Micrograph showing two-sensor array (front/back) on a single chip. 

Each sensor (front and back as labeled in Figure 3.6(b)) has its own amplification 

electronics as presented in Figure 3.7. At the initial design stage, the JFET amplifier in a 

high input impedance configuration was considered for the 1st stage amplifier. Later, the 

JFET amplifier was switched to the charge amplifier in Figure 3.7 after noting that the 

JFET amplifier was more susceptible to the microphonic effect. Further, the high input 
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impedance configuration presented in the design chapter exhibits a gain that depends on 

parasitic capacitance. This was a nuisance when characterizing devices in the lab. 
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Figure 3.7: A schematic of the entire system - Norton-equivalent sensor model with the 
1st and 2nd stage amplifiers. The 1st stage amplifier is a charge amplifier, 
and the 2nd stage amplifier provides an additional gain. 

3.3 LABORATORY CHARACTERIZATION 

3.3.1 Pressure Sensitivity Measurement 

Knowing the small-signal sensitivity, frequency response in atmospheric and 

vacuum environment, and sensor noise floor is required to accurately interpret pressure 

data from field tests in hypersonic flows. The small-signal sensitivity of each sensor is 

measured using a small 2.75-inch × 2.75-inch × 1.25-inch aluminum box with a flat wall-

mounted speaker driver designed specifically for sensitivity calibration of microphones 

from 1 Hz to 1 kHz. The box is pressure-sealed using O-rings and contains an opening for 

insertion of a 0.25-inch diameter microphone. A 0.25-inch calibrated microphone, model 
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G.R.A.S. 40BE, measures the reference pressure response in a first sweep, and the AlN 

pressure sensor signal is measured in a second sweep. Normalization yields the measured 

sensitivities summarized in Table 3.1, as measured using the high-gain and single-ended 

configuration summarized in Figure 3.7. Using the known gains of the amplification stages, 

the short-circuit charge sensitivity of front and back sensor at 1 kHz is extracted and also 

included in Table 3.1. 

 
Measured voltage 

sensitivity 
[mV/Pa] 

Capacitance 
[pF] 

Extracted charge 
sensitivity 

[fC/Pa] 

Simulated charge 
sensitivity 

[fC/Pa] 
Front 6.62 21.0 0.340 0.873 
Back 6.91 21.0 0.350 0.873 

Table 3.1: Measured and simulated sensor properties of the AlN pressure sensors (front 
and back). 

The extracted sensitivity is compared against the FEA simulated value obtained in 

chapter 2. The measured sensitivity is ~40 % of what was expected from the FEA value. 

This discrepancy is attributable to the FE model used in the design stage. The fabricated 

sensor has dimensions that differ from the designed sensor. These differences were 

presented in section 3.2 (See Figure 3.3 and Figure 3.4). Further, the model does not contain 

all layers comprising the diaphragm and their respective residual stress. Section 3.4 

presents updated FEA. 

3.3.2 Pressure Sensor Frequency Response 

The frequency response of the fabricated diaphragms is observed by monitoring the 

center-point diaphragm displacement using a laser Doppler vibrometer (LDV, Polytec 

PSV-500). The first resonance frequency for a packaged sensor occurs at 254 kHz, 

deviating from the design target value (200 kHz) by 24 %. This discrepancy can be 
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attributed to the incomplete FE model used in the design stage. The frequency response 

measurement is repeated for a few more devices with and without packaging, revealing a 

variation in the resonance frequency ranging from 220 kHz to 290 kHz (see Table 3.2). 

The die-to-die variation in the resonance frequency is likely attributable to variation in the 

fabrication-related tolerances of individual die (e.g. variation in the sensor dimension 

and/or the gradient in residual stress over the processed wafer). 

The fabricated diaphragms do not contain a piercing or vent, and the packaging 

method summarized in Figure 3.5 results in a sealed back cavity down to dc. In high-speed 

flows, the freestream pressure is close to vacuum. A sealed diaphragm therefore sees 

approximately 1-atm. static pressure differential. For thin micromachined-diaphragms 

employed in pressure sensors, nonlinear deflection vs. pressure behavior is expected over 

this range. A sensor with a sealed back cavity is therefore expected to have a small-signal 

compliance and small-signal sensitivity that depends on ambient pressure. This has been 

explored experimentally. The resonance frequency and quality factor of unsealed bare die 

were measured in air and vacuum (5 mTorr) using a scanning LDV, with results 

summarized in Table 3.2. For bare die samples, the difference in resonance frequency in 

air vs. vacuum is negligible and 𝑄𝑄 increases markedly, as expected, due to removal of air 

damping at front and back sides of the diaphragms. A packaged device undergoes the same 

test, with resonance measurements summarized in Figure 3.8 and included in Table 3.2. 

The resonance frequency of packaged diaphragms shifts markedly in going from air to 

vacuum and the 𝑄𝑄 increase is relatively small, indicative of an air-sealed back-volume. 

As diaphragm mass is the same in air and vacuum, the change in resonance frequency of 

packaged sensors can be used to quantify the change in small-signal compliance as 

𝐶𝐶𝑎𝑎𝑎𝑎,𝑣𝑣𝑎𝑎𝑜𝑜/𝐶𝐶𝑎𝑎𝑎𝑎,𝑎𝑎𝑖𝑖𝑎𝑎 = (𝑓𝑓𝑛𝑛,𝑎𝑎𝑖𝑖𝑎𝑎/𝑓𝑓𝑛𝑛,𝑣𝑣𝑎𝑎𝑜𝑜)2 = 0.41. This compliance ratio for each sensor is applied 
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to the directly measured results in the first column of Table 3.1 to yield the expected 

sensitivity in near-vacuum operating conditions. 

 𝑓𝑓𝑛𝑛,𝑎𝑎𝑖𝑖𝑎𝑎 
[kHz] 𝑄𝑄𝑎𝑎𝑖𝑖𝑎𝑎 𝑓𝑓𝑛𝑛,𝑣𝑣𝑎𝑎𝑜𝑜 

[kHz] 𝑄𝑄𝑣𝑣𝑎𝑎𝑜𝑜 
𝑓𝑓𝑛𝑛,𝑣𝑣𝑎𝑎𝑜𝑜

𝑓𝑓𝑛𝑛,𝑎𝑎𝑖𝑖𝑎𝑎
 

𝐶𝐶𝑒𝑒𝑎𝑎,𝑣𝑣𝑒𝑒𝑒𝑒
𝐶𝐶𝑒𝑒𝑎𝑎,𝑒𝑒𝑒𝑒𝑒𝑒

  

Bare 
die#1 283.16 39.29 286.59 2339 1.01 0.98 

Bare 
die#2 225.34 74.60 227.98 2433 1.01 0.98 

Pkg 
#1 256.54 45.26 401.85 118.6 1.57 0.41 

Pkg 
#2 287.60 37.85 411.08 156.3 1.43 0.49 

Table 3.2: Measured resonances and 𝑄𝑄-factors at 1 atm. and vacuum (5 mTorr), and 
acoustic compliance ratio (vacuum /1 atm.). 

 

Figure 3.8: Sensor resonance change from 1 atm.to vacuum (5 mTorr) using a scanning 
LDV, Polytec PSV-500. 
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3.3.3 Noise Floor Measurement 

The noise floor for the sensor system presented in Figure 3.7 is measured and 

compared with the noise simulation. Figure 3.9 shows the sensor system model with 

associated noise sources. The dielectric-leakage noise is represented as a current noise 

source 𝑖𝑖𝑛𝑛,𝐶𝐶𝑒𝑒ℎ = 𝑗𝑗𝜔𝜔𝜔𝜔𝑛𝑛,𝐶𝐶𝑒𝑒ℎ  in parallel with 𝐶𝐶𝑡𝑡ℎ where a charge noise source 𝜔𝜔𝑛𝑛,𝐶𝐶𝑒𝑒ℎ  is 

expressed as 𝜔𝜔𝑛𝑛,𝐶𝐶𝑒𝑒ℎ = 𝐶𝐶𝑡𝑡ℎ × 𝑣𝑣𝑛𝑛,𝐶𝐶𝑒𝑒ℎ with 𝑣𝑣𝑛𝑛,𝐶𝐶𝑒𝑒ℎ = �4𝑘𝑘𝑒𝑒𝑇𝑇𝑅𝑅𝑡𝑡ℎ, as defined in Chapter 2 (see 

section 2.3). 𝑅𝑅𝑓𝑓  generates thermal-electrical noise source expressed as 𝑣𝑣𝑛𝑛,𝑅𝑅𝑓𝑓 =

�4𝑘𝑘𝑒𝑒𝑇𝑇𝑅𝑅𝑓𝑓. 𝑒𝑒𝑛𝑛 and 𝑖𝑖𝑛𝑛 are voltage and current noise at the amplifier input, respectively, 

and specified by the manufacturer. 
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Figure 3.9: A schematic of the sensor system with noise sources. 
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The overall output-referred voltage noise is incoherent summation of component 

noises at amplifier output expressed as the following: 

𝑣𝑣𝑛𝑛𝑜𝑜 = �𝑣𝑣𝑛𝑛𝑜𝑜,𝐶𝐶𝑒𝑒ℎ
2 + 𝑣𝑣𝑛𝑛𝑜𝑜,𝑅𝑅𝑓𝑓

2 + 𝑣𝑣𝑛𝑛𝑜𝑜,𝑒𝑒𝑎𝑎
2 + 𝑣𝑣𝑛𝑛𝑜𝑜,𝑖𝑖𝑎𝑎

2, (3.1) 

where 𝑣𝑣𝑛𝑛𝑜𝑜,𝐶𝐶𝑒𝑒ℎ , 𝑣𝑣𝑛𝑛𝑜𝑜,𝑅𝑅𝑓𝑓 , 𝑣𝑣𝑛𝑛𝑜𝑜,𝑒𝑒𝑎𝑎 , and 𝑣𝑣𝑛𝑛𝑜𝑜,𝑖𝑖𝑎𝑎  are output-referred noise caused by 

𝐶𝐶𝑡𝑡ℎ, 𝑅𝑅𝑓𝑓, 𝑒𝑒𝑛𝑛 and 𝑖𝑖𝑛𝑛, respectively, whose expressions are given below: 

𝑣𝑣𝑛𝑛𝑜𝑜,𝐶𝐶𝑒𝑒ℎ = �
𝑅𝑅𝑓𝑓

1 + 𝑗𝑗𝜔𝜔𝐶𝐶𝑓𝑓𝑅𝑅𝑓𝑓
� 𝑖𝑖𝑛𝑛,𝐶𝐶𝑒𝑒ℎ , (3.2) 

𝑣𝑣𝑛𝑛𝑜𝑜,𝑅𝑅𝑓𝑓 = �
1

1 + 𝑗𝑗𝜔𝜔𝐶𝐶𝑓𝑓𝑅𝑅𝑓𝑓
�𝑣𝑣𝑛𝑛𝑜𝑜,𝑅𝑅𝑓𝑓, (3.3) 

𝑣𝑣𝑛𝑛𝑜𝑜,𝑒𝑒𝑎𝑎 = �
1 + 𝑗𝑗𝜔𝜔(𝐶𝐶𝑓𝑓 + 𝐶𝐶𝑝𝑝 + 𝐶𝐶𝑇𝑇ℎ)𝑅𝑅𝑓𝑓

1 + 𝑗𝑗𝜔𝜔𝐶𝐶𝑓𝑓𝑅𝑅𝑓𝑓
� 𝑒𝑒𝑛𝑛, (3.4) 

𝑣𝑣𝑛𝑛𝑜𝑜,𝑖𝑖𝑎𝑎 = �
𝑅𝑅𝑓𝑓

1 + 𝑗𝑗𝜔𝜔𝐶𝐶𝑓𝑓𝑅𝑅𝑓𝑓
� 𝑖𝑖𝑛𝑛. (3.5) 

The measured output-referred noise of the sensor system with high-gain 

configuration is presented along with the simulated output-referred noise in Figure 3.10. 

Details regarding the simulation parameter are listed in Table 3.3. The measured noise is 

in good agreement with the simulation. It is noted that the dielectric-leakage noise is not 

dominant in this sensor system. The dominant noise source over the low frequency regime 

is due to 𝑅𝑅𝑓𝑓  whereas that over high frequency regime is caused due to 𝑒𝑒𝑛𝑛. Using the 

expression for 𝑣𝑣𝑛𝑛𝑜𝑜,𝑒𝑒𝑎𝑎, the influence of 𝐶𝐶𝑝𝑝 on noise over the high frequency can be shown. 

For high frequency regime, which is of interest for high-speed flows, 𝑣𝑣𝑛𝑛𝑜𝑜,𝑒𝑒𝑎𝑎  can be 

reduced to the expression as given below: 
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𝑣𝑣𝑛𝑛𝑜𝑜,𝑒𝑒𝑎𝑎 ≅ �1 +
𝐶𝐶𝑡𝑡ℎ + 𝐶𝐶𝑝𝑝

𝐶𝐶𝑓𝑓
� 𝑒𝑒𝑛𝑛. (3.6) 

The high-frequency noise increases with 𝐶𝐶𝑝𝑝, leading to decrease in SNR of the sensor 

system for the given sensor sensitivity. Minimizing parasitic capacitance is therefore 

desirable for higher SNR. 

 

Figure 3.10: Measured output-referred noise of the sensor system presented in Figure 3.7 
with high-gain configuration along with the simulated noise and measured 
pressure sensitivity with 1-Hz bin. 

 
Parameter Value Parameter Value 

𝐶𝐶𝑝𝑝 180 pF 𝑒𝑒𝑛𝑛 7 nV/√Hz 
𝐶𝐶𝑓𝑓 2 pF 𝑖𝑖𝑛𝑛 0.6 fA/√Hz 
𝑅𝑅𝑓𝑓 100 MΩ   

Table 3.3: Details regarding parameters used for the noise simulation. 
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3.4 FINITE-ELEMENT MODEL REVISIT 

It is noted that measured sensor properties deviate from design-stage FEA results. 

As an example, the pkg #1 sensor shows a resonance frequency of 256 kHz (see Table 3.2), 

which was initially designed as 200 kHz. The design-stage FE model does not reflect all 

features of the fabricated sensor. The features not reflected in the model are (i) presence of 

all layers in the sensor, (ii) measured sensor dimensions, (iii) residual stress in SiO2 and 

AlN layer, and (iV) measured AlN piezoelectric property. 

The diaphragm diameter may be measured by removing the diaphragm and 

sacrificing the sensor, as presented in Figure 3.4. The anchor position is not visible through 

the AlN film owing to underlying bottom Pt electrode layer deposited everywhere over the 

MEMS die. There exists die-to-die variation. Measuring diaphragm diameter without 

sacrifice is therefore desirable. 

Measuring the deflection profile across the diaphragm at resonance and fitting the 

profile with simulation is one way to determine the diaphragm diameter indirectly. The 

diaphragm is electrically actuated, and the diaphragm deflection at resonance frequency is 

obtained across the diaphragm using a LDV system (Polytec Inc., MSA-050). The scan 

points are set such that the distance between each point is 0.52 µm, significantly smaller 

than typical tolerances measured in the tape test in Figure 3.4, allowing determination of 

the diaphragm diameter with high precision. The experimentally observed deflection 

profile across the diaphragm is compared against the simulation at first resonance 

frequency, as presented in Figure 3.11. The simulated profile with 𝑅𝑅𝑜𝑜  = 222.5 µm is 

aligned with the measured profile, so this can be taken as the extracted diaphragm radius. 

For this particular device, the difference between designed and measured radius is 27.5-

µm. 
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Figure 3.11: A comparison of the deflection profile across the diaphragm between a 
simulation and experiment at first resonance frequency. Each profile is 
normalized with respect to their relative maximum center-point 
displacement for the comparison. 

All layers, with exception of TiO2, with their fabricated sensor dimensions are 

included in the updated FE model. TiO2 contributes negligible thickness. The updated FE 

model is presented in Figure 3.12. The residual stress for each layer is assigned using initial 

stress feature as the following: zero residual stress in epitaxial Si layer and Pt layer, and -

272 MPa compression in SiO2 layer based on historical and relatively well-studied stress 

in dry-grown thermal oxide films on Si [37]. Pt metal electrode layers are thin in 

comparison to the others, so their residual stress is not included. 
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Figure 3.12: An illustration of the updated FE model. 

The stress of the AlN layer was varied until the simulated resonance frequency is 

aligned with the experimentally observed value. The simulated resonance frequency vs. 

AlN film stress for pkg #1 device is presented in Figure 3.13. Stress in AlN is assigned a 

value of 111-MPa tension to provide alignment of the modeled and experimentally 

observed resonance frequency of the pkg #1 device. 111 MPa is in the range of expected 

residual stress for sputtered AlN films [27]. As highlighted in Figure 3.13, the diaphragm 

resonance frequency exhibits a bending and tension dominated regime with respect to the 

AlN film stress. Sensitivity of the resonance frequency to AlN film stress may partially 

explain the die-to-die variation in resonance frequency observed across the processed 

wafer. 
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Figure 3.13: A simulation result of residual stress in AlN layer vs. resonance frequency. 

With the resonance frequency in the simulation and measurement aligned, 𝑄𝑄𝑠𝑠𝑜𝑜/𝑃𝑃 

is simulated using the updated FE model of the diaphragm and compared with the measured 

value. The ratio of the simulated 𝑄𝑄𝑠𝑠𝑜𝑜/𝑃𝑃 vs. measured 𝑄𝑄𝑠𝑠𝑜𝑜/𝑃𝑃 gives the scale factor for 

the piezoelectric property of AlN film in the fabricated sensor with respect to its theoretical 

value. The extracted piezoelectric property for the device (pkg #1) is 74 %, close to what 

has been previously determined using a test beam structure (see Appendix). 

The updated FE model also successfully predicts the dependence of observed 

resonance frequency on ambient pressure, discussed in section 3.3.2. A non-linear solution 

in the FEA is used to simulate center-point-deflection vs. applied uniform pressure, with 

the result summarized in Figure 3.14. The simulated ratio of small-signal compliance 

𝑑𝑑𝑑𝑑/𝑑𝑑𝑃𝑃  evaluated about 1 atm. vs. 𝑑𝑑𝑑𝑑/𝑑𝑑𝑃𝑃  evaluated about 𝑃𝑃  = 0 is 0.31 (19.3 

pm/Pa/63.2 pm/Pa). Compared to the experimentally observed shift of 0.41, 0.31 is in 
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relatively good agreement considering the complexities involved in modeling the non-

linear deflection behavior of multi-layered diaphragms with different residual stress levels. 

In future embodiments, the dependence of small-signal compliance on static pressure can 

be reduced or removed if desired by including a vent or diaphragm piercing, as is common 

in microphone design. 

 

Figure 3.14: FEA results of diaphragm deflection at the center under various pressure 
values. Diaphragm compliances are listed at a pressure difference across the 
diaphragm 𝛥𝛥𝑃𝑃 = 0 Pa and 100 kPa (≅ 1 atm). 

3.5. MEASUREMENTS IN A HYPERSONIC FLOW 

Pressure measurements were performed in the Boeing/AFOSR Mach-6 quiet wind 

tunnel (BAM6QT) at Purdue University. The BAM6QT is a Ludwieg tunnel and one of 

few hypersonic quiet tunnels capable of producing a repeatable Mach-6 quiet-flow 

condition [13]. Figure 3.15 presents a schematic of the test cone which is axisymmetric 

and centered in the test section of the tunnel at zero angle-of-attack. The tunnel is designed 
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such that all runs occur at Mach 6 for quiet flows (Mach 5.8 for noisy flows), with the 

Reynolds number adjustable by pressurizing the driver tube. Once the driver tube is 

pressurized at a stagnation pressure 𝑃𝑃0, flow commences upon rupturing double burst Al 

diaphragms located downstream. The duration of each run is approximately 5 seconds. 

Data was sampled at 2.0 MHz using a Tektronix DPO7054 oscilloscope. 

DRIVER TUBE
(pressurized at P0)

Double burst diaphragms
(material / thickness varies 
depending on the target P0)

VAC

PURDUE BAM6QT (Ludwieg tunnel)

Converging-
diverging nozzle 

TEST SECTION
(9.5-in. diameter) Fast-acting valve 

for quiet flow

AlN pressure sensor (front)
AlN pressure sensor (back)

Magnified view:
7° half-angle cone

PCB #1

PCB #2 0° reference
Bottom side

of cone

From BACK

+90°

−90°

Mach 6.0

From TOP

 

Figure 3.15: Illustrations of BAM6QT at Purdue University and the 7° half-angle cone. 
Two PCB131A31 sensors are mounted at axisymmetric locations with 
respect to the AlN pressure sensors in terms of flow condition at the 0° 
angle of attack. 

Figure 3.16 presents the fast-Fourier transform (FFT) of data collected during a run. 

The PCB132A31 sensors, as a mature technology, capture the true pressure spectrum. The 

AlN pressure sensor spectra is influenced by the narrowband resonance occurring near 400 

kHz, as expected. Inverse filtering using a second-order response as indicated in Figure 
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3.16 was implemented as a post-processing step to yield the direct sensor-to-sensor 

comparison in Figure 3.16(b). The commercial PCB132A31 and AlN pressure sensor are 

in excellent agreement up to 0.50 MHz. Both sensors capture the second mode instability 

peak at 0.20 MHz. The second mode instability is a standing acoustic wave residing in the 

boundary layer of hypersonic flows, and causes a laminar-to-turbulent flow transition [38, 

39]. 

 

Figure 3.16: A comparison of the AlN pressure sensor responses before/after inverse 
filtering. (a) The sensor resonances shown at 0.4 MHz are removed by the 
inverse filter. (b) The filtered responses agree with the reference PCB132A31 
sensors. 

Additional run data under various stagnation-pressure conditions is presented in 

Figure 3.17, and in all cases both sensors are in excellent agreement in the range 0.05 MHz 

to 0.30 MHz. Below 0.05 MHz, the AlN sensor shows features not present in the PCB 
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signal spectra. These features in the AlN sensor signal are thought to be noise due to 

vibration sensitivity in the prototype sensor. 

 

Figure 3.17: Comparison of AlN pressure sensor (front) to PCB132A31 #1 sensor for 
four-different flow conditions (noisy flow). As the stagnation pressure 𝑃𝑃0 
increases, the Reynolds number is increased, in which the frequency of the 
2nd-mode instability peak is increased. 

Recall from Figure 3.6 that the two sensors comprising the prototype are spaced 

only 650-μm apart, so one would expect correlation among signals. Correlation between 

the front and back sensors was computed using the digitized data from a Mach-6 quite-

flow measurement at 𝑃𝑃0 = 156.1 psi. Data is first filtered using a 5th-order Butterworth 

band-pass filter (BPF) with a range from 200 kHz to 400 kHz. The correlation of filtered 

data is 72.8 %. Filtering using 100 kHz to 400 kHz yields a correlation of 53.2 %. A section 

of pre-run data was used to compute the correlation between sensors in the absence of 

signal, and the correlation was small at 2.16 % and 1.67 % when the same BPFs are applied, 

as expected. This analysis is presented in Figure 3.18. 
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Figure 3.18: A correlation analysis using the data taken under a Mach-6 quiet flow 
condition at a stagnation pressure, 𝑃𝑃0  = 156.1 psi. (a) The RAW time-
domain data during the run in which two regions used for the correlation 
analysis are highlighted as “Quiet” and “Run,” and (b) The correlation results 
with a 5th-order Butterworth BPF from 200 to 400 kHz. 

3.6. HIGH-TEMPERATURE PACKAGING AND DEMONSTRATION 

Some MEMS dies were packaged with high-temperature compatible ceramics and 

tested for high-temperature capability demonstration. Details regarding the packaging are 

presented in the following chapter. Figure 3.19 presents the packaged sensor under high-

temperature butane flame (~1400 °C). As a qualitative demonstration of high temperature 
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operation, the sensor successfully records music with high fidelity while immersed in the 

extreme temperature and turbulent flame. To explore the effect of high temperature 

exposure on device properties, the diaphragm resonance was measured before and after 

each two-minute exposure to the flame. The sensor was electrically actuated through a 

piezoelectric port and the motion of the diaphragm at the center was recorded using a LDV 

(Polytec. Inc., MSA-050). Figure 3.20 presents measurements before and after the sensor 

remains in the flame for more than two minutes. The diaphragm compliance is observed to 

shift as well. The change in compliance and resonance frequency is possibly attributable 

to a change in mechanical property of the diaphragm (e.g. residual stress of AlN layer). In 

the next chapter, more quantitative sensor characterization vs. temperature is presented. 
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Figure 3.19: (a) High-temperature pressure sensor package and (b) the packaged sensor 
under high-temperature butane flame. 



 52 

 

Figure 3.20: Diaphragm displacement before and after immersion into high-temperature 
butane flame. The sensor works reliably after multiple one-minute duration 
exposures. 

  



 53 

Chapter 4:  Second Generation AlN Pressure Sensor 

4.1 OVERVIEW 

This chapter presents a second generation AlN pressure sensor. On-diaphragm Pt 

thermistors were fabricated and characterized to realize a pressure sensor with temperature-

compensated sensitivity. The thermistors reside on top of the diaphragms and are patterned 

into a 100-nm-thick sputtered Pt electrode layer. Experimental characterization of the Pt 

thermistors vs. temperature reveals the upper-limiting temperature as 600 °C and 

demonstrates the importance of annealing to realize hysteresis-free Pt thermistor vs. 

temperature behavior. Measurement of dynamic frequency response vs. temperature 

proves that diaphragm compliance is a function of temperature, and therefore demonstrates 

the importance of temperature-compensated pressure calibration in high-temperature 

measurement environments. The sensor is packaged with high-temperature compatible 

material and tested in a Mach-6 quiet wind-tunnel. The pressure data are compared against 

the commercial sensor presented in the same test. 

4.2 FABRICATION 

Figure 4.1(a) presents a photograph of a sensor packaged for laboratory 

characterization, and Figure 4.1(b) is SEM images of a silicon die housing an array 

comprised of four pressure-sensitive diaphragms [40] 4 . Each diaphragm has 700-µm 

diameter and a cross section as presented in Figure 4.1(c). Details regarding the various 

fabrication steps have been summarized in chapter 3. The topmost electrode layer shown 

in Figure 4.1 is comprised of a 30-nm-thick Ti layer and a 100-nm-thick Pt layer. These 
 

4 Content in this chapter appears similar in form in Ref. [40]: 
Y. Seo, D. Kim, and N. A. Hall, “On-diaphragm Thermistor for High-temperature Dynamic Pressure 
Sensors,” IEEE Sens. J., vol. 20, no. 5, pp. 2287-2293, Mar. 2020. The first author, Y. Seo, has contributed 
to the majority of the work. The second author, D. Kim, has contributed to the experiemental setup for the 
the pressure/temperature sensor characterzation vs. temperature. 



 54 

materials are sputtered in the same sputtering tool without breaking vacuum and are 

patterned using a standard lift-off process. The Ti layer is employed to promote adhesion 

of Pt onto AlN. This Pt/Ti layer is used to form the top electrode for piezoelectric pressure 

sensing as well as two thermistors. The inset in Figure 4.1(b) presents magnified views of 

the two thermistors—one residing in the center of the pressure-sensitive diaphragm, and a 

second near the perimeter of the die. A serpentine-shaped trace is employed to increase the 

overall resistance of the thermistor. 

 

Figure 4.1: (a) Photograph showing a packaged MEMS die, (b) SEM images showing 
the MEMS die and magnified views of temperature sensors residing in the 
center of the diaphragm and near the perimeter of the MEMS die, and (c) an 
illustration of a cross-sectional schematic of an individual sensing element 
in section A-A. 

An additional feature is added to this second generation—a vent hole on the center 

of the diaphragm. The venthole allows pressure equalization between the diaphragm and 

backside cavity at static pressure, preventing the pressure-dependent diaphragm behavior 
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discussed in chapter 3. The process to realize the vent hole is added between step 4 and 

step 5 in Figure 3.1 (see Chapter 3). The step for realizing the venthole involves dry etching 

multiple layers sequentially using inductively-coupled-plasma reactive-ion etch (ICP RIE) 

process (Oxford ICP RIE 100, Oxford Inc.). First, 750-nm-thick AlN layer is dry-etched 

using etching chemistry of Ar, Cl2, and BCl3 gases. The same chemistry works for a 100-

nm-thick Pt dry-etching process [41]. The 30-nm-thick TiO2 and 300-nm-thick SiO2 layers 

are dry-etched sequentially in a different RIE tool (Oxford RIE 80, Oxford Inc). Then, the 

etch mask (Microchem. Inc., SU-8 3005) is lifted off in Remover PG bath for 3 hours at 

80 °C, as it is significantly beat up during the multiple dry etch processes. DRIE process is 

performed to dry-etch 2-µm thick epitaxial Si layer until the embedded oxide layer is 

exposed with AlN and Pt layers exposed, as they are highly resistant to DRIE process with 

small cycles. Finished vent hole is presented in Figure 4.2. The radius of the vent hole is 5 

µm, which is designed for having a low cut-off frequency is 30 Hz. The venthole removes 

the static-pressure dependent diaphragm compliance noted in Chapter 3. 

 

Figure 4.2: SEM images of the vent hole fabricated at the center of the diaphragm. 

4.3 PT THERMISTOR CALIBRATION AND ANNEALING 

Figure 4.3 presents the setup used for studying the resistance vs. temperature 

behavior of the integrated thermistors. An infrared (IR) thermal-imaging camera (FLIR 
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Systems, Inc., A655sc) is used to observe the temperatures at the thermistor locations. The 

ceramic adhesive (Aremco Products Inc., 835-M) used in sensor packaging as shown in 

Figure 4.1(a) has a known emissivity, which is approximately constant across all 

temperatures considered. A small amount of the adhesive was placed on the surface of the 

silicon die to enable calibration of silicon and AlN emissivity for all measurements 

presented. The resistance of the integrated thermistor was obtained using a Wheatstone 

bridge circuit. 

 

Figure 4.3: An illustration showing a schematic of the experimental setup used for the 
temperature sensor calibration. 

A first sample was used to explore the upper temperature limits of the devices. 

Figure 4.4 shows optical micrographs and SEM images of a temperature sensor after 

annealing at 600 °C, 750 °C and 900 °C. In each case, the samples were heated and cooled 

at a rate equal to 10 °C/min and held at the respective maximum temperature for 3 hours. 

Agglomeration begins at 600 °C and progresses with higher temperatures. Pinhole defects 

are observed at 750 °C, and become more pronounced at 900 °C, eventually leading to 

discontinuities in the Pt layer. Judging from the color change, it appears that the underlying 
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AlN becomes oxidized at 900 °C. These observations of microstructural and morphological 

change with temperature are consistent with other studies found in the literature [42-44]. 

We also note that many commercial Pt thermistors specify upper limiting temperatures in 

the 500- to 600-°C range [45]. 

 

Figure 4.4: Optical-microscope and SEM images showing temperature sensors after 
annealing at different temperatures: (a) 600 °C, (b) 750 °C and (c) 900 °C. 
Pt layers are agglomerated and the agglomeration is more pronounced above 
600 °C. Pt layers form discontinuity at 900 °C. 

A second sample was used to study the effect of annealing on resistance vs. 

temperature behavior. Figure 4.5(a) presents measured resistance vs. temperature from 
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room temperature (RT) to 375 °C. The resistance is monitored in-situ while the sensor is 

annealed at 375 °C. Figure 4.5(b) presents the resistance vs. time behavior during the 

anneal. The change in resistance with time is related to microstructural and morphological 

change in the Pt layer [46, 47]. After approximately 2 hours, the resistance value converges. 

After the anneal is completed, the sensor shows repeatable and hysteresis-free resistance 

vs. temperature behavior during heating and cooling cycles as presented in Figure 4.5(a). 

To ensure hysteresis-free temperature measurements in operation, an important step prior 

to use, as suggested by these measurements and discoveries, is annealing the sensor at the 

anticipated maximum exposure temperature. 

 

Figure 4.5: (a) Resistance vs. temperature from RT to 375 °C, and (b) in-situ monitoring 
of the resistance vs. time during annealing at 375 °C. 

Figure 4.6 presents resistance vs. temperature measurements on samples that 

underwent annealing at 600 °C for 3 hours. The two samples presented have different 

lengths and therefore different RT resistance values with respect to each other. The fitted 

lines are used to extract the slope or sensitivity of the sensor, 𝑆𝑆 [Ω/°C]. The fitted lines 

are also extrapolated down to 0 °C to obtain the resistance value at 0 °C, 𝑅𝑅0 . The 

temperature coefficient of resistance (TCR) of the Pt film is then extracted using the 
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relationship 𝑆𝑆 𝑅𝑅0⁄ . The observed TCR is ~2300 [ppm/°C], and this is consistent with 

values for Pt reported by others [42]. The sensor properties are summarized in Table 4.1. 

It is interesting to note that the TCR values for each thermistor are similar, despite the on-

diaphragm thermistor seeing both temperature and mechanical stress change. This suggests 

that the influence of mechanical stress (resulting from thermal loading) on resistance 

change is small. 

 

Figure 4.6: Resistance vs. temperature of sensors on the diaphragm and near the MEMS 
die edge annealed at 600 °C for 3 hours. Each sensor shows reliable 
operation during heating and cooling cycle. The measurements are fitted 
with the 1st-order-polynomial lines to extract sensor properties. 

 
Sensor  

Location 
Resistance at 0 °C, R0 

[Ω] 
Sensitivity, S 

[Ω/°C] 
TCR 

[ppm/°C] 
On diaphragm 793.5 1.85 2282 
On die edge 595.3 1.36 2335 

Table 4.1: Extracted Sensor Properties. 
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4.4 PRESSURE SENSOR CHARACTERIZATION VS. TEMPERATURE 

The intended application of the sensor presented in Figure 4.1 is dynamic pressure 

measurements in hypersonic-flow environments. The frequency and temperature range of 

interest are 20 Hz to 1 MHz, and RT to 600 °C, respectively [3, 6, 7, 13, 48]. An experiment 

was performed in which the frequency response of a diaphragm was measured at several 

temperatures. Figure 4.7 shows photographs of the measurement setup for the experiment. 

The heating element and packaged sensor are vertically placed with respect to LDV and IR 

camera, minimizing possible fumes from the sensor package under test, as it can 

contaminate the LDV and IR camera. Both LDV and IR camera are positioned horizontally, 

while LDV is seeing the sensor vertically so that it can measure precise velocity of the 

diaphragm. IR camera is slightly angled with respect to LDV, viewing the area of interests 

with sufficient sized window in focus. 

Sensor Under Test

LDVIR Camera

 

Figure 4.7: A photograph showing an experimental setup for pressure sensor vs. 
temperature characterization. 
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The frequency response, presented in Figure 4.8(b), is obtained by exciting the 

diaphragm electrically using the piezoelectric port, as summarized in Figure 4.8(a), and 

measuring the center-point velocity using a LDV (Polytec Inc., PSV-500). As observed in 

Figure 4.8(c), the fundamental resonance frequency of the diaphragm changes 40 % over 

the temperature range from RT to 550 °C. Assuming the mass of the diaphragm is not 

changing, the change in resonance frequency can be related to the change in diaphragm 

compliance using the expressions as the following: 

𝑓𝑓𝑛𝑛 ∝ �
1

𝑚𝑚𝐶𝐶𝑚𝑚
 →  

𝐶𝐶𝑚𝑚
𝐶𝐶𝑚𝑚,𝑅𝑅𝑇𝑇

=
𝑓𝑓𝑛𝑛,𝑅𝑅𝑇𝑇

2

𝑓𝑓𝑛𝑛
2 , (4.1) 

where 𝑓𝑓𝑛𝑛 is the fundamental resonance frequency, 𝐶𝐶𝑚𝑚 is the mechanical compliance of 

diaphragm, and 𝑚𝑚 is the mass of diaphragm. Using equation 4.1, the change in resonance 

frequency in Figure 4.8(c) implies 270 % change in diaphragm compliance and calibration 

constant as shown in Figure 4.8(d). The voltage sensitivity of the diaphragm to pressure 

(in units of V/Pa) is proportional to the diaphragm compliance of a pressure sensor. 

Studying the compliance vs. temperature is therefore necessary to correctly convert voltage 

data into pressure data at different temperatures. 
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Figure 4.8: (a) An illustration of schematic of the experimental setup for frequency 
response measurement, (b) frequency response of the sensor at different 
temperatures, the normalized (c) resonance frequency and (d) diaphragm 
compliance vs. temperature corresponding to (a). Values in (c) and (d) are 
normalized to their respective RT values. The measurements are fitted with 
4th- and 5th-order-polynomial curves for (c) and (d), respectively. 

The center-point displacement per voltage (in units of m/V) vs. temperature is 

presented in Figure 4.9. The displacement is measured at the diaphragm center while 1-V 

sine input at 10 kHz is applied. A hysteresis-like behavior is observed during the heating 

and cooling process. Three samples were tested for this, and they showed similar behavior, 

suggesting the behavior is physical. This behavior is not fully understood, and more 

thorough experiments are needed to investigate this behavior. 
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Figure 4.9: Center-point displacement per voltage during heating and cooling phase. 
The data is fitted with 5-th order polynomial curves. 

The center-point diaphragm displacement per voltage is proportional to the 

diaphragm compliance and the piezoelectric coefficient of the AlN, which can be expressed 

as the following: 

𝛿𝛿𝑜𝑜𝑡𝑡𝑎𝑎 𝑉𝑉⁄ (𝑇𝑇) ∝ 𝐶𝐶𝑚𝑚(𝑇𝑇) × 𝑑𝑑31,𝑓𝑓(𝑇𝑇), (4.2) 

where 𝛿𝛿𝑜𝑜𝑡𝑡𝑎𝑎  is the center-point displacement of the diaphragm, 𝑑𝑑31,𝑓𝑓  is the effective 

piezoelectric property, and T is temperature. Manipulating Equation 4.2 relates the 

piezoelectric property to the diaphragm compliance and the center-point diaphragm 

displacement as a function of temperature, which is expressed as the following: 

𝑑𝑑31,𝑓𝑓(𝑇𝑇)
𝑑𝑑31,𝑓𝑓_𝑅𝑅𝑇𝑇

=
𝐶𝐶𝑚𝑚,𝑅𝑅𝑇𝑇

𝐶𝐶𝑚𝑚(𝑇𝑇)
×
𝛿𝛿𝑜𝑜𝑡𝑡𝑎𝑎(𝑇𝑇)
𝛿𝛿𝑜𝑜𝑡𝑡𝑎𝑎,𝑅𝑅𝑇𝑇

. (4.3) 
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The piezoelectric property vs. temperature is studied as presented in Figure 4.10 using 

Equation 4.3. The data from Figure 4.8(d) and Figure 4.9 are inserted into each term on the 

RHS of the equation. Three samples are investigated for this study, and the piezoelectric 

property changes by ~6% to ~60% at 500 °C. The variation is likely attributable to the die-

to-die variation over the fabricated wafer. This piezoelectric property vs. temperature 

behavior is compared with other [49]. The authors in Ref. [49] investigated the 

piezoelectric property of the AlN vs. temperature up to 1000 °C. The small change in 

piezoelectric coefficient (𝑑𝑑31) at 500 °C is noted as ~26% relative to that at RT. This 

change is consistent with our results which lies between 6% and 60% at 500 °C. We haven’t 

found a disagreement with Ref. [49], however, the comparison is inconclusive because of 

their poorly scaled plot. 

 

Figure 4.10: The normalized piezoelectric coefficient 𝑑𝑑31,𝑓𝑓 vs. temperature. The data 
are normalized with their respective RT values and fitted with 4th-order-
polynominal curves. 
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4.5 DYNAMIC RESPONSE CONSIDERATIONS OF PT THERMISTOR 

The speed with which the diaphragm and thermistor change temperature (i.e., their 

transient thermal response time) is not of primary importance in pressure measurement 

applications, even if the environmental temperature is rapidly changing. Rather, what is 

important is that the thermistor and the diaphragm are always approximately the same 

temperature with respect to each other, regardless of the instantaneous environmental 

temperature. The thin profile of the diaphragm (2 µm) and the direct contact between the 

thermistor and the diaphragm ensure this to be true. 

 

Figure 4.11: (a) Photographs showing a minimally packaged sensor, (b) a lumped 
parameter thermal network model corresponding to (a), and (c) heating and 
cooling transient responses of the sensor along with the thermal network 
simulations. 
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In applications, however, where one wishes to employ the sensor to resolve an 

environmental temperature changing with time, the transient response of the on-diaphragm 

thermistor becomes of interest. To explore this, a minimally packaged sensor as presented 

in Figure 4.11(a) was considered. Figure 4.11(b) presents a corresponding lumped-

parameter thermal-network model, taking into account the thermal capacitance of the 

diaphragm, bulk MEMS die, and air residing in the cavity behind the diaphragm, and the 

convective heat transfer along the top and bottom of the sensor. The model assumes one-

dimensional heat transfer from top to bottom of the sensor for the simplicity. The details 

of parameters used in Figure 4.11(b) are described in Table 4.2. The expressions for 

parameters used in Figure 4.11(b) are found in [50]. 

Parametera Value Description 

R10 [K/W] 6.84 × 103 Convective thermal resistance from the 

diaphragm to air 

R12 [K/W] 80.0 Conductive thermal resistance from the 

diaphragm to top of the MEMS die 

R20 [K/W] 6.19 × 103 Convective thermal resistance from top of the 

MEMS die to air 

R23 [K/W] 2.3 Conductive thermal resistance from top to 

bottom in the MEMS die 

R30 [K/W] 3.25 × 103 Convective thermal resistance from the cavity 

to air 

C1 [J/K] 5.02 × 10−6 Thermal capacitance of the diaphragm 

C3 [J/K] 1.40 × 10−3 Thermal capacitance of the MEMS die 
aAll parameters listed in Table ⅠⅠ are computed using the convective heat transfer coefficient (h = 95 
[W/(m2··K)]) when the sensor is cooled down. 

Table 4.2: Details of parameters used for a thermal network model. 
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In this network model, nodes represent temperature, currents represent heat flow, 

and an externally applied potential relative to ground therefore represents an applied 

temperature relative to ambient. The set-up in Figure 4.11(a) is deliberately minimal to 

enable study of the die itself. In an experiment, a hot-air gun blows air onto the die until a 

steady die temperature of approximately 95 °C is achieved, and the system is then allowed 

to cool under natural convection. As the system heats and cools, the calibrated thermistor 

provides temperature vs. time using a Wheatstone bridge configuration and an 

oscilloscope. This transient measurement result is presented in Figure 4.11(c) along with 

the lumped parameter simulation. In the simulation, the convective coefficients were fitted 

to match the measured data. To simulate cooling, the 3 nodes in the lumped parameter 

network model are giving an initial temperature, and no sources are present. To simulate 

heating, a potential was applied to nodes in ambient side of 𝑅𝑅10 , 𝑅𝑅20 , and 𝑅𝑅30 . The 

transient response is measured as 0.8 and 2.3 seconds during the heating and cooling, 

respectively. From the model, one can deduce that this time is primarily determined from 

the thermal capacitance of the MEMS die and the convective thermal resistances along the 

surfaces of the die. Figure 4.11(b) shows this simplified model for which all thermal 

conduction terms are shorted. The simulation result of the simplified model is highlighted 

as “reduced circuit model” as shown in Figure 4.11(c). 

It is also interesting to compare the thermal transient responses of thermistors on 

and off the diaphragm (see Figure 4.1(b)). Only the thermistor residing on the diaphragm 

is expected to experience additional stress resulting from the air flow pressure. Figure 4.12 

shows the transient responses of the thermistors on and off the diaphragm. The responses 

closely resemble each other suggesting that the influence of stress on resistance change, as 

induced by the applied pressure, is small. 
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Figure 4.12: Thermal transient response of Pt thermistors on and off the diaphragm. The 
MEMS die is packaged as described in Figure 4.1(a). 

4.6 MEASUREMENTS IN A HYPERSONIC FLOW 

Pressure measurements were performed in BAM6QT at Purdue University using a 

second generation AlN pressure sensor. The measurement setup is identical to the setup 

used for the measurement using the first generation AlN sensor. Details regarding the 

sensor installation is presented in Figure 4.13. Additional features applied to the second 

generation AlN sensor are (i) the use of high-temperature compatible package and special 

microphonic-free coaxial cable, and (ii) piercing on the center of the diaphragm. The use 

of low-noise coaxial cable (model 030BZ150BZ, PCB Piezotronics) can suppress noise 

induced by vibrations during the wind-tunnel operation. Vibration of regular cables 

generates triboelectric charges between the insulator and shield. The special cable is coated 

with liquid graphite layer over the insulator. The piercing in the diaphragm has 5-µm 

diameter, as designed for the diaphragm having low frequency cut off ~30 Hz. 
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Figure 4.13: (a) An illustration of the sensor installation location and (b) photographs 
showing the installation of AlN pressure sensor for the hypersonic flow 
measurement. 

The two AlN pressure sensors were tested against the three PCB sensors (PCB 

132B38, PCB piezotronics) present in the same tests. Details regarding the sensor 

installation locations are presented in Figure 4.13(a). Figure 4.14 presents the FFT data 

collected during a run at Mach-6 flow condition at 𝑃𝑃0 = 162.5 psi. The AlN pressure 

sensor spectra show high 𝑄𝑄 diaphragm resonances occurring in the frequency from 170 

to 230 kHz. The AlN sensor data shows multiple resonance peaks. The peaks are caused 
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by the fundamental resonance of each diaphragm comprising the 4-element array. The 

peaks are removed using a conventional notch filter. This filtered data is also presented in 

Figure 4.14. 

 

Figure 4.14: A comparison of the AlN pressure sensor response before and after notch 
filtering along with the reference PCB132B38 pressure sensor response. 

Comparing the filtered AlN sensor data and the PCB sensor data in Figure 4.14, 

both sensors capture the second mode instability peaks occurring near 220 kHz. Although 

not presented, both sensors capture the second-mode instability peaks under various 

stagnation-pressure condition, and they are in good agreement. 

With a vent hole constructed, the back cavity under the diaphragm is unsealed, 

allowing pressure equalization across the diaphragm. Pressure equalization results in 

compliance and sensitivity independent of static pressure. The resonance peaks are not 
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shifted during the tests, and they get much sharper (i.e. higher 𝑄𝑄) and distinct due to 

absence of air in the back cavity and reduced damping. 

The low frequency noise presented in the first-generation sensor is significantly 

reduced due to the use of low-noise cables, as expected. In addition, the overall pressure 

noise floor is 6-dB lower than that of the commercial sensor. 

It is interesting to note that a hump-like peak occurring before the second-mode 

instability only exists in the commercial sensor. The peaks are not hypersonic-flow-related 

features, and, rather, can be attributed to the sensor mounting condition [17]. The signal 

output of the commercial sensor can be affected by the radial stress applied to the sensor 

package, resulting from its mounting. 
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Chapter 5:  Conclusion and Future Work 

5.1 CONCLUSION 

An AlN MEMS piezoelectric pressure sensor for hypersonic flow measurements at 

extreme temperature has been demonstrated. SNR of the sensor system comprised of the 

sensor and its signal conditioning circuit was optimized. The sensor was fabricated, 

packaged and characterized. Two generations of the sensor were developed and filed-tested 

in a Mach-6 wind-tunnel facility at Purdue university5. 

A first generation AlN pressure sensor focused on hypersonic-flow measurements. 

The sensor was tested in the hypersonic test facility and a direct comparison was made 

against a state-of-the-art commercial pressure sensor present in the same tests. The sensor 

captures hypersonic-flow-specific feature-of-interest: second-mode instability. To best of 

the author knowledge, this was the first-time second-mode instability observation using a 

MEMS piezoelectric pressure sensor. As a MEMS technology, the proposed sensor has 

several potential advantages over the commercial sensor tested against. The sensing 

diaphragm size is 500 µm, much smaller than 3.18 mm for the commercial sensor. The 

small size of the diaphragm is especially advantageous in studying boundary layer 

transition in hypersonic flow, as the boundary layer can be as small as 1- to 3-mm thick. In 

addition, the on-chip MEMS sensor array is another benefit over the commercial sensor. 

To best of the author knowledge, this is the first time on-chip sensor array, composed of 

multiple sensors with sub-1-mm pitch, has been employed in an actual hypersonic flow 

 
5 Content in this chapter appears similar in form in Ref. [1] and [40]. 
Y. Seo, D. Kim, and N. A. Hall, “Piezoelectric pressure sensors for hypersonic flow measurements,” J. 
Microelectromech. Syst., vol. 28, no. 2, pp. 271–278, Apr. 2019 and Y. Seo, D. Kim, and N. A. Hall, Y. 
Seo, D. Kim, and N. A. Hall, “On-diaphragm Thermistor for High-temperature Dynamic Pressure 
Sensors,” IEEE Sens. J., vol. 20, no. 5, pp. 2287-2293, Mar. 2020. The first author, Y. Seo, has contributed 
to the majority of the work. The second author, D. Kim, has contributed to the hypersonic-flow 
measurements and data analysis in Ref. [1] and the experimental setup for the pressure/temperature sensor 
characterization vs. tempeature in Ref. [40]. 
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measurement, successfully capturing flow features of interests across a range of test 

condition. Signals from the array were shown to be strongly correlated with each other. 

The use of AlN as sensing material is also advantage for addressing high-temperature 

application, as ferroelectrics have intrinsic limitation imposed by the Curie temperature 

(typically 300 to 400 °C) whereas AlN has been shown to function up to 1430 K (or 1157 

°C). As a qualitative demonstration of high-temperature operation, some MEMS die was 

packaged with high-temperature compatible material and successfully recorded sound 

while immersed in butane flame. 

A second generation AlN pressure sensor focused on the sensor characterization vs. 

temperature. As a new addition, on-diaphragm Pt thermistor is integrated onto a pressure-

sensing diaphragm, enabling accurate diaphragm temperature measurement. The Pt 

thermistor was chosen due to fabrication simplicity, instead of micro-thermocouple 

requiring a junction point of two materials, therefore more involved to integrate. The Pt 

thermistor vs. temperature behavior was characterized, revealing an upper-limiting 

temperature as 600 °C, above which Pt is strongly agglomerated. The importance of 

annealing Pt at the highest anticipated environmental temperature was also noted to realize 

hysteresis-free Pt thermistor. A pressure sensor behavior vs. temperature was investigated 

up to 600 °C, showing the diaphragm compliance as a function of temperature. Lastly, the 

pressure sensor was packaged with high-temperature compatible materials and a low noise 

cable. The AlN pressure sensor was tested at the Mach-6 hypersonic-flow facility along 

with the commercial pressure sensor, where the pressure data were compared against those 

of the commercial sensor presented in the same test. The AlN pressure sensor showed 6-

dB lower noise floor, and therefore 6-dB higher SNR than that of the commercial sensor. 

The commercial sensor showed spurious peaks occurring before the second-mode 
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instability in the pressure spectra, which is likely associated with its mounting condition. 

In contrast, the AlN pressure sensor does not show the peak. 

5.2 FUTURE WORK 

There exist remaining challenges to improve for the next generation of the AlN 

pressure sensor. The sensor resonance frequency occurs close to where second-mode 

instabilities are observed, requiring additional effort to remove the resonance peak. The 

sensor resonance can be increased by fabricating the sensor either (i) thicker in thickness 

or (ii) smaller in size. Fabricating thicker diaphragms is a relatively easy approach. 

Fabricating smaller diaphragm has benefit over the thicker diaphragms in terms of spatial 

resolution in hypersonic-flow measurements. The smaller diaphragm, however, can pose 

difficulties in the sensor fabrication (e.g. high-aspect ratio DRIE process for backside 

cavity). In such a scenario, it would be beneficial to employ surface-micromachining 

process to yield the smaller diaphragm [51]. 

Considering piezoelectric material with higher piezoelectric coefficient would be 

beneficial to increase sensor SNR. As an example, ScAlN has demonstrated the ability to 

achieve 2× the charge output of AlN with minimal increase in dielectric constant and 

dielectric loss, suggesting ~6-dB improvement in SNR figure of merit over that of AlN 

[52, 53]. Another approach to increase SNR is building a bimorph diaphragm structure 

composed of two layers of AlN, yielding ~3-dB improvement in SNR in comparison to 

that of the diaphragm with single AlN layer. Although not presented in this dissertation, 

the bimorph diaphragm was built for infrasonic monitoring applications where high-

pressure sensitivity is demanded. SEM images and illustrations of the diaphragm are 

presented in Figure 5.1. 
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Figure 5.1: (a) SEM images showing the top-down and zoomed-in cross-sectional view 
of the fabricated bimorph diaphragm and (b) an illustration of the bimorph 
diaphragm. 

Making a pressure sensor capable of sensing static pressure as well as dynamic 

pressure would be beneficial. Knowing static pressure is particularly important when 

determining an appropriate safety factor for high-speed flights. The pressure-sensitive 

diaphragm with piezoresistive sensing scheme enables static pressure measurement. The 

hybrid construction of two sensing schemes can be considered, with piezoresistive sensor 

for static pressure sensing and piezoelectric sensor for dynamic pressure sensing. Although 

not presented in this dissertation, piezoresistive-sensed diaphragm using a double-stack 

SOI wafer has been fabricated for infrasonic applications [54]. Figure 5.2 presents the 

sensor fabrication and SEM images showing the cross-sectional view of the piezoresistive 

sensor. The piezoresistive sensor realized on the double-stack SOI wafer can be easily 
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integrated into the AlN pressure sensor fabrication, as they can share the same SOI wafer 

for the fabrication. 

 

Figure 5.2: (a) Fabrication flow of the piezoresistive-sensed diaphragms and (b) SEM 
images showing a cross-sectional view of the fabricated diaphragm [54]. 

A second generation AlN pressure sensor showed its upper-limiting operational 

temperature far below its target temperature (1000 K). As noted in Chapter 4, Pt metal 

electrode layer was a factor limiting the maximum operational temperature, not AlN layer. 

It has been demonstrated that the thermal stability of Pt can be greatly improved up to 1000 

°C by encapsulating Pt with SiO2 layer [55]. Employing other refractory metal materials 

(e.g. Mo, Ta, and W) for the top electrode would be another solution to mitigate metal-

related temperature limitation. 

For better sensor characterization at high temperature, a sensor package needs to be 

improved. Thin Al wire was used to make connection between the sensor and package. 

Often the Al wire was heavily oxidized during the high-temperature sensor 

characterization, and, in worst case, it was disconnected during measurements, impeding 
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reliable sensor characterization. Other metals with higher melting point can be considered 

to mitigate this problem (e.g. Pt (1768 °C) or Au (1064 °C)). 

Temperature-compensated pressure-sensitivity calibration has been demonstrated 

using the diaphragm compliance vs. temperature. This temperature-compensated 

calibration works well assuming the piezoelectric property of the AlN does not changes 

with temperature. The piezoelectric property, however, is temperature-dependent over the 

temperature range of interest as discussed in Chapter 4, which can affect accuracy of 

pressure data at high temperature. Studying piezoelectric property of the AlN vs. 

temperature would be beneficial for more accurate interpretation of pressure data. Using a 

simple cantilever beam structure, like one presented in Appendix, can be considered for 

this purpose. The beam structure releases mechanical stress resulting from the temperature 

change, allowing a separate assessment of the piezoelectric property vs. temperature. 
  



 78 

Appendix:  AlN Thin Film Optimization 

This appendix presents the DOE to obtain an AlN thin film with good piezoelectric 

property using a reactive-sputtering process. XRD measurement is employed to 

characterize AlN crystalline orientation. In addition, a simple cantilever beam structure is 

microfabricated to experimentally extract the piezoelectric coefficient of the AlN. The 

measured AlN piezoelectric coefficient is associated with its crystalline orientation 

observed by the XRD measurement. 

A.1 INTRODUCTION / BACKGROUND 

AlN thin film has been an attractive material for many years in acoustic MEMS 

transducers due to its excellent properties, such as high surface acoustic velocity, good 

electrical isolation and low dielectric loss [56-58]. Several techniques have been employed 

to produce high quality epitaxial AlN thin film for good piezoelectric property [59-61]. A 

common feature for such techniques, however, is high processing temperature (>1000 °C), 

hindering integration of the process into acoustic MEMS transducers. For this reason, 

polycrystalline AlN thin film has been preferred owing to its relatively low processing 

temperature (typically ≤ 500 °C). In addition, the piezoelectric property of polycrystalline 

AlN thin film with c-axis orientation and epitaxial AlN thin film have a comparable 

piezoelectric property [27]. 

A reactive-sputtering technique has been widely used for a polycrystalline AlN thin 

film. This technique is a sputtering process using a pure Al sputtering target and Ar/N2 

plasma. N2 plasma supplies reactive N atoms involving in the chemical reaction with Al 

atoms to produce an AlN thin film on a substrate. The sputtering physics for the AlN thin 

film have been well-studied, thus enabling to control the AlN crystalline structure for good 

piezoelectric property and other film properties critical for device-specific applications 
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(e.g. residual stress and polarization orientation), leading to successful device realization 

[27, 62]. In this study, a reactive-sputtering process has been employed to produce highly 

oriented polycrystalline AlN thin film in c axis for a pressure sensor application. 

XRD is a non-destructive measurement technique to identify crystalline structure 

of materials, and has been widely used to investigate crystalline structure of the sputtered 

AlN films [28, 63]. For good piezoelectric property, highly c-axis-oriented AlN thin film 

is essential. The c-axis orientation corresponds to (0002) orientation represented by Miller 

indices. Therefore, XRD has been employed to confirm (0002) orientation in the AlN. 

Oliver et al., however, have reported that the high degree of (0002) AlN orientation 

is a necessary condition, not a sufficient condition for good piezoelectric property [64]. 

They suggest that that other techniques are required to complement the XRD data to ensure 

good piezoelectric property of the AlN. For this reason, the piezoelectric property of the 

AlN films was experimentally determined building a simple test beam structure, and then 

associated with its respective XRD data to draw a complete conclusion. 

The remainder of this section presents a preparation procedure of an AlN thin film 

for good piezoelectric property, along with its underlying metal layer. Then, the AlN thin 

film is characterized using XRD and a test beam structure, identifying critical process 

parameters in a reactive-sputtering process of the AlN. 

A.2 EXPERIMENTAL SETUP 

A.2.1 Metal Layer Preparation 

AlN thin film preparation starts from an underlying metal layer preparation which 

serves as a seed layer for the subsequent polycrystalline AlN. Of various metal materials, 

Pt layer with its adhesive layer Ti was chosen. First, a 300-nm-thick SiO2 layer was 

thermally grown on a (100)-oriented 4-inch Si substrate, serving as an electrical isolation 
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layer from the substrate. A 20-nm-thick Ti layer and a 100-nm thick Pt layer were 

sequentially sputtered at 500 °C in the same sputtering tool without breaking vacuum (Kurt 

J. Lesker, custom model), unless specifically mentioned. The wafer was naturally cooled 

down below 100 °C in the tool to avoid excessive thermal stress, resulting from an abrupt 

change in temperature during the substrate unloading. Photographs of the sputtering system 

used for the metal layer preparation are shown in Figure A.1, and details regarding 

sputtering conditions are summarized in Table A.1. 

 

Figure A.1: Photographs showing the sputtering system for metal layer preparation. 
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Sputtering parameters Ti layer Pt layer 

Pressure [mTorr] 7.5 

Power [W] 300 

Substrate temperature [°C] 500 

Target-substrate distance [mm] 300 

Table A.1: Details regarding sputtering parameters for Pt and Ti layers. 

A.2.2 AlN Film Preparation 

The metallized substrate in previous section is used for the AlN thin film 

preparation. The substrate is loaded into a sputtering system (laybold GmbH, Univex 

450B). Figure A.2 presents photographs showing the sputtering system. The system is a 

dc-magnetron sputtering system using a 4-inch Al target with 99.9995% purity and is 

customized to have a substrate heater, enabling the substrate heating up to 600 °C. The 

target-substrate distance is set as 70 mm, close to what commonly observed in others [27, 

65]. The system has no load-lock chamber, making of importance to regularly bake out the 

chamber, as, otherwise, would significantly increase the time to get to base pressure. Base 

pressure equal to 2 × 10−6  mbar (1.5 × 10−6  Torr) is achieved after the substrate is 

loaded. The substrate is heated up to 400 °C. The chamber pressure increases during the 

substrate heating due to outgassing of the chamber and recovers the initial base pressure 

after a while, and then the sputtering process begins. The sputtering process is composed 

of three steps: two pre-sputtering steps with a shutter closed, and an actual sputtering step 

with the shutter open. The two-pre sputtering steps are sequential 5-min Al sputtering step 

and 5-min AlN sputtering step. 50-sccm Ar gas is flowing into the chamber and 500-W dc 

power is applied to the Al target in the first pre-sputtering step, after which Ar gas is 

reduced to 20-sccm and additional N2 gas is flowing into the chamber with the same dc 
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power in the second step. During the second pre-sputtering step, both Ar and N2 gas flows 

are stabilized, resulting in stable plasma. Then, the shutter is open and actual sputtering 

process starts. After deposition done, the substrate is naturally cooled down below 80 °C 

to avoid excessive thermal stress induced by an abrupt change in temperature before 

unloading. Details of the sputtering process parameters are summarized in Table A.2. 

 

Figure A.2: Photographs showing the sputtering system used for the AlN film 
preparation. 
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Sputtering parameters Values 

Pressure [mbar] 5×10-3 

Base pressure [mbar] 2×10-6 

dc power [W] 500 

Substrate temperature [°C] 400 

Target-substrate distance[mm] 70 

Table A.2: Details of sputtering parameters for the AlN film deposition. 

A.2.3 XRD Characterization 

The crystalline structure of the AlN film was characterized using XRD 

measurement (Phillips X'pert). 2θ-ω XRD measurement was used to identify the crystalline 

structure of the AlN thin film sample, where ω and 2θ are defined as an angle between the 

x-ray source and the sample and an angle between the incident x-rays and the detector, 

respectively, as presented in Figure A.3. The scan is also referred as a coupled scan since 

the motion of ω and 2θ are coupled to equate ω = 1/2×2θ + offset. Prior to the scan, ω and 

2θ values were calibrated against a (400)-orientation Si substrate peak position. The (400) 

Si peak is theoretically well-known, allowing the calibration of ω and 2θ with high 

accuracy. The XRD measurement was performed over the 2θ range from 30° to 90° with 

scan step and scan speed equal to 0.01° and 2.0°/min, respectively. FWHM was computed 

using a software offered by the XRD instrument. 
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Figure A.3: A photograph showing an experiment setup for the XRD measurement. 

A.2.4 Test Beam Structure 

A simple test beam structure was used to experimentally determine the piezoelectric 

coefficient of an AlN thin film. A two-mask process is employed to microfabricate the 

beam structure, allowing the fast build-and-test cycle. Figure A.4(a) shows a schematic of 

microfabrication of the test beam structure, starting with a Si substrate coated with an AlN. 

A 100-nm-thick Pt layer and a 30-nm-thick Ti layer are deposited at room temperature and 

patterned into top electrode using a lift-off process. Then, the AlN is wet etched using 85% 

phosphoric acid at 80 °C to access bottom electrode. The wafer is diced into each beam 

using a dicing saw (ADT 7100, Advanced Dicing Technologies Ltd.). 

Diced beams were mounted on a laboratory glass slide using a conductive epoxy 

adhesive (EPO-TEK H20E, Epoxy Technology) and wirebonded to a PCB for connection, 

as shown in Figure A.4(b). Mounted beams were electrically excited with a 9-V sine signal 

at 700-Hz excitation frequency while a LDV (PDV 100, Polytec Inc.) was measuring the 

beam deflection amplitude at specific locations along the length of the beam. The metal 

locations are fabricated during a lift-off process for top electrode, enabling their location 



 85 

relative to the electrode is determined with high accuracy. A FFT analyzer (dScope Series 

III, Spectral Measurement Prism Media Products Ltd.) was used for applying the excitation 

and measuring the LDV signals. 

 

Figure A.4:  (a) Microfabrication flow of the test beam structure and (b) a photograph of 
the packaged beam, with details labeled. 

The procedure for extracting piezoelectric coefficient, 𝑒𝑒31,𝑓𝑓  from these 

measurements is summarized as follows: (i) a commercial FEA software, Ansys APDL, is 

used to simulate the beam tip deflection using any known set of AlN properties. With the 

known set, 𝑒𝑒31,𝑓𝑓_𝑘𝑘𝑛𝑛𝑜𝑜𝑘𝑘𝑛𝑛  for the simulated film is readily computed using 𝑒𝑒31 −

𝑒𝑒33𝑐𝑐13𝐸𝐸 𝑐𝑐33𝐸𝐸⁄  [66]. As an example, using properties for AlN from [67] yields a known 
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coefficient of 𝑒𝑒31,𝑓𝑓,𝑘𝑘𝑛𝑛𝑜𝑜𝑘𝑘𝑛𝑛 = −1.02 C/m2. (ii) The extracted 𝑒𝑒31,𝑓𝑓 of the sputtered AlN 

film, 𝑒𝑒31,𝑓𝑓_𝑚𝑚𝑒𝑒𝑎𝑎𝑠𝑠, is determined using the following relation: 

𝑒𝑒31,𝑓𝑓_𝑚𝑚𝑒𝑒𝑎𝑎𝑠𝑠 =
𝛿𝛿𝑡𝑡𝑖𝑖𝑝𝑝,𝑚𝑚𝑒𝑒𝑎𝑎𝑠𝑠

𝛿𝛿𝑡𝑡𝑖𝑖𝑝𝑝,𝑠𝑠𝑖𝑖𝑚𝑚
𝑒𝑒31,𝑓𝑓_𝑘𝑘𝑛𝑛𝑜𝑜𝑘𝑘𝑛𝑛. (A.1) 

It should be emphasized that this approach extracts the 𝑒𝑒31,𝑓𝑓  coefficient rather 

than the 𝑑𝑑31,𝑓𝑓 coefficient of the piezoelectric film. The bulk Si beam is much thicker than 

the piezoelectric film (500 µm vs. 1 µm, respectively). The deflection of the beam is 

governed by stress generated in the film and by elastic properties of bulk beam. The elastic 

properties of the piezoelectric film have approximately zero influence on the deflection of 

beam. For this reason, the method extracts the 𝑒𝑒31,𝑓𝑓 piezoelectric coefficient rather than 

𝑑𝑑31,𝑓𝑓 coefficient of the thin film. 

A.3 ALN FILM INVESTIGATION 

The DOE was performed to obtain AlN thin film with good piezoelectric properties. 

N2/Ar ratio was varied while other sputtering parameters are fixed. Baseline parameters 

other than N2/Ar ratio were set as similar as those in [27]. AlN thin films were deposited 

on the substrates metallized with the Ti/Pt layer, as described in section A.2.1, during the 

DOE. The deposition time was fixed as 21.5 min for all depositions, yielding film thickness 

ranging from 810 nm to 920 nm. 

Three samples were prepared to study the effect of N2/Ar ratio on the piezoelectric 

coefficient 𝑒𝑒31,𝑓𝑓 of the AlN film. The N2/Ar ratio was varied from 3 to 5 varying N2 flow 

relative to the fixed Ar flow (20 sccm). The test beam structures were fabricated and tested 

based on procedure described in section A.2.4. Table A.3 summarizes details regarding 
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each sample. Sample 1 shows the highest 𝑒𝑒31,𝑓𝑓_𝑚𝑚𝑒𝑒𝑎𝑎𝑠𝑠 value among the cases, indicating 

that the N2/Ar ratio of 3 is an optimal value in this study. 

Sample 

ID 

N2/Ar  

ratio 

𝑒𝑒31,𝑓𝑓_𝑚𝑚𝑒𝑒𝑎𝑎𝑠𝑠

𝑒𝑒31,𝑓𝑓_𝑘𝑘𝑛𝑛𝑜𝑜𝑘𝑘𝑛𝑛
 

[%] 

Sample 1 3 64.4 

Sample 2 4 61.6 

Sample 3 5 47.5 

Table A.3: Details regarding the DOE of N2/Ar flow. 

All samples, however, show 𝑒𝑒31,𝑓𝑓_𝑚𝑚𝑒𝑒𝑎𝑎𝑠𝑠 𝑒𝑒31,𝑓𝑓_𝑘𝑘𝑛𝑛𝑜𝑜𝑘𝑘𝑛𝑛⁄  less than 64%, significantly 

lower than those reported by others [27]. XRD measurement was performed on Sample 1 

to better understand why Sample 1 shows the low piezoelectric coefficient. Figure A.5 

presents the XRD measurement of Sample 1, with all peaks labeled. The (0002) AlN peak 

is observed along with the (111) Pt peak. The XRD data was compared against those 

reported by others [58, 68]. The lower peak intensity and wider FWHM values of the 

(0002) AlN peak was noted in Sample1, indicative of the low degree of (0002) AlN 

orientation. This explains why Sample 1 shows the lower piezoelectric property. The (111) 

Pt peak in Sample 1 also shows the similar result as the (0002) AlN peak, indicating the 

low degree of (111) Pt orientation. In addition, the presence of (311) Pt peak is noted, as 

highlighted in Figure A.5, another indicative of the low degree of (111) Pt orientation. A 

highly (111)-oriented Pt thin film is critical for a highly (0002)-oriented AlN thin film, as 

reported in [65]. Therefore, it can be speculated that the lower piezoelectric property in 

Sample 1 derives from the low degree of (111) Pt orientation. In the following section, an 
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experimental procedure to obtain a highly (111)-oriented Pt thin film is presented. Then, 

the effect of the (111) Pt orientation on the (0002) AlN orientation is investigated. 

 

Figure A.5: XRD measurement of Sample 1 (N2/Ar ratio = 3). 

A.4 METAL LAYER INVESTIGATION 

A.4.1 Pt Layer Investigation 

This section presents an experimental procedure to obtain a highly (111)-oriented 

Pt layer. Pt thin film involves its adhesion layer, influencing (111) Pt orientation together 

with the Pt sputtering condition itself. Those two conditions need to be separated to 

investigate their respective influences on (111) Pt orientation. For this purpose, a Pt thin 

film is sputtered on a SiO2 substrate without its adhesion layer, and the Pt crystalline 

structure is investigated using XRD measurement. 

A Pt layer was prepared directly on a thermally oxidized Si wafer without its 

adhesion layer. Other experimental conditions are kept the same as described in section 
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A.2.1 except the Ti adhesion layer. Pt crystalline structure was investigated using XRD 

measurement. Figure A.6 presents the XRD data of a Pt/SiO2 sample along with a 

Pt/Ti/SiO2 sample for the comparison. The (111) Pt peak in the Pt/SiO2 sample shows much 

stronger intensity and narrower FWHM than those in the Pt/Ti/SiO2 sample. The intensity 

and FWHM of the Pt/SiO2 sample are close to those reported as a highly (111)-oriented Pt 

layer [58, 68]. In addition, the (311) Pt peak is not present in the Pt/SiO2 sample, as 

presented in Figure A.6. This result indicates that the Pt sputtering condition itself is 

already established for a highly (111)-oriented Pt thin film. 

 

Figure A.6: XRD measurement of Pt/SiO2 sample and Pt/Ti/SiO2 sample. 

Comparing the XRD data of the Pt/SiO2 sample and the Pt/Ti/SiO2 sample shows 

that the adhesion layer Ti degrades a degree of (111) Pt orientation. Using Pt/SiO2 

substrates instead of Pt/Ti/SiO2 substrates can be considered for a highly (0002)-oriented 

AlN thin film. However, the Pt/SiO2 substrate will pose adhesion-related issues (i.e. 
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buckling, cracking and/or film delamination) when AlN films with a few hundred-MPa 

residual stress are deposited [27]. Thus, the use of adhesion layer is an inevitable condition. 

A.4.2 Adhesion Layer Investigation 

This section presents the DOE to obtain the proper crystal orientation of the 

adhesion layer to achieve a highly (111)-oriented Pt thin film. TiO2 is chosen as an adhesion 

layer for Pt in this study. The use of TiO2, instead of Ti, is more desirable for high-

temperature applications owing to its excellent thermal stability. TiO2 is not easily diffused 

into Pt grains at high temperature, therefore not causing diffusion-related issues associated 

with Ti [69-72]. Moreover, TiO2 provides a comparable adhesion as Ti. 

A (0002)-oriented Ti layer is a prerequisite condition for a (200)-rutile TiO2 layer, 

eventually for a (111) Pt thin film [73-75]. Therefore, the DOE for the (0002) Ti layer is 

performed first. The Ti layer is deposited using a sputtering system (Univex 450B) and 

thermally oxidized to form TiO2. The thickness of the Ti layer is set as 20 nm to yield 30-

nm thick TiO2 through a thermal oxidation. Details regarding the DOE are presented in 

Table A.4. 
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Case  
# 

Wafer 
ID 

Power 
[W] 

Pressure 
[mbar] 

Target-substrate 
Distance [mm] 

Ti (0002) 
Peak 

1 W35 325 2.50 × 10−3 170 No 
2 W36 500 2.50 × 10−3 170 No 
3 W37 325 1.00 × 10−2 170 No 
4 W40 325 2.50 × 10−3 50 Yes 
5 W41 325 2.50 × 10−3 80 No 
6 W42 325 2.50 × 10−3 95 No 
7 W44 400 2.50 × 10−3 50 Yes 
8 W45 550 2.50 × 10−3 50 Yes 
9 W46 200 2.50 × 10−3 50 No 

Table A.4: Details regarding the DOE for (0002) Ti layer. 

Among sputtering conditions, sputtering power, pressure, and target-substrate 

distance are chosen as variable conditions for the DOE, with Case 1 as a baseline condition. 

XRD measurements is performed after each case to confirm (0002) Ti orientation. A (0002) 

Ti peak is observed in Case 4 where the target-substrate distance is reduced to from 170 

mm to 50 mm, as shown in Figure A.7. This implies that the target-substrate distance is the 

most critical condition for the (0002) Ti orientation in the sputtering system used for this 

study. With the target-substrate distance in Case4 fixed, the sputtering power was varied 

for Case 7, 8 and 9. The (0002) Ti peak intensity increases with the sputtering power, as 

presented in the inset of Figure A.7. It is also interesting to note that case 9 does not present 

the (0002) Ti peak despite the 50-mm target-substrate distance, implying that there is a 

minimum sputtering power condition for the (0002) Ti peak. The sputtering condition in 

Case 8 is chosen as an optimized condition for the (0002)-oriented Ti layer owing to its 

(0002) Ti peak with the highest intensity. 
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Figure A.7: XRD measurement of the samples in Case 4, 7, and 8. 

The sample in Case 8 was thermally oxidized to form TiO2 at 750 °C for 3 hrs using 

a furnace. For (200) TiO2, thermal oxidation temperature above 600 °C is required [73, 

75]. Then, Pt is sputtered on the (200) TiO2 layer at 500 °C. XRD measurements are 

performed after each thermal oxidation process and Pt deposition process. Figure A.8 

presents the XRD measurement data of the sample in Case 8, with Ti, TiO2, and Pt peaks 

highlighted. The (200)-rutile TiO2 peak is visible near the (0002) Ti peak after the thermal 

oxidation. The intensity and FWHM of the (111) Pt peak on the (200) TiO2 layer are close 

to those of the Pt peak on a SiO2 layer (see Figure A.6), indicating the high degree of (111) 

Pt orientation in Case 8. This result proves that the (200) TiO2 orientation is a critical 

condition for the highly (111) oriented Pt film. In the following section, AlN is deposited 

on a highly (111)-oriented Pt/TiO2 sample, and its crystal orientation and piezoelectric 

property are compared against those of AlN on Pt/Ti sample. 
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Figure A.8: XRD measurements of the sample in Case 8 after each Ti deposition, 
thermal oxidation, and Pt deposition process. 

A.4.3 The Effect of Metal Layer on AlN Orientation 

An AlN thin film was deposited on a Pt/TiO2 substrate using the same sputtering 

condition as described in section A.2.2. XRD measurement was performed on the AlN 

films prepared on both a Pt/TiO2 and a Pt/Ti substrate, and the XRD data are compared 

against each other, as presented in Figure A.9. Higher intensity and narrower FWHM in 

the (0002) AlN peak are observed in the Pt/TiO2 sample, indicating a high degree of (0002) 

AlN orientation. (0004) AlN peak is also visible, another indicative of the highly (0002)-

oriented AlN thin film. It is interesting to note that there are no spurious peaks other than 

the (0002) AlN peak and the (0004) AlN peak, detrimental to good piezoelectric property 

[64]. 
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Figure A.9: XRD measurement of AlN thin films on a Pt/TiO2 and a Pt/Ti substrate. 

Three samples of AlN thin films on Pt/TiO2 substrates are microfabricated into the 

test beam structure and the piezoelectric property is experimentally extracted, as 

summarized in Table A.5. 𝑒𝑒31,𝑓𝑓_𝑚𝑚𝑒𝑒𝑎𝑎𝑠𝑠 𝑒𝑒31,𝑓𝑓_𝑘𝑘𝑛𝑛𝑜𝑜𝑘𝑘𝑛𝑛⁄  of the AlN thin films on Pt/TiO2 

substrates (Sample ID 50, 51 and 61) shows more than 83.6%, which is ~20% improvement 

compared with the AlN thin film on Pt/Ti substrate (see Table A.3 Sample 1). 

Sample 
ID 

𝑒𝑒31,𝑓𝑓_𝑚𝑚𝑒𝑒𝑎𝑎𝑠𝑠

𝑒𝑒31,𝑓𝑓_𝑘𝑘𝑛𝑛𝑜𝑜𝑘𝑘𝑛𝑛
 

[%] 
50 87.4 
51 86.3 
61 83.6 

Table A.5: Extracted piezoelectric property 𝑒𝑒31,𝑓𝑓 of three samples of AlN thin films 
deposited on highly (111)-oriented Pt/TiO2 substrates. 
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This result concludes that the high degree of (0002) AlN orientation is a critical 

condition to achieve the AlN thin film with good piezoelectric property in this study. For 

a high degree of (0002) AlN orientation, a highly (111)-oriented Pt thin film is a 

prerequisite condition, which in-turn requires a (200) TiO2 adhesion layer. 
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