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Abstract 

FLEXIBLE MEMS SENSORS AND PYROELECTRIC  

THIN FILMS 

 

Moinuddin Ahmed, PhD 

 

The University of Texas at Arlington, 2014 

 

Supervising Professor: Donald P. Butler  

MEMS sensors on flexible substrates were developed and fabricated utilizing 

conventional lithography, deposition and etching tools. All of these sensors were 

fabricated in a MESA structure on the flexible substrates for tactile sensing, robotic, and 

biomedical applications. In addition, a new processing technique was developed to 

release the flexible substrate more easily from the rigid silicon carrier wafer to increase 

fabrication yield.  

Temperature sensors were fabricated on flexible substrates; utilizing amorphous 

silicon as the sensing material. After releasing from the rigid silicon carrier wafer, the 

sensors were packaged and characterized for their I-V, thermal response and 1/f noise 

properties.  The amorphous silicon showed a temperature coefficient of resistance of 2.88 

%/K at room temperature. The average value of normalized Hooge coefficient, K1/f was 

found to be 1.2 × 10
-11

 giving a noise equivalent temperature of 5.5 mK over the bandwidth 

of 1 to 941 Hz. 

Relative pressure sensors were fabricated on a flexible substrate using nichrome 

(Ni-80%/Cr-20%) as the sensing material. The sensors were characterized for I-V, 

pressure sensing, and noise behavior. The average value of normalized Hooge coefficient 
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K1/f was found to be 1.89 × 10
-10

. The average sensitivity was calculated to be 0.44 

mV/MPa yielding a noise equivalent pressure (NEPr) of 58.23 kPa in a bandwidth of 1-8 

Hz. 

Absolute pressure sensors were fabricated on a flexible substrate utilizing 

nichrome (Ni-80%/Cr-20%) as a sensing material. The sensors were packaged to create a 

reference vacuum cavity. The sensors were characterized for I-V, pressure sensitivity, and 

noise characteristics. The average value of normalized Hooge coefficient K1/f was found to 

be 4.64 × 10
-11

. The average sensitivity was calculated to be 1.25 nV/Pa producing a noise 

equivalent pressure (NEPr) of 7.8 kPa in the bandwidth of 1-8 Hz.  

Modified lead titanate (lead zirconium titanate and lead calcium titanate) was 

deposited on gold electrodes and characterized for pyroelectric sensor applications. The 

materials were characterized to analyze the variation of dielectric constant with 

temperature and the pyroelectric current measurement.  The lead calcium titanate showed 

a pyroelectric coefficient of 40 × 10
-5 

C/m
2
-K and lead zirconium titanate demonstrated a 

pyroelectric coefficient of 28 × 10
-5 

C/m
2
-K after poling. It was observed that the poling 

caused an increase of the pyroelectric coefficient by 10 times.  

The incorporation of a low adhesion strength release layer in the fabrication 

process was investigated. It was observed that depositing a polyimide as a release layer 

helps to detach flexible substrate from the rigid silicon wafer after fabrication. The release 

layer can also withstand high processing temperature and survive during lift-off processes.  

Microbolometers were designed, fabricated on flexible substrates, and 

characterized. The design includes several new features such as a nanomesh absorber, a 

double layer absorber for infrared radiation, a long-pass optical filter, and µm-sized device-

level vacuum packaging. The microbolometers showed a maximum responsivity of  3.78 × 
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10
3
 V/W, detectivity of 4.44 × 10

6
 cmHz

1/2
/W and a minimum NEP of 2.78 × 10

-9
 V/Hz

1/2
 at 

a chopper frequency of 40 Hz and 1 V dc bias.
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Chapter 1  

Introduction  

 

The introduction of electronics on flexible substrates revealed a new era for the 

electronics industry; not only for consumer electronics but also the fabrication of sensors 

for life saving devices as well as prosthetic devices, robotic devices, and military sensors, 

The development of CMOS compatible processing techniques for the fabrication of 

MEMS sensors could help to promote large scale fabrication of MEMS sensors.  

In recent years, MEMS sensors on flexible substrates has attracted considerable 

amount of attention from researchers. There are several questions that need to be 

answered before going into detailed discussions. The questions could be summarized as 

follows: 

 Why sensors need to be on flexible substrate? 

 What would be advantages of the flexible substrate over rigid substrate? 

 What are the candidates for flexible substrate? 

 Does the fabrication technology require to be modified in order to 

manufacture the sensors on flexible substrate? 

 What would be expected performance parameters for these sensors? 

 What extra features could be added for the sensors on flexible substrate 

that could not be possible otherwise? 

MEMS sensors on flexible substrate add conformality to the sensors. Rigid 

substrates have the limitation that they cannot be bent and conform to non-planar 

surfaces. Most of the structures where MEMS sensors could be applied are not flat; 

rather there are curved surfaces where sensors need to be attached. For example, if 

someone wants to measure blood pressure of human body using a pressure sensor, that 
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sensor needs to be flexible enough to go intimate contact with human body. Since the 

human body is not straight or flat like a solid block; applying ‘sensors on rigid substrates 

for pressure measurement is an unrealistic way to get the actual response of blood 

pressure. MEMS sensors on flexible substrates are not only limited to blood pressure 

measurements but also many other applications such as structural health monitoring, i.e., 

aero plane’s ‘temperature and pressure measurement’, bolometer on flexible substrates 

could be utilized for night vision capability. Moreover, arrays of different types of sensors 

on a large flexible area with data processing capabilities could enable the sensors to 

mimic human skin; which could be effectively applied to robotics and smart prosthetic 

devices, smart wraps and tags. Even these sensors on flexible substrate could be utilized 

to sense the temperature, flow and pressure of the environment remotely and translate 

that response to a hand to feel them where hands could not be exposed to that 

environment [1]. 

Albert Hanson was the first to introduce flexible circuit board where he printed 

conductive material on dielectric substrate [2]. The first flexible substrate was developed 

in 1960 where solar cell arrays were made by thinning single crystalline silicon down to 

~100 µm and assembled on a plastic substrate to provide flexibility [3]. Vladimir 

Lumemski [4], described a sensitive skin with arrays of sensors on flexible substrate 

which could be used to cover the entire surface of a machine or part of body in order to 

sense its surroundings. The application of flexible substrate technology for MEMS 

sensors evolved with the innovation of the flexible substrates and vice versa. The 

fabrication process for MEMS sensor on flexible substrate dictates or limits the 

application and choice of candidate. Glass foils produced by downdraw method could be 

as thin as 30 µm; which have high optical transmittance over 90% in the visible range, 

higher temperature tolerance up to 600 
o
C, high dimensional stability, and low coefficient 
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of thermal expansion of ~ 4 × 10
-6

 /
o
C. But glass substrate is fragile and difficult to 

handle. On the contrary, polymer based substrates are highly flexible, inexpensive, roll-

to-roll fabrication ability; but thermally and dimensionally less stable than their glass 

substrate counterparts. There are wide varieties of polymer substrates which will be 

discussed detailed in chapter 6. Metal foil as thin as ~125 nm, i.e., stainless steel is good 

choice for flexible substrate due to high resistance to corrosion and process chemical; 

more durable than polymers and glass substrates. But metal foils suffer from higher 

surface roughness and its high conductivity limits its applications or increases process 

complexities [3].  

The expected performance parameters for the MEMS sensors on flexible 

substrate should be same as compared to their rigid counterparts. In addition to flexibility, 

the sensors could add ability to stretch and wrinkle without any further degradation of the 

sensors performance. So flexibility means many qualities such as: rollable, bendable, 

conformally shaped, elastic, light weight, nonbreakable. Though there are a lot of 

expectations from the flexible substrates; there are some requirements that need to 

demonstrate before replacing rigid substrates with flexible substrates. One of the 

important properties is the working temperature of the substrate or glass transition 

temperature of the polymer (in our case) must be compatible with the maximum 

fabrication process temperature. Alternatively, after forming the flexible substrate, the 

fabrication steps are limited to the working temperature of the flexible substrate. Another 

important requirement is that the thermal expansion coefficient should not mismatch 

more than 0.3% [3], as cracks may result on the structures. The materials of the 

substrates should be chemically inert for the subsequent steps, i.e., lift-off, etching, 

photolithography in order to avoid any unnecessary complexity in process. Other 



 

4 

requirements are the high elastic modulus and low surface roughness over short a 

distance, which also depends on the fabrication processes. 

The modification of processing technology is one of the major concerns for 

fabricating sensors on flexible substrate. Several authors [5, 6] have investigated the 

fabrication of MEMS sensors on rigid silicon or SOI wafers and subsequent transfer of 

the sensors to flexible substrates by bonding the sensors on the flexible substrates using 

sticky materials. While others [7] demonstrated specialized tools to fabricated sensors on 

flexible substrate directly over large areas. The questions that arise from these 

techniques could be summarized as follows: 

 Are the techniques feasible for manufacturing rather than research? 

 What would be the cost of modifying the processing tools? 

 What is the minimum feature size that could be achieved in these 

techniques? 

 What is the maximum temperature that these sensors could survive 

compared to their rigid counterparts? 

 Is the fabrication process limiting the application of the sensors? 

 Is there any other way to utilize the current fabrication tools while 

avoiding the necessity of the modification? 

 Since the sensors do not need the rigid substrate, is it possible to reduce 

the overall processing cost? 

The detailed answer of all these questions will be discussed later on in chapter 6. 

But in conclusion, we have developed a fabrication process which can utilize current 

processing technology to fabricate MEMS sensors on flexible substrate while reducing 

the cost of overall fabrication process. 
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The microsensors incorporated with flexible substrates could give the capability 

of sensing several stimuli including thermal, tactile and flow sensing to mimic a human 

skin [1]. To accelerate this progress and to incorporate CMOS compatible processing 

technique for MEMS sensors fabrication on flexible substrates, fabrication of sensors for 

thermal and pressure sensing on flexible substrate have been developed, fabricated and 

characterized. 

Uncooled infrared detectors for night vision systems and scientific instruments 

such as spectrometers and radiometers have attracted considerable attention in recent 

years because of the ability to provide high quality imaging with reduced cost, weight, 

and size with lower power consumption, compared to cooled infrared detectors. Toward 

this advancement, the use of e-beam lithography to decrease the thermal conductance of 

heat away from the detector will help to fabricate high performance uncooled infrared 

detectors and to shift uncooled detector technology from being a being MEMS technology 

to NEMS technology. In this work, the design of an uncooled infrared detector, utilizing a 

micromachined mesh structure to support the detectors has been proposed. Different 

types of detector including circular and rectangular detectors were designed and 

fabricated to operate in the long-wave infrared corresponding to the 8-14 µm atmospheric 

and 6.2-11 µm water transmission windows respectively.  The design can be used to 

fabricate both pyroelectric detector and bolometer. 

In order to build a self-exciting thermal detector, pyroelectric material i.e. 

modified lead titanate was deposited at different conditions and characterized the film. It 

was observed that deposition and annealing of modified lead titanate thin film requires 

high temperature (minimum 550 
o
C) in order to achieve high pyroelectric response 

(detailed discussed in chapter 5). This temperature exceeds or closes to the glass 

transition temperature of the flexible polyimide substrate (PI5878 G).  A flexible substrate 
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that can withstand such high temperature can be used to fabricate the designed detector 

where the pyroelectric lead titanate can be used. A lot of engineering requires fabricating 

such flexible substrate. The design also includes optical filter layer, large scale packaging 

of device which need to work before attempting to build the pyroelectric detector. So 

efforts were taken to fabricate the designed detector by using amorphous silicon as a 

sensing material in order to investigate whether the design works or not.  

In chapter 2, 3 and 4, the fabrication and characterization of three different types 

of sensors on flexible substrate have been discussed. The temperature sensor is 

applicable to wide range of temperature (200 K to 360 K). The relative pressure sensor 

and absolute pressure sensor used ‘MESA’ structure compared to the planar structure as 

discussed in [8]. In planar structure, the cavity inside the pressure sensor is not defined 

by the design; it is defined by the surface micromachining process. Applying pressure in 

a sensor then may affect another closely located pressure sensor. The MESA structure 

that was used also has superior application for tactile sensing since it can go close 

proximity to any object. The absolute pressure sensor was packaged in device level with 

a vacuum reference cavity.  This pressure sensor can also be used at very wide range of 

pressure (0.1 Torr to 78 kTorr). This pressure sensors also showed very low noise 

equivalent pressure (detailed will be discussed in chapter 3 and chapter 4). The noise 

equivalent pressure is the term that has been introduced here. In chapter 5, deposition 

and characterization of pyroelectric thin film has been demonstrated. Efforts were to 

taken to incorporate easy release layer in between rigid silicon substrate and flexible 

polyimide substrate which has been discussed in chapter 6. In chapter 7, the design, 

fabrication and characterization of thermal detector on flexible substrate has been 

discussed. The design has introduced several novel concepts such as double layer 

absorption of structure, a nanomesh radiation absorber compared the micromesh 
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radiation absorber [9, 10, 11, 12, 13], device-level packaging of mm sized sensor, and it 

has an integrated, device-level optical filter for rejecting visible light spectra. Several 

efforts could be done to fabricate the resistive bolometer on flexible substrate and have 

been discussed in chapter 7.  

The fabrication of self-packaged temperature sensor, relative pressure sensor, 

absolute pressure sensor, bolometer on flexible substrate accelerate the evaluation of a 

"smart skin" which can mimic human skin and could be placed in prosthetic devices, 

robots and many other applications. The incorporation of pyroelectric thin film materials in 

uncooled infrared detectors will provide unbiased, self packaged detector on rigid and 

flexible substrates.  
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Chapter 2  

Fabrication and Characterization of Flexible Temperature Sensors  

 
2.1 Introduction 

There are several parameters that are used for structural health monitoring such 

as bridges, roads, aircraft etc and temperature is one of them. Most of the structures 

possess non-planar and curved surfaces which require the sensor to be placed in the 

intimate contact with them. Sensors on rigid substrates cannot meet the requirements 

which motivated the evolution of sensors on flexible substrates.  Towards this 

advancement, amorphous silicon based temperature sensor arrays, embedded in a 

flexible substrate, have been developed. The use of flexible substrates allows it to 

conform to non-planar surfaces while a flexible superstrate on top enables flexibility as 

well as encapsulation of the sensors. 

2.2 Background 

Amorphous silicon (a-Si) based resistive temperature sensors utilizes the basic 

material property that their bulk electrical resistivity ρ, and hence resistance R, varies with 

absolute temperature T. The variation of the resistance with the temperature can be 

described by the Arrhenius equation [14]: 

exp( )a
o

B

E
R R

k T
        (2.1) 

Where, T is the temperature in Kelvin, Ea the activation energy of the carriers, kB 

is the Boltzmann’s constant, and Ro the resistance at infinite temperature. The activation 

energy Ea can be calculated from the temperature-dependent resistance profile and 

hence the temperature coefficient of resistance (TCR), β which is a sensitivity parameter 

can be calculated [14]: 
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2

1 a

B

EdR

R dT k T
          (2.2) 

The choice of sensing material for temperature sensor depends on the TCR 

values, ease of deposition, low noise capability etc. There are several materials 

performed as the sensing element for a temperature sensor, including vanadium oxide 

(VOx) [15], amorphous silicon (a-Si) [16], polycrystalline silicon (Poly-Si) [17], yttrium 

barium copper oxide (YBaCuO) [18] and silicon germanium (SiGe) [19]. The current work 

utilized utilized radio frequency (rf) sputtered undoped amorphous silicon (a-Si) based 

due to ease of deposition, larger temperature coefficient of resistance (TCR) value 

(~13%/K [20]), higher annealing temperature. But the silicon suffers from oxidation at 

room temperature [21] which inhibits an electrical connection between silicon and 

metallization layers. HF acid can etch thermal oxide layer from top of the silicon surface, 

but it might etch the passivation layer (Si3N4) below the silicon. HF will also react Al2O3 

insulation layers and the polyimide layers which will make the fabrication complex. 

Depositing a sandwich structure of Al-Si-Al at high vacuum helped to overcome the 

problem of oxidation. Since the sensors were designed to fabricate inside polyimide and 

top polyimide needed to cure at 250 
o
C, a 2-nm of Al in contact with a-Si can cause 

crystallization of a-Si at a temperature as low as 152 
o
C [22].  In order to avoid aluminum-

induced crystallization, the thickness of the aluminum has been optimized. There are two 

metal contact layers which are in contact with the sensor element. Aluminum oxide 

isolation layer was deposited to electrically isolate top contact layer from bottom metal 

contact layer. This also helped to protect against electrical connection between contact 

layers due to lithographic mismatch.  
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2.3 Fabrication  

Three different types of sensors were designed by CoventorWare™ software and 

simulated for thermal response. For the fabrication process, 4-inch, p-type doped, 

crystallographic orientation of <100> and double side polished wafer was used. Before 

starting any deposition, the wafer was cleaned by standard TAMDI process, followed by 

cleaning in HF and rinsing in DI water.  All thin film in the fabrication process were 

patterned using photolithography and deposited  in a rf-sputtering system in the presence 

of  Ar gas environment at room temperature, followed by the liftoff process. At the 

beginning, Si rigid substrate was passivated by the 200-nm Si3N4 passivation layer which 

was sputtered at 2.8 mTorr pressure and 150 W rf power in the AJA sputtering system. 

Si3N4 also improved adhesion of the subsequent polyimide flexible substrate layer. 

[Figure 2-1].  

 

Figure 2-1 Passivating Si Carrier Wafer by Si3N4 

After that, HD microsystem’s  polyimdie PI5878 G was spin coated on top of the 

passivation layer for four times. After each spin coating, the polyimide was soft-baked at 

110 
o
C for 3 min. Finally, the coated polyimide was cured at 350 

o
C for 4 hrs in N2 gas 

environment and a final thickness of 35 µm was achieved which formed the flexible 

substrate for the sensors. [Figure 2-2]. 
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Figure 2-2 PI5878 G Flexible Substrate Deposited on Passivation Layer 

Next, 400-nm-thick Si3N4 was sputtered on the polyimide to passivate it and 

protect polyimide from exposing to moisture [Figure 2-3]. This passivation layer also 

acted as an adhesion promoter for the sensors with the substrate and forms the device 

plane.  

 

Figure 2-3 Passivating Polyimide by Si3N4 

The sensor was designed in such a way that backside etching was required so 

that contact pads are opened from the backside. A 280-nm thick Au was sputtered to 

form the contact pads which also resist the backside etching to progress through the 

pads. But Au does not adhere well to the passivation layer, so 20-nm Ti layer was 

sputtered before the Au deposition. Both of this Au and Ti layers were sputtered using rf-
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magnetron sputtering at 10 mTorr pressure in the homebuilt sputtering tool. The rf power 

was 150 W for Ti and 100 W for Au deposition [Figure 2-4].  

 

Figure 2-4 Nomarski Microscope Picture of a 500-µm Au Bondpad 

Each temperature sensor consisted of two contact pads: left and right contact 

pads. In order to connect the temperature sensitive material with the right contact pads, a 

500-nm-thick Ti layer was sputtered at 10 mTorr pressure and 150 W rf power in the 

Homebuilt sputtering tool which is termed as the right electrode [Figure 2-5]. After that, 

the sensing material was deposited on the right electrode. This was done in the AJA 

sputtering tool, three layers were deposited to form the amorphous Si thermometer and 

its contacts: a 1.5-nm Al layer, a 500-nm thick Si temperature sensor layer [Figure 2-6] 

and another 1.5-nm Al layer.  The entire deposition process was done consecutively 

without breaking vacuum. The silicon was sputtered at 5 mTorr chamber pressure and 

alumina was sputtered at 3.2 mTorr pressure in Ar gas environment. The last Al layer 

protected the a-Si from thermal oxidation at room temperature. Then, a 150-nm of Al2O3 

was deposited by rf magnetron sputtering at 150 W rf power in Ar gas environment to 

insulate the left electrode from the right electrode [Figure 2-7].  
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Figure 2-5 Ti Right Electrode on Top of Au Protection Layer 

 

Figure 2-6 Amorphous Silicon Sensing Element Deposited on Right Electrode 

Next, in order to connect left cont pad with sensing element, a 500-nm-thick Ti 

was sputtered to form left electrode [Figure 2-8]. This makes the temperature sensing 

material to be sandwiched between two electrodes. Then, heat conductor was needed to 

deposit to make good thermal contact between surrounding with the sensor and transfer 

heat to temperature sensors. But it required electrically isolate the sensor from the heat 

conductor, so 150-nm of Al2O3 layer was sputtered which provided thermal conductivity to 

the Si thermometer [Figure 2-9]. 
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Figure 2-7 Al2O3 First Insulation Layer 

 

Figure 2-8 Ti Left Electrode on Top of Au Protection Layer 

To protect the sensor and provide flexibility on a low stress plane, liquid photo-

definable polyimide HD4110 was spin coated on top of the sensors onto the wafer to form 

the superstrate. Then it was patterned to access the temperature sensor. The polyimide 

was cured at 250 
o
C for 4 hrs in N2 gas environment and a final thickness of 35 µm was 

achieved [Figure 2-10]. Next, a 400-nm-thick Al layer was deposited by sputtering to 

cover entire superstrate layer [Figure 2-11]. 
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Figure 2-9 Al2O3 Second Insulation Layer 

 

Figure 2-10 HD4110 Flexible Superstrate Layer Deposited on the Sensor 

 

 

Figure 2-11 Top Aluminum Layer 
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The next step was to open vias by etching through the Si carrier wafer and 

polyimide substrate from the backside to reach the buried contact pads. In order to 

achieve deeper trench cut through wafer, a thick 80-µm SU8 2075 was spin-coated on 

the back side of the wafer as a mask for the etching. At first, trench was opened through 

the silicon carrier wafer using a Deep Reactive Ion Etching (DRIE) system in an O2, SF6, 

Ar and He environment. The process was optimized at 50 mTorr pressures and 3000 W 

ICP power and 50 W RIE power to etch through 300-µm-thick silicon substrate in 3hours 

in steps of 30 min. This silicon etching process also etched first Si3N4 passivation layer. 

The polyimide substrate and second Si3N4 passivation layer were etched using a 

Reactive Ion Etching (RIE) system, which also removed Ti adhesive layer. The RIE 

etched process opened the Au contact pads. When the electrical contact pads were 

exposed, the etching process was terminated. After that, the temperature sensors 

embedded in the flexible polyimide substrate and superstrate were peeled from the 

silicon carrier wafer. Then, the sensors were ready for characterization and were cut in 

into small pieces for packaging. The designed 3D
 
CoventorWare

TM
 model across the  

cross-section of the temperature sensor is shown in Figure 2-12. Figure 2-13 shows a 

complete die of temperature sensors in a flexible substrate after removal from the silicon 

carrier wafer.  Each die contains 35 temperature sensors [23] of 3 different sizes. 
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Figure 2-12 CoventorWare
TM

 3D Cross-Sectional View of the Temperature Sensor. 

©
2012 IEEE. Reprinted, with Permission, from Temperature Sensor in a Flexible 

Substrate by M. Ahmed, M. M.Chitteboyina, D. P. Butler, Z. Celik-Butler, in IEEE 

Sensors, May 2012 [23]. 

 

Figure 2-13 1 cm × 1 cm Die of Flexible Substrate Containing 35 Temperature Sensors  
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2.4 Characterization, Results and Discussions 

The characterization of the temperature sensors is divided into two main parts: 

response measurements and noise measurement. The variation of resistance due to the 

change in temperature was measured by two methods: response measurements in the 

probe station and in the cryostat.  

2.4.1 Temperature Sensing in Probe Station 

The temperature sensors were first characterized in a shielded 8060 series 

MicroManipulator probe station. The sensor was connected in series with a 1.5 MΩ metal 

film resistor and the sensor was placed on the stage of the probe station. After that, a dc 

bias voltage was applied across the series connection. In order to evaluate the sensor’s 

performance due to the variation of the temperature, the temperature of the probe 

station’s heat chuck was varied from 30 
o
C to 80 

o
C in 5 

o
C. The corresponding variation 

was measured by measuring the voltage across known resistor at each temperature 

interval and thus the change in the resistance of the sensing element was calculated. The 

variation of the resistance due to the change in temperature in shown in Figure 2-14. 

Using Equtation (2.1) and from the Arrhenius plot of R, the activation energy was the a-Si 

for that particular sensor was calculated (Figure 2-14 inset) as 0.2147 eV. The TCR was 

then computed by three point averaging method for each temperature intervals. The 

change in TCR due to the variation of temperature is shown in Figure 2-14 for 300 – 370 

K. The value TCR was found to be 2.73 %/K at 30 
o
C [23].  
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Figure 2-14 The Graph is Showing the Resistance and Temperature Coefficient of 

Resistance Change as a Function of Temperature Plot in the 300-360 K Range. The 

Arrhenius plot was Drawn from the Resistance versus Temperature Graph for the Same 

Sensor (Inset). 
©
2012 IEEE. Reprinted, with Permission, from Temperature Sensor in a 

Flexible Substrate by M. Ahmed, M. M.Chitteboyina, D. P. Butler, Z. Celik-Butler, in IEEE 

Sensors, May 2012 [23]. 

2.4.2 Temperature Sensing inside Cryostat 

In this method, the temperature sensor was fixed inside a Leybold ROK 10-300 K 

closed-cycle refrigerator and then the chamber was evacuated to 2 × 10
-5

 Torr pressure 

(Figure 2-15). Then the temperature of the cryostat’s chuck was reduced to 200 K and 

then temperature was varied from 200 K to 360 K in 5 K intervals using a Lakeshore 331 
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temperature controller. At each temperature interval, the resistance across the sensing 

element was measured by two-wire resistance measurement method using an Agilent 

34401A multimeter. The change in resistance with the variation of temperature for one 

temperature sensor was measured using a cryostat over the extended temperature range 

of 200–360 K as shown in Figure 2-16.  From the Arrhenius plot of resistance, the 

activation energy was calculated (Figure 2-16 inset) to be 0.2208 eV.  The TCR versus 

temperature is shown in Figure 2-16. The TCR was found 2.88 %/K at 300 K.  

 

Figure 2-15 Measurement on Leybold ROK 10-300 K Closed-Cycle Refrigerator 
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Figure 2-16 The Graph is Presenting the Resistance and Temperature Coefficient of 

Resistance Change as a Function of Temperature Plot in the 200-360 K Range. The 

Arrhenius Plot was Drawn from the Resistance versus Temperature Graph for the Same 

Sensor (Inset). 
©
2012 IEEE. Reprinted, with Permission, from Temperature Sensor in a 

Flexible Substrate by M. Ahmed, M. M.Chitteboyina, D. P. Butler, Z. Celik-Butler, in IEEE 

Sensors, May 2012 [23]. 

2.4.3 Noise Characterization 

The noise put a limit on the sensitivity of the temperature sensor. The sensor 

was placed on a stage inside the shielded probe station to minimize the influence of 

extraneous signals. After that, temperature sensor was current-biased by connecting a 

series resistor of 16.2 MΩ and the voltage across the sensor was amplified 1000 times by 
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an EG&G PAR113 pre-amplifier. The amplified noise signal from the pre-amplifier was 

supplied to the Hewlett-Packard 3562A dynamic signal analyzer and voltage noise power 

spectral density (PSD) across the sensor was recorded over the frequency range of 1 Hz 

to 1000 Hz. From every measurement, background noise consisting of the amplifier and 

sensor Johnson noise was subtracted to evaluate net 1/f noise PSD over the entire 

frequency range for the corresponding device [24]]. Then, normalized Hooge coefficient 

[25] was calculated from the net 1/f noise PSD.  

In order to evaluate the conductance fluctuations of a-Si, a constant current was 

passed through the sensing material while voltage fluctuation was measured across the 

sensor. Hooge’s expression for 1/f-noise can be expressed as [26]:  

2

1/ f
V

K V
S

f
        (2.3) 

where,  f  is the electrical frequency, V is the voltage across the sensor, SV is the 

voltage noise PSD and K1/f is the 1/f-noise coefficient or normalized Hooge coefficient 

which is independent of measuring conditions. 

In Figure 2-17, the noise spectral PSD for four temperature sensors are plotted 

over the frequency range of 1-1000 Hz at the bias voltage of 50 mV and background 

noise was subtracted. From the 1/f noise spectra of the sensors, magnitude of K1/f value 

was found to be 1.2 × 10
-11

.  

The variation of the noise voltage PSD with the bias voltage was characterized 

by varying the dc voltage across the sensors from 50 mV to 80 mV for all four samples 

and corresponding noise voltage PSD was recorded. The 1/f noise voltage PSD at 10 Hz 

for a-Si from all four sensors is shown in Figure 2-18 which depicts a quadratic 

dependence on bias voltage.  
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The TCR and 1/f-noise coefficient of four different sensors are summarized in 

Table 2-1 with their corresponding resistances.  The table shows that the TCR values of 

the temperature sensors are in the range of 2.09 to 2.88 %/K while 1/f-noise coefficients 

of the sensors are in the range of 8 × 10
-12

 to 1.6 × 10
-11

. 
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Figure 2-17 Voltage Noise Power Spectral Density for Four Different Sensors over the 

Frequency Band from 1 to 1000 Hz. 
©
2012 IEEE. Reprinted, with Permission, from 

Temperature Sensor in a Flexible Substrate by M. Ahmed, M. M.Chitteboyina, D. P. 

Butler, Z. Celik-Butler, in IEEE Sensors, May 2012 [23].  
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Table 2-1 Measured Characteristics of the Sensor at Room Temperature. 
©
2012 IEEE. 

Reprinted, with Permission, from Temperature Sensor in a Flexible Substrate by M. 

Ahmed, M. M.Chitteboyina, D. P. Butler, Z. Celik-Butler, in IEEE Sensors, May 2012 [23]. 

 
 

Resistance 
(MΩ) 

TCR (1/K) 1/f-noise 
coefficient 

Sensor 1 1.28 0.0227 1.2 × 10
-11

 

Sensor 2 1.20 0.0209 8 × 10
-12 

Sensor 3 1.62 0.0273 1.2 × 10
-11

 

Sensor 4 1.51
 

0.0288 1.6 × 10
-11
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Figure 2-18 Variation of Noise Voltage PSD at 10 Hz with Respect to the Change in Bias 

Voltage. 
©
2012 IEEE. Reprinted, with Permission, from Temperature Sensor in a Flexible 

Substrate by M. Ahmed, M. M.Chitteboyina, D. P. Butler, Z. Celik-Butler, in IEEE 

Sensors, May 2012 [23]. 
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2.5 Figures of Merit 

The temperature sensitivity (RT) or response of the temperature sensor depends 

on change in resistance of the sensing material due to the temperature variation and is 

given as the change in the output voltage with temperature: 

T b
V

R I R
T




  


      (2.4) 

where ΔV is the output voltage change for the temperature change ΔT applied on 

the sensors, Ib  is the bias current flowing through the sensing material. The sensitivity of 

the temperature sensors was measured to vary from 627 µV/K to 1110 µV/K with an 

average sensitivity of 887 µV/K.  

Another important figure of merit is termed as the Noise Equivalent Temperature 

(NET), the amount of temperature changed on the sensor that will produce a signal to 

noise ratio (SNR) of 1. Therefore, the NET can be written as root mean square noise 

voltage divided by the sensitivity: 

T

VnNET
R

        (2.5) 

where Vn is the root-mean-square noise voltage. The a-Si based temperature 

sensors exhibited two major noise mechanisms: 1/f noise and the Johnson noise. The 

1/f-noise voltage PSD was measured during characterization over frequency bandwidth 

from 1-941 Hz. The Johnson noise voltage PSD was calculated using following equation 

[27]:  

4 BS k TR fJ                                                                                   (2.6) 

where kB is Boltzmann's constant, T is room temperature in Kelvin, Δf  is the 

noise bandwidth between f1 and f2  and taken as 940 Hz for the measurement, R is the 

resistance of sensing material.  
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After that, the sum of the noise voltage PSD for flicker noise and Johnson noise 

gave the total noise voltage power spectral density (PSD), Sv. Then, Vn was calculated 

from the equation [27]: 

2
2

1

f

n v

f

V S df                                                                                     (2.7) 

The noise bandwidth frequencies f1 and f2 were chosen to be 1 Hz and 941 Hz 

for the calculation of the 1/f-noise voltage.   

The NET of the temperature sensors was calculated vary from 9.37 mK to 13.9 

mK with an average value of 11.9 mK in the 1/f noise regime. In the Johnson noise 

limited regime, the average NET was found to be 5.51 mK.  

2.6 Conclusions 

Undoped amorphous silicon based resistive temperature sensors that are 

embedded in flexible substrates are presented. The sensors are fabricated while taking 

into consideration different factors such oxidation and crystallization of the a-Si, proper 

isolation of the electrical contacts to achieve highest performance from the sensors 

possible. The sensors are then characterized for measuring temperature coefficient of 

resistance in two different mechanisms: inside probe station and inside cryostat and 

noise parameters were also measured. The parameters that are measured from the 

characterization were used to evaluate the sensitivity and noise equivalent temperature 

of the temperature sensors encapsulated inside flexible substrate. 
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Chapter 3  

Fabrication and Characterization of Flexible Relative Pressure Sensor 

 
3.1 Introduction 

The suitability of MEMS to mass-produce miniature high-performance sensors at 

low cost has opened up a wide range of applications. MEMS pressure sensor is one of 

them which is widely used. Pieozoresistive pressure sensors are among the first MEMS 

devices and comprise a substantial market share of MEMS sensors in the market today 

[28]. Examples include automotive manifold air and tire pressure, industrial process 

control, hydraulic systems, microphones, and intravenous blood pressure measurement. 

Moreover, piezoresistive pressure sensors on flexible substrates allow it to conform to 

non-planar surfaces and can come to close-contact with the subject. Hence, it enhances 

the applications of the pressure sensors not limited for rigid body but also for curved 

surfaces, which in short allows them to apply for structural health monitoring as well as 

biomedical applications.   

3.2 Background 

Piezeoresistive effect was first discovered by William Thomson in 1856 [29], 

since then this effect has been vastly applied in electro-mechanical sensing. At the 

moment, piezoresistive pressure sensors, mounted on or in a diaphragm are most widely 

used, where piezoresistor may be diffused in the membrane or deposited on top of the 

membrane. And, then these resistors are connected in a Wheatstone bridge configuration 

for temperature compensation. The main advantages of piezoresistive pressure sensor 

are that simple fabrication process, high linearity and output signal connectivity available 

as voltage. The main disadvantages are the large temperature sensitivity and drift, low 

sensitivity of piezoresistors [30]. On the contrary, capacitive pressure sensors based 
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upon parallel plate capacitors, are less sensitive to temperature variations, higher 

pressure sensitivity and extremely low power consumption can be obtained. However, it 

has disadvantages of lower capacitance and complex interface circuit is required. 

Excessive signal loss from parasitic capacitance is a serious disadvantage, which 

hindered the development of miniaturized capacitive sensors until on-chip circuitry could 

be fabricated [30].  Diaphragm-based optical pressure sensors sense the pressure 

induced deflections by Fabry-Perot interferometry [31, 32] and it has good resolution and 

sensitivity but sensitivity varies with the temperature [33]. Resonant beam pressure 

sensors measure pressure by observing the resonance frequency of an embedded 

doubly clamped bridge [34] or comb drive [35]. It shows high pressure responsivity which 

does not change with the temperature variation and it has good noise immunity, but the 

sensors require complex fabrication process [30].  

The electrical resistance (R) of a homogeneous structure is a function of its 

dimensions and resistivity (ρ), 

  



L

R
A

                                                                             (3.1) 

where L is length, and A is the average cross sectional area. The change in 

resistance due to applied stress is a function of geometry and resistivity changes. The 

changes in resistance as follows [36]: 

 



  

dR d dA dL

R A L
                                                       (3.2) 

Poisson’s ratio σ for the material is defined by [36]: 

    
2

 
dA dL

A L
                                                               (3.3) 

Consequently [36], 
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dR dL d dL

R L L
                       (3.4) 

where the dimensionless number γp is termed as the electrically resistance-strain 

coefficient, the strain-sensitivity factor, or the gauge factor.  

In Eq. (3-4), the term (1+2σ) represents a purely geometrical effect, which 

corresponds to an increase in length, and a decrease in cross sectional area, of a 

cylinder under longitudinal tension. The term (dρ/ρ)/(dL/L) represents a physical effect, 

since it is a change in the resistivity of the material under the applied elastic strain (dL/L). 

The change is resistivity term comes into play for the gauge factor calculation 

due to the alteration in the electron-scattering probability due to change in the thermal 

vibration amplitude of ions in the stressed crystal. Since the resistivity is a function of 

mean free path of the electrons and the effective number of free electrons, under strain 

the mean free path changes which in terms changes resistivity [37]. Resistivity depends 

exponentially on the separation among grains which is caused by the tunneling effect 

[38]. Prudenziati et al. [39] demonstrated the increment of gauge factor of piezoresistive 

RuO2 with the increase of grain size while maintaining sheet resistance constant.  

There are several materials that have been utilized for MEMS based 

piezoresistive pressure sensors, including ruthenium dioxide [40], indium-tin-oxide (ITO) 

[41], nickel-silver (Nix-Ag1-x) [42], palladium, gold and copper [43], tantalum nitride copper 

[44], germanium [45], amorphous carbon [46] and silicon [47]. Nichrome (Ni –Cr 80/20 

wt%) is a good candidate as a piezoresistor due to it’s high resistivity, low temperature 

coefficient of resistance (TCR), availability and low temperature dependence of gauge 

factor (GF) and low 1/f noise. The advantage of low 1/f noise allows the sensors to lower 

the limit of minimum pressure that could be detected by the piezoresistor. The TCR of 

nichrome films decreases with the increase of the film thickness and a constant GF value 
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of 2.50 for film thickness 15 nm or above has been shown [48]. The gauge factors of 

different materials, their TCR values and 1/f noise coefficient is compared in Table 3-1. 

 

Table 3-1 Comparing Different Piezoresistive Materials. 
©
2013 IEEE. Reprinted, with 

Permission, from MEMS Force Sensor in a Flexible Substrate using Nichrome 

Piezoresistors by M. Ahmed, M. M. Chitteboyina, D. P. Butler, Z. Celik-Butler, in IEEE 

Sensors, October 2013  [49] 

Materials  
Gauge factor 

TCR (%/K) 1/f noise 
coefficient 

K1/f 

RuO2  2-30 0.005-0.035  1.2×10
-11

 

ITO 2.36-131 0.008-0.18  - 

Nix-Ag1-x 2.2-2.4 0.04  - 

Pd 4.06 0.055 
 

- 

Au 4.48 0.16  1×10
-15

  

Cu 3.30 0.43  1×10
-14

  

TaN-Cu 2.3-4.3 ~0.001  6.94×10
-16

  

Poly-
diamond 

17.9-22 0.19  - 

Ge 33-42 0.2  - 

a-C 36-46 0.5  - 

Poly-Si 15-27 0.07-0.3  3.52×10
-12

  

Ni-Cr Current work 0.0085  1.89x10
-10

 

 

3.3 Fabrication 

A 400-µm-thick, p type <100> 4 inch silicon carrier wafer was used in the 

fabrication of the pressure sensors so that conventional semiconductor processing 

equipment could be employed. First, three layers of the device were the same as the 

temperature sensors to create flexible polyimide substrate and passivate the rigid and 

flexible substrate. Again, 200-nm-thick Si3N4 [Figure 3-1]- 35 µm PI5878 G polyimide 

[Figure 3-2]- 400-nm-thick Si3N4 [Figure 3-3] were deposited on the silicon wafer as the 

same process described in section 2.3.  
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Figure 3-1 Deposition of Si3N4 Passivation Layer 

 

Figure 3-2 Flexible Polyimide Substrate Layer 

 

Figure 3-3 Deposition of the Second Si3N4 Passivation Layer 

In order to suspend the sensing material from substrate a temporary layer 

needed to be deposited between the sensor and the substrate, which is known as a 
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sacrificial layer and removed later from the device as a part of the fabrication process. 

Next stage of the fabrication process, a sacrificial layer was deposited by spin-coating 

photo-definable liquid polyimide HD4100 onto Si3N4 passivation layer and exposed to UV 

light and developed to pattern [Figure 3-4]. The polyimide was cured at 250 
o
C for 4 

hours in the Blue-M Oven to yield a final thickness of 7 µm.  

 

Figure 3-4 Deposition of HD4100 Sacrificial Layer 

Next, photoresist was spin coated on the wafer and patterned by 

photolithography which was followed by the deposition of 1.25-µm of Al2O3 membrane 

layer in the AJA rf sputtering tool at Ar gas environment [Figure 3-5], then lift-off process 

was done. This membrane layer is an important part of the pressure sensor and 

undergoes deflection with the applied pressure and attached to the sensing material. 
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Figure 3-5 Deposition of Al2O3 Membrane Layer 

After that, the 35-nm-thick nichrome (Ni-80%/Cr-20%) piezoresistor layer was 

deposited in the Home-built sputtering tool and patterned by lift-off process [Figure 3-6]. 

This nichrome served as a piezoresistive sensitive material. Then, 2.5-µm of Ti 

metallization layer was in the Home-built sputtering tool and patterned by lift-off process 

to connect the active and passive piezoresistors in a Wheatstone bridge geometry 

[Figure 3-7]. This was followed by depositing 200-nm of Au on top of the contact pads of 

the metallization layer to facilitate device wire-bonding [Figure 3-8], in the Home-built 

sputtering tool and patterned by lift-off process. Subsequently, 150-nm of Al2O3 layer was 

sputtered using rf-magnetron sputtering [Figure 3-9].   

 

Figure 3-6 Deposition of Nichrome Piezoresistor 
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Figure 3-7 Deposition of Ti Metallization Layer 

 

Figure 3-8 Au Protection Layer 

This layer holds the openings that was required for surface micromachining step 

and also served to protect the piezoresistors and metallization from oxidation during 

polyimide etching. The HD4100 sacrificial layer was removed by surface micromachining 

in an O2 gas environment, to create a cavity under the membrane layer in the patterned 

region [Figure 3-10]. 
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Figure 3-9 Deposition of Al2O3 Packaging Layer 

The superstrate layer was then deposited by spin-coating photo-definable liquid 

polyimide HD4110. The superstrate layer was then exposed to UV light and developed to 

open vias for wire bonding and to expose the entire membrane. The polyimide 

superstrate was cured at 250 
o
C for 4 hrs to yield thickness of 35 µm [Figure 3-11] which 

created a low stress plane for the sensors [45]. 

 

Figure 3-10 Cavity Created by the Removal of Sacrificial Layer 
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Figure 3-11 Flexible Superstrate Layer 

The 3D CoventorWare
TM

 model of the cross-sectional tilted view of the relative 

pressure sensor is shown in Figure 3-12. The wafer was cut into dies, which were 

packaged, and wire bonded for characterization. The confocal microscope image of the 

complete devices is depicted in Figure 3-13. A 2 x 2 cm
2
 piece of flexible substrate which 

was removed from the rigid substrate and containing an array of 48 pressure sensors is 

shown in Figure 3-14.  
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Figure 3-12 The 3D CoventorWare
TM

 Model of the Cross-Section of the Delta Pressure 

Sensor. 
©
2011 IEEE. Reprinted, with Permission, from MEMS Relative Pressure Sensors 

on Flexible Substrate by M. Ahmed, D. P. Butler, Z. Celik-Butler, in IEEE Sensors, 2011 

[50].  

 

Figure 3-13 Micrograph of the Complete Sensor Taken by Confocal Microscope.
 ©

2011 

IEEE. Reprinted, with Permission, from MEMS Relative Pressure Sensors on Flexible 

Substrate by M. Ahmed, D. P. Butler, Z. Celik-Butler, in IEEE Sensors, 2011 [50].  
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Figure 3-14 The Image is Showing Relative Pressure Sensors Embedded in a 2 x 2 cm
2
 

Piece of Flexible Substrate.
 ©

2011 IEEE. Reprinted, with Permission, from MEMS 

Relative Pressure Sensors on Flexible Substrate by M. Ahmed, D. P. Butler, Z. Celik-

Butler, in IEEE Sensors, 2011 [50].  

3.4 Characterization, Results and Discussions 

Once the fabrication was completed, the wafer was cut into small dies and the 

devices in the die were packaged, wire bonded and characterized. The sensors were 

characterized in three different stages: measuring resistance values of the individual 

piezoresistors in the probe station, then response measurement in the probe station and 

load-cell and finally noise characterization. 

3.4.1 Resistance Measurement and Pressure Sensing in Probe Station 

The relative pressure sensors were characterized to measure resistance of the 

each individual piezoresistors. The piezoresistors are declared as active or passive 

resistors. The resistors, located on top of the cavity and attached to the membrane, are 

called active piezoresistors. Resistors which were placed outside active region are called 

passive resistors and they are not substantially affected by the applied pressure. As 

shown in Figure 3-15, P1 and P2 are the passive piezoresistors and A1 and A2 are active 

piezoresistors. To evaluate the current-voltage characteristics, sensors were fixed on the 
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stage of the probe station equipped with a HP 4155C semiconductor parameter analyzer. 

The bias voltage applied across bondpads was swept from -0.5 to 0.5 V and the current 

was measured with the parameter analyzer for the corresponding voltages. The I-V 

measurements were done across the contact pads connected each piezoresistor of a 

particular device.  Each individual resistor is parallel with a series connection of three 

other resistors; hence the measurement determines a pseudo resistance. A code written 

in MATLAB program was used to calculate the actual resistance value from the 

measured pseudo resistance value.  

 
Figure 3-15 Layout of Relative Pressure Sensor Showing the Connection of Active and 

Passive Piezoresistors in a Half Wheatstone Bridge Configuration. 
©
2011 IEEE. 

Reprinted, with Permission, from MEMS Relative Pressure Sensors on Flexible Substrate 

by M. Ahmed, D. P. Butler, Z. Celik-Butler, in IEEE Sensors, 2011 [50]. 

The pseudo resistance values for each device measured during I-V 

characterizations are used to calculate individual resistance values presented in Table 1. 

The measured I-V characteristics of the device DP1D15BR is shown in Figure 3-16. The 

resistance values of the piezoresistors varied from 6 kΩ to 12 kΩ across the wafer, but 

the variation was less for the resistors of the same device. The variation arose due to 

lithographic abnormalities occurring during patterning of the nichrome piezoresistor layer 

and variation of the nichrome thin film. The nichrome thin film was deposited by 
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Homebuilt sputtering tool which created thickness variation of 20-25% for the deposited 

thin film for 4 inch wafer.  
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Figure 3-16 Measured I-V Characteristics across the Piezoresistors. 

After that, a positive input bias voltage was applied across series connection of 

one active and one passive resistor and output voltage was measured from the other 

series connection of one active and one passive resistors. At the input port, the bias 

voltage was applied using Agilent E3620A DC voltage supply and measurements were 

taken using Keithly 2182A Nanovoltmeter at the output port. Ideally there would not be 

any output voltage under no load, but due to variations in the resistances for resistors of 

same device, an offset voltage was observed. Then, the membrane was fully deflected by 

applying a 20-µm-diameter probe-tip on the membrane surface and the change in output 

voltage was measured. The bias voltage was varied from 0.25V to 2.5V while applying 

force in the same process as described above. Then the input and output ports were 

switched to characterize same device for different configurations. 
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The response measurement in the probe station for the device named as 

DP1D15BR is shown in Figure 3-17. The graph shows the change in offset voltage due to 

the full deflection of the membrane. According to the experimental results, it was 

observed that with the increment of the bias voltage, the output voltage changed linearly 

from the offset voltage for full deflection of membrane. This means that linear change of 

resistance for piezoresistors which is related with change in output voltage.  
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Figure 3-17 Measured Wheatstone Bridge Output Voltage Change under Full Load as a 

Function of Input Bias Voltage.
 ©

2011 IEEE. Reprinted, with Permission, from MEMS 

Relative Pressure Sensors on Flexible Substrate by M. Ahmed, D. P. Butler, Z. Celik-

Butler, in IEEE Sensors, 2011 [50]. 

3.4.2 Pressure Sensing in Load Cell     

The sensors were then placed on the XYZ manipulator stage which could be 

moved along three axes and also be tilted. In order to apply varying loads on the sensors, 
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a tensile GS0-10 load-cell was utilized and it has a range of loads from 0 to 10 g. A 

PI620-ZCD nanopositioner equipped with a probe tip was served to displace the probe tip 

precisely using a E-665 PZT Controller, from 0 to 50 µm in vertical direction.  The 

diameter of the probe tip was 10 µm which was utilized for this characterization. The 

sensor was electrically connected similar to the connection in the probe station. An input 

bias of 1 V was applied through the series connection of one active and one passive 

resistors and the output offset voltage was measured without applied pressure. The 

probe tip was then gradually engaged onto the diaphragm surface by controlling the 

nanopositioner to deflect the membrane in steps of 0.2 µm. The output voltage was 

measured for each step of loading. The probe tip was moved up gradually and output 

voltages were recorded for each load [47]. The measurements were performed again 

after switching input and output connections. 

The sensor response measured for the device termed as DP2D12AT is shown in 

Figure 3-18. For the full deflection of the membrane, the average change output voltage 

from offset voltage was measured to be 4.072 mV at 2.49 mN applied force or 7.08 MPa 

pressure [50]. The sensor response was linear for small application of the load or small 

deflection of the membrane. As the deflection of the membrane increased the relative 

change in output voltage was saturated since the membrane reached the bottom of the 

cavity which also caused maximum strain on the active piezoresistors [45]. 
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Figure 3-18 Load-Cell Measurement Showing the Change in Output Voltage due the 

Variation of Applied Load. 
©
2013 IEEE. Reprinted, with Permission, from MEMS Force 

Sensor in a Flexible Substrate Using Nichrome Piezoresistors by M. Ahmed, M. M. 

Chitteboyina, D. P. Butler, Z. Celik-Butler, in IEEE Sensors, October 2013 [49]. 

3.4.3 Noise Characterization 

The noise characteristics of the sensors were measured by current-biasing the 

sensor by connecting a 100 kΩ series resistor and a NiCd battery source. A bias voltage 

across bond pads 1 & 3 and the output voltage noise power spectral density (PSD) as 

evaluated from the bond pads 2 & 4. Again, an EG&G PAR113 pre-amplifier use to 

amplify the voltage across the device and the gain was set to 1000. The amplified noise 

signal was passed through a Hewlett-Packard 3562A dynamic signal analyzer to evaluate 

the noise PSD over the frequency range of 1 Hz to 1000 Hz. The dc voltage across the 

sensors was varied from 0.25 V to 1.25 V to demonstrate the quadratic voltage 

dependence of the measured voltage noise PSD. After subtracting the background noise 
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consisting of the amplifier and device Johnson noise, the normalized Hooge coefficient 

[25] was determined from the net 1/f portion of the noise spectral density [24]. The 

characterizations were performed inside a shielded probe station to limit the effect of 

extraneous signals. The measurements at different bias voltage were performed again 

after switching input and output ports. 

The noise spectra after subtracting the background noise for the sensor termed 

as DP3D14AR at the bias voltage of 1 V are plotted in Figure 3-19 for two different 

configurations. The 1/f noise spectra were plotted as a function of frequency  and the 

average Hooge coefficient K1/f  value was obtained to be 6.86 × 10
-11

. To demonstrate the 

voltage dependence of the noise PSD, the bias voltage was varied from 0.25 V to 1.25 V 

and the corresponding 1/f-noise was measured for eight different pressure sensors. The 

noise voltage PSD for one of the sensor at 10 Hz is shown in Figure 3-20 which 

demonstrates a quadratic dependence of 1/f noise on bias voltage. The average value of 

normalized Hooge coefficient K1/f for 8 different pressure sensors was found to be 1.89 × 

10
-10

 [Table 3-3]. 
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Figure 3-19 Noise Voltage Power Spectral Density for the Net 1/F Noise of a Pressure 

Sensor with 1 V Bias on the Wheatstone Bridge. 
©
2013 IEEE. Reprinted, with 

Permission, from MEMS Force Sensor in a Flexible Substrate Using Nichrome 

Piezoresistors by M. Ahmed, M. M. Chitteboyina, D. P. Butler, Z. Celik-Butler, in IEEE 

Sensors, October 2013 [49]. 
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Figure 3-20 Noise Voltage Power Spectral Density for Flicker Noise at 10 Hz as a 

Function of Bias Voltage Variation.
 ©

2013 IEEE. Reprinted, with Permission, from MEMS 

Force Sensor in a Flexible Substrate Using Nichrome Piezoresistors by M. Ahmed, M. M. 

Chitteboyina, D. P. Butler, Z. Celik-Butler, in IEEE Sensors, October 2013 [49]. 

3.4.4 Gauge Factor Calculation 

In order to evaluate the gauge factors of the sensors, the pressure response 

results were combined with simulations that were performed in the MemMech module of 

CoventorWare
TM

. For the simulation purpose, a patch created at the center of the 

membrane for the designed sensor and a force was applied on the patch to mimic the 

experimental conditions. The pressure values and Young’s modulus were varied to 

deflect the membrane fully by 7 μm. The average strain over the piezoresistor area was 
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calculated with the aid of CoventorWare
TM

. Then, the normalized change in resistance 

ΔR/R, was calculated in MATLAB by using the equations below [50]:  

1 2 1 2

1 2 2 1( )( )




 

PP A A
V Vout in

A P A P
                          (3.5) 

1 2 1 1 2 2

1 1 2 2 2 1

( )( )

( )( )

    
  

     

PP A A A A
V V Vout out in

A A P A A P
   (3.6) 

where P1, P2 are passive resistances, A1, A2 are active resistances and the 

corresponding change in resistors under applied pressure were ΔA1 and ΔA2 

respectively, ΔVout is the change in output voltage and Vin is input bias voltage. In ideal 

case where resistances are the same i.e., P1=A1=P2=A2=R, the equation can be 

summarized as:  

  

2



 




R

RV Vout inR

R

                                                    (3.7) 

Finally, gauge factor for the individual sensor was calculated using Equation 

(3.4), by dividing calculated value of normalized resistance change by simulated average 

strain. The values of normalized change in resistance, average strain, and gauge factors 

of the piezoresistors and the simulated value of Young’s modulus for the aluminum oxide 

membrane are given in Table 3-3. Average gauge factor was calculated to be 1.75 which 

was comparable to the gauge factor calculated by Kazi et al. (1.95) [48] and average 

value of Young’s modulus for the Al2O3 was found to be 405.81 MPa [50].  

3.4.5  Figures of Merit 

The pressure responsivity (RPr) is one of the important figures of merit of the 

sensors and the pressures sensors responsivity was calculated using the equation: 

Pr


 outV

R
P

                                                                    (3.8) 
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where ΔVout is the output voltage change for the pressure P applied on the 

diaphragm which could be calculated from the slope of output voltage change vs. applied 

pressure curve. For our pressure sensors responsivity was calculated from 0.094 

mV/MPa to 0.79 mV/MPa with an average sensitivity of 0.44 mV/MPa. Another important 

figure of merit is the noise equivalent pressure (NEPr), the amount of pressure applied on 

the sensor that will produce a signal-to-noise-ratio of 1. Therefore, NEPr can be written 

as root mean square noise voltage Vn divided by the responsivity: 

Pr

Pr 
VnNE
R

                                                                    (3.9) 

The root-mean-square noise voltage Vn can be calculated by the equation [27]: 

2

1

2  
f

n

f

V S dfv                                                                    (3.10) 

where Sv is the noise voltage power spectral density (PSD) which takes 

consideration of the noise voltage PSD for both flicker noise and Johnson noise. The 

frequencies f1 and f2 were selected as1 Hz and 8 Hz as used during characterization in 

the Keithley nanovoltmeter.  Flicker noise voltage PSD was determined by the noise 

characterization and Johnson noise voltage PSD was determined by the equation below 

[27]:  

4J BS k TR                                                          (3.11) 

where kB is the Boltzmann constant, T is the room temperature in Kelvin, R is the 

equivalent resistance of the piezoresistors. For our pressure sensors noise equivalent 

pressure (NEPr) was calculated from 25.1 kPa to 132.2 kPa with an average value of 

58.23 kPa. The average value of the Johnson noise voltage was 3.15 × 10
-8

 V while the 

average value of 1/f noise voltage was 1.84 × 10
-5 

V.  
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Table 3-2 Measured Resistances for Each Devices at Room Temperature. 
©
2011 IEEE. 

Reprinted, with Permission, from MEMS Relative Pressure Sensors on Flexible Substrate 

by M. Ahmed, D. P. Butler, Z. Celik-Butler, in IEEE Sensors, 2011 [50]. 

Device name Passive 
resistor 1 (kΩ) 

Active resistor 
1 (kΩ) 

Passive 
resistor 2 (kΩ) 

Active resistor 
2 (kΩ) 

DP1D15BR 6.08 6.60 7.00 7.41 

DP1D24CR 6.13 7.23 7.18 9.97 

DP1D32CR 10.77 10.71 9.30 9.71 

DP2D12AT 7.73 9.20 7.16 8.95 

DP2D24BR 10.86 12.67 10.73 13.67 

DP3D14AR 8.01 10.59 7.81 7.18 

DP3D22BR 7.82 8.33 7.87 7.02 

DP3D32BL 7.64 8.21 7.59 9.75 

 



 

 

5
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Table 3-3 Measured Characteristics and Figures of Merit of Relative Pressure Sensor at Room Temperature 

Device 
Name 

Avg. ΔV 
(mV) for 1 

V input [50] 

Avg. 
maximum 
pressure 

measured 
(MPa) [50] 

Avg. 
ΔR/R 

(%) [50] 

Young 
modulus 
for Al2O3 
GPa [50] 

Calculated 
strain [50] 

Gauge 
factor 
[50] 

K1/f  Hooge 

coefficient 
[50] 

Sensitivity 
mV/MPa 

Noise 
voltage 
V [50] 

NEPr 
KPa 

DP1D15B
R 

1.895 7.48 5.15 404 0.0311 1.643 5.68 × 10
-11

 0.253 1.09 × 10
-05

 43.03 

DP1D24C
R 

0.67 7.14 4.533 386 0.0314 1.444 7.37 × 10
-11

 0.094 1.24 × 10
-05

 132.2 

DP1D32C
R 

6.032 7.95 4.995 429.5 0.03097 1.613 1.74 × 10
-10

 0.759 1.90 × 10
-05

 25.10 

DP2D12AT 5.89 7.44 6.01 402 0.0307 1.958 4.29 × 10
-10

 0.792 2.99 × 10
-05

 37.74 

DP2D24B
R 

4.473 7.1 4.517 383.5 0.0314 1.439 3.32 × 10
-10

 0.630 2.63 × 10
-05

 41.74 

DP3D14A
R 

3.422 7.51 6.12 405.5 0.0312 1.96 6.86 × 10
-11

 0.456 1.19 × 10
-05

 26.29 

DP3D22B
R 

0.918 7.79 5.704 421 0.0312 1.828 6.50 × 10
-11

 0.118 1.17 × 10
-05

 98.93 

DP3D32BL 3.243 7.69 6.672 415.5 0.0312 2.138 3.15 × 10
-10

 0.422 2.56 × 10
-05

 60.73 
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3.4.5.1 Thermomechanical Noise 

Any micromechanical systems processed through micromachining suffers from 

mechanical-thermal noise due to the Brownian motion of the gas surrounding the 

structure. If the temperature around the system is finite and if the system is in 

thermodynamic equilibrium then the structure will undergo some level of random 

movement. The random movement of the molecules in gas at a certain temperature and 

surrounding mechanical structure leads to random fluctuations which is referred as 

thermomechanical noise [51, 52]. In order take into consideration thermomechanical 

noise, the damping coefficient of the relative pressure sensors was measured with the aid 

of finite element analysis in CoventorWare
TM

 software and DampingMM module and 

“squeeze or slide film flow” for air was utilized. The damping coefficient was found to be 

1.03 × 10
-4

 N/ms
-1

 and the corresponding thermomechanical force was calculated to be 

3.45 × 10
-12

 from the equation [53]: 

4 BF k Tb f
tm

               (3.12) 

where Ftm is the thermo-mechanical force, kB is the Boltzmann constant, T is the 

room temperature, b is the damping coefficient and Δf is bandwidth. 

 The thermomechanical noise power of the relative pressure sensors was 

measured and the average value was calculated to be 4.31 × 10
-5 

Pa which is very small 

compared to the noise equivalent pressure. The equivalent noise voltage for 

thermomechanical noise calculated from Eq. 3-9 is 1.84 × 10
-14

 V. Comparing the 

different noise mechanism, i.e., the 1/f noise, Johnson noise and thermomechanical 

noise it could be concluded that the pressure sensors are 1/f noise limited. 
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3.5 Conclusions  

This chapter discussed the fabrication and characterization of piezoresistive 

relative pressure sensors on flexible substrate. Nichrome (Ni-80%/Cr-20%) was utilized 

as the sensing element and rf sputtered Al2O3 was utilized as a membrane material. The 

average value of the gauge factor for nichrome piezoresistor was found to be 1.75 and 

the Young’s modulus of the Al2O3 was calculated to be 405.81 GPa by the finite element 

analysis using Coventorware
TM

. The average value of normalized Hooge coefficient K1/f 

was found to be 1.89 × 10
-10

. The thermomechanical noise was also calculated. The total 

noise voltage was found to be 1.84 × 10
-5 

V. For our pressure sensors sensitivity was 

calculated from 0.094 mV/MPa to 0.79 mV/MPa with an average sensitivity of 0.44 

mV/MPa. The pressure sensors noise equivalent pressure (NEPr) was calculated from 

25.1 kPa to 132.2 kPa with an average value of 58.23 kPa. 
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Chapter 4  

Fabrication and Characterization of Flexible Absolute Pressure Sensor  

 
4.1 Introduction 

The need for pressure measurement inside human body as well as measuring 

absolute pressure change in structures requires pressure sensor to be packaged and 

sealed so that the structural integrity can be maintained. The advancement of 

miniaturization of MEMS sensors forces the fabrication of MEMS pressure sensors. Since 

the structures, the human body, smart prosthetic devices are curved, sensors needed to 

be flexible enough to conform to those surfaces and come in intimate contact with the 

surfaces. In addition, a hermetic sealed pressure sensor on a flexible substrate is can 

detect absolute pressure compared to a reference pressure inside human body and large 

structures. In this chapter, the fabrication and characterization of MEMS piezoresistive 

absolute pressure sensors on flexible substrates have been discussed. 

4.2 Background  

The absolute pressure sensors that are found in literature can be divided into two 

categories based on the fabrication technique used: bulk micromachined or surface 

micromachined absolute pressure sensors. For bulk micromachined sensors, a cavity is 

created on the substrate by etching and then a diaphragm is bonded with substrate which 

can be either silicon [54, 55], glass [56, 57, 58, 59, 60, 61] or polymer [62] substrate. The 

bonding is usually accomplished by either direct silicon bonding [54] or glass-silicon 

anodic bonding [56, 57, 58, 59, 60, 61] or thermocompression-bonding [62]. The bonding 

of diaphragm with the substrate forms a reference cavity that is hermetically sealed. This 

reference cavity operates at the atmospheric pressure. In the surface micromachining 
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sensors, wet chemical etching [63] was used to remove dielectric sacrificial layer which 

created the reference cavity between substrate and the membrane.  

In this chapter, surface micromachined absolute pressure sensor has been 

discussed. The polyimide was used as sacrificial layer and dry etching was used to 

create cavity. The reference cavity was sealed in a deposition system, under vacuum. 

The current work discussed on fabrication of absolute pressure sensor on flexible 

substrate. 

4.3 Fabrication 

A 400-µm-thick, p type <100> 4 inch silicon carrier wafer was used as the 

starting substrate for the pressure sensors so that conventional thin film deposition and 

etching technique could be utilized. First, three layers of the device were the same as the 

temperature sensors and relative pressure sensors to create flexible polyimide substrate 

and passivate the rigid and flexible substrate. Again, 200-nm-thick Si3N4 [Figure 4-1]- 35 

µm PI5878 G polyimide [Figure 4-2]- 400-nm-thick Si3N4 [Figure 4-3] were deposited on 

the silicon wafer as the same process described in section 2.3 and section 3.3.  

 

Figure 4-1 Deposition of First Si3N4 Passivation Layer 
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Figure 4-2 Deposition of Flexible Polyimide Substrate Layer 

 

Figure 4-3 Deposition of Second Si3N4 Passivation Layer 

In order to facilitate surface micromachining process, a thin and photo-definable 

polyimide sacrificial layer was spin-coated and patterned to form rectangular structure by 

exposing to UV light and development [Figure 4-4]. The polyimide was cured at 250 
o
C 

for four hours to yield 0.5-µm thickness. This sacrificial layer served to accelerate the 

surface micromachining while helped to reduce the thickness packaging layer required 

for sealing the reference cavity. Next, a thicker polyimide was deposited on the thin 

polyimide which defined the depth of the cavity the pressure sensors [Figure 4-5]. This 

was also patterned by photolithography and cured at 250 
o
C for 4 hrs to yield 7-µm 

thickness.  
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Figure 4-4 Deposition of Thin Sacrificial Layer 

 

Figure 4-5 Deposition of Thick HD4100 Sacrificial Layer 

Next, Negative photoresist NR9-1500 PY was spin coated on the wafer and 

patterned by photolithography which was followed by the deposition of 150-nm of Al2O3 

membrane layer [Figure 4-6]. Then, lift-off process was done to keep the patterned 

portion of the membrane. This membrane layer played a crucial part in the fabrication by 

which hold the windows required for the surface micromachining process and attached to 

sensing element and response to the deflection due to applied pressure. Next, the  

nichrome (Ni-80%/Cr-20%) piezoresistor layer was grown and patterned by lift-off 

process [Figure 4-7] to achieve a thickness  of 38-nm. Then, Ti metallization was 

deposited to electrically connect the nichrome resistors in a half Wheatstone bridge 

structure. The 2.15-µm-thick Ti layer was deposited by sputtering and patterned by lift-off 

process [Figure 4-8]. Then, 200-nm of Au was sputtered on the patterned region of the 

metallization layer to make the contact pads which helped to wire bond the sensor for 
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electrical connection and characterization process [Figure 4-9]. Before starting the 

surface micromachining stage, the piezoresistors and the metallization lines needed to be 

encapsulated to protect them from oxidation. To meet the necessity, 900-nm of Al2O3 

layer was sputtered using rf-magnetron sputtering and patterned [Figure 4-10]. Next, the 

polyimide layers were etched inside oxygen plasma with a Deiner Asher system and a 

cavity was formed under the membrane [Figure 4-11]. 

 

 

Figure 4-6 Deposition of Al2O3 Membrane Layer 

 

Figure 4-7 Deposition of Nichrome Piezoresistors 
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Figure 4-8 Deposition of Ti Metallization Layer 

 

Figure 4-9 Deposition of Au Protection Layer 

  

Figure 4-10 Deposition of Al2O3 Encapsulation Layer 
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Figure 4-11 Surface Micromachining to Create Cavity under Selected Region 

 Next, the openings in the membrane and encapsulation layers were sealed by a 

3.5-µm-thick Al2O3 packaging layer; which was sputtered at 5 mTorr chamber pressure. 

The sputtering pressure also defined the reference pressure for sensor. In order to open 

vias for electrical connection HF acid was used to etch Al2O3 [Figure 4-12]. At the final 

stage of the fabrication, HD4110 liquid polyimide was spin-coated, patterned to open 

contact pads and sensing area; then cured at 250 
o
C to yield a thickness of 35 µm 

[Figure 4-13]. 

 

Figure 4-12 Deposition of Packaging Layer and Etching to Open Vias 
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Figure 4-13 Deposition of Flexible Superstrate Layer 

In Figure 4-14 is showing a CoventorWare
TM

 3D cross-sectional view of the 

sensor inside the polyimide substrate. After fabrication, the wafer was cut into small dies 

and packaged for measurements. The Confocal microscope micrograph of one 

completed sensor is demonstrating in Figure 4-15. In Figure 4-16, an array of 75 absolute 

pressure sensors fabricated on flexible substrate is shown. 

 

Figure 4-14 CoventorWare
TM

 3D Picture of the Absolute Pressure Sensor 
©
2012 IEEE. 

Reprinted, with Permission, from MEMS Absolute Pressure Sensors on Flexible 

Substrate by M. Ahmed, D. P. Butler, Z. Celik-Butler, in IEEE MEMS, 2012 [64]  
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Figure 4-15 Micrograph of the Sensor Taken in Confocal Microscope 
©
2012 IEEE. 

Reprinted, with Permission, from MEMS Absolute Pressure Sensors on Flexible 

Substrate by M. Ahmed, D. P. Butler, Z. Celik-Butler, in IEEE MEMS, 2012 [64] 

 

Figure 4-16 A 2 x 2 cm
2
 Piece of Flexible Substrate Containing an Array of 75 Pressure 

Sensors. 
©
2012 IEEE. Reprinted, with Permission, from MEMS Absolute Pressure 

Sensors on Flexible Substrate by M. Ahmed, D. P. Butler, Z. Celik-Butler, in IEEE MEMS, 

2012 [64] 

4.4 Characterization, Results and Discussion 

After fabrication of the devices, the wafer was cut into small pieces to package, 

wire bond and characterize. The characterizations could be divided into six fold: 

measuring resistance values of the piezoresistors and response measurement in the 

probe station, pressure response measurement in load-cell and vacuum chamber and 
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noise characterization, effect of temperature variation on the offset voltage and simulating 

effect on reference cavity by bending flexible substrate. 

4.4.1 Resistance Measurement and Pressure Sensing with a Probe Station 

The absolute pressure sensors were characterized to measure resistance of the 

each individual piezoresistors. First, resistances values were measured in the procedures 

as described in section 3.4.1. Similar to the relative pressure sensors, the piezoresistors 

are termed as active and passive resistors and are connected in a half Wheatstone 

bridge geometry. The pseudo resistance values for each device were measured from the 

I-V characterization while the actual resistance values were calculated by MATALB 

[Table 4-1]. The measured I-V characteristics of the device AP1D2-2A-ABC-R is shown 

in Figure 4-17. The resistances varied from 8 kΩ to 12 kΩ across the 4 inch wafer, the 

variations occurred mainly due to lithographic abnormalities during patterning of the 

nichrome layer and variation in thickness during deposition in the sputtering tool.   

After that, the sensor response due to the full deflection of the membrane was 

characterized in the probe station as described in the section 3.4.1. The device response 

measurement in the probe station for the device termed as AP1D2-2A-ABC-R is shown in 

Figure 4-18. The graph shows change in the output voltage compared to the offset 

voltage under full deflection of the membrane. From the experimental results it could be 

observed that due to the variation of the bias voltage the output voltage change from the 

offset voltage is linear for the applied pressure. This indicates the linear response of the 

piezoresistor that are connected in a half Wheatstone bridge structure since the change 

in resistance is related with change in output voltage. This experiments also 

demonstrates the range of bias voltage that the pressure sensors are applicable is 0.25 V 

to 2.5 V. 
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Figure 4-17 Measured I-V Characteristics for a 424 µm × 424 µm Absolute 

Pressure Sensor 
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Figure 4-18 Characterized Output Voltage Change as a Function of Input Bias Voltage for 

Two Different Configurations 

4.4.2 Pressure Sensing with a Load Cell     

The second characterization setup consisted of the Load cell and same 

measurement procedures were followed as described in section 3.4.2. The sensor 

termed as AP1D1-1A-ABCL, characterized for response evaluation under load-cell setup 

is shown in Figure 4-18. From the graph, it could be observed that due to the applied 

force (also applied pressure) the output voltage changes linearly from the offset voltage 

which indicates the linear characteristics of the piezoresistors. The change in output 

voltages saturated for higher load when the membrane reached bottom of the cavity. The 
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two curves demonstrated the gradual application (left one) and retraction (right one) of 

applied force. 
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Figure 4-19 Sensor Characterizations under Load-Cell for Gradual Application and 

Retraction of a Load and the Corresponding Change in Output Voltage. 
©
2012 IEEE. 

Reprinted, with Permission, from MEMS Absolute Pressure Sensors on Flexible 

Substrate by M. Ahmed, D. P. Butler, Z. Celik-Butler, in IEEE MEMS, 2012 [64]. 

4.4.3 Pressure Sensing inside Vacuum Chamber 

In the third response measurement step, the sensor was placed inside a 

chamber and a Welch duo-seal vacuum pump was utilized to lower the pressure inside 

the chamber [Figure 4-20]. A Varian 715 vacuum pressure gauge was used to 

continuously observe the chamber pressure. Once the chamber pressure reduced to 100 

mTorr, the pump was turned off. The pressure inside the chamber slowly raised from 100 
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mTorr due to a leak in the system and hence the applied pressure on the membrane too. 

The Wheatstone bridge structure was connected to 1 V input bias voltage and output 

ports were connected voltmeter to measure the voltage. Due to the increment of the 

chamber pressure, the change in output voltage was measured by a Keithly 2182A 

Nanovoltmeter. The characterization was done by switching input and output ports to 

utilize two different configurations.   

The device response in the vacuum chamber for the device termed as AP1D2-

2A-ABC-R is shown in Figure 4-21. The graph is showing the linear change in output 

voltage from the offset voltage with the increase of pressure in the range of 100 mTorr to 

760 Torr. The application of pressure sensor below the atmospheric pressure 

demonstrates the integrity of the absolute cavity and the linearity of the graph indicates 

the reliability of the sensors’ response for a short range to long range of applied pressure.   

 

Figure 4-20 Set-up for Characterizing Absolute Pressure Sensor in Vacuum Chamber 
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Figure 4-21 Characterization of the Sensor inside Vacuum Chamber. The Graph is 

Showing the Change Output Voltage from Offset Voltage with the Change in Applied 

Pressure from 100 mTorr to 760 Torr. 

One of the sensor was then characterized for evaluating the repeatability as 

described above (sensor characterization) for 10 cycles inside the vacuum chamber. The 

pressure inside the chamber was varied from 100 mTorr to 760 Torr and change in 

output voltage across the sensor was measured. After each cycle there was a pause of 

15 mins before next cycle. The output voltage change with respect to the change in 

pressure is shown in Figure 4-22. The output voltage at a certain pressure showed 

approximately similar values for all 10 cycles. The output voltage change (ΔV) was 

calculated from by subtracting the output voltage at a particular pressure from the offset 
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voltage at 100 mTorr pressure. Then the standard deviation and average ΔV of each 

cycle were calculated which were used to evaluate the relative error of the 

measurements. The average of the relative error from 0.1 to 760 Torr pressure gave 

average relative error. The average relative error of the voltage variation for 10 cycles 

was calculated to be 0.074% from the characterization results.  
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Figure 4-22 Vacuum Chamber Measurement for One of the Absolute Pressure Sensors, 

Showing Output Voltage Variation with Chamber Pressure for a 424 µm × 424 µm Device 

for 10 Cycles. 
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4.4.4 Gauge Factor Calculation 

The gauge factor for nichrome and Young’s modulus was calculated as 

described in section 3.4.4. The average value of the gauge factor for nichrome was found 

to be 1.95 and the Young’s modulus of the rf sputtered Al2O3 was calculated to be 406.67 

MPa by Coventorware
TM

 software. 

4.4.5 Noise Characterization 

The 1/f noise and Johnson noise characteristics of the sensors were measured 

by current-biasing the device in the same way as described in section 3.4.4. The net 1/f 

noise voltage PSD for the sensor termed as AP2D3-1B-FG are plotted in Figure 4-23 for 

two different configurations. The device was biased at 1 V. From the noise spectra, the 

average K1/f value of calculated to be1.98 × 10
-11

 for this particular sensor. After that, the 

input bias voltage was varied from 0.25 V to 1.25 V and the net 1/f-noise spectra was 

recorded for six different absolute pressure sensors. The purpose of the experiment was 

to check the dependence of the 1/f noise on the input bias voltage. From the noise 

voltage PSD at 10 Hz as shown in Figure 4-24 demonstrated a quadratic variation on 

bias voltage. For the six absolute pressure sensors that were characterized, the average 

value of 1/f noise coefficient K1/f was evaluated to be 4.64 × 10
-11

. 



 

70 

10
-14

10
-13

10
-12

10
-11

10
-10

1 10 100 1000

Noise voltage PSD across bondpad 1&3

Noise voltage PSD across bondpad 2&4

N
o

is
e
 v

o
lt

a
g

e
 P

S
D

 (
V

2
/H

z
)

Frequency (Hz)
 

Figure 4-23 Voltage Noise Power Spectral Density for Net 1/F-Noise for the Absolute 

Pressure Sensors or Two Different Configurations   

4.4.6 Figures of Merit 

The sensitivity of the absolute pressure sensors was calculated as described at 

4.4.6 and found to vary from 1.06 nV/Pa to 1.51 nV/Pa with an average sensitivity of 1.25 

nV/Pa. The noise equivalent pressure (NEPr) of the absolute pressure sensors was 

calculated to vary from 3.5 kPa to 15 kPa with an average value of 7.8 kPa in the 1/f-

noise regime assuming a noise bandwidth from 1-8 Hz. Table 4-3 compares the 

sensitivity of the pressure sensors with some other absolute pressure sensors. 
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Figure 4-24 Variation of 1/F Noise Voltage Power Spectral Density (PSD) at 10 Hz due to 

the Variation of the Input Bias Voltage 

4.4.6.1 Thermomechanical Noise  

Since absolute pressure sensors are mechanical structures, they possess 

thermal-mechanical noise. Thermomechanical noise of the absolute pressure sensors 

was calculated as described in the process in section 3.4.5.1. The thermal-mechanical 

noise power of the absolute pressure sensors was calculated with the help of finite 

element analysis in CoventorWare
TM

 software and DampingMM module and “squeeze or 

slide film flow” for argon gas was utilized. The average value of thermal-mechanical noise 

pressure was calculated to be 1.1 × 10
-9

 Pa for the six absolute pressure sensors which 

is much less than the 1/f noise and Johnson noise limited value.  
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Table 4-1 Summary Table Showing Individual Resistances for the Piezoresistors 

Device Name Area of the 
membrane (µm × 

µm) 

Passive 
resistor 1 

(Ω) 

Active 
resistor 1 

(Ω) 

Passive 
resistor 2 

(Ω) 

Active 
resistor 2 

(Ω) 

AP1D1-1A-
ABCL 

424 × 424 9345.9 9639.3 11642.3 9185.2 

AP1D2-2A-
ABCR 

424 × 424 10853.2 12275.8 11555.2 12299.1 

AP2D3-1B-FG 390 × 390 9408.9 10505.7 10508.8 10481.7 

AP2D4-4A-H 381 × 381 11969.3 12207.4 10734.9 12712.6 

AP3D5-1A-D 381 × 381 8299.8 8686.3 8182.3 8757.9 

AP3D6-3A-E 381 × 381 7906.8 8072.4 7947.4 8148.3 
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Table 4-2 Measured Response, Noise and Figures of Merit of the Absolute Pressure Sensors at Room Temperature 

 

Device 
name 

Avg. ΔV 
for 1 V 

input (full 
deflection

) [mV] 

Avg. 
maximum 
pressure 
applied 
by load 

cell 
[MPa] 

Avg. 
ΔR/R (%) 

Young 
modulus 
for Al2O3 

[GPa] 

Calculate
d strain 
under 

maximum 
load 

 

Gauge 
factor 

K1/f  Hooge 

coefficient 
Sensitivit

y 
from 

vacuum 
chamber 
[nV/Pa] 

Noise 
Voltage 
in 1-10 

Hz 
bandwidt

h (1/f-
noise 
limit) 
[ΔV] 

NEPr 

(1/f- 
noise 
limit) 
[kPa] 

NEPr 

For 
Johnson 

noise 
limit 
[Pa] 

AP1D1-
1A-ABC-

L 

2.79 8.4 7.65 
 

410 
 

0.0311 1.90 1.18 × 10
-11

 1.50 5.2 3.5 8.5 

AP1D2-
2A-ABC-

R 

2.11 8.3 6.66 408.5 0.0314 2.03 1.59 × 10
-11

 1.51 6.06 4.0 9.3 

AP2D3-
1B-FG 

1.82 9.9 7.32 405 0.03097 1.93 1.98 × 10
-11

 1.06 6.76 6.4 12.3 

AP2D4-
4A-H 

1.34 9.7 7.28 402 0.0307 1.87 6.91 × 10
-11

 1.06 12.6 11.9 13.3 

AP3D5-
1A-D 

2.33 10.3 7.48 406.5 0.0314 1.93 1.40 × 10
-10

 1.20 18.0 15.0 9.9 

AP3D6-
3A-E 

1.20 10.4 7.81 408 0.0312 2.04 2.16 × 10
-11

 1.20 7.04 5.9 9.6 
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Table 4-3 Comparison of Sensitivity of Pressure Sensors 

Reference Minimum pressure 
measured 

Sensitivity (nV/Pa) 

Current work 100 mTorr 1.25 

Wang et al. [54] 760 Torr 1.13 × 10
6
 

Esashi et al. [65] 760 Torr 97.5 

Esashi et al. [61] 2.5 mTorr 100-200 

 
4.4.7 Effect of Temperature Variation on the Cavity 

The performance of the absolute pressure sensors relies on the integrity of the 

encapsulated cavity. Any change in the environment’s temperature will cause a change in 

volume of the cavity. The proposed operating temperature of the absolute pressure 

sensor is 25 ºC to 80 ºC. Since the sensor was sealed at a 5 mTorr Ar gas pressure, that  

amount of change in temperature (25 ºC to 80 ºC) will cause the pressure inside the 

cavity to changes from 5 mTorr to 5.92 mTorr, taking into consideration that the volume 

of the cavity will not changed. In order to characterize, the change in the output voltage 

with temperature was measured over the range of 25 
o
C to 80 

o
C with a 1 V bias applied. 

In Figure 4-25, the change in output voltage due to temperature variation has been 

demonstrated for two different configurations by interchanging input and output ports. It 

has been observed that the change is minimum due to the change in temperature which 

reflected insignificant change in pressure inside the cavity. Also, the Wheatstone bridge 

geometry served to reduce the change in output voltage and thus the effect of 

temperature change.  
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Figure 4-25 Output Offset Voltage as a Function of Temperature Variation for Two 

Different Configurations. 

4.4.8 Effect of Bending of the Flexible Substrate 

The absolute pressure sensors were designed to operate on the curved surface 

and fabricated on flexible substrate. Due to the curvature of the surface the volume of the 

cavity undergoes a change and hence it affects the reference pressure. The effect of the 

bending the flexible substrate and the ultimate change in strain of the sensors was 

evaluated by CoventorWare™ simulations. In the simulation, the change in the volume of 

the cavity was measured for bending flexible to roll around a cylinder with a 1 cm radius 

of curvature at atmosphere. The volume was changed to 5.49 × 10
-13

 m
3 
from 6.03 × 10

-13
 

m
3
 (without any bending), which causes a change of reference pressure around 0.47 

mTorr. The equivalent change in the strain of the piezoresistor was found to be to be 3 × 
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10
-6

 which is negligible compared with the average strain of the piezoresistors. From this 

simulation, it could be concluded that bending the flexible substrate for small radius of 

curvature does not impact its performance.  

 

Figure 4-26 CoventorWare
TM

 Simulation of Bending the Flexible Substrate around a 

Cylinder with Radius of Curvature of 1 cm for 424 µm × 424 µm Device in Order to 

Calculate the Change in Volume of the Cavity and Hence the Reference Pressure. 

4.5 Conclusions 

In this chapter, the fabrication and characterization of the absolute pressure 

sensor on flexible polyimide substrate has been described. The sensors were 

characterized for evaluating resistance value for the nichrome piezoresistors, response 

measurement on the probe station, on the load-cell and inside vacuum chamber. The 

noise exhibited by the sensors was also evaluated and thermomechanical noise of the 

sensors was calculated using CoventorWare
TM

 software. The figures of merit such as the 

noise equivalent pressure and the responsivity of the sensors were calculated from the 

results of the characterized sensors. Finally, the sensors were characterized for the 
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analyzing the effect of temperature variation and bending the flexible substrate on the 

reference pressure and the sensors performance. 
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Chapter 5  

Deposition and Characterization of Pyroelectric Lead Titanate Thin Films 

 
5.1 Introduction  

Lead zirconium titanate (PZT) and lead calcium titanate (PCT) offer high 

pyroelectric, piezoelectric,  and ferroelectric properties which made them suitable 

candidate for a number of applications such as non-volatile memory, dynamic random 

access memory, sensors, transducers , accelerometers and other applications [66].Thin 

film applications of lead titanate offer it as an excellent candidate for MEMS devices such 

as pyroelectric infrared detectors which can enable camera systems to be developed with 

reduced size, weight, and power consumption. The objective of this research is to 

investigate the pulsed laser deposition technique and characterize lead titanate thin films 

in order to apply them to uncooled pyroelectric detectors that utilize a nanometer size 

mesh or truss to support the micromachined detector.  

5.2 Background 

Pyroelectric materials, i.e. PZT, PCT are inherently polarized, even without 

presence of an electric field. This spontaneous polarization appears at temperatures less 

than Curie temperature for a particular material. When the polarization (P) is dependent 

on the temperature, the material is pyroelectric. When incident radiation heats up a 

detector, the crystal lattice expands and changes the dielectric constant and alters the 

polarization of the material. Absorption of heat by the crystal results in a motion of bound 

positive ions, producing a charge on the electrodes mounted on the pyroelectric material, 

causing current to flow in an external circuit if electrodes are placed on the crystal face 

perpendicular to the polarization axis. The structure can also be fabricated as a capacitor 

filled with a ferroelectric material. Any change in polarization results in an output voltage 
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across the capacitor. Ferroelectric crystals cause a change in spontaneous polarization 

due to the temperature variation [67]. 

The rate of change of electric polarization due to the variation of temperature is 

defined as pyroelectric coefficient, p [67]: 





P
p

T
       (5.1) 

The pyroelectric coefficient has units of coulomb cm
-2

K
-1

 and is a function of 

temperature. A high pyroelectric coefficient of material is desirable for infrared detector 

applications. 

As the temperature of the material changes with the incident radiation, a 

pyroelectric current (i) flows and can be calculated from pyroelectric coefficient using the 

following equation [67]: 

 e

dT
i p A

dt
        (5.2) 

where, Ae is the area of electrode on the detector.  

The deposition of high quality modified lead titanate ensures high pyroelectric 

coefficient [68]. The lead zirconium titanate has two phases: intermediate pyrochlore 

phase and the ferroelectric perovskite phase. There are various conditions such as 

deposition technique, process temperature, ambient pressure and substrate that affect 

the formation of the perovskite phase [68, 69, 70]. There are different deposition 

techniques available to grow the PZT and PCT thin films. Pulsed laser deposition has 

been utilized to deposit high-quality thin films of lead titanate [71, 72].  

In this chapter, the deposition of modified lead zirconium titanate (PbZr0.4Ti0.6O3) 

(PZT) and lead calcium titanate (Pb0.7Ca0.3Ti03) (PCT) at various temperatures by pulsed 

laser deposition has been demonstrated. The polycrystalline thin films were used to 
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fabricate capacitors in order to determine the dielectric properties and measure the 

pyroelectric current based on the various growth conditions.  The thin films were poled to 

increase the pyroelectric current and coefficient. The repeatability of the behavior was 

also measured for one PZT and one PCT perovskite thin film. 

5.3 Deposition of Modified Lead Titanate Thin Films and Capacitor Fabrication  

The sample preparation of the modified lead titanate thin films had two steps: the 

first step was to deposit the lead titanate thin film and characterize the crystal structure 

through x-ray diffraction and the next step was to fabricate capacitors using the lead 

titanate thin films to determine dielectric and pyroelectric properties. A <100> p type 

silicon wafer was used. First, a Si3N4 passivation layer was deposited on top of the wafer 

with the AJA rf-sputtering. The thickness of this layer was 400-nm. Then, a Ti adhesion 

layer was deposited on Si3N4 prior to the Au layer. The thickness was 20-nm. After that, 

the Au bottom electrode was deposited and also promoted the formation of perovskite 

lead titanate thin films. The 100-nm of Au layer was deposited at 100 W rf power and 10 

mTorr of Ar gas environment in the "Homebuilt" sputtering tool. After that, the PZT film 

was deposited by pulsed laser ablation using a KrF excimer laser with a wavelength of 

248 nm, repetition rate 10 Hz and laser pulse energy up to 500 mJ in 200 mTorr of O2. 

The temperature of the chamber was varied from 500 
o
C to 650 

o
C. After deposition of 

the thin film, annealing was carried out at the same temperature as the deposition 

temperature while annealing time was varied at 5 mins and 10 mins to form 

polycrystalline perovskite structure of PZT film. After that the film structure was 

characterized by x-ray diffraction which will be discussed in the next section. The PZT 

films, deposited and annealed at various temperatures, were used to make capacitors. At 

the final stage of the sample preparation, a 100-nm-thick gold electrode was deposited 

and patterned by photolithography and the lift-off process. In order to deposit the PCT 
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films, pulsed laser ablation was carried out using the same KrF excimer laser, repetition 

rate 10 Hz, and 200 mTorr of O2 environment. The energy of the excimer laser pulse was 

varied from 125 to 175 mJ and annealed at same temperature as the deposition but 

varying the annealing time at 10, 15 and 20 min to form a polycrystalline perovskite 

structure in the PCT film. After x-ray diffraction, the PCT films that were deposited at 550 

o
C but different laser energies were used to fabricate capacitors. The cross section of the 

fabricated capacitor is shown in Figure 5-1 and Confocal and Nomarski microscope 

micrographs of the top view of the capacitors are shown in Figure 5-2.The SEM 

micrograph of the deposited PZT film at 650 
o
C and annealed for 10 min at 200 mTorr O2 

gas environment is shown in Figure 5-3 and the SEM of the deposited PCT film at 550 
o
C 

and annealed for 10 min at 200 mTorr O2 gas environment is shown in Figure 5-4. 

 

Figure 5-1 Cross-Sectional View of the Fabricated Capacitor Using Perovskite PZT Thin 

Films 
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Figure 5-2 (A) Confocal Microscope Micrograph (B) Nomarski Microscope Image of the 

Top View of the Capacitor 

 
Figure 5-3 SEM Micrograph of the Deposited PZT Film 

(b) (a) (b) 
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Figure 5-4 SEM Micrograph of the Deposited PCT Film 

5.4 Characterization  

After deposition of the modified lead titanate thin films, the x-ray diffraction of the 

samples was done in a Siemens D500 powder diffractometer. The diffractometer uses a 

Cu-Target to produce x-rays at 1.54 Å. The rate of scan is determined by the step time 

and the dwell time. Here the step time was set to 0.01 seconds and the dwell time was 

set to 0.4 seconds. The scan was carried out from 20.0° to 60.0° which is termed as the 

scan range.  

In order to determine the variation of dielectric constant, the capacitance versus 

temperature characteristics were measured by placing the capacitor on a stage of a 

shielded 8060 series MicroManipulator probe station. The temperature of the capacitor 

was varied from 30 °C to 80 °C in 5 °C intervals which were controlled by the 

micromanipulator probe station’s heated chuck. At each interval, the capacitance and 

corresponding loss tangent was measured by using a HP 4284A precision LCR meter. 

For this measurement, 200 mV rms ac voltage at 1 kHz was set for the LCR meter. The 
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capacitors that were fabricated with PZT and PCT films deposited at different 

temperature were characterized by this procedure. 

The characterization for determining the pyroelectric current and pyroelectric 

coefficients of PZT and PCT films, deposited at different conditions, were done in two 

steps. In the first step, the capacitor (diameter of 500 µm) was placed on a stage of a 

shielded 8060 series Micromanipulator probe station. Then, an 11.2 MΩ metal film 

resistor was connected in parallel with the capacitor. The temperature of the capacitor 

was varied from 30°C to 80°C by the shielded probe station’s heated chuck and the 

corresponding output voltage was measured by Agilent 34401A multimeter at a regular 

temperature interval. The time that was required to reach at a certain temperature was 

also recorded.  The pyroelectric current was calculated from the measured output 

voltage. 

In the second stage of characterization, the capacitors were poled and the 

capacitors were tested again through the same process. Poling helps to align the 

ferroelectric domains by applying electric field across the material. The poling was done 

by applying a dc bias voltage across a series connection of capacitor and resistance of 

103 MΩ. The resistor was used to limit the current into the capacitor. The dc poling 

voltage was changed to determine dielectric break down voltage of the thin films as well 

as to optimize poling effect on the thin films. The poling was accomplished at 150 °C 

while placing the capacitor fixed on the probe station’s chuck. In this stage of 

characterization, the capacitors used had 100-µm-diameter. 

5.5 Results and Discussions 

5.5.1 X-ray Diffraction of the PCT and PZT Thin Films on Gold 

The x-ray diffraction of PZT film that was deposited at 650 
o
C temperature is 

shown in Figure 5-5. The diffraction result showed peaks at different scanning angles, 
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which mainly appeared due to polycrystalline nature of the film. It has been observed that 

there was a peak at 21
o
 which corresponds to <100> crystal orientation of the perovskite 

peaks. There are peaks between 25
o 
to 30

o 
which correspond to the crystal orientation of 

the pyrochlore structure and hexagonal PbO1.37 and orthorhombic α-PbO2 scrutinyite. The 

peak at 30.2
o 
depicts <100> crystal orientation of the perovskite structure of the PZT film. 

The peak associated with 34.6
o 
indicates <440> crystal orientation of the pyrochlore 

structure of the PZT film. The peak that appeared at 38.2
o
 corresponds to the <111> 

crystal orientation of the perovskite of the PZT film and also for gold film which was used 

as substrate. The peak that appeared at 44.2
o
 (not sharp and distinct) corresponds to the 

<200> crystal orientation of the perovskite PZT film as well as the gold film. The peak that 

appeared at 50.56
o
 (not sharp and distinct) indicates the <501> crystal orientation of the 

hexagonal PbO1.37 structure. There could be another pyrochlore phase of PZT film’s peak 

that could appear near 49
o 
but was not observed in this case. The peak that appeared at 

58.6
o
 (not sharp and distinct) indicates the <622> crystal orientation of the pyrochlore 

structure of the PZT film [69]. The perovskite structure of the PZT showed higher 

pyroelectric coefficient than pyrochlore structure (will be discussed in later sections). So 

the purpose of the x-ray diffraction was to search for the perovskite structure’s peaks or 

perovskite peaks on the grown PZT film. 
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Figure 5-5 X-ray Diffraction of the PZT Film, Deposited at 650 
o
C Temperature 

 The x-ray diffraction of PZT film, deposited at 650 
o
C and annealed for 5 mins in 

200 mTorr of O2 gas ambient at 650 
o
C temperature is shown in Figure 5-6. The graph 

shows those peaks that are associated with perovskite structure of the PZT films. But 

only one peak that was appeared at 34.6
o 
related to the <440> crystal orientation of the 

pyrochlore structure of the PZT film. The broader peak indicates smaller grain size of the 

grown film.  

Figure 5-7 shows the x-ray diffraction of PZT film that was deposited at 650 
o
C 

and annealed for 10 mins in 200 mTorr of O2 gas ambient at 650 
o
C temperature. From 

the graph, the peaks that are observed, associated with the perovskite phase of the PZT 

film. But only one peak that corresponds to <440> crystal orientation of the pyrochlore 

structure of PZT film was appeared at 34.6
o
. The sharper peak compared with the graph 

shown in Figure 5-6 depicts bigger grain size of the grown film. 

Figure 5-8 shows the x-ray diffraction of PZT film deposited at 650 
o
C and 

annealed for 15 min in 200 mTorr of O2 gas ambient at 650 
o
C temperature. There are 
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peaks associated with the perovskite and pyrochlore structure of the PZT film and lead 

oxide. The presence of the pyrochlore peaks and lead oxide peak indicate that the phase 

transformation from perovskite phase took place due to the longer annealing time. 
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Figure 5-6 X-ray Diffraction of the PZT Film, Deposited at 650 
o
C and Annealed for 5 min 

at 650 
o
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Figure 5-7 X-ray Diffraction of PZT Film, Deposited at 650 
o
C and Annealed for 10 min at 

650 
o
C 
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Figure 5-8 X-ray Diffraction of PZT Film, Deposited at 650 
o
C and Annealed for 15 min at 

650 
o
C 

The x-ray diffraction of PZT films deposited at 600 
o
C temperature and annealed 

at different time lengths in 200 mTorr of O2 gas ambient at 600 
o
C are shown in Figure 5-
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9 to Figure 5-11. From the graphs, there is no distinct peak observed that corresponds to 

the perovskite structure of the PZT film. Peaks associated with the pyrochlore structure of 

the PZT film and lead oxide were appeared. Only one peak associated with <110> crystal 

orientation of the perovskite structure was appeared for the film deposited at 600 
o
C and 

annealed for 10 mins in 200 mTorr of O2 gas ambient at 600 
o
C temperature. 
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Figure 5-9 X-ray Diffraction of PZT Film Deposited at 600 
o
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Figure 5-10 X-ray Diffraction of PZT Film, Deposited at 600 
o
C and Annealed for 10 min 

at 600 
o
C 
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Figure 5-11 X-ray Diffraction of PZT Film, Deposited at 600 
o
C and Annealed for 30 min 

at 600 
o
C 

The x-ray diffraction of PZT films deposited at 550 
o
C temperature and annealed 

for different time lengths in 200 mTorr of O2 gas ambient at 550 
o
C are shown in Figure 5-
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12 to Figure 5-14. There is no distinct peak observed here that corresponds to the 

perovskite structure of the PZT film, but only peaks associated with the pyrochlore 

structure of the PZT film and lead oxide were appeared.  
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Figure 5-12 X-ray Diffraction of PZT Film Deposited at 550 
o
C 
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Figure 5-13 X-ray Diffraction of PZT Film, Deposited at 550 
o
C and Annealed for 10 min 

at 550 
o
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Figure 5-14 X-ray Diffraction of PZT Film, Deposited at 550 
o
C and Annealed for 30 min 

at 550 
o
C 

The x-ray diffraction of PZT film deposited at 500 
o
C temperature and annealed 

for 10 min in 200 mTorr of O2 gas environment at 500 
o
C are shown in Figure 5-15 to 

Figure 5-16. They show similar results as the film grown at 600 
o
C and 500 

o
C. 
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Figure 5-15 X-ray Diffraction of PZT Film Deposited at 500 
o
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Figure 5-16 X-ray Diffraction of PZT Film, Deposited at 550 
o
C and Annealed for 10 min 

at 550 
o
C 

From this section it could be concluded that, the PZT film that was deposited at 

650 
o
C and annealed for 10 min in 200 mTorr of O2 gas ambient at 650 

o
C showed 

different crystal orientations of perovskite structure with bigger grain size compared to 

other films, thus it’s a good condition to deposit this pyroelectric material. 

The x-ray diffraction of PCT film deposited at 550 
o
C, 175mJ laser energy is 

shown in Figure 5-17. The graph shows peaks which depicts the polycrystalline nature of 

the grown film. The graph shows peak appeared at 22.84
o
 which indicates<100> crystal 

orientation of the perovskite structure. The peaks appeared between 25
o 
to 30

o 
scanning 

angles, correspond to the crystal orientation of the pyrochlore structure and hexagonal 

PbO1.37 and orthorhombic α-PbO2 scrutinyite. The peak at 32.33
o 
indicates the<100> 

crystal orientation of the perovskite structure of the PCT film. The peak associated with 

34.62
o
 (not sharp and distinct) demonstrates the <440> crystal orientation of the 

pyrochlore structure of PCT film. The peak that observed at 38.6
o 
indicates the <111> 

crystal orientation of the perovskite PZT film as well as gold film which was used as 
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substrate. There are peaks observed at 44.88
o
 and 46.9

o 
which demonstrate the <200> 

crystal orientation of the perovskite structure of the PCT film. The peak observed at 

50.56
o
 (not sharp and distinct) demonstrates the <210> crystal orientation of perovskite 

structure of the PCT film. There is another peak of pyrochlore structure of the PCT film 

could appear near 49
o
 but it is absent here. The peak that associated with 57.7

o
 (not 

sharp and distinct) demonstrates the <211> crystal orientation of the pyrochlore structure 

of the PCT film [69,73].  
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Figure 5-17 X-ray Diffraction of PCT Film, Deposited at 550 
o
C Temperature 

The x-ray diffraction of PCT film deposited at 550 
o
C, 175 mJ laser energy and 

annealed for 10 min in 200 mTorr of O2 gas ambient at 550 
o
C temperature is shown in 

Figure 5-18. The graph shows different peaks that reflects the polycrystalline nature of 

the perovskite structure of the PCT films. But only one peak that appeared at 34.6
o
 that 

reflects the <440> crystal orientation (not sharp) of the pyrochlore structure of PCT film. 

The peak broadening indicates small grain size of the grown film in this particular 

direction.  
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 The x-ray diffraction of the PCT film, deposited at 550 
o
C, 175 mJ laser energy 

and annealed for 15 min in 200 mTorr of O2 gas ambient at 650 
o
C temperature is shown 

in Figure 5-19. The graph shows different peaks that reflects the polycrystalline 

perovskite structure of the PCT film. Compared with the PCT film annealed for 10 mins, it 

showed peak broadening which means smaller grain size of the grown film. 

The x-ray diffraction of PCT film, deposited at 550 
o
C, 175 mJ laser energy and 

annealed for 20 min in 200 mTorr of O2 gas ambient at 550 
o
C temperature is shown in 

Figure 5-20. The graph shows peaks that were associated with both the perovskite 

structure of the PCT films and the pyrochlore structure and lead oxide. The appearance 

of the pyrochlore peaks and lead oxide indicates that the phase transformation took place 

for longer annealing time. 
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Figure 5-18 X-ray Diffraction of PCT Film, Deposited at 550 
o
C and Annealed for 10 min 

at 550 
o
C 
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Figure 5-19 X-ray Diffraction of PCT Film, Deposited at 550 
o
C and Annealed for 15 min 

at 550 
o
C 
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Figure 5-20 X-ray Diffraction of PCT Film Deposited at 550 
o
C and Annealed for 20 min 

at 550 
o
C 

The x-ray diffraction of PCT film, deposited at 550 
o
C, 125 mJ laser energy in 200 

mTorr of O2 gas ambient at 550 
o
C temperature is shown in Figure 5-21. The graph 
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shows peaks that correspond to the perovskite structure of the PCT films. The graph also 

shows the lead oxide peaks which demonstrates laser energy was not sufficient enough 

to give rise of perovskite PCT structure.  
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Figure 5-21 X-ray Diffraction of PCT Film, Deposited at 550 
o
C, 125 mJ Laser Energy 

The x-ray diffraction of PCT film, deposited at 550 
o
C, 125 mJ laser energy and 

annealed for 10 min in 200 mTorr of O2 gas ambient at 550 
o
C temperature is shown in 

Figure 5-22. The graph shows different peaks which reflect the formation of 

polycrystalline nature of the perovskite PCT film. 
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Figure 5-22 X-ray Diffraction of PCT Film, Deposited at 550 
o
C and Annealed for 10 min 

at 550 
o
C, 125 mJ Laser Energy 

The x-ray diffraction of PCT film deposited at 550 
o
C, 125 mJ laser energy and 

annealed for 15 min in 200 mTorr of O2 gas ambient at 550 
o
C temperature is shown in 

Figure 5-23. The graph also indicates the polycrystalline nature of the perovskite PCT 

film. The peak broadening demonstrates small grain size of the grown film.  

The x-ray diffraction of PCT film, deposited at 550 
o
C, 125 mJ laser energy and 

annealed for 20 min in 200 mTorr of O2 gas ambient at 550 
o
C temperature is shown in 

Figure 5-24. The graph shows the peaks that demonstrate the formation of perovskite 

PCT structure by annealing. The multiple peaks near 25
o
, 45

o 
position demonstrate the 

breaking of PCT structure and formation of various oxides.  
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Figure 5-23 X-ray Diffraction of PCT Film, Deposited at 550 
o
C and Annealed for 15 min 

at 550 
o
C, 125 mJ Laser Energy 
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Figure 5-24 X-ray Diffraction of PCT Film, Deposited at 550 
o
C and Annealed for 10 min 

at 550 
o
C, 125 mJ Laser Energy 
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5.5.2 Dielectric Constant Variation with Temperature 

The variation of the dielectric constant with temperature is shown in Figure 5-25 

and 5-27. The graphs show approximately linear increment of dielectric constant with 

temperature variation for both PZT and PCT thin films. From the Figure 5-26 and Figure 

5-28, it could be observed that the loss tangent of the PZT and PCT films did not show 

any significant variation with the change in temperature. Viehland et al. [74] also showed 

increase in  dielectric constant of PZT films for different Zr/Ti contents in the temperature 

range of -50 
o
C to 150 

o
C, where the PZT thin films were deposited on gold surface.  
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Figure 5-25 Change in Dielectric Constant with Temperature for the PZT Films 
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Figure 5-26 Change in Loss Tangent with Temperature for the PZT Films 
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Figure 5-27 Change in Dielectric Constant with Temperature for the PCT Films 
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Figure 5-28 Change in Loss Tangent with Temperature for the PCT Films 

 
5.5.3 Pyroelectric Current Characterization  

As the procedure discussed in section 5.4, the pyroelectric current for the PZT 

films was measured which were deposited and annealed at different temperature and it is 

shown in Figure 5-29. From the graph, it was observed that as the rate of temperature 

change increased, the value of pyroelectric current also increased until it reached to a 

maximum value at 80 °C and then it reduced.  This characteristic only observed for the 

PZT film that was deposited and annealed at 650 °C. For the PZT film that was deposited 

and annealed at 600 °C, the value of current was low and the variation of current was 

random with the rate of change of temperature which might be caused by the absence of 

any net polarization. The results also indicated that the presence of pyrochlore structure 

with perovskite structure does not produce any pyroelectric current.  The measurement 

for current of the PZT film that was deposited and annealed at 550 °C showed random 

change of current with time which demonstrates pyrochlore structure does not produce 

any pyroelectric current. The pyroelectric coefficient of the film was calculated by using 

Equation (5.2). The change in pyroelectric coefficient with temperature is shown in Figure 
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5-30. The PZT film that was deposited and annealed at 650 °C showed significant 

pyroelectric coefficients compared to the PZT films that was deposited and annealed at 

600 °C. The pyroelectric coefficient of the PZT film that was deposited and annealed at 

550 °C is neglected due to the random nature of the current and presence of the 

pyrochlore structure which truly doesn’t reflect pyroelectricity. 

The pyroelectric current for the PCT films which were deposited and annealed at 

different energy, were also measured and the results are shown in Figure 5-31. From the 

graph, It could be observed that the PCT film that was deposited and annealed at 550 °C, 

175 mJ laser energy demonstrated significant pyroelectric current which increased as the 

rate of the temperature with time was increased and reached to a maximum value at  80 

°C and then fallen down.  The pyroelectric current of the PCT film that was deposited and 

annealed at 550 °C, 125 mJ laser energy showed a low value of pyroelectric current (not 

significant amount) and random variation of current with the rate of change of 

temperature (not always) with time which demonstrate presence of pyrochlore structure 

with perovskite structure affects pyroelectric effect of the PCT films. Again, the 

pyroelectric coefficient of the film was calculated using Equation (5.2). The change in 

pyroelectric coefficient with temperature is shown in Figure 5-32. The PCT film that was 

deposited and annealed at 550 °C, 175 mJ laser energy showed significant pyroelectric 

coefficients compared to the PCT film that was deposited and annealed at 550 °C, 125 

mJ laser energy.  
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Figure 5-29 Pyroelectric Current as a Function of Time while Temperature is Changing 

for the PZT Film (before Poling) 
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Figure 5-30 Pyroelectric Coefficient as a Function of Temperature for the PZT Film 

(before Poling) 
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Figure 5-31 Pyroelectric Current as a Function of Time while Temperature is Changing 

for the PCT Film (before Poling) 
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Figure 5-32 Pyroelectric Coefficient as a Function of Temperature for the PCT Film 

(before Poling) 

5.5.4 Poling the Ferroelectric Materials  

In order to pole the PZT film, bias voltage was applied across the capacitors 

made of PZT film (was deposited and annealed at 650 °C) which was varied from 1 V to 

4 V.  The purpose of poling is to form domains; it also helps to accelerate mobility of the 
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domain wall which increase domain alignment [75, 76]. In the first stage of poling, the 

poling voltage was kept constant at 1 V while the poling duration was changed from 30 

mins to 60 mins to analyze its effect on the pyroelectric material. The experimental 

results indicated that higher poling time causes a degradation of dielectric constant of the 

PZT film. In the second stage of the experiment, the bias voltage was varied which 

showed reduction of dielectric constant. The high electric field might have caused 

dielectric degradation of the PZT film. The graph representing results for the capacitors 

that were poled at 1 V for 30 min and 60 min, it was observed that no variation in 

capacitance occurred. It means that there was no dielectric degradation of the films took 

place for these conditions [Figure 5-33]. 

A bias voltage was applied across the capacitors which are made of PCT film 

that was deposited and annealed at 550 °C, 175 mJ laser energy.  At the beginning, a 

fixed bias voltage of 3 V was applied across the capacitor while the duration was varied 

from 30 min to 2 hrs. The experimental result indicates that higher poling time causes a 

degradation of dielectric constant of the PCT film. In the second stage of poling, the bias 

voltage was varied from 1 V to 20 V while the time of poling was kept constant at 30 min. 

It could be observed that higher electric field causes degradation of the dielectric 

materials. The poling of the film for 3 V at 60 min demonstrates no dielectric degradation 

of the PCT film, since variation of capacitance became stabilized [Figure 5-34].  
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Figure 5-33 Poling of Capacitors Fabricated by Using PZT Material 
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Figure 5-34 Poling of Capacitors Fabricated by Using PCT Material 
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5.5.5 Pyroelectric Current Measurements after Poling 

The pyroelectric current of the PZT film in the capacitors were measured, after 

poling, as same procedure as discussed in section 5.4.4. From the characterization of the 

capacitors made with the PZT film, it could be observed that the capacitor that was poled 

at 1V, 30 mins showed [Figure 5-35] higher value of pyroelectric current compared to 

other poling conditions (poled at higher voltage). This also reflects that higher voltage 

causes dielectric degradation of the PZT film.  It could be observed that poling at 1V for 

60 mins also results in higher pyroelectric coefficient such as 2.5×10
-5

 C/m
2
-K. The 

capacitor that showed higher pyroelectric coefficient were characterized for 10 cycles in 

order to verify whether the measurement could be repeated or not. These measurements 

followed each other as shown in Figure 5-36. 

In order to measure the pyroelectric current of the PCT films after poling, same 

procedure was followed as discussed in section 5.4.4. The results indicate that the 

capacitor that was poled at 3V for 30 mins demonstrates higher pyroelectric current 

[Figure 5-37 and Figure 5-38]. The capacitor that was poled at 3V for 60 mins also shows 

high pyroelectric current (at 35°C). The capacitor that demonstrated higher pyroelectric 

coefficient was characterized for 10 cycles in order to check whether the measurement 

could be repeated or not. These measurements followed each other as shown in Figure 

5-39. 
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Figure 5-35 Pyroelectric Current Measurement of PZT Film after Poling at Different 

Voltage 
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Figure 5-36 Pyroelectric Current Measurement of PZT Film after Poling at 1 V for 30 min 
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Figure 5-37 Pyroelectric Current Measurement of PCT Film after Poling at Different 

Voltage 
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Figure 5-38 Pyroelectric Current Measurement of PCT Film after Poling at Different Time 
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Figure 5-39 Pyroelectric Current Measurement of PCT Film after Poling at 3 V for 30 min 
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Table 5-1 Summary of PZT and PCT Films 

Film  Deposition 

temperature 

and 

annealing 

time 

Laser 

energy 

(mJ) 

Dielectric 

constant 

Loss 

tangent 

Highest  

pyroelectric 

coefficient 

(C/m
2
-K),  

before 

poling 

 

Poling 

electric field 

for optimum 

pyroelectric 

coefficient 

V/m 

Highest  

pyroelectric 

coefficient 

(C/m
2
-K),  

After 

poling 

 

PbZr0.4Ti0.6O3 650°C, 10 

mins 

500 133.6 to  

777.105  

 

0.0137 

to 

0.0329  

 

2.71 × 10
-5
 3.33 × 10

6
 28 × 10

-5
 

Pb0.7Ca0.3TiO3 550°C, 10 

mins 

175 90.4 to 

388.4 

 

0.0118 

to 

0.0164 

 

4.77 × 10
-5
 12.45 × 10

6
 40 × 10

-5
 

 

From the experiment described above show the pyroelectric coefficient 28 × 10
-

5
C/m

2
-K for the PZT film and 40 × 10

-5
 for PCT film C/m

2
-K after poling that were 

deposited on the gold surface. On the contrary, Huang et al. [77] prepared PZT film on 

PT surface by sol-gel method and annealed at 480 
o
C and found pyroelectric coefficient 

of 18 × 10
-5

 C/m
2
-K. The application of gold as a electrode would reduce the cost for 

preparing ferroelectric films if compared with platinum. Kang et al. [78] deposited PZT film 

on Pt coated Si surface by metallorganic decomposition and annealed it at 700 
o
C and 

measured the pyroelectric coefficient of 32±3 × 10
-5

 C/m
2
-K. The grown film was also 

poled and it showed similar pyroelectric coefficient to our results. Ye et al. [79] reported 

pyroelectric PZT film that was deposited by sol-gel method on p-Si substrate and 

annealed at 400 
o
C which showed a pyroelectric coefficient 50-80 × 10

-5
 C/m

2
-K. Chang 
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et al. [80] sputtered PCT film on Pt surface and annealed it at 650 
o
C and measured the 

pyroelectric coefficient of 15 × 10
-5

 C/m
2
-K. Chopra et al. [81] deposited PCT film on ITO 

surface and found high pyroelectric coefficient of 43 × 10
-5

 C/m
2
-K. Others [82, 83] also 

demonstrated high pyroelectric coefficient for PCT film deposited on Pt surface. In this 

research we focused to use the lead titanate thin film for MEMS detector application at a 

low cost; so that we utilized gold as a electrode rather than Pt as a electrode and we 

have found comparable results with the counterparts on Pt surface. 

5.6 Conclusions 

This chapter discussed about deposition, poling and characterization of modified 

lead titanate on gold surface for MEMS application. Two different modified lead titanate 

thin film were utilized: lead zirconium titanate (PZT) and lead calcium titanate (PCT) for 

The deposition and annealing of PZT material was carried out at 650 °C, 500 mJ laser 

energy which showed good pyroelectric properties while deposition and annealing of PCT 

material was carried out at 550 °C, 175 mJ laser which showed good pyroelectric 

properties. From the investigation of pyroelectric properties of PZT/PCT thin films, it was 

also observed that the perovskite structure of the film demonstrate good pyroelectric 

current compared to pyrochlore structure. The thin films were poled afterwards in order to 

increase the alignment of the domains and it showed improvement of pyroelectric 

properties. At the final stage of characterization the pyroelectric current was measured for 

ten repetitive cycles in order to investigate the repeatability of the results.  
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Chapter 6  

Incorporating a Simple Release Layer for Flexible Substrate 

 
6.1 Introduction  

The previous chapters described the fabrication of sensors on flexible substrates 

with the flexible polyimide substrates directly deposited on a rigid silicon wafer. In this 

chapter, deposition of an intermediate polyimide layer between the flexible substrate and 

the silicon wafer has been demonstrated. We report a process demonstrated for flexible 

substrate fabrication on silicon carrier wafers and the subsequent release of the flexible 

substrate from the carrier wafer. HD Microsystems PI2611 was employed as an 

intermediate layer to facilitate easy release of the flexible substrate. The deposition 

process was also defined so that conventional fabrication techniques could be used as 

well as the release layer could resist common solvents and remover during lift-off or 

cleaning process. 

6.2 Background  

The requirement for flexible, foldable, bendable, light-weights sensors and 

electronics employs attention towards development of fabrication process of flexible 

substrate. The development of flexible electronics also forces the incorporation of flexible 

substrates to meet two basic requirements: 1) the fabrication process should utilize the 

conventional fabrication process; 2) the performance of the flexible devices should be 

comparable to their rigid counterparts. The requirements are not mandatory but these will 

help to ensure the development of flexible electronics will not force to replace any 

deposition tools, will not increase cost or reduce device’s performance.  

There are three different approaches towards the fabrication of devices on 

flexible substrates: 1) fabricating devices directly on the flexible substrate; 2) fabricating 
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devices on the rigid substrate first and then transferred it to the flexible substrate; and 3) 

fabricating devices on the flexible substrate coated on rigid wafer and later releasing the 

flexible substrate containing the devices from the rigid wafer. 

The fabrication of electronics directly on the flexible substrates made reel-to-reel 

fabrication processing possible for large area electronics.   One of the major advantages 

of the reel-to-reel fabrication is that devices are fabricated directly on the flexible 

substrate which reduces the cost of rigid wafer.  But the process needs specialized 

lithography, etching and deposition tools compatible for large area fabrication, which may 

cause replacement or modification of conventional tools that are used for costs for MEMS 

and other electronic systems. Hence, the overall production cost will increase.  Moreover, 

reel-to-reel production has the problem of registering patterned layers with each other 

and suffers from low dimensional accuracy [7]. Many fabrications systems for producing 

MEMS device and thin film based transistors do not need large area production, rather 4-

18 inches wafers are more convenient for them to utilize conventional fabrication 

equipments and techniques.  For this reason, reel-to-reel production of devices will 

incorporate more expense and fabrication complexities.  

The application conventional equipment to fabricate devices on the silicon wafer  

and then transfer to flexible substrate may help to overcome most of the problems 

associated with the reel-to-reel production, since it does not require any specialized tools. 

The transfer methods mostly use a temporary release layer which dissolves. Kim et al. [5] 

demonstrated the fabrication silicon integrated circuits on thin polyimide which was 

coated on the rigid wafer. PMMA was used as a sacrificial release layer so that acetone 

could be used to remove the PMMA and the thin polyimide could be transferred to a thick 

PDMS film. The PMMA is soluble to most of the solvents so that lift-off or cleaning of the 

wafer would be difficult for this process. Moreover, low glass transition temperature of 
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PMMA limits its application for high temperature process. Cao et al. [84] applied polyamic 

acid between SO2-Si wafer and polyurethane (PU)-polyimide substrate as a release 

layer, but its solubility in solvents and low glass transition temperature [85] limits the 

applications. Lee et al. and Sun et al. [86, 87] fabricated thin-film transistor on SOI wafer 

and later transferred them on PDMS substrate after etching SOI wafer. This process 

eventually sacrificed rigid wafer and employed flexibility. Kim et al. [6]
 
described 

application of photoresist to bond parylene based flexible membranes to the silicon 

carrier wafer. Later, he used a razor blade to make opening near the edge of the 

membrane and removed photoresist by acetone to separate the wafer from parylene. The 

photoresist is soluble to solvents and it has low glass transition temperature which makes 

it inconvenient for most of the MEMS fabrication process.  The transfer and bonding 

mechanism helps to overcome the disadvantages of the reel-to-reel fabrication process; 

this process need flexible substrate and release layer to be insoluble to solvent in order 

to overcome complex fabrication process.  

The temperature sensors and pressure sensors described in the earlier chapters 

have been fabricated on the flexible substrate coated rigid wafer so that conventional 

MEMS fabrication process could be utilized. The glass transition temperature of the 

polyimide (~400 
o
C) determines the highest process temperature of the sensors. The 

cured polyimide is not soluble to any solvent or remover which provides an advantage for 

this polyimide. In order to remove the flexible substrate from the silicon carrier wafer, the 

wafer’s immersing into water helped to decrease the bond strength of the polyimide 

substrate to the silicon carrier wafer by hydrophilic polyimide/hydrophobic Si3N4 

interaction with the water.    

In this chapter, a process is described where HD Microsystems PI2611 was used 

between flexible polyimide substrate/superstrate combination (HD Microsystems PI5878 
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G/4110) and silicon carrier wafer to create low bond strength between them and later 

release the flexible substrate from the carrier wafer after completion of the fabrication. 

The purpose of developing the process is to release the sensors fabricated on the flexible 

substrate by applying a low force which will not cause any stress-induced defect on the 

device. The process does not need any specialize tools or skills to remove the flexible 

substrate. Another advantage of this process is that the carrier wafer could be reused 

after releasing the flexible substrate and cleaning the wafer. The glass transition 

temperature of the different polyimides are shown in Table 6-1. 

Table 6-1 Glass Transition Temperature of the Flexible Polyimides. Reprinted with 

Permission from [88], Copyright [2013], American Institute of Physics. 

 Glass transition 
temperature (°C) 

Reference 

PI2611 360 89 

PI5878 G > 400 90 

Polyamic 
Acid 

107 85 

PDMS -125 91 

PMMA <124
 

92 

Polyureth
ane 

<65 93 

Parylene <90 94 

 
6.3 Experimental Details 

An n-type, <111> and 4-inch silicon was used as a carrier wafer where the 

fabrication was processed. The fabrication steps are shown in Figure 6-1. After cleaning 

the wafer by standard TAMDI process, a 200-nm-thick Si3N4 was deposited on the carrier 

wafer by rf-magnetron sputtering in a AJA sputtering tool [Figure 6-1(a)]. The Si3N4 is 

used to passivate the wafer and improve adhesion of the subsequent polyimide films. 

Next, the edge of the wafer was wrapped by a polyimide tape to prevent coating of next 

polyimide layer [Figure 6-1(b)]. After that, HD Microsystems liquid polyimide PI2611 was 

spin coated at 3000 rpm for 30 sec on the wafer [Figure 6-1(c)] and after the deposition 
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the tape was removed [Figure 6-1(d)] to avoid any spin coating of  PI2611 around the 

perimeter. Then, the wafer was pre-baked at 130
o
C for 90 sec followed by the curing at 

350
o
C for 30 min inside N2 gas environment in Blue-M oven. The PI2611 provides low 

adhesion for the flexible polyimide substrates where MEMS devices were fabricated. The 

polyimide taper allowed the subsequent spin coated flexible substrate to create a seal 

with the Si3N4 layer so the PI2611 would not be attacked by solvents or "remover" used 

during subsequent process steps. Next, HD Microsystems liquid polyimide PI5878G was 

spin-coated onto the wafer in 4 steps [Figure 6-1(e)] which formed the flexible substrate. 

In each step, after spin coating the polyimide at 1500 rpm for 60 sec, wafer was pre-

baked for 3 min at 110 
o
C. Finally, the wafer was cured at 300 

o
C for four hours to 

achieve a total thickness of 35 µm. The PI5878G polyimide also covered the perimeter of 

the wafer which protected the PI25611 from exposing to any solvent or remover in any 

stage of the fabrications. Here, the flexible "substrate" is mostly combination of 

substrate/superstrate in order to place device at a low stress plane near the center of the 

film [95].   

After curing, a 400-nm-thick Si3N4 was sputtered on the polyimide to increase 

adhesion for the subsequent layers and passivate the polyimide. The passivation layer 

also defines the device plane for the MEMS devices.  Then, 150-nm-thick Ti was 

sputtered on the passivation layer, followed by the lift of process. This lift-off process also 

indicates that the flexible substrate can undergo conventional MEMS fabrication 

techniques. Next, HD Microsystems liquid photo-definable polyimide HD4110 

(superstrate) was spin-coated at 1500 rpm for 30 sec on top of the wafer in 2 steps and 

patterned to provide open vias for electrical connection. In each step, the polyimide was 

prebaked for 110 
o
C for 180 sec and cooled for 60 sec before starting next spin-coating. 

Then, the polyimide was cured at 250 
o
C for 4 hrs to achieve thickness of 35 µm.  
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Finally, the flexible substrate containing Si3N4 passivation layer and the Ti-metal 

layer was removed from the silicon carrier wafer. It was accomplished by a sharp cutting 

tool to cut the polyimide substrate around the perimeter of the wafer as shown in Figure 

6-1(f) and Figure 6-2. Then, the flexible polyimide substrate was separated from the 

silicon wafer by a low force. The wafer could be cleaned for reusing another batch of 

flexible substrate production. 

 

Figure 6-1 (a) Deposition of 1
st
 Passivation Layer, (b) Wrapping Perimeter of the Wafer 

with Polyimide Tape, (c) Spin-Coating PI2611 Release Layer, (d) Separating Polyimide 

Tape before Curing the Polyimide, (e) Spin-Coating PI5878 G Polyimide and Curing, (f) 

Releasing the Flexible Substrate from the Silicon Wafer. Reprinted with Permission from 

[88], Copyright [2013], American Vacuum Society. 
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6.4 Discussions 

The processing (curing) temperature of the release layer dictates the maximum 

temperature that could be used for the fabrication of the device. If the processing 

temperature exceeds curing temperature it will cause outgasing and bubble formation in 

between the PI2611 polyimide and the subsequent layers. It also indicates that any 

annealing or curing steps (for polyimide) above 350 
o
C may delaminate the flexible 

substrate from the release layer.  

The application of polyimide tape before spin coating release layer and removing  

it before curing the PI2611 polyimide, helped the following polyimide PI5878 G to protect 

the edge of the wafer. Eventually it served to prevent any solvent or any chemical 

reagent to get into contact with the release layer to cause any delamination of the flexible 

substrate.  

After cutting the edge of the flexible substrate, the flexible polyimide substrate 

could be removed from the wafer by applying a low force. The strain induced defect in the 

MEMS device due to the force could be avoided by immersing the wafer into n-methyl 

pyrrolidinone after cutting the polyimide substrate around the perimeter of wafer, which 

helps to detach the polyimide film from wafer. After releasing the flexible substrate, the 

silicon wafer could be immersed into HF acid to strip off the polyimide near the edge. 

Hence the silicon wafer could be used for another batch of device fabrication. Another 

advantage of the current process described above is that the silicon wafer could be used 

for the multiple batch of device fabrication. This would reduce tremendous amount of cost 

for fabrication.  This process could be used for fabricating complex MEMS device that 

has more lithographic, lift-off, wet etching and dry etching steps which will be discussed 

in the next chapter.  The deposition of polyimide substrate on the silicon wafer gives the 

process flexibility to apply conventional fabrication tools. 
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The thermal expansion mismatch between the polyimides with the silicon may 

cause stress in the film. The thermal expansion coefficient (CTE) of the polyimides and 

silicon wafer is summarized in Table 6-2. 

Table 6-2 Summarizing Coefficient of Thermal Expansion and Young’s Modulus of 

Different Polyimide and the Silicon <111> Carrier Wafer. Reprinted with Permission From 

[88], Copyright [2013], American Vacuum Society. 

 Coefficient of 
thermal expansion 

(ppm/ °C) 

Young’s modulus 
(GPa) 

Reference 

HD PI2611 3 8.5 89 

HD PI5878G 20 2.3 90 

HD 4110 35 3.4 96 

Silicon <111> 2.6 163 97, 98 

 

From Table 6-2, the close match of CTE between the PI2611 and the silicon 

helped to cure the release layer without forming any stress on the film or the carrier 

wafer. The CTE mismatch among PI2611, PI5878 G, and HD4110 are very small, which 

could not induce any stress on the film or silicon wafer. The CTE mismatch between the 

flexible substrate (PI5878 G) and the superstrate (HD4110) are comparatively lower than 

their mismatch with the PI2611 film and silicon. The PI2611 was not a part of the final 

flexible substrate, hence it effect should be less pronounced. The mismatch would cause 

curling the polyimide after release, which could be avoided by depositing thick layers of 

polyimide in the case of temperature sensors. In order to avoid stress induced on the 

devices in between substrate and the superstrate, the substrate/superstrate needs to be 

engineered while taking consideration their Young’s modulus [95]. The important 

consideration for the devices to place in a low stress plane in between the flexible 

substrate/superstrate. Moreover, the curling effect could be utilized to engineer bendable  
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Figure 6-2 (a) Cutting the Edge of the Flexible Substrate by a Cutting Tool to Separate 

from Silicon Wafer, (b) a Flexible Polyimide Substrate Detached from Carrier Wafer, (c) 

Polyimide Substrate/Superstrate Combination Containing a Metallization Lines in 

between Them. Reprinted with Permission From [88], Copyright [2013], American 

Vacuum Society.  
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substrate at the particular angle, since the application of the flexible electronics lie on 

conforming to non-planar or curved surface. 

6.5 Fabricating Multi-Layers MEMS Structure on the Flexible Substrate and Releasing 

from Silicon Wafer 

The process discussed above was used to fabricate bolometer which consists of 

16 lithographic stage, 9 lift-off process,1 dry etching step and 1 wet etching step (detailed 

will be discussed in chapter 7). The bolometers were sandwiched between the polyimide 

substrate and superstrate; similar as the other sensors discussed before.  

Before depositing the superstrate layer on the bolometer, an attempt was taken 

to dice a single die from the wafer by using a scalpel by cutting around the die line. It was 

successfully separated out from the carrier wafer [Figure 6-3] and rest of the flexible 

substrate was attached with the silicon wafer. After deposition of the superstrate layer, 

another attempt was taken to dice a single die. It was possible to separate die from the 

wafer, but the superstrate and substrate were detached from each other [Figure 6-4]. The 

possible reason for the problem still needs to be investigated. But after viewing the die 

periphery through a confocal microscope it was observed that there was crack on the 

alumina (in between the polyimide superstrate and substrate) due to the cutting by the 

scalpel which might have caused the separation [Figure 6-5].  
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Figure 6-3 Die Separated from a Carrier Wafer before Depositing Polyimide Superstrate 

Layer 

 

Figure 6-4 Separation of Superstrate from the Substrate during Dicing  
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Figure 6-5 The Separation of Polyimide Superstrate Layer due to the Stress on the 

Adjacent Alumina Layer around the Edge.  

Another approach was done to dice by etching the silicon wafer from the 

backside to reach the flexible substrate by utilizing standard DRIE silicon etch process 

(as discussed in chapter 2). After that, attempt was taken to dice a die from the flexible 

substrate, but again superstrate and substrate were detached from each other [Figure 6-

6] which is similar to the results that was observed before. So whether the dicing was 

done with/without etching silicon wafer, an intermediate layer (such as adhesion 

promoter) is required to hold the superstrate with substrate for complex structure. The 

complex structure is mentioned here because this separation was not observed for less 

simple structure such as temperature sensor or pressure sensors. Moreover, etching has 

a disadvantage over using the easy release layer is that the reactive gas might react with 

the front side of the wafer during the etching and damage the devices. It needs a good 

sealing to protect the top side of the wafer from being exposed to the etching gas. 
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Figure 6-6 The Bolometers Sandwiched between Superstrate and Substrate after Etching 

Silicon Carrier Wafer from Backside; Dicing Caused the Separation of the Polyimide 

Substrate and Superstrate (Inset)  

The temperature sensors were diced by using a scissor, but there was no 

delamination observed [Figure 2-13]. For the relative pressure sensors and absolute 

pressure sensors, also there was no delamination observed.     

6.6 Conclusions 

In this chapter, deposition of a polyimide release layer has been described and a 

way to prevent any chemical reaction with the polyimide has been demonstrated. HD 

Microsystem PI2611 polyimide was used in between the silicon carrier wafer and the 

flexible substrate/superstrate combination. A lift-off process has been demonstrated to 

show the application of conventional MEMS technique with the current flexible substrate 

technology. Finally, the flexible polyimide substrate/superstrate was released from the 

silicon wafer by cutting near the edge of the flexible substrate and applying a low force to 

detach the substrate.  In comparison with other works on flexible substrate, we 

demonstrated a process that can be used to fabricate sensors or devices on flexible 

substrate that requires high temperature process. This incorporation of easy release layer 

allowed to utilize the existing fabrication technology without adding any kind of 
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complexity. The process could be extended further to reuse silicon carrier wafer for 

another batch of fabrication after removal of the flexible substrate.  
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Chapter 7  

Design, Fabrication and Characterization of Uncooled Infrared Detector 

 
7.1 Introduction  

Uncooled Infrared detectors transform incident radiation into thermal energy 

which can create an output electrical signal. They have various applications for night 

vision, scientific instruments, and health monitoring systems. Infrared detectors on 

flexible substrates also allow them to be applied to non-planar surfaces such as for 

robotics applications.  

Once the infrared radiation is absorbed by the detecting material, either thermal 

change of an electrical/electronic property (uncooled thermal detectors) or photo-

generation of carriers (photo-detectors) take place. In order to detect photo-generation of 

carriers the thermal generation of carriers must be suppressed. The current research is 

focused on the detection 8-14 µm infrared radiation band. In this region, the activation 

energy of carriers is small enough that thermal generation is more dominant than photo-

generation of carriers. At room temperature, the thermal detection of infrared radiation is 

more convenient since it is less complex than that of a photodetector and more cost 

effective since cryogenic cooling is not required. There are different types of thermal 

detectors such as pyroelectric, resistive bolometer, thermopile detector and transition 

edge super-conducting bolometers [99]. The thermal detector’s sensitivity whether it is a 

bolometer or pyroelectric detector, depends on the maximum change of temperature of 

the detecting material and the change of an electrical property with temperature. Figure 

7-1 shows the cross section of a thermal detector on a flexible substrate.  The thermal 

isolation of the detector from the substrate helps to reduce heat loss from the detector. 

This creates a temperature gradient from the detector to the substrate which acts as a 
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driving force for heat flow.  Heat flows by conduction and radiation mechanisms, where 

convection can be suppressed by packaging the detector in vacuum. Packaging the 

detector in vacuum makes the heat conduction dominate over convection and can be 

controlled by changing device geometry i.e. arm connecting the pixel/detecting material.  

This chapter has focuses on the design, fabrication and characterization of 

thermal detector. For the design portion, the 8-14 µm infrared radiation detectors were 

investigated. Both pyroelectric and resistive bolometer types of thermal detectors were 

designed. For the fabrication, a resistive bolometer on a flexible substrate was 

emphasized. After fabrication, the bolometers were characterized and their performance 

has analyzed.  

 

Figure 7-1 Cross-Section of an Infrared Detector 
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7.2 Designing the Bolometer and Simulating for Optimization 

There were four objectives that were determined before starting the design: (a) 

achieving low thermal conductance; (b) increasing the absorption of infrared radiation in 

the wavelength range of 8-14 µm; (c) device-level packaging of the detector in order to 

limit the convection of heat away from it and giving it rigidity against external force; (d) 

Blocking visible light from the detector.  

In order to increase the thermal isolation of the detector area from the heat sink, 

micromachining is utilized. A good approach is to use a polyimide sacrificial layer, 

deposited between the detector and substrate and later surface micromachined the 

polyimide by dry isotropic etching.  

The arm that is used to connect the detector with heat sink or substrate needs to 

have very low thermal conductance. At the same time, it should have high elastic 

modulus in order to support the detector against the gravitation force. Alumina was used 

previously for pressure sensors as a membrane material since it offers high Young’s 

modulus and low thermal conductance. The detector material which absorbs radiation 

and undergoes temperature dependent changes needs to be selected properly. The 

design of the IR detector was focused on both pyroelectric and resistive bolometer types 

of IR detectors. But for simulation purpose, silicon was selected as a sensing material for 

the resistive bolometer. From the fabrication point of view, silicon is easy to deposit, 

robust against crystallization below temperature of 250 
o
C (the maximum temperature 

that might be used for polyimide curing) and it has a high temperature coefficient of 

resistance (as discussed in chapter 2). But the design was performed such that 

pyroelectric materials could be substituted though the thickness of different layers would 

need to be re-optimized for the pyroelectric detector case. 
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In order to reduce the heat convection by air, the detector needs to be vacuum 

packaged. Device-level packaging also helps to protect the detector from damage by 

external collision or touch. The packaging layer also affects the overall design and can 

absorb IR radiation. So the thickness needs to optimize to reduce optical energy loss. 

The silicon which is used as a thermometer is also affected by visible light. The 

production of photo-generated carriers can be reduced by using a long-pass optical filter 

layer on the detector. Germanium has very low extinction coefficient [100] at IR 

wavelengths while transmitting sub-bandgap infrared radiation through it.  

The total number of the layers could be divided into four subcategories: (a) 

Optical filter layer; (b) structural and metallization layer; (c) packaging layer; (d) detector 

and reflector layer.  

7.2.1 Designing Thermal Isolation Structure  

Increasing the absorption of radiation of the detector while reducing the thermal 

conductance away from it, is challenging from the design point of view. One way to 

reduce the thermal conductance of the detector is to incorporate a nanomesh structure 

around the detecting material which offers low thermal conductance, low thermal 

capacitance and serves as an absorber layer on it to increase the radiation absorption. 

The circular structure can ensure the maximum absorption of radiation while transferring 

heat easily to the detecting material which undergoes electrical changes. So the 

nanomesh structure needs to have two components: the nanomesh membrane and the 

absorber layer on the membrane. The nanomesh membrane can be connected to the 

outer membrane (eventually the substrate) through an narrow arm (termed as leg) to 

reduce the thermal conductivity away from the detecting material. The IR detector that 

was designed to have 12 circular rings of width 100 nm around the detector which are 

connected with each other by 2 µm long legs. These small legs are termed as grid legs. 
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The entire mesh like structure is suspended from the substrate by 6 support legs of width 

100 nm and length of 386.6 nm (based on simulation results) which are connected to the 

outer membrane. The grid size is smaller than the infrared wavelength (8-14 µm) of 

interest in order to ensure the effective absorption [101].  

 

Figure 7-2 A Simple Representation of the Designed Detector Showing the Thermal 

Isolation of the Detector from the Substrate through the Membrane (Designed by the 

CoventorWare
TM

). 
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Figure 7-3 Center Part of the Designed Detector Showing the Nanomesh Absorber and 

the Detector (Designed by CoventorWare
TM

) 

The thickness of the alumina was selected to be 100 nm for the simulation 

purpose. The steady state thermal analysis of the designed detector was done by 

applying a heat flux of 4.89 nW on the detector area and the absorber while keeping 

temperature substrate constant at 300 K. The temperature difference from the detector to 

the substrate was found to be 0.395 K. The thermal conductance was calculated to be 

14.1 nW/K including both heat conductance and radiation. The transient analysis of the 

detector was simulated to find the time constant and it was found to be 31.9 msec. The 

heat capacity of the detector was calculated to be 44.98 nJ/K from thermal conductance 

and thermal time constant.  
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Figure 7-4 Steady-State Thermal Analysis of the Designed Detector including Conduction 

through the Membrane and Radiation of the Entire Structure. 

In order to evaluate the z-axis displacement of the center part of the detector due 

to the gravitational force, 1g acceleration was applied on the detector and the 

surrounding membrane and absorber. The maximum displacement near the center area 

of the detector was found to be 370 nm towards the substrate insignificant compared to 

the distance between the substrate and the detector material.  
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Figure 7-5 Displacement of the Detector due to the Application of 1g Acceleration to the 

Micromachined Structure.  

7.2.2 Packaging the Sensor  

The necessity to build a packaging layer around the detector is to reduce heat 

convection away from the detector by air. At the same time it helps to protect the detector 

from external forces or touch. Before depositing the packaging layer, the surface 

micromachining step needs to be done. In order to facilitate surface micromachining, the 

encapsulation layer needs to be deposited over the detector which contains windows to 

help etching the sacrificial layer. Later, the windows are sealed by the packaging layer 

which also covers the detector area. The encapsulation layer involves the deposition of 

an extra sacrificial layer between detector and encapsulation layer to make a separation 

between them. This separation is needed since it helps to avoid any thermal conductive 

path from detector to the substrate through encapsulation layer. The sacrificial layer is 

etched away by surface micromachining.    

There are different approaches that could be utilized to build the encapsulation 

and packaging layer around the detector. The area around the detector could be either 
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planar filled or the polyimide could be patterned to form mesa type structure before 

depositing the encapsulation layer. The planar filling could be easily etched and it doesn’t 

need any additional patterning. But a problem after the isotropic etching step is there will 

not be any definite structure around the detector which increases the wiring difficulty. On 

the contrary, the mesa type of structure invokes the polyimide to be patterned which 

gives a definite shape below the encapsulation layer after etching polyimide.  Both type of 

structure requires a thick layer of packaging layer to completely seal the gap between the 

substrate and the windows. The deposition of an extra thin sacrificial layer around the top 

sacrificial layers helps to reduce the thickness of the packaging layer. In this case, the 

windows of the encapsulation layer are located on the thin sacrificial layer. This thin 

sacrificial layer serves as a channel for surface micromachining.  

In order evaluate the compatibility of the packaging layer; a rectangular 

packaging layer was designed around the detector. The thickness of the packaging layer 

was kept constant at 2.5 µm and alumina was selected as a packaging material. After 

applying a pressure of 10 atm (target pressure that detector could withstand), it was 

observed that a maximum displacement of 45 µm along z-axis from simulation results. 

The result indicated, the entire structure would collapse under such pressure and the 

absorption of radiation would be affected as well.  
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Figure 7-6 Displacement of the Packaging Layer due to the Application of 10 atm 

Pressure. 

The open area around the detector needed to be reduced to minimize the 

displacement along z-axis. This could be done by designing a circular encapsulation 

layer around the detector and extending rectangular encapsulation layer on the legs of 

the membrane. The rectangular legs also contain the opening that is required for the 

etching. After removing the sacrificial layer below encapsulation layer, the windows could 

be sealed by the packaging layer create a vacuum around the detector [Figure 7-7]. After 

designing such a packaging layer, simulations were performed and a displacement of 

0.75 µm was observed for the application of 10 atm pressure on the packaging layer. The 

maximum mises stress was found to be 690 MPa which is below the yield strength of the 

alumina [102]. This spoked wheel type of packaging layer showed more robust structure 

compared to the rectangular structure.  
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Figure 7-7 New Packaging Layer for the Bolometer 

 

Figure 7-8 Displacement of the Packaging Layer due to the Application of 10 atm 

Pressure. 
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Figure 7-9 Maximum Stress Induced in the Packaging Layer due to the Application of the 

10 atm Pressure 

7.2.3 Calculating the Absorption of the Detecting Material  

Figure 7-10 shows different layers through the cross section of the center part of 

the detector. The thickness of the different layers needs to be optimized in order to 

achieve maximum absorption by the detecting material. The detector was planned to be 

fabricated on flexible substrates and it must have a transparent package in the long-wave 

infrared wavelength. A reflector medium is required on the flexible substrate to reflect 

back radiation towards the detecting material and form a resonant cavity. From the 

simulation, it was observed that a thickness of 300-nm of aluminum would serve as a 

reflector and would be able to reflect 99.44 % of infrared radiation in the wavelength 

range of 8-14 µm. 
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Figure 7-10 Cross-Sectional Area of the Detector through the Center. 

During the optimization for maximum absorption, the thickness of the packaging 

layer and the membrane layer could be kept constant since it will affect the structural 

strength and the alumina acts as transparent medium for much of the infrared wavelength 

range. Thus, the thickness of the sacrificial layers, sensor layer, top and bottom electrode 

and the optical filter layer could be varied to obtain the optimum absorption.  

The optimization of the absorption by the detecting material requires minimum 

transmission and reflection loss through different layers. A convenient approach towards 

finding the transmission and absorption loss is to transform different layers into 

equivalent transmission line elements. These layers then could be represented as a 

cascaded connection of two port networks [Figure 7-11] [103] where each port could be 

represented as a 2 × 2 ABCD matrix. The multiplication of ABCD matrix of individual 

layers gives the overall ABCD matrix for the entire network (all layers). The ABCD matrix 

could be defined as [103]: 

cosh sinh

(1/ )sinh cosh

  

  

   
   

   

A B d d

C D d d                                                (7.1)
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where η is the intrinsic optical impedance of the film, γ is the propagation 

constant through a film and d is the thickness of that particular film. 

 

Figure 7-11 Cascade Connection of Two Port Networks [104]. 

Once the overall ABCD matrix was calculated from the individual matrix, it 

represented the ABCD matrix for all layers. Then, ABCD matrix could be multiplied by the 

[E, H]al vector of the reflector (mirror), the [E, H]total vector could be calculated. Here, the 

E is the electric field and H represents the magnetic field. The [E, H]al vector of the  

aluminum reflector could be defined easily by setting E as 1 and H as 1/η, where eta 

represents as the intrinsic impedance of reflector. Once the [E, H]total  vector is calculated 

the impedance, i of the network (considering all layers) could be found by dividing Etotal by 

Htotal. Then the reflection coefficient, rfw and the fractional reflected power, pr could be 

calculated using the equations [105]: 

 
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0

0






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
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Z
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Z
       (7.2) 

2
r fwp r        (7.3) 

where η0 is the intrinsic impedance of the free space.   

The power incident on the aluminum mirror could be calculated from the 

magnitude of the Poynting vector: 

1
*

2
al al alP E H       (7.4) 

Here H’al is the complex conjugate of magnetic field. The electric field and the 

magnetic field of the incident radiation could be calculated by:  



 

143 

(1 r )




t
i

fw

E
E         (7.5) 

0
 i

i

E
H         (7.6) 

The incident power on the detector then calculated by: 

1
*

2
i i iP E H          (7.7) 

which is used to calculate the fractional transmitted power, pt and hence the 

fractional absorbed power, pa: 

 al
t

i
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p

P
        (7.8) 

1  a r tp p p        (7.9) 

The procedure discussed above was used to find the absorption of the infrared 

radiation. But in order to maximize the absorbed power, the thickness top and bottom 

electrodes; the detector, the germanium filter and the sacrificial layers thickness needed 

to be optimized. As the total number of variable is five, a Monte Carlo simulation with 

simulated annealing method [106] was used to optimize the absorption. The Monte Carlo 

method is useful to achieve approximated thickness of different layers, the Newton-

Raphson method was used to get the final optimum thickness values. The thickness of 

these layers is listed in Table 7-1 which was found for the maximum absorption of 

radiation in the center detector area.  The reason for selecting the maximum absorption 

in the center detector instead of the absorber region is that radiation in the center part 

can directly impact the detector performance while the absorber’s heat needs to conduct 

to the detector. There is always some heat loss while conducting heat from the absorber 

to detector and heat might conduct to the heat sink. So finding the maximum absorption 

of radiation in the center detector area helps to achieve a greater change in temperature.   
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Table 7-1 Thickness of Different Layers 

Layer name Thickness (nm) 

Mirror (Al) 300 

Thin sacrificial layer 500 

Thick sacrificial layer below detector 3200 

Bottom, top electrode (Al) 30 

Membrane (Al2O3) 100 

Detector (Silicon) 500 

Absorber (Ti) 1 

Top sacrificial layer above detector 3700 

Encapsulation plus the packaging layer 

(Al2O3) 

2500 

Optical filter layer (Ge) 720 

 

7.2.4 Double Layer Absorber for the Infrared Radiation 

The micromachined bolometers discussed in various literature, focused on the 

absorption of radiation by a single metal layer which is then conducted to the thermal 

detector area to heat up and change its characteristics [101, 9, 10, 11, 12, 13]. The 

characteristics could be either change in the resistance of the thermometer or the 

generation of a pyroelectric current due to changes in the spontaneous polarization in 

response to temperature variation. Gildemeister et al. [12] mentioned absorption that took 

place due to the destructive interference between incident and reflected wave in the 

absorber for a transition edge bolometer.  A tri-layer structure of Ti-Al-Ti thermistor was 

used to control the transition temperature. It was mentioned that the upper two layers 
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were removed from the absorber to increase the optical efficiency which would not affect 

the absorption since the destructive interference took place at a single plane.  The 

literature mentioned above, demonstrated the absorption of heat by the detector from the 

surrounding structure; which means the detector indirectly absorbs heat. In conclusion, 

effective infrared absorption takes place only in a single plane in the entire structure. 

While Nivelle et al. [107] and Mahmood et. al. [108] demonstrated the direct absorption of 

the infrared radiation by a single layer of detector.   

On the contrary, in this design, a double layer absorber structure was designed 

where the thermometer material was sandwiched between top and bottom electrodes. 

Once the radiation pass through the electrodes, they could absorb heat and would heat 

up the detector that is intimate contact with them [Figure 7-2 & 7-3]. Besides this direct 

heating of the detector an absorber structure was surrounded the detector which could 

also absorb radiation (will be discussed in later section). From the simulation, it was 

observed that this tri-layers could able to absorb a fractional power of 99.44% at the 

wavelength of 11.4 µm, but could absorb an average absorbed power of 18.5% in the 

entire bandwidth from 8-14 µm [Figure 7-12]. Note that, the Ge optical filter mostly acts 

as barrier which effects total absorption of infrared radiation. Without the filter average 

fractional absorption of power was around 32.67%. 
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Figure 7-12 Simulated Fractional Absorbed Power in the Double Layer Absorber (a) 

including the Optical Filter on Top of the Detector; (b) excluding the Long-Pass Optical 

Filter Layer. 

The fractional absorbed power of the Al (30 nm)-Si (500 nm)-Al (30 nm) tri-layers  

on the flexible substrate was characterized and the results is shown in Figure 7-13. The 

maximum power of infrared radiation that could be absorbed by these tri-layers was 70% 

in the wavelength of 10 µm.  There was no packaging layer or the reflector layer in this 

experiment. The packaging layer also serves to trap the radiation inside the detector and 

the radiation that is reflected from the detector, bounce back by the packaging layer. The 

reflector layer also helps to block the radiation to pass through the flexible substrate and 

reflects the light back to the detector. These two effects increase the absorption of the 

detector as observed in the simulation results.    
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Figure 7-13 Measured Fractional Absorption of the Transmitted Power in the Al-Si-Al tri-

Layers on Top of the Flexible Substrate.  

7.2.5 Absorption by the Nanomesh Absorber 

The nanomesh absorber also absorbs infrared radiation which needs to account 

in order to find total absorption by the detector for the entire wavelength range of 8-14 

µm. In order to count its absorption, the grids need to be accounted as an equivalent thin 

film and consider it as one more layer (two layers; one for nanomesh membrane and 

other for absorber) [109]. These grids then could be treated as a lumped circuit element 

of admittance Yg the equivalent ABCD matrix is [109]: 

g

1 0A B
=

Y 0C D

  
  

   
                           (7-10) 

According to Ulrich [110],   the transmission and reflection coefficient grids 

depend strongly on the polarization. If the electric field of a linearly polarized incident 
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wave is perpendicular to the grid, then it is called capacitive grating; for the opposite 

orientation, it is called inductive strip grating [Figure 7-14].  Since the metal mesh has 

square grating; it needs to consider as the superposition of capacitive and inductive 

gratings. For an inductive grating the equivalent reactance is given by [111]: 

1

0 0
0

0 0

ln csc
 


 


  
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I

S

X a

Z g
    (7-11) 

where λ is the free space wavelength; the grid parameters 2a and g are shown in 

Figure 7-14. Here Zs is the resistance of the free space. For the capacitive grating the 

equivalent capacitance value is [111]: 

1
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    (7-12) 

Here grids are located on plane boundaries between dielectrics of refractive n1 

and n2 and 0  is the resonant, given by [111]:  

0 0 2 2
1 2

2

(n n )
  


      (7-13) 

The loss resistance of the mesh reactance shunts the transmission lines at their 

junction which is given by [111]: 
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      (7-14) 
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Figure 7-14 (a) Inductive Strip Grating; (b) Capacitive Strip Grating; 

(c) Inductive Mesh; (d) Equivalent Lump Element Model of Inductive Mesh. 

Where ε0 is the permittivity of free space, c is the velocity of light and σc is taken 

as one quarter of the bulk dc conductivity of the mesh material , ηb is a factor equal to 

1/(1-2a/g) for capacitive meshes and  g/2a for inductive meshes. Since in this current 

design, the thickness of the grid was comparable to the grid width, the grid width 2a 

needs to be converted to effective strip width 2aeff. For an inductive mesh, aeff is given by 

[110, 111]:  

8
ln 1

2
eff

t a
a a
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



  
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For capacitive strip gratings it is given by [111]: 
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The procedure above described is applicable to square grids/gratings or mesh. 

The nanomesh structure that was designed has circular mesh, which could be 

approximated as a rectangular strip of length, l and width, w where l is taken as the 

average perimeter of the outer and the inner grating and w is taken as the distance 

between two grating (as shown in Figure 7-15). The effective grating parameter g could 

be calculated as:  

*g l w        (7-17) 

 
Figure 7-15 (a) Part of the Nanomesh Absorber (b) Approximation of the Circular 

Absorber to Rectangular Absorber. 

The procedure has been described above is applicable to transform a grating 

mesh to an equivalent lumped circuit model to find equivalent ABCD matrix and thus 

added to the [E, H]total  vector.  

 The cross sectional area though the nanomesh structure of the detector is 

shown in Figure 7-16. Thickness of the different layers was not optimized near nanomesh 

area for maximum radiation absorption. Since the center part of the detector was 

optimized, deposition/optimization of the membrane or absorber for different thickness 

would create complexities in the fabrication.  The fractional absorbed power for the 

detector is shown in Figure 7-17 after including the nanomesh absorber. The average 

fractional absorption of power has reduced to 12.54 % while the effective area has 



 

151 

increase (10.9 times) for radiation absorption; eventually total absorption of power 

increased significantly. Note that, without optical filter the average fractional absorption of 

power would be 32.44%. 

 
Figure 7-16 Cross-Sectional Area of the Detector through the Absorber 
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Figure 7-17 Fractional Absorbed Power in the Double Layer Nanomesh Absorber (a) 

including the Optical Filter on Top of the Detector; (b) excluding the Long-Pass Optical 

Filter Layer.  
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Spiderweb (mesh) bolometers that are found in the literature [9, 10, 11, 12, 13, 

107] demonstrated gratings (grids) or legs of width more than 1 micrometer in the mesh 

absorber area utilizing conventional photolithography. These bolometers were designed 

to operate in the far infrared region (> 200 µm of wavelength) of radiation. In this work, 

the spiderweb bolometer (nanomesh) has 100 nm of legs/gratings which needs e-beam 

lithography. The designed bolometer could be able to operate in the 8-14 µm of 

wavelength. One of the major novelties of the current work is that it will accelerate the 

transition of MEMS to NEMS technology in bolometer area. 

7.2.6 Optical Filter 

      Beside the infrared radiation, the visible light spectra (400-700 nm) could be 

accumulated by the detector which would cause generation of photo-carriers. This 

infrared detector is designed for thermal generation of carriers at a certain wavelength 

range instead of optical generation. In order to reduce the effect of photo-generation of 

carrier due to visible light a 720-nm thick Ge-optical filler layer is designed to deposit on 

the entire detector area. Germanium has very low extinction coefficient [100] for the 

infrared light. It could be observed from Figure 7-17, there is considerable amount of 

radiation absorption in the detector area in spite of thick optical filter. In order to evaluate 

the attenuation loss of visible light through a Ge-layer, a 720-nm-thick Ge was 

evaporated on top of a flexible substrate. The transmission of visible light at certain 

wavelength (using LEDs as a source of light) through this film was measured by a 

photodiode and the corresponding results are shown in Table 7-2. It could be observed 

that the blue light (430 nm) has been attenuated maximum (5.37  105 % of 

transmission) amount while the green light (565 nm) has maximum amount of 

transmission through the germanium-polyimide film. It should be noted here that 
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polyimide film has very low absorption and reflection in visible light as well as infrared 

wavelength range. 

 

Table 7-2 Transmission of Visible Light through Germanium 

Light Wavelength (nm) Fractional transmitted power 

Red 650 2.85  106
 

Yellow 585 3.74  106
 

Green 565 1.08  105
 

Blue 430 5.37  107
 

White 400-700 3.87  107
 

 

7.2.7 Different Types of Design 

Besides designing the nanomesh based bolometer, two other types of bolometer 

were designed [Figure 7-18 & Figure 7-19]. One of them was designed as circular type of 

bolometer, but there was no nanomesh structure and the 100-nm legs were replaced by 

10-µm legs. Other type of bolometer was designed as a rectangular shape and the 

detector size (or pixel size) and leg length was varied to change the heat conductivity and 

thermal time constant of the detectors (Table 7-3). For each detector steady-state and 

transient thermal analysis was done. The z-axis displacement due to 10 atm pressure or 

1g acceleration was negligible for these rectangular sensors (< 50 nm). The z-axis 

displacement for the circular bolometer due to 1g acceleration was 200 nm. 
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Figure 7-18 Circular Bolometer with 100-µm Legs 

 
Figure 7-19 Rectangular Bolometer  
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Table 7-3 Summary of Different Types of Bolometer 

Bolometer type and 
pixel size 

Leg length (µm) Thermal conductance 
(W/K) 

Thermal time 
constant (msec) 

Nanomesh Circular 
bolometer; diameter- 

20 µm 

386.5 4.69 × 10
-9

 78.5 

Circular bolometer 
without nanomesh; 

diameter-50 µm 

386.5 5.37 × 10
-7

 9.9 

Rectangular; pixel-35 
µm× 35 µm 

20 8.67 × 10
-7

 1.1 

Rectangular; pixel-35 
µm× 35 µm 

50 4.03 × 10
-7

 2.82 

Rectangular; pixel-35 
µm× 35 µm 

75 2.89 × 10
-7

 4.2 

Rectangular; pixel-60 
µm× 60 µm 

20 10.09 × 10
-7

 5.23 

Rectangular; pixel-60 
µm× 60 µm 

50 4.03 × 10
-7

 8.83 

Rectangular; pixel-60 
µm× 60 µm 

75 3.13 × 10
-7

 11.58 

Rectangular; pixel-80 
µm× 80 µm 

20 10.49 × 10
-7

 5.75 

Rectangular; pixel-80 
µm× 80 µm 

50 4.32 × 10
-7

 14.75 

Rectangular; pixel-80 
µm× 80 µm 

75 3.11 × 10
-7

 20.55 

 

7.2.8 Adding a Reference Resistor 

A reference resistor was added with each type of bolometer [Figure 7-20]. The 

thickness and area of the reference resistor is same as the micromachined resistor 

(bolometer). The reference resistor would be deposited on the substrate. The purpose of 

adding reference resistor is to subtract the affect of room temperature heating from the 

bolometer response. The addition of reference resistor requires each bolometer to have 

three bond pads for electrical connections. 
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Figure 7-20 Addition of a Reference Resistor with the Micromachined Bolometer. 

7.3 Fabrication of the Bolometer 

The fabrication of the bolometer was started with the cleaning of a 4-inch <100> p-type 

wafer by standard TAMDI process followed by the deposition of 200-nm-thick Si3N4 

passivation layer. After that, PI2611 polyimide release layer was spin coated, patterned 

and cured at 350 
o
C in N2 gas environment (detailed discussed in section 6.3).  After that, 

the PI5778 G was spin coated and soft baked for at 105 
o
C. The spin coating was carried 

out 4 times on this wafer followed by the soft bake. Then, the polyimide was cured at 300 

o
C to achieve a thickness of 70 µm. Next, a 400-nm-thick Si3N4 passivation layer was 

deposited on the polyimide substrate. This passivation layer defines device plane. After 

that, the sensors were fabricated on this flexible substrate coated silicon wafer. All thin 

film deposition was accomplished by rf magnetron sputtering followed by the lift-off 

process. At first, 303-nm-thick aluminum was sputtered on the passivation layer and 
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patterned [Figure 7-21]. This aluminum acts as a reflector for the bolometer. After that, 

thinned HD4104 thin polyimide was spin coated, soft-baked and exposed. After 

developing the polyimide, it was cured at 250 
o
C to get a thickness of 548 nm [Figure 7-

22]. Next, HD4104 polyimide was spin coated, patterned and  cured 250 
o
C for 4 hours to 

get a thickness of 3.27 µm [Figure 7-23]. This polyimide acts as sacrificial layer between 

the detector and reflector. Then, 109-nm-thick alumina (Al2O3) was deposited, patterned 

by lift-off [Figure 7-24]. The alumina acts as a membrane layer for the detector. After that, 

130-nm-thick nichrome (Ni 80%-Cr 20%) was deposited and patterned to connect the 

bottom electrode with the bondpads. Then, 31.96-nm-thick aluminum bottom-electrode 

was sputtered on the membrane followed by the lift-off [Figure 7-25].  Then, Si (500nm)-

Al (30-nm)- Al2O3 (20-nm) layers were deposited one by one and patterned [Figure 7-26].  

 

 

Figure 7-21 Aluminum Mirror Layer 
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Thin sacrificial 

layer

 

Figure 7-22 Thin Sacrificial Layer 

 sacrificial layer 

below detector

 

Figure 7-23 Thick Sacrificial Layer below Detector 
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Membrane

 

Figure 7-24 Membrane on Top of the Sacrificial Layer 

Bottom electrode

Device level 

metallization 

layer 
 

Figure 7-25 Connection of Bottom Electrode and Metallization Layer 
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Detector-top 

electrode

 

Figure 7-26 Si-Al-Al2O3 Tri-Layer 

The thin aluminum layer prevents thermal oxidation of silicon at room 

temperature and also acts the top electrode. The top alumina protects the aluminum from 

oxidation during surface micromachining. Next, Ti (300-nm)-Au (200-nm) layers were 

sputtered subsequently and patterned. These layers serve to connect each device with 

the bondpads for electrical connection and also create the bondpads [Figure 7-27]. After 

that, HD4104 top sacrificial layer was spin coated, patterned and cured to achieve a 

thickness of 3.2 µm [Figure 7-28]. Then, 558-nm-thick alumina was sputtered on the 

structure and patterned which termed as encapsulation layer [Figure 7-29]. This 

encapsulation layer holds the windows that facilitate surface micromachining. After that, 

the sacrificial layers were etched in Plasma Therm Asher[Figure 7-30]. Then, the 

openings of the encapsulation layer were sealed by 2-µm of alumina-packaging layer. 

Next, the vias were opened near the bondpads area by etching alumina in phosphoric 
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acid [Figure 7-31].  After that, 720-nm-thick germanium was thermally evaporated on the 

detector and patterned to form an long-pass optical filter [Figure 7-32]. At last, HD4110 

polyimide was spin coated at 1500 rpm for four times, patterned and cured at 250 
o
C to 

achieve a final thickness of 47 µm [Figure 7-33 and Figure 7-34]. This polyimide acts as a 

superstrate layer to keep the detector at a low stress plane.  

Bondpad
 

Figure 7-27 Metallization Layer Connecting Each Detector with Bondpads 
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Top sacrificial layer

 

Figure 7-28 Top Sacrificial Layer 

Openings on the 

encapsulation layer
 

Figure 7-29 Encapsulation Layer 
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Figure 7-30 Surface Micromachined Bolometer 

 

Figure 7-31 Opening Bondpads by Etching for Electrical Connections 
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Figure 7-32 The Rectangular Shaped Germanium Optical Filter 

Polyimide superstrate
 

Figure 7-33 HD4110 Flexible Polyimide Superstrate Layer 
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Figure 7-34 1 cm × 1 cm Die Containing 14 Self-Packaged Bolometers on Flexible 

Substrate 

7.4 Characterization of Sensors on Flexible Substrate 

7.4.1 Resistance Measurement 

After fabrication of the IR detectors, the resistance of each individual detector 

was measured in a shielded probe station equipped with HP 4155C semiconductor 

parameter analyzer. As mentioned earlier, each detector has two resistor, the resistor 

located inside the vacuum cavity is termed as active resistor (Ra) and the resistor located 

on the substrate is termed as passive resistor (Rp). The resistance of each individual 

resistance was measured by I-V measurement across each resistor.  

7.4.2 IR Response Measurement  

The sensors that were fabricated on flexible substrate were characterized for IR 

response. Since the flexible substrate was attached to the silicon wafer, it was required to 

characterize the detector by placing the wafer on flat surface. In this case, the IR source 

was placed in a vertical position. In order to meet this requirement, a specialized tool was 
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built which is termed as an IR probe station. A total of 7 detectors were characterized to 

measure the IR response and sensitivity.  

7.4.2.1 IR Probe Station   

The IR probe station is a custom built probe station as shown in Figure 7-35. A 

quartz tungsten halogen lamp (operated at 90 W, 8.06 A) was used as the infrared 

source. The radiation was modulated by passing the IR light through a chopper. A long-

pass (5100 nm) was used which blocks the visible light spectra and allow only the 

infrared radiation to pass through it. A ZnSe lens was used to converge the radiation on 

the infrared detector that was located on the wafer. The entire set-up was built on an 

optical bench. The setup was used to measure the irradiance of the infrared radiation by 

utilizing a reference pyroelectric detector. In order to use the calibrated pyroelectric 

detector, the set-up was arranged horizontally and the wafer was replaced by the 

reference pyroelectric detector. 
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Figure 7-35 IR Probe Station for Testing Bolometer 

7.4.2.2 Setup for IR Response Measurement 

Once the wafer was placed inside the ‘IR probe station’, the bolometer was 

biased by a dc battery source as shown in figure 7-36. The signal from the active resistor 

was fed to a pre-amplifier (Stanford Research Instruments model SR560) using a gain of 

100. The infrared light was modulated to a desired frequency. So, the output across the 

bolometer was an ac signal. A HP3562A dynamic signal analyzer was used to measure 

the voltage across the resistor through a pre-amplifier at each frequency and record the 
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corresponding power spectral density (PSD). Both the rms voltage and PSD were 

averaged for 10 measurements. The bias voltage of the dc source was varied from ±0.5 

V to ±1.25 V in step of 0.25 V. The chopper frequency was varied from 4 Hz to 200 Hz 

(maximum frequency range of the chopper). At each measurement, a photo-diode was 

used to measure the variation of the infrared radiation intensity so that the variation of 

incident flux could be corrected during calculation.   

 

Figure 7-36 Electrical Connection of the Bolometer 

7.4.3 Noise Measurement 

The noise voltage power spectral density was measured across each active 

resistor over the frequency range of 10 to 1000 Hz. Since the resistance (Table 7-4) of 

the bolometer was much larger than the series resistance, the device was voltage biased. 

The voltage was also varied from ±0.5 V to ±1.25 V in step of 0.25 V. At each bias, the 

corresponding noise voltage power spectral density was measured with and without 

infrared radiation. The chopper was turned off during the measurement. 

7.5 Results and Discussions 

The I-V characteristics across the active and passive resistors of a 60 µm × 60 

µm pixel with leg length of 20 µm are shown in Figure 7-37. The slope of the I-V curve 
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gives the resistance values of these resistors. Table 7-4 shows the resistance values of 

active and passive resistor of each detector that was characterized for its IR response. It 

could be observed here that the resistance value varies for the same sized pixel. The 

reasons for this variation could be the non-uniformity of the thickness of sensing material 

over large area, lithographic misalignment of the bottom electrode, oxidation of the 

electrodes and sensing material around the periphery.   

 

Table 7-4 Resistance Values of the Active and Passive Resistors 

Device name Pixel size (*µm 

× *µm) 

Leg length (µm) Active resistor 

(Ω) 

Passive 

resistor (Ω) 

35BR_7x4 35 × 35 75 9.00 × 10
10

 4.00 × 10
09

 

35TR_4x6 35 × 35 20 5.00 × 10
11

 2.00 × 10
11

 

60BL_5x2 60 × 60 75 1.00 × 10
11

 1.00 × 10
09

 

60BL_8x7 60 × 60 75 2.00 × 10
10

 2.00 × 10
10

 

60TL_6x6 60 × 60 50 2.00 × 10
11

 1.00 × 10
11

 

60TL_7x9 60 × 60 50 9.00 × 10
10

 1.00 × 10
09

 

60TR_10x7 60 × 60 20 4.00 × 10
08

 2.00 × 10
08

 

 

The output voltage and power spectral density across the active resistor due to 

the radiation absorption for the detector termed as 60TL_6x6 is shown in Figure 7-38 and 

Figure 7-39. The detector was biased at ±1 V and the chopper frequency was set to 40 

Hz to modulate the infrared radiation. It could be observed that there is a peak at 39.75 

Hz. Even though the chopper was set to run at 40 Hz, the actual chopper frequency 

always varied slightly. The peak root-mean-square voltage was found to be 1.54 × 10
-4

 V 

and noise voltage PSD was found to be 5.54 × 10
-11

 V
2
/Hz.  
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Figure 7-37 I-V Characteristics of the Detector Termed as 60TR_10x7 
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Figure 7-38 Output Voltage across the Bolometer with IR 
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Figure 7-39 Noise Voltage PSD with IR 

The noise spectra, after subtracting the background noise, for the detector 

termed as 60TL_6x6 at the bias voltage of ±1 V are plotted in Figure 7-40 with and 

without infrared radiation. It could be observed that the PSD with infrared radiation is 

higher than the PSD without the infrared radiation over the frequency range of 10 to 1000 

Hz. Figure 7-41 demonstrates the quadratic voltage dependence of the noise voltage 

PSD for the detector 60TL_7x9, the normalized Hooge coefficient was calculated to be 

1.21 × 10
-13

. 
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Figure 7-40 Noise Voltage PSD for the Device Termed as 60TL_6x6 
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Figure 7-41 Variation of Noise Voltage PSD with the Bias Voltage 
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7.5.1 Figures of Merit  

7.5.1.1 Responsivity  

Responsivity is defined as the variation of output signal of the detector with 

respect to the input radiant power. If the output signal is voltage the responsivity is 

termed as voltage responsivity, Rv (as in this bolometer) and could be defined as:  

v

V
R


         (7.1) 

Where Φ is the input radiant flux on the detector which could be calculated from 

irradiance measured by the reference detector and the area of each detector.  

The variation of responsivity with the frequency at ±1 V dc bias for three 60 µm × 

60 µm pixel is shown in Figure 7-41. It could be observed here that the responsivity for 

the detector termed as 60BL_5x2 reduced after 80 Hz and for the detector that was 

termed as 60TL_6x6 reduced after 100 Hz of the chopper frequency. From the Table 7-2 

and Table 7-4, it can be found that the cut-off frequency for the device termed as 

60BL_5x2 is 86.35 Hz (simulated), for the device termed as 60TL_6x6 is 113.25 Hz and 

for the device termed as 60TR_10x7 is 309.6 Hz. So it could be concluded here that 

those devices showed a reduction after cut-off frequency, due to the heat transfer to the 

substrate. Figure 7-43 shows the variation of the responsivity with bias voltage for the 

device termed as 60BL_5x2 at the chopper frequency of 40 Hz. It was observed here that 

the responsivity is increasing with the bias voltage. In order to demonstrate detail on the 

variation of responsivity, the bias voltage needs to increase more. But during the 

experiments, it was observed that above ±1.25 V the bolometer reaches its break down 

point.  
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Figure 7-42 Responsivity versus Chopper Frequency for 60 µm × 60 µm Pixel 
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Figure 7-43 Variation of Responsivity with Bias Voltage (Chopper Frequency 40 Hz) for 

60 µm × 60 µm Pixel 

7.5.1.2 Detectivity  

The detectivity, D* is defined as the area normalized signal to noise ratio and can 

be expressed as: 

*



v d

n

R A f
D

V
       (7.2) 

where Vn is the noise voltage over the electrical bandwidth of Δf and Ad is the 

area of the detector. 

The detectivity over the frequency range of 4 to 200 Hz is shown in figure 7-44 

for the bolometer termed as 35BR_7x4 and 35TR_4x6. The detectivity did not show any 

significant reduction over the frequency range, but showed variation due to the variation 

of infrared radiation. The cut-off frequency for the detector 45BR_7x4 is 238 Hz 
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(simulated) and for the detector 35TR_4x6 is 909 Hz which is above the maximum 

chopper frequency. Figure 7-45 shows the variation of detectivity with the bias voltage for 

the bolometer termed as 45BR_7x4 at the chopper frequency of 40 Hz. It could be 

observed here that the detectivity is increasing with the bias voltage. But in order to 

quantify this variation, bias voltage needs to be increased further.  
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Figure 7-44 Detectivity versus Chopper Frequency for 35 µm × 35 µm Pixel 
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Figure 7-45 Variation of Detectivity with Bias Voltage (Chopper Frequency 40 Hz) for 35 

µm × 35 µm Pixel 

7.5.1.3 Noise Equivalent Power (NEP) 

The NEP is defined as the incident radiant power necessary to produce a SNR of 

unity and could be expressed as:  

*




dA f
NEP

D
       (7.3) 

The NEP over the frequency range of 4 Hz to 200 Hz is shown in Figure 7-46 for 

the detector 35BR_7x4 and for the detector 35TR_4x6. It could be observed that the NEP 

decreases once the cut-off frequency was reached. The variation of NEP with bias 

voltage (Figure 7-47) shows that with the increase of voltage the NEP is decrease with a 
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decremented slope. The reason could be the NEP was saturating as the bias voltage was 

increasing.  
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Figure 7-46 NEP versus Chopper Frequency for 60 µm × 60 µm Pixel 
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Figure 7-47 Variation of NEP with Bias Voltage (Chopper Frequency 40 Hz) for 60 µm × 

60 µm Pixel 

The measured responsivity, detectivity and NEP of the detectors are summarized 

in Table 7-5.  

It was observed that the detectivity of the 35 µm × 35 µm bolometers is higher 

than the 60 µm × 60 µm bolometers. One of the reasons could be the 35 µm × 35 µm 

bolometers are surface micromachined completely. For the 60 µm × 60 µm bolometers, 

there is a chance that some debris of sacrificial layer left which may either absorbing 

some radiation or creating a conductive path through it. The thickness of different layers 

was optimized so that some debris of polyimide on the cavity will cause a decrease in the 

affective absorption of radiation by the detecting material.  
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Table 7-5 Summary of the Detectors Characterized for IR Respionse 

Device name 
 
 
 

Simulated cut-
off frequency 

(Hz) 

Responsivity at 
1 V and 40 Hz 

(V/W) 
 

Detectivity at 1 
V and 40 Hz 
(cmHz

1/2
/W) 

 

NEP at 1V and 
40 Hz (W/Hz

1/2
) 

 
 

 
35BR_7x4 

 
238 

 
3.71 × 10

3
 4.31 × 10

6
 8.12 × 10

-10
 

35TR_4x6 
 

909 3.78 × 10
3
 4.44 × 10

6
 7.88 × 10

-10
 

60BL-5x2 
 

86.35 2.24 × 10
3
 2.08 × 10

6
 2.89  × 10

-9
 

60BL_8x7 
 

86.35 2.58 × 10
3
 2.29 × 10

6
 2.62 × 10

-9
 

60TL_6x6 
 

113.25 2.79 × 10
3
 2.25 × 10

6
 2.66 × 10

-9
 

60TL_7x9 
 

113.25 2.89 × 10
3
 2.64 × 10

6
 2.27 × 10

-9
 

60TR_10x7 
 

309.6 2.56 × 10
3
 2.15 × 10

6
 2.79 × 10

-9
 

 

One of 60 µm × 60 µm bolometer was characterized (was not mentioned in table) 

which showed almost 100 times higher responsivity than the detectors mention in the 

Table 7-5. But the device was destroyed during etching of the silicon wafer. The time 

spent performing the surface micromachining stage for that particular detector was longer 

than the detectors that were fabricated later and characterized. So it could be possible 

that micromachining for longer time would remove polyimide debris completely and 

increase the responsivity and detectivity. But the longer micromachining time can result in 

unwanted etching of the Au-bondpads which was observed during fabrication. Depositing 

a thin layer of alumina on top of Au-bondpads can reduce chance of unwanted etching. 

The bondpads undergo underwent etching to open the vias and expose the bondpads 

through the packaging layer. So depositing a thin layer of alumina on top of the bondpads 

would not increase fabrication complexity or any addition mask. 

The maximum detectivity of the detector that was found is compared with some 

other detectors that are found in literature in Table 7-6.  
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Table 7-6 Comparison of Detectivity 

Reference  Device-level 

long-pass 

optical filter 

Detecting 

material  

Maximum 

detectivity 

(cmHz
1/2

/W)  

NEP 

(W/ Hz
1/2

) 

Biasing 

power  

Current 

work  

Yes a-Si 4.54 × 10
6 

    at 4 Hz 

7.72 × 10
-10 

at 4 Hz 

5.71 pW 

Mahmood et 

al. [108] 

No YBCO 5.2 × 10
5 

at 398 Hz 

7.1 × 10
-7 

at 5 Hz 

597 nW 

Rana et al.  

[112] 

No a-SixGe1xOy 8.27 × 10
6 

 

4.84 × 10
-10

 2.97 µW 

 

From the Table 7-6, it could be observed that the detectivity of the vacuum 

packaged detector is comparable to the other vacuum packaged detectors found in 

literature. The incorporation of long-pass filter did not affect the detector performance and 

the concept of double layer absorption of radiation also works. If there was no long-pass 

filter (which absorbs and reflects infrared radiation) the absorption would be more and the 

detectivity would be significantly higher than the counterparts. The bias power was 

mentioned even though first two works on the table were voltage biased and the last work 

was current biased. The bias voltage in our case could not be increased since it cause 

break down of the detector.  

7.6 Conclusions  

Uncooled resistive microbolometers were designed, fabricated and characterized 

on flexible substrate. In the design part, a nanomesh absorber was included to study its 

effect on increasing absorption of radiation. Several other concepts were also studied 
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and applied in the fabrication step such as: double layer absorber structure, incorporation 

of device-level long-pass filter, µm-size and mm-size device level packaging of the 

detector. The detector with nanomesh absorber could not be fabricated since it requires 

specialized tool such as e-beam lithography for patterning. But the detectors were 

fabricated on flexible substrate and characterized to check the other three concepts. A 

reference resistor was utilized to subtract the room temperature heating effect on the 

detector performance. The detectors were characterized for measuring IR response 

under custom built IR probe station. The detector showed a maximum responsivity of  

3.78 × 10
3
 V/W, detectivity of 4.44 × 10

6
 cmHz

1/2
/W and a minimum NEP of 2.78 × 10

-9
 

W/Hz
1/2

 at a chopper frequency of 40 Hz and 1 V dc bias for a 35 µm × 35 µm detector. 
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Chapter 8  

Conclusions and Future Directions 

 
8.1 Conclusions 

The temperature sensors were fabricated on flexible substrate where amorphous 

silicon was used as a sensing material. The amorphous silicon showed a maximum 

temperature coefficient of resistance of 2.88 %/K. The average value of normalized 

Hooge coefficient, K1/f was found to be 1.2 × 10
-11

, where the noise equivalent 

temperature was found to be 5.5 mK at a bandwidth of 940 Hz (1-941 Hz). 

The relative pressure sensors were fabricated on flexible substrate where 

nichrome (Ni-80%/Cr-20%) was used as a sensing material. The average gauge factor 

for nichrome piezoresistor was found to be 1.75 and the Young’s modulus of the Al2O3 

was calculated to be 405.81 GPa. The average value of normalized Hooge coefficient K1/f 

was found to be 1.89 × 10
-10

. The average sensitivity was calculated to be 0.44 mV/MPa. 

The average value of noise equivalent pressure (NEPr) was found to be 58.23 kPa at a 

bandwidth of 8 Hz (1-8 Hz)..  

The absolute pressure sensors were fabricated on flexible substrate where 

nichrome (Ni-80%/Cr-20%) was used as a sensing material, and the entire sensors were 

packaged to create a reference cavity. The average gauge factor for nichrome 

piezoresistor was found to be 1.95 and the Young’s modulus of the Al2O3 was calculated 

to be 406.67 GPa. The average value of normalized Hooge coefficient K1/f was found to 

be 4.64 × 10
-11

. The average sensitivity was calculated to be 1.25 nV/Pa. The average 

value of noise equivalent pressure (NEPr) was found to be 7.8 kPa at a bandwidth of 8 

Hz (1-8 Hz).  



 

184 

Modified lead titanate was deposited on gold electrode and characterized. The 

lead calcium titanate showed a pyroelectric coefficient of 40 × 10
-5 

C/m
2
-K and lead 

zirconium titanate demonstrated a pyroelectric coefficient of 28 × 10
-5 

C/m
2
-K after poling. 

It was observed that the poling caused an increase of the pyroelectric coefficient by 10 

times.  

In chapter 6, incorporation of release layer was studied and was observed that 

depositing a flexible polyimide as a release layer helps to detach flexible substrate from 

the rigid silicon wafer after fabrication. The release layer can also withstand high 

processing temperature and survive during lift-off process.  

At last, bolometer was designed, fabricated on flexible substrate and 

characterized. The design includes nanomesh absorber, double layer absorber for 

infrared radiation, long-pass optical filter, and mm-sized device-level packaging. The 

characterization results showed a maximum responsivity of  3.78 × 10
3
 V/W , detectivity 

of 4.44 × 10
6
 cmHz

1/2
/W and a minimum NEP of 2.78 × 10

-9
 W/Hz

1/2
 at a chopper 

frequency of 40 Hz and 1 V dc bias. 

Different types of sensors were fabricated on flexible substrate toward building a 

smart skin. In order to characterize those sensors specialized characterized tools were 

also built. All these sensors were fabricated as MESA structure for ease of tactile 

sensing, but they could be applicable to robotics, biomedical and smart devices.  

The utilization of conventional fabrication technology to fabricate flexible, 

bendable sensors gives direction to future fabrication technology without any increase in 

cost. Moreover, the incorporation of high temperature release layer will allow increasing 

the yield during separation of flexible substrate (containing sensors and devices) from 

rigid wafer. The process doesn’t restrict application of any solvent or acids. The 

demonstration of dicing of the detectors for easy removal from the wafer will help to save 
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the wafer. The process could be accelerated further to reuse same wafer, which in turn 

can be cost effective and may bring a new era “green technology”. The application of 

device-level packaging layer will help to reduce cost and complexities of packaging 

sensor, which makes the device to be self-packaged. In broader sense, this research will 

give future direction to build self-packaged sensors on rollable, bendable flexible 

substrate which will reduce the cost of fabrication.  

Several questions were asked in chapter 1; it would be good time to answer 

those questions based on the research that has been conducted. Those are as follows: 

 Are the techniques feasible for manufacturing rather than research? 

 What would be the cost of modifying the processing tools? 

 Even though there was no need to use any specialized tool for 

fabrication, but the incorporation of easy release layer may  

 What is the minimum feature size that could be achieved in these 

techniques? 

 What is the maximum temperature that these sensors could survive 

compared to their rigid counterparts? 

 Is the fabrication process limiting the application of the sensors? 

 Is there any other way to utilize the current fabrication tools while 

avoiding the necessity of the modification? 

 Since the sensors do not need the rigid substrate, is it possible to reduce 

the overall processing cost? 

From the current research, it could be explained that the fabrication of sensors 

on flexible substrate could be manufactured in batch; chapter 6 gives direction how to 

fabricate the sensors on flexible substrate and separate easily without any complexities. 

But a tool that can remove easy sacrificial layer from the edge of the wafer after spin-
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coating will help to get more control over batch production. Otherwise, no specialized tool 

is required which may increase cost of modification, implementation of the process. The 

minimum feature size that was achieved was 2 µm; the proximity lithography was utilized. 

In order to pattern smaller feature and achieve uniformity and high resolution step-by-

step lithography could be used. This is also obvious for their rigid counterparts. Since the 

sensors were fabricated on flexible substrate and the flexible substrate has lower melting 

temperature (around 550 
o
C) than most of the rigid substrates, they can not apply to high 

temperature applications. It somewhat limits the sensors application; but the flexibility 

increases sensor’s overall application which could not imagined for the sensors on rigid 

wafer.  

8.2 Directions for Future Work   

The temperature sensor sensing material could be replaced by other sensing 

material such as VOx to investigate it’s performance.  

All these sensors were characterized on flat substrate. This sensors need to 

characterized on curved surface and the results could be compared with the results 

measured on flat substrate. The easy release layer could be incorporate to facilitate easy 

removal of sensors from rigid silicon substrate as well as to increase the yield.  

It was observed that for bolometer, substrate and superstrate were separated 

from each other when attempt was taken to dice the wafer. An adhesion promoter can be 

used in such case before depositing superstrate layer.   

The bolometer can be characterized to measure ‘view angle’ compared with the 

IR source and analyzed how the bolometer responds in such situation. It could be done 

by packaging a die on a flat package and placing it an angle with the optical bench so 

that radiation falls on the detector at a particular angle. 
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The bolometer could be also fabricated without the long-pass optical filter in 

order to compare it’s performance with other bolometer found in literature.  

The bolometer with nanomesh absorber was designed but it was not fabricated. 

The nanomesh bolometer can be fabricated by utilizing e-beam lithography. 

Since the concepts behind the bolometer design works, the design can be used 

for fabricating pyroelectric infrared detector. One of the major challenges in fabricating 

pyroelectric infrared detector is that the detecting material requires high temperature for 

deposition and annealing. The minimum temperature, that the pyroelectric material was 

deposited, was 550 
o
C (PCT). The glass transition temperature of the polyimide sacrificial 

layer is below this temperature. In order to deposit a sacrificial layer that can withstand 

such temperature, chromium could be used as a sacrificial layer. But before removing the 

sacrificial layer, the pyroelectric material needs to be poled. 

The flexible substrate also needs to be replaced by either polyimide (that can 

survive in such high temperature) or thin (35-40 µm thick) silicon as substrate. In order to 

use silicon as substrate, SOI wafer could be used where the detector can be fabricated 

on top surface and once the fabrication is done the oxide can etched to get the detectors 

on flexible silicon substrate. 

The entire research also raises some other questions which may give future 

directions of research: 

 What are the alternatives for high temperature flexible substrate and how 

to apply those to current fabrication technology? 

 Is it possible to fabricate µm-sized device directly on flexible substrate 

without using a rigid carrier wafer?  

 How to bond the flexible circuitry on a curved medium?  
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 How to engineering the curvature of flexible substrate for specific 

applications?  

 How does heat dissipate on the flexible substrate compared to their rigid 

counterparts in case of denser fabrication of devices? 

 If some devices are fabricated on flexible substrate and some on rigid 

substrate, how do they interact with each other, how can unequal stretch or 

heat affect each other? 

 What would be the stretching effect on multi-layer device? What 

conditions make those devices to fail?  

 Is it possible to fabricate bio-degradable flexible substrate and sensors?  

 How to fabricate CMOS electronics on flexible substrate without 

extensive modification?  
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Appendix A 

Equations and Parameters for Calculating Responsivity, Detectivity and NEP Used in the 

Microbolometer Simulation  
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Constants used in calculations 

 

nal = 34.46 -105.600i  complex refractive index of aluminum [113] 

nalu= 0.624 -1.0307i  complex refractive index of alumina [114] 

nsilicon= 3.42 - 8 × 10
-5

i  complex refractive index of silicon [115] 

nGe= 3.905 - 2 × 10
-5

i  complex refractive index of Germanium [115] 

β=0.0281 %/K  temperature coefficient of resistance 

Calculating intrinsic impedance of a certain material 







         (A.1) 

where 

 µ’ complex permeability  

 ε  permittivity of a certain material, which could be calculated by 

2
0.  n        (A.2) 

where  

 n  refractive index of that particular material  

ε0 permittivity of air. 

Calculating voltage responsivity for a bolometer 

2 2( ) 1




 




 

effo
v bias d

o d eff th

R
R V R

R R G
    (A.3) 

 

where  

 ηeff absorption coefficient of the detector 

  Vbias biasing voltage 
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 Rd resistance of the detector 

 Ro reference resistance 

 ω modulating frequency of IR radiation (Chopper frequency) 

  th  thermal time constant 

 effG  effective thermal conductance of the detector  

effG could be calculated as: 

 
2

2


 
   
  

bias

o d
eff th rad d

o d

R R
G G G V R

R R
   (A.4) 

where 

 Gth   thermal conductance due to conduction process 

 Grad thermal conductance due to radiative cooling 

Calculating 1/f noise voltage: 

1

1 


f

dc
f

K V f

V
f

      (A.5) 

where  

 f frequency 

 Δf frequency bandwidth 

 Vdc biasing voltage 

 K1/f normalized Hooge coefficient 

Calculating Johnson noise voltage: 

4 J B dV K TR f       (A.6) 

where 

 kB Boltzmann constant 
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 T room temperature 

Calculating thermal fluctuation noise voltage: 

 
24


 v

TF B th

eff

R
V K T G f       (A.7) 

Calculating background noise voltage: 

24


 v
BG B rad

eff

R
V K T G f       (A.8) 

Calculating total noise voltage: 

2 2 2 2
1   n J TF BG
f

V V V V V     (A.9) 

Calculating noise equivalent power: 

 n

v

V
NEP

R
        (A.10) 

Calculating detectivity of the detector: 

*



dA f

D
NEP

        (A.11) 

where 

 Ad area of the detector 
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