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ABSTRACT 

Compliant Electronics for Unusual Environments 

Amani Saleh Saad Almuslem 

Compliant electronics are an emerging class of electronics which offer physical flexibility 

in their structure. Such mechanical flexibility opens up opportunities for wide ranging 

applications. Nonetheless, compliant electronics which can be functional in unusual 

environments are yet to be explored. Unusual environment can constitute a harsh 

environment where temperature and/or pressure is much higher or lower than the usual 

room temperature and/or pressure. Unusual environment can be an aquatic environment, 

such as ocean/sea/river/pond, industrial processing related liquid and bodily fluid 

environment, external or internal for implantable electronics. Finally, unusual environment 

can also be conditions when extreme physical deformation is anomalously applied to 

compliant electronics in order to understand their performance and reliability under such 

extraordinary mechanical deformations. Therefore, in this thesis, three different aspects of 

compliant electronics are thoroughly studied, addressing challenges of material 

selection/optimization for unusual environment applications, focusing on electrical 

performance and mechanical flexible behavior. In the first part, performance of silicon-

based high-performance complementary metal oxide semiconductor (CMOS) devices are 

studied under severe mechanical deformation. Next, a high-volume manufacturing 

compatible solution is offered to reduce the usage of toxic chemicals in semiconductor 

device fabrication. To accomplish this, Germanium Dioxide (GeO2) is simultaneously used 

as transient material and dielectric layer to realize a dissolvable/bioresorbable transient 

electronic system which can be potentially used for implantable electronics. Finally, wide 
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bandgap semiconductor Gallium Nitride is studied to understand its mechanical flexibility 

under high temperature conditions. 

In summary, this research contributes to the advancement of material selection, 

optimization and process development towards achieving compliant and transient devices 

for novel applications in unusual environments.  
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Chapter One: Si-Based Flexible Electronics 

1.1 Introduction 

The dramatic change in applications-driven human life requires continuous advancement 

in electronic devices to accommodate the newly demanded features in electronic systems. 

Semiconductor-based devices are designed with consideration of many aspects, such as 

electrical output, thermal management, material optimization, cost reduction, yield 

improvement, fabrication controlling/simplifying, high integration capability, power 

consumption and working environment. However, up-to-date electronic devices bring 

auxiliary criteria to be fulfilled, including, but not limited to, transparency feature, 2-D and 

3-D deformation capability, ecofriendly degradability, and long-term stability. The 

importance of the latest criteria is more pronounced in wearable electronics, outdoor 

monitoring and sensing electronics, display electronics, textile electronics, and advanced 

photovoltaic cells[1–3]. These criteria represent the basis to deep ponder on the proper 

functional/dielectric/conductor/packaging material, suitable fabrication process, and clever 

design when coming to fabricate a superior electronic device having a peak function with 

the desired features. The flexible mechanical electronic system offers significant 

advantages, such as low weight, better thermal dissipation, non-planar surfaces 

compatibility, cost reduction, and electrical outperformance[4,5]. The flexible mechanical 

system must meet the need to withstand repeated mechanical deformation 

(bending/stretching/twisting) while maintaining stable electrical performance. Wearable 

electronics is an example application where devices undergo mechanical deformation 

during use, which can be considered an unusual environment.    
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The first chapter in this thesis successfully extends the outstanding performance of silicon-

based integrated circuit technology to a flexible format using a unique plasma-based 

etching approach. Additionally, electrical characterization is performed under different 

deformation configurations to study the performance stability of bendable silicon-based 

electronics. 

1.2 Approaches to Realize Mechanically Flexible Inorganic Electronic Devices 

Flexible electronics have the capability of being bendable, non-breakable, and shape 

compliant. The flexibility characteristic is usually associated with a limited thickness, for 

instance, silicon is a rigid material but when its thickness drops below 50µm it becomes 

flexible.  There are two general fabrication approaches to obtain flexible electronics: i) 

Fabricate devices followed by transfer to a flexible substrate or ii) Build the devices 

directly onto the flexible substrate. The second approach has a limited thermal budget as 

flexible plastics substrates usually thermally decompose at a temperature lower than the 

required temperature for electronic fabrication process, which requires developing new 

fabrication steps and conditions. In contrast, the transfer approach maintains use of the 

well-known fabrication process, but it suffers from low throughput, as the devices are 

susceptible to damage during the transferring process. However, many researchers have 

addressed these obstacles and successfully achieve functional, flexible electronics.[6,7] 

Some works are highlighted in the following sections.  

1.2.1 Carbon Nanotube Film-Based Flexible Electronics 

Single wall carbon nanotubes (SWNT) are used widely in flexible electronics due to its 

superior electrical properties, mechanical flexibility, and optical transparency. One of the 
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most common methods to grow single wall carbon nanotubes is chemical vapor deposition 

(CVD) where a catalyst-covered substrate is heated up to 800oC in the presence of carbon 

and hydrogen gases leading to the formation of single wall carbon nanotubes on the 

substrate’s surface. Generally speaking, realizing SWNTs on a flexible substrate can be 

done either by transferring CVD-grown SWNTs onto a final flexible substrate or by 

solution-depositing SWNTs directly on a flexible substrate. However, CVD-grown 

SWNTs are preferred over solution-depositing SWNTs because of the desired aligned 

feature of CVD-grown SWNTs, as well as the longer length of SWNTs  which avoids tube 

to tube junctions and also better electrical characteristics. In order to fabricate SWNT-

based flexible devices, the CVD-grown SWNTs are transferred onto a final flexible 

substrate, such as polyimide[8–10], poly (ethylene terephthalate) (PET)[11,12], polyethylene 

naphthalate[13,14], or polycarbonate[15], by following two common steps. In the first step, a 

thin metal layer is deposited over the SWNTs and then sticky polydimethylsiloxane 

(PDMS) stamp or thermal release tape is applied to the metal-covered SWNTs surface to 

transfer them from the rigid initial substrate to the final flexible substrate. The second step 

includes etching the metal layer, leaving behind the transferred SWNTs on the flexible 

substrate.[1] 
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1.2.2 Si Ribbon-Based Devices on Flexible Substrate  

Most flexible substrates cannot withstand the high temperatures needed for device 

fabrication, for example the lithography process during deposition/growth, as well as 

annealing steps. To tackle this challenge, another approach performs the lithography 

process on a prime substrate, then the resultant structure and fabricated device is 

transferred to the final flexible substrate. Ann et al. successfully fabricated single-

crystal silicon -based thin film transistor (TFT) on a polyimide (PI) flexible substrate. 

In more details, the single-crystal silicon is doped and patterned into ribbons on a 

silicon- on-insulator (SOI) substrate then transferred to a polyimide film coated with 

liquid PI by etching the underlying silicon dioxide (SiO2) layer to release the ribbons. 

Then, the gate insulator layer and drain/source contacts are defined using low-

temperature plasma-enhanced chemical vapor deposition (PECVD) and electron-

beam evaporation, respectively. This approach results in outstanding performance of 

TFT on flexible substrate with mobilities above 500cm2/V s, on/off current ratios 

above 105, and frequency response up to 500MHz at channel lengths of up to 

2µm.[16,17]  

1.2.3 Transfer Printing Electronics on Flexible Substrates 

Printing electronics is a revolutionary approach to realize flexible electronics. The two 

major categories of printing electronics involve contact or non-contact process. In contact 

process, the pre-patterned device’s layer is brought into contact with the flexible substrate 

to transfer them as explained earlier in section (1.2.1). On the other hand, the non-contact 

process distributes the processed material solution through an outlet to define the device 
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by controlled stage movements to follow a pre-set pattern. The non-contact process offers 

several advantages such as low cost, high resolution of pattern feature, compatibility with 

fabrication process, and minimum material waste.[18] Non-contact process includes screen 

printing[19–21], inkjet printing [22,23], slot-die printing[24,25]. Materials used in printing 

techniques must suffice the required properties for suitable and smooth printing on targeted 

substrates, for instance, uniform dispersion and agglomeration-free nature. Printable 

materials can be divided into conductors, semiconductors, and dielectrics. The properties 

of printable conducting materials such as viscosity, and surface tension dictate the optimum 

printing technology and define the possible resolution and thickness. Despite the high cost, 

silver-based paste is dominant as a printable conducting material due to its attractive 

properties in terms of outstanding electrical and physical performance. For printable 

semiconductor materials, solution processed- based silicon can be used in non-contact 

printing technique but it lacks to the compatibility with most flexible substrates due to the 

demand of high annealing temperature (550–750 °C) which is above the glass-transition or 

thermal- decomposition temperatures of the flexible plastics substrates. Printable solution 

processed-based zinc oxide (ZnO) is an alternative to Si as it requires sintering temperature 

of only 300–500°C to enhance the mobility.[20,26] Unfortunately, most common inorganic 

dielectric materials such as silicon dioxide, and aluminum oxide cannot be solution 

processed which make them unprintable. Therefore, the available printable dielectric 

materials are the organic dielectric materials such as poly (4-vinylphenol) (PVP), poly 

(methyl methacrylate), polyethylene terephthalate, polyimide, polyvinyl alcohol and 

polystyrene.[19,20,27] 
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1.2.4 Trench-Protect Etch-Release Method 

The methods mentioned above, although they successfully achieve the desired 

performance of the fabricated device, they still have many disadvantages, such as complex 

process, high cost, low yields, material wastage, and immature integration. Rojas et al. have 

introduced a new way to make high-performance flexible electronics while avoiding the 

disadvantages of previous methods. In Rojas et al. process, bulk mono-crystalline silicon 

(100) wafer is used which is an industrial ubiquitous substrate for integrated circuits due 

to its affordable price and preferred electrical properties. Additionally, the devices are 

fabricated according to the well-known CMOS technology. After that, an array of 5µm-

wide open areas spaced 20 µm apart is patterned in device-free regions followed by reactive 

ion etching (RIE) to execute anisotropic etch through the pre-deposited materials which 

forms 5µm wide trenches towards the Si substrate. Then, the trench walls are protected by 

depositing a dielectric thin film. Finally, release of the thin top layer of Si including the 

pre-fabricated devices is obtained by using XeF2-based isotropic etching of the Si substrate 

through the trenches.[3,28] 

1.2.5 Corrugation Architecture for Achieving Ultra-Flexible Electronics  

Thickness reduction is not the only way to accomplish flexible electronics. A unique design 

can lead to an ultra-flexible platform as reported by Bahabry et al. The corrugated 

architecture relies on etching linear, narrow, deep grooves (width up to 1mm) while 

avoiding device areas from the back of the substrate without the need of photolithography. 

The resultant ultra-flexible platform is capable of reaching bending radius below 

140µm.[29]  
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1.3 Challenges  

Realizing a functional flexible system is a challenging task as it requires several 

fundamental and practical considerations, such as matching the material of the substrate 

and devices structure, modifying the device design, selecting a suitable fabrication process, 

and applying specific encapsulation thickness. In more detail, the thermal mismatch 

between the substrate and the device film must be kept at a minimum to avoid mechanical 

failure and early break in the flexible electronics according to the following equation: 

.  0.1- 0.3%CTE T  
   (1.1) 

 

Where ΔCTE represents the difference in the coefficient of thermal expansion between the 

substrate material and the device structure, and ΔT represents the change in temperature 

through processing. Another important factor that needs to be addressed is the difficulty in 

handling flexible substrates, an example is thin glass which is susceptible to crack 

spreading. A suitable coating material can enhance the mechanical stability of a glass foil 

flexible substrate. For a metal foil substrate, a coating is necessary to eliminate rolling 

marks and provide electrical isolation.[6] When it comes to the best flexible substrate, metal 

foils are compatible with elevated temperatures up to 1000oC, whereas glass foils offer the 

advantage of being transparent and electrically an insulator which helps to keep coupling 

capacitances at minimum. Additionally, flexible electronics suffer from unstable electrical 

performance due to generated strain upon bending. However, locating the devices at a 

neutral axis position minimizes subjecting the devices to bending stress/strain leading to 

significantly less fluctuation in the device characteristics during bending. This can be done 
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by adjusting the thickness of the encapsulating layer with respect to the substrate thickness. 

For instance, plastic encapsulation layer must be five times the glass foil's thickness in 

order to locate the devices at the neutral plane, while in case of using metal foil the plastic 

encapsulation layer needs to be eight times the metal foil's thickness.[6] Another method is 

to use a buffer layer to place the devices at the neutral axis. Lee et al. found that the position 

of the neutral axis depends on the thickness and Young's modulus of the buffer layer and 

provides a design basic rule to engineer the neutral axis by using the right thickness of the 

buffer layer according to the following equation:  

 o o

b

b

t E
t

E
=

     (1.2) 

Where t is the thickness of the material, E is the Young’s modulus of the material, and the 

subscript b and o refers to the buffer layer and the substrate, respectively.[30]  

 

In conclusion, the development of flexible electronics requires consideration of several 

different aspects, starting from material characteristics, proper processing, robust design, 

and ending with packaging strategies to ensure maintaining peak performance under 

deformation.  
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Chapter Two: High-Performance CMOS Module on Flexible Silicon1 

2.1 Introduction  

The revolution of the internet of everything (IoE) technology aims to provide efficient 

coupling of people, data collecting/processing, and data transferring for a more convenient 

life. In IoE, tremendous devices must be connected wirelessly to perform complex and 

multifunctional tasks. As a result, the IoE technology broadens the spectrum of wearable, 

implantable, embedded electronics. However, the current version of these electronics is 

lacking in mechanical resilience, making them inconvenient for the user. Therefore, the 

advancement of flexible electronics becomes an imperative necessity. High-performance 

silicon based complementary metal oxide semiconductor (CMOS) electronics can be 

converted into a flexible format by thinning down the Si substrate after device fabrication. 

The main challenge associated with such a process is avoiding device damage during 

thinning down and subsequent deformation. This chapter elaborates how to achieve 40µm 

thin Si substrate capable of withstanding a bending radius up to 1.5cm, indicating 

successful approach to realize flexible electronics. The suggested approach applies to the 

silicon based functional CMOS inverters and ring oscillators with high-κ/metal gate 

transistors. The novelty of the present study is due to the scalability of the large area silicon 

thinning of a pre-fabricated high-performance module with high integration density (using 

90 nm node technology) and sequential capability of using an excimer laser to dice the 

 
1 Reprinted from [G. T. Sevilla,; A. S. Almuslem,; A. Gumus,; A. M. Hussain,; M. E. Cruz,; M. M. Hussain, 

“High-Performance High-κ/Metal Gate Complementary Metal Oxide Semiconductor Circuit Element on 

Flexible Silicon,”. Applied Physics Letters 2016, 108(9), 094102] with the permission of AIP Publishing. 

(G.A. Torres Sevilla and A.S. Almuslim contributed equally to this work) 
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large and thinned area into small pieces. This study dedicates a section to demonstrate the 

effect of diverse mechanical bending and bending cycles on the high-performance of the 

pre-fabricated device.  

2.2 Flexible Circuit Fabrication Using Soft Back Etch Method  

We started with an 8 in. bulk mono-crystalline p-type silicon (100) substrate 

(1015atoms/cm3) using state-of-the-art gate first flow. First, we formed the wells using 

standard ion implantation processes. Then, we isolated the active areas by forming shallow 

trench isolation (STI). Next, we deposited the gate stack with 3 nm hafnium oxide (HfO2) 

as gate dielectric, and 10–20 nm titanium nitride as metal gate and 100 nm poly-crystalline 

silicon. Then, we patterned the gate of the devices. Next, we formed silicon nitride (Si3N4) 

spacers on the gate sidewalls in order to protect the gate from future implantation and 

salicidation processes. Then, we formed the source and drain using two different 

lithography and implantation processes. After that, we perform S/D activation anneal on 

the fabricated circuits at 1000oC for 10 s. Next, we formed the nickel silicide (NiSi) on the 

source and drain regions creating ohmic contact on the test pads and the gate, source and 

drain regions. Finally, we performed forming gas anneal (FGA) using a combination of 

nitrogen/hydrogen (N2/H2) at 420oC to remove trapped charges. 

The process to thin down the silicon substrate (800 µm thick) starts by protecting the 

fabricated devices with thick (7 µm) photoresist. Next, the back surface was etched using 

RIE to reduce the thickness of the substrate and obtain the required flexibility. We divided 

the back-etching process into four different stages in order to control the substrate thickness 

between each of them. The first stage reduces the thickness from 800 µm to 300 µm. Then, 



23 

 

we control the thickness with mechanical and optical profilers. Next, we reduced the 

substrate thickness in 3 more etch steps until we obtain the target of 30–40 µm. 

At this point, the platform is thin enough to be flexible and can be easily bent down to 2 

cm bending radius; at this bending radius, the applied strain at the top surface of the chip 

can be calculated by: 

2
nom

t

R
 =       (2.1) 

 

where εnom is the nominal strain applied to the top surface of the sample, t is the final 

thickness of the flexible chip, and R is the bending radius. Using formula (2.1), the applied 

strain on the surface of the sample was found to be 0.001%. When we reached the desired 

thickness, we removed the photoresist layer from the top using acetone and isopropanol. 

To dice the etched samples, we used 1.06 µm ytterbium-doped fiber laser (PLS6MW 

Multi-Wavelength Laser Platform, Universal Laser Systems, USA). The laser-based dicing 

enabled us to dice the etched samples easily in any shape precisely. We calibrated power, 

speed, and frequency parameters for the laser just to get enough marking on the sample 

where we then gently cleaved it by hand. We also found that backside dicing is better 

compared to the front side dicing since it does not leave any laser engravings on the top 

surface. Figure 2.1(a) shows the fabricated devices at a 2 cm bending radius. In order to 

confirm the final substrate thickness, we performed scanning electron microscopy, Figure 

2.1(b). Figure 2.1(c) shows an optical profilometer measurement of the back surface 

confirming that no scallop pattern has been created, as in our previously reported works.[31] 

Figure 2.1(d) depicts an SEM image of the fabricated CMOS based inverters. Figure 2.1(e) 
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shows the silicon substrate after each etch step, confirming the silicon thickness reduction. 

Figures 2.1(f) and 2.1(g) show digital images of the devices before and after laser dicing. 

 

 

Figure 2.1: Fabrication results. (a) Digital photo of fabricated devices at 2 cm bending 

radius. (b) Cross-section SEM of fabricated flexible inverters bonded to 125 μm KAPTON 

sheet. (c) Optical profilometer scan of back surface to confirm surface roughness after 

back etch process. (d) Top view SEM of fabricated inverters (NMOS: Lg = 250 nm, 

W = 350 nm and PMOS: Lg = 250 nm, W = 450 nm). (e) Cross section of Si chip thinning 

process. (f) Digital picture of flexible devices before laser dicing. (g) Digital photo of 

devices after dicing. 

2.3 Results and Discussion  

All the characterized inverters consisted of one NMOS transistor with a gate length of 250 

nm and 350 nm channel width and one PMOS transistor with a gate length of 250 nm and 

a channel width of 450 nm. Even though we have been able to fabricate discrete CMOS 

devices with 90 nm gate lengths (L), inverters were fabricated with higher gate lengths in 

order to prevent short channel effects due to threshold shift. We started the characterization 

by testing the devices before flexing (mechanical bending) process to establish the 

reference to gauge the performance deviation after bending. We characterized all the 

inverters using a semiautomatic probe station at three different states: flat, bent in 
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downward direction (tensile stress), and bent in upward direction (compressive stress). 

Figure 2.2 shows the transfer and output curves of the characterized transistors at 2 cm 

bending radius. The NMOS transistor parameters were calculated at VDD=50 mV and show 

a threshold voltage (Vth) of 0.2 V, mobility of 132 cm2V-11s-1, and a subthreshold swing 

(SS) of 80 mV/dec. The PMOS transistor shows a Vth of -0.25 V, mobility of 80 cm2V-1s-

1, and SS of 75 mV/dec.  
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Figure 2.2: Transfer and output characteristics of NMOS and PMOS transistors. (a) 

Transfer characteristics (Id–Vg) of NMOS transistor in semi-logarithmic scale for flat, 

bending downward and bending upward state. (b) Output characteristics (Id–Vd) of NMOS 

transistor in linear scale. (c) Transfer characteristics (Id–Vg) of PMOS transistor in semi-

logarithmic scale for flat, bending downward, and bending upward state. and (d) Output 

characteristics (Id–Vd) of NMOS transistor in linear scale. 

We began the inverter characterization with DC analysis of the circuit to obtain the voltage 

transfer curve (VTC). For this, we applied a DC voltage sweep to the input port of the 

inverter while keeping VDD and the ground constant at 1 V and 0 V, respectively. The 

obtained curves for the characterized inverter in flat, bending downward, and bending 

upward show no change in the performance of the circuit (Figs. 2.3((a) – (c)). To 

completely understand the DC behavior of the inverter, the switching threshold (VM) was 

obtained from the VTC plot at the point where Vout= Vin. The obtained values for VM were 
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0.40 V for bulk sample, 0.39 V for all bending downwards radii, and 0.41 V for all bending 

upwards radii. Also, the gain of the inverter can be obtained from the slope of the VTC 

plot. The gains (AV) for bulk, bending downward, and bending upward were found to be 

25.56, 7.66, and 7.5, respectively. These values show that our inverters surpass previously 

reported circuitry in flexible silicon platforms[32] ; the inverters show high gains even at 

scaled VDD, and hence confirming that they can be used for logic applications due to high 

noise margins. Finally, the input-low-voltage and input-high-voltage of the inverter were 

calculated with: 

( )
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where VIL and VIH are the input-low-voltage and input-high-voltage, respectively, and VM 

is the switching threshold of the CMOS inverter. The obtained values for bulk sample were 

0.393 V and 0.422 V for VIL and VIH, respectively. The values for bending downward were 

found to be 0.329 V and 0.46 V for VIL and VIH, respectively. Finally, the values in 

bending upward state were found to be 0.34 V and 0.473 V for VIL and VIH, respectively, 

for all bending upwards radii. The short range between VIL and VIH and the inverter gains 

higher than 1 show that the fabricated bulk and flexible inverters will exhibit high noise 

immunity even at reduced gate lengths and scaled Vdd, hence confirming that the devices 

can operate at different bending radii without compromising performance. It is to be noted 

that while the channel length is reduced, Vth engineering will be required in order to 

maintain the performance of the inverters. To continue with the characterization, all the 
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inverters were tested at different bending radii under AC signal, the applied signals consist 

of 1 V for VDD and 1 V peak-to-peak square wave with a 1 MHz frequency for the input 

port of the inverter. This measurement takes place on a flat surface in order to characterize 

the circuit under 0 stress condition, and then, the sample is bent to fit different downward 

and upward bending radii (2cm). Figures 2.3((d)–(e)) show the results obtained for 

downward and upward bending states.  

 

Figure 2.3: VTC characteristics of flexible inverters in bulk and different bending states; 

inverter AC performance at different bending conditions (Vdd = 1 V, Vin = 1 V peak-to-

peak, and 1 MHz operation frequency). (a) VTC characteristics of bulk sample before back 

etch. (b) VTC characteristics of flexible inverters at different bending downward radii. (c) 

VTC characteristics of fabricated inverters at different bending upward radii. (d) Inverter 

performance at 2 cm bending downward radius. (e) Inverter performance at 2 cm bending 

upward radius. (f) Inverter performance after 1500 bending cycles at 2.5 cm bending 

downward radius. 
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Finally, the dies are subjected to 1000 and 1500 bending cycles at a 2.5 cm bending radius 

before testing the devices (Fig. 2.3(f)–only 1500 cycles shown). The delay parameters (rise 

time, fall time, rising propagation delay, falling propagation delay, and average 

propagation delay) were calculated for all different testing configurations. The rise time 

(tr) was calculated by obtaining the output crossing from 0.2VDD to 0.8VDD. Fall time (tf) 

was calculated by obtaining the time elapsed for the inverter output to fall from 0.8VDD to 

0.2VDD. Finally, the average propagation delay of the inverter was calculated with: 

2

pdr pdf

pd

t t
t

−
=      (2.4) 

where tpd is the average propagation delay and tpdr and tpdf are the rising propagation delay 

and falling propagation delay, respectively. Table 2.1 shows the obtained results for rise 

time, fall time, and average propagation delay at flat, bending downward, and bending 

upwards states. 

Table 2.1: Characterization summary for inverters at rigid, flexible, and different bending radii 

states. 

 State 
Strain 

(%) 

Rise time 

(ns) 

Fall time 

(ns) 

Average 

propagation 

Bent 

downward 

Rigid … 31 31 2.33 

Flexible … 31 31 2.53 

5 cm 0.043 32 32 2.64 

2.5 cm 0.086 31 31 2.23 

2 cm 0.1075 31 31 2.24 

1.5 cm 0.143 32 32 2.17 

1cm 0.215 31 31 2.35 
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The propagation delay in the range of “ns” shows the fast switching speed of the fabricated 

inverters. Increasing the operating voltage can reduce the propagation delay of inverters; 

however, an increment in VDD will also increase the power consumption due to the squared 

relation between VDD and drive current. An alternative to decrease the propagation delay 

without increasing the power consumption is to decrease the output capacitance of the 

fabricated devices, for this reason, we designed the inverters with scaled transistor sizes. 

2.4 Conclusion  

In this work, we have shown superior circuit performance in flexible electronics using 

inorganic substrates in terms of power consumption, gain, and speed when compared to 

previous reports on organic based devices.[33–36] The relatively high changes in terms of 

gain when comparing flat state and bending states can be explained by the reduction in the 

drive current of the NMOS and PMOS devices and the change in the subthreshold swing 

due to band splitting and carrier repopulation[37] in the silicon channel when strain is applied 

across the channel of the transistor, since the variation in terms of PMOS and NMOS 

current is asymmetrical to the strain applied to the channel, the only way to maintain 

performance of the CMOS inverter would be to design the circuit geometry ratios (W/L) 

taking into account the variations in hole and electron mobilities and SS caused by specific 

values of strain applied to the channel of the devices. Since gain is directly related to VIL 

and VIH changes, the carrier repopulation in the thin silicon channel of the transistor also 

Bent upward 

5 cm 0.043 31 31 2.23 

2.5 cm 0.086 31 31 2.54 

Bent downward 1.5 cm 

after 1500 cycles 
0.143 31 31 2.37 
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explains the change in VIL and VIH for downward bending and upward bending. Even 

though the devices show a reduced gain when they are bent to different radii, it can be seen 

that the performance is maintained the same in terms of VM, VIL, and VIH, hence confirming 

that the devices can still operate as inverters even at extreme bending radii values and 

reduced VDD voltages. It is to be noted that a comparison with previously reported work[38] 

shows that our reported inverters have similar performance even when driven at VDD values 

six times smaller, therefore confirming that silicon-based inverters can operate in flexible 

platforms with a decreased power consumption required for wearable and implantable 

electronics. The flexible substrate has a final thickness of 40 μm, giving us the ability to 

bend the devices to a minimum-bending radius of 1.5 cm. The fabricated devices show 

competitive electrical behavior and bendability relying solely on mature micro- and nano-

fabrication techniques. Also, it can be seen that very low rise and fall times have been 

achieved. This shows that the circuitry can be used for high-speed, low power logic 

applications even when they are driven at a scaled VDD = 1 V, this being one of the major 

challenges in circuit design in order to reduce power consumption. Also, the average 

propagation delay is in the range of 2–3 ns, shows the high performance of the fabricated 

devices. It is important to note that the fall and rise times are kept approximately equal, 

which is also a major challenge in the case of CMOS circuitry in order to obtain similar 

response times from high to low and from low to high states. It is to be noted that in this 

work, 1.5 cm bending radius is shown as a hard threshold, this is because when the devices 

are submitted to bending radii below 1.5 cm, the connections made from the contact pads 

and the devices through vias start to degenerate and reduce the device performance. 
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However, redesign of through inter-layer dielectric vias solves this problem, and bending 

radii below 1 cm can be obtained.[39] 

The high performance shown by the state- of -the- art flexible CMOS circuitry depicted in 

this work gives us a deep understanding of the most logical way to proceed in order to 

integrate billions of transistors on a flexible platform needed to obtain high computational 

capabilities. Comparing our work to previous results,[11,17] the advantages of our method 

includes: enhanced electrical characteristics, state of the art fabrication with common 

materials, similar flexibility without the need of external polymeric substrates, high 

integration densities, no lithographic constrains added, transistor sizes in the range of nm 

without the need of special processes, most sophisticated set of high-κ/metal gate materials, 

no thermal budget constraints, competitive chip sizes due to scaled transistor integration, 

and use of commonly used (100) Si substrates.  
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Chapter Three: Transient Electronics  

3.1 Introduction  

Electronic device lifetime is one of the most important characteristics to evaluate device 

robustness as highly efficient constant device function over an extended period is always 

considered a target for device engineering. However, different applications demand 

different device functional lifetimes. The beneficial effect of restricting the lifetime of 

devices is most evident in bio-implantable applications. It would be great if the bio-

implantable device degrades safely in the body after it performs its function, which means 

no further extraction procedure is required, and that will eliminate possibility of wound 

infection and its associated effects. Additionally, some personal biomedical diagnostics 

devices need to be used only once and therefore it is pointless to design them to last a long 

time. Moreover, a well-programmed lifetime is crucial in the application of secure memory 

devices which is looking for the most secure and effective way to get rid of saved 

information. Furthermore, environmental sensors in which no recovery and collection are 

required after completion of the task would also benefit from a preset lifetime. The 

environmentally safe, self-disposal characteristic of such a device will offer significant 

advantages in terms of reducing pollution from electronic waste and disposal cost. Equally 

important, is overcoming the dilating amount of electronic waste, estimated up to 20.5 x 

106 tons/year[40], which is a result of the strong desire to have the latest consumer 

electronics technologies, and is raising the importance of designing devices that are capable 

of degrading in a pre-programmed fashion with minimum environmental hazards. Paving 

the way to meeting the growing demand for well-programmed device lifetime are transient 

electronics. Transient electronics is an emerging class of electronics which have the unique 
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characteristic of a self-disposal system, with an environment-friendly byproduct, activated 

upon exposure to a specific trigger from their environment after performing their intended 

function. Transient material is a term for any material that can decompose gradually or 

instantly, upon exposure to a particular trigger, in an accurate and predicted manner 

resulting in an environmentally safe byproduct on a time frame that covers the intended 

function time. The selection criteria of transient materials are related to targeted device 

function and environment. Adequate electronic properties of transient materials are vital to 

meet the desired device performance. Moreover, transient materials which are easy to 

process offer more flexibility in terms of fabrication and design. Additionally, 

biocompatibility is an essential factor for the bio-implantable transient device. The device 

must safely interact with the body during its functional lifetime and after completing its 

purpose, biodegrade to produce a safe biocompatible end product. More importantly, the 

synchronization between the uniform loss of mass and decline in conductivity must be 

precisely figured out to ensure the total device lifetime exceeds the required functional time 

frame. Therefore, the most relevant parameter for a transient material is the dissolution 

rate. There are three types of dissolution rates which differ based on measurement 

methodology and include: , morphological dissolution rate, mass lost corrosion rate, and 

electrical dissolution rate.[41] Morphological dissolution rate is the easiest to understand; it 

is simply the physically measured thickness change over a given time and is measured 

using atomic force microscopy (AFM) or a surface profilometer. Mass lost corrosion rate 

is usually measured in near neutral solutions on bulk material and involves changes in 

surface chemistry, therefore X-ray photoelectron spectroscopy (XPS) is used for 

measurements. Finally, there is electrical dissolution rate (EDR) which uses the fact that 



35 

 

electrical resistance of a film is inversely proportional to the thickness lost such that 

changes in electrical resistance are attributed to an effective (non-physical thickness) h, 

according to: 

0 0R h
R

h
=      (3.1) 

Where R0 and h0 are the initial electrical resistance and initial thickness, respectively, A 

probe station is the measuring tool in this case. The selected method of measuring the 

dissolution rate depends on the device design and quantity of material. For thin films, EDR 

provides the most accurate data as compared to the other two methods as it is directly 

related to the degradation in device performance. 

The dissolution rate is governed by the material parameter and properties such as thickness, 

density, porosity, and grain size[41]. Likewise, the parameters and properties of the 

dissolvent also play a role in the dissolution rate. The dissolvent could be a fluid[40,41], or 

electromagnetic wave[42]. In the case of a fluid, the solution parameters that affect the 

dissolution rate involve temperature, pH value, the diffusivity of the solution in a material, 

the reaction rate constant, and solubility limit of the solution. Whereas, for an 

electromagnetic wave, the wavelength controls the dissolution rate.  

From the fabrication point of view, designing a transient device can be achieved by two 

approaches. The first one relies on using transient material as an active material on a non- 

transient typical Si substrate[41], while in the second approach, the device is fabricated with 

non-transient material onto a transient substrate, usually made of dissolvable polymer.[42,43] 
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3.2 Investigation of the Dissolution Rate of Some Commonly Used Materials in Device 

Fabrication   

Our first contribution to transient electronics is studying the dissolution rate of some 

commonly used materials in DI water at room temperature (RT) and physiological 

temperature (37oC). Atomic force microscopy (AFM) is employed to measure the change 

in material thickness at different times. Firstly, an array (300 nm x 300nm x 300 nm) of 

investigated material is patterned on a thermal oxide silicon substrate using sputtering 

deposition, Figure 3.1 (a). Then, the samples are immersed into 50 ml of DI water at RT 

and 37oC, the solution is replaced daily to avoid saturation limit. The step height is 

measured every 24 hours using atomic force microscopy. The slope of a line on a step 

height versus-time graph is the dissolution rate of the material, Figure 3.1 (b-d).  

 

Figure 3.1: Measured dissolution rates of investigated materials. (a) an array of 

investigated material on Si substrate. (b-d) Dissolution rate for Cr, Ti, and WNx. 
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The dissolution rate of investigated materials are tabulated in Table 3.1. However, further 

study is required to understand the chemistry behind the reaction between the material and 

the H2O molecule at different temperature and pH levels. 

*The dissolution rate is obtained at RT unless 

otherwise specified. 

The results demonstrate that with higher material density there is a lower dissolution rate 

as the denser material has more bonds that need to be broken. Consequently, the dissolution 

rate of a material can be controlled or selected by modifying the deposition conditions or 

choice of deposition method since differing deposition methods leads to differing material 

density. Furthermore, increasing the solution temperature has a tangible impact on the 

dissolution rate as it can speed up the dissolution rate.[5] These results support the 

Table 3.1: Dissolution rate of some materials. 

Material 

Apparent morphological 

dissolution rates in DI water 

[ μ m h 
−1

 ] * 

Deposition method Reference 

Mg 7 x10
-2

 Sputter John Rogers 

Mg alloy 2 x10
-2

 Sputter John Rogers 

Al 10.446 x10
-3

 Sputter 
Integrated Nanotechnology 

Lab 

Zn 7 x10
-3

 Sputter John Rogers 

W 1.7 x10
-3

 Sputter John Rogers 

WN
x
 1.288 x10

-3

 
Sputter 

Integrated Nanotechnology 

Lab 1.540 x 10-3 

Ti 
1.285 x10-3 

Sputter 
Integrated Nanotechnology 

Lab 1.892 x10-3 at 37oC 

Cr 

1.041 x10-3 

Sputter 
Integrated Nanotechnology 

Lab 
1.176 x10-3 at 37oC 

Mo 3 x10
-4

 Sputter John Rogers 

W 3 x10
-4

 CVD John Rogers 



38 

 

possibility of selectively engineering the lifetime of transient devices for custom 

applications. 

3.3 Water Soluble Nano-Scale Transient Material Germanium Oxide for Zero Toxic 

Waste Based Environmentally Benign Nano-Manufacturing2 

In our second contribution to transient electronics, we show, simple water soluble nano-

scale (sub-10 nm) germanium oxide (GeO2) as the dissolvable component used to remove 

the functional structures of metal oxide semiconductor devices, and then reuse the 

expensive germanium substrate again for functional device fabrication. This way, in 

addition to transiency, we also show an environmentally friendly manufacturing process 

for CMOS technology. Every year trillions of complementary metal oxide semiconductor 

(CMOS) electronics are manufactured and billions are disposed, which extend harmful 

impact to our environment. Therefore, this is a key study to show a pragmatic approach for 

water-soluble high-performance electronics for environmentally friendly manufacturing, 

as well as, bioresorbable electronic applications. 

Water soluble GeO2 is a hallmark in this work since it serves two different purposes as it 

allows for both recycling the substrate and reducing the pollution originated from discarded 

consumer electronics. We show it would be of great benefit to meet the rapid growth 

demands for consumer electronics and keeping the electronic waste at bay simultaneously.  

 
2 Reprinted from [A. S. Almuslem, A. N. Hanna, T. Yapici,N. Wehbe, E. M. Diallo, A. T. Kutbee, R. R. 

Bahabry, M. M. Hussain, “Water soluble nano-scale transient material germanium oxide for zero toxic waste 

based environmentally benign nano-manufacturing,” Applied Physics Letters 2017, 110, 074103.] with the 

permission of AIP Publishing. 
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Moreover, water as an etchant of GeO2 is highly preferable to other wet reactive chemicals 

as water is used frequently in IC fabrication process for cleaning and etching purposes 

because: i) it does not have environmental impact, ii) it is safe to handle easily, and iii) it 

is relatively of low-cost. On the other hand, Ge/GeO2 interface has a variety of satisfactory 

properties such as acceptable dielectric constant (κ = 2.8), moderate refractive index and 

adequate thermal stability. Besides that, GeO2 has the advantage of suppressing Ge 

dangling bond at the surface which in turn minimizes interface trap density[44]. 

In this study, Metal Oxide Semiconductor Capacitors (MOSCAPs) are built on p-type Ge 

substrates using GeO2 as a dielectric layer. After characterizing the capacitors, the substrate 

is rinsed with tap water in order to dissolve GeO2 which in turn takes away all the top 

layers. The substrate is then successfully reused to build the similar MOSCAPs again. 

GeO2 is thermally grown on p-type Ge (Ga-doped) 175 μm thick substrate with resistivity 

ranges from 0.01 to 0.05 Ω.cm.  

In more details, GeO2 can have three forms, two of them are crystalline and the third one 

is vitreous. Crystalline forms are represented by a hexagonal and tetragonal crystalline 

structure.[45]. The growth conditions determine the resultant form of GeO2 and the 

difference between them was reported by O. H. Johnson [46]. Only hexagonal and vitreous 

form is water soluble. The hydrolysis mechanism of GeO2 undergoes the following 

chemical reaction[47]: 

2( ) 2 ( ) 2 3( )s l aqGeO H O H GeO+      (3.2) 

Surface oxidation of Ge has been considered as an undesirable feature which prevents Ge 

to be incorporated in Complementary Metal Oxide Semiconductor (CMOS) industry for a 

long time. However, many studies have addressed surface passivation challenge for the 
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purpose of making use of superior material properties of Ge. Ge possesses favorable 

properties such as high carrier mobility (up to 3900 cm2 V−1 s−1 for electrons and 1900 cm2 

V−1 s−1 for holes)[48], direct and small energy band gap (0.66 eV), small optical band gap 

(wide absorption wavelength spectrum) and low dopant thermal activation energies in 

comparison with the universal CMOS material Silicon (Si)[49]. As a result of unique 

properties, Ge becomes the material of choice for manufacturing high speed, low power 

devices[50], as well as, optoelectronic devices[51]. 

Fabrication processes is started with 4-inch Ge wafer, which is then diced up to 2 × 2 cm2 

experimental samples. Then, the pieces are cleaned with HF (49%), rinsed with Deionized 

(DI) water, blown dry in Nitrogen (N2), followed with acetone and isopropanol-based 

cleaning and blown dry in N2. After that, the processed experimental samples are 

transferred into Ultra High Vacuum Chemical Vapor Deposition (UHVCVD) chamber in 

order to grow GeO2. The chamber’s temperature is stabilized at 400oC for 4 hours in 

Oxygen (O2) ambient with a flow rate of 100 sccm.  

3.4 Material Characterization Methods: 

3.4.1 X-ray Photoemission Spectroscopy (XPS) 

X-ray Photoemission Spectroscopy (XPS) is used to verify substrate surface properties for 

clean Ge surface, grown GeO2 layer, GeO2 removal, and regrown of GeO2 layer as it is 

capable to provide the chemical composition[52]. XPS experiments were performed on a 

KRATOS Analytical AMICUS instrument equipped with an achromatic Al Kα X-ray 

source (1468.6 eV). Typically, the source was operated at voltage of 10 kV and current of 

10 mA. The pressure in the analysis chamber was below 4 × 10-6 Pa. In XPS, it is well 
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known that 2p3/2 and 3d5/2 photoemission lines of the elemental Ge are detected at 1217.3 

eV and 29.3 eV, respectively and any peak shift in the binding energy is related to altering 

the oxidation state of Ge. XPS data recorded for a clean geranium sample and for the 

processed samples are compared in Fig. 3.2(a). The three processed samples refer to post 

GeO2 growth (GeO2 grown for the first time on pristine Ge after cleaning), post GeO2 

removal, and post GeO2 re-growth (GeO2 grown after the first GeO2 has been removed). 

XPS peaks of GeO2 grown and GeO2 regrown samples are identical and reveal a clear shift 

with respect to the reference sample. Indeed, the 2p3/2 and 3d5/2 photoemission lines are 

shifted by 2.8 eV and 3.5 eV respectively toward higher binding energy in which is 

specified to the fourth oxidation state (Ge+4) of Ge and that confirm the existence of GeO2 

layer14,16,18,19. However, the spectrum acquired for the reference germanium substrate 

is very similar to the one belonging to the rinsed sample suggesting that both layers have 

the same composition. The quantitative data indicates that the reference and the rinsed 

samples are composed of almost 50% of germanium and 50% of oxygen whereas the grown 

and the regrown layers contain 67% of oxygen and 33% of germanium. Precisely speaking, 

the major components of Ge 2p3/2 and Ge 3d5/2 of the reference and rinsed samples are 

detected respectively, at 1218 eV and 29.6 eV. These values can be assigned to metallic 

germanium Ge14,16,18,19.  The smaller component detected mainly for Ge 2p3/2 at 

1219.8 can be assigned to germanium monoxide (GeO). Hence the most probable chemical 

composition of both reference and rinsed layers can be described by a thin over layer of 

native germanium monoxide (GeO) covering the metallic germanium. In contrast, the 

major components of Ge 2p3/2 and Ge 3d5/2 of the grown and the regrown sample are 

detected respectively at 1221.2 eV and 32.8 eV. These values can be clearly assigned to 
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germanium dioxide GeO2 
[51,53,54]. The intensity of the Ge 3d component measured at 29.3 

eV for the regrown layer is slightly higher than that measured for the grown one suggesting 

that the regrown GeO2 layer is thinner.  

3.4.2 Transmission Electron Microscopy (TEM) 

Knowledge of Ge/GeO2 interface is essential for evaluating the quality of growth method. 

A valuable insight into Ge/GeO2 interface is obtained from TEM images (Figs. 3.2 (b, c)) 

which show discontinuity free GeO2 layer with clear and slightly zig zag Ge/GeO2 interface 

in both cases of post GeO2 growth and post-regrowth GeO2 samples. However, the surface 

of Ge substrate becomes rougher after regrown GeO2 and that introduces pronounced 

variation in GeO2 thickness.  

3.4.3 Atomic force microscopy (AFM) 

Atomic force microscopy microscopy (AFM) is employed to obtain topographic imaging 

of 400 µm2 surface area of GeO2 (Figs. 3.2(d, e)) and the RMS roughness found to be 1.89 

nm and 5 nm for post GeO2 growth and post-regrowth GeO2, respectively.  

3.4.4 Spectroscopic Ellipsometry  

The thickness uniformity of thermally grown GeO2 layer is examined using spectroscopic 

ellipsometry. Map of scanned area of 10.76 mm2 reveals uniform growth of germanium 

dioxide with an average thickness of 7.2 ±0.3 nm variation across the scanned area (Fig. 

3.2(f)). The optical constants representing the refraction index (n) and extinction 

coefficient (K) of GeO2 layer have been measured and depicted in (Fig. 3.2(g)). A couple 

of features of this plot are worth pointing out. First, the measured refractive index at 550 

nm is equal to 1.6 which is in total agreement with reported value in previous studies[53,55]. 
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Furthermore, maximum value of extinction coefficient (K) of GeO2 is observed at 246 nm 

which means GeO2 has a tendency to be highly absorbing at 246 nm. 

 

 

Figure 3.2: (a) High resolution XPS spectra of Ge 2p and Ge 3d peaks acquired for the 

reference Ge substrate, for the grown GeO2 layer, for the same layer after submerging into 

tap water for 3 days and for the re-grown GeO2 layer after water-based removal. (b and 

c) TEM images of GeO2 for post-growth and post-re-growth samples, respectively. (d and 

e) AFM images of grown and regrown GeO2 layers, respectively. (f) Thickness variation 

of GeO2 across 10.76 mm2 by spectroscopic ellipsometry. (g) Refraction index and 

extinction coefficient of GeO2. 

3.5 Studying Dissolution Rate Using Inductively Coupled Plasma Optical Emission 

Spectrometry (ICP-OES) 

In order to get accurate information about dissolution rate of GeO2, emission-spectrometric 

detection of the elements at the ultra-trace level using inductively coupled plasma optical 

emission spectrometry (ICP-OES) is hired. The dissolution rate is systematically studied 
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at different temperature within the range T = 23oC and T = 70oC for a tap water, DI water 

and Phosphate Buffered Solution (PBS). The GeO2 is thermally grown on a p-type Ge piece 

which have the same size (1 × 1 cm2). Then, every piece is submerged into 100 ml of a 

solution in sealed Teflon bottle which is placed in a thermal water bath at steady 

temperature. Later, 5 mL of the solution is drawn every couple of hours and used to 

measure the concentration of Ge ions. In more details, the solution is fed into a 50-MHz 

radio frequency (RF) induced argon plasma chamber from sample introduction 

nebulization systems, which are exposed to an elevated temperature up to approximately 

7000-8000 K. At such atmosphere, all the analyte species are thermally excited through 

collisional excitation within the plasma. A photon at quantized energy is released when the 

atomic and ionic excited state species relax to the ground state, which in turn is used to 

identify the analyte species from which they originated. The concentration of analyte 

species is directly proportional to the total number of photons[56]. The detected wavelengths 

are equal to 219.871 nm, 204.377 nm, 259.253 nm, 209.426 nm, 265.117 nm, and 206.866 

nm which is certainly a fingerprint of Ge ions[57] and that demonstrates removal of GeO2 

by dissolution with well-defined kinetics. The concentration of Ge ions is measured for all 

stipulated wavelengths. Then the average of concentration is plotted as a function of time 

(Figs. 3.3 (a–c)). The slope of solubility curves at linear regimes represents the dissolution 

rate of GeO2. The dissolution rate of GeO2 is plotted at different temperature for tap water, 

DI water, and PBS solution as depicted in Fig. 3.3 (d). Fig. 3.3(d) sheds some light on the 

dissolution rate of GeO2 from different aspects. First of all, there is a highly significant 

distinction between the dissolution rate of GeO2 in tap water on one side and DI water and 

PBS solutions on the other side. Further, the dissolution rate of GeO2 increases remarkably 
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with temperature in tap water, whereas it increases slightly in DI water and PBS solutions, 

as well. As a result, the dissolution rate of GeO2 could be controlled based on temperature 

and pH values of the solution. From the chemistry point of view, the three solutions used 

in this study differ from each other in pH value. The tap water has the highest pH value 

(8.9) among other employed solutions and that has clear impact on speeding up the 

dissolution rate of GeO2 (Fig. 3.3(d)). The pH value indicates that tap water has a higher 

relative number of hydroxyl ions (OH–) in comparison to DI water (pH=6.6) and PBS 

(pH=7.4). OH– ions are of great importance to initiates the hydrolysis reaction of GeO2 

with water. Strictly speaking, the physical properties, in particular, the ionic charge z and 

the ionic radius of the material will determine under which pH value will the material 

hydrolyze[58]. Additionally, the presence of OH- ion in the solution will speed up the 

hydrolysis reaction because the reactivity of OH- ions is four orders of magnitude greater 

than H2O
[59]. In future, the scope of the influence of pH needs to be studied in more detail. 

On the other hand, the solution`s temperature can accelerate the dissolution rate which can 

be explained based on the kinetic molecular theory and the temperature dependence of 

reaction rate constant in which in turn quantifies the rate of a chemical reaction[60]. 
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Figure 3.3: (a-c) Concentration of Ge ions measured by (ICP-OES). (d) Dissolution rate 

of GeO2. 

3.6 Electrical Characterization  

MOSCAPs (with area 2.19 × 10-4 mm2) are fabricated in order to study the utility of GeO2 

as a dielectric layer in case of post GeO2 growth and post-regrowth samples. The process 

flow starts with Ge substrate that is first diced to 2 × 2 cm2 pieces and cleaned with acetone 

and Isopropanol. Then, Ti (40 nm)/Pt (60 nm) is sputtered in the backside to serve as a 

back electrode and to prevent GeO2 from growing on the backside of the pieces. Then GeO2 

is grown. Later on, sputtered Al (250 nm) is patterned through a shadow mask to serve as 

a gate electrode Fig. 3.4(a). The data of CV measurement was collected by LCR meter at 
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1 MHz. After characterizing the MOS capacitors, the piece is immersed into a tap water at 

RT and sonicated for 60 min every 24h for three days with replacing the water daily. The 

dissolution of GeO2 layer starts at the exposed area and at the edge of Al patterned layer, 

which it in turn facilitates removing the Al layer Fig. 3.4 (b). Then, the pieces were 

examined by XPS to verify the absence of GeO2. Later, the piece is treated exactly as first 

time in order to clean it and rebuild the MOSCAPs. The C-V characteristics of capacitors 

in both cases (post GeO2 growth and post-regrowth samples) are shown in Fig. 3.4(c). For 

the first-time growth sample, we notice a capacitance value of 495 pF for devices. For the 

purpose of extracting the value of dielectric constant of the GeO2 layer, the universal 

equation is employed: 

0 A
c

d


=      (3.3) 

Where 𝜅 is the dielectric constant, ε0 is the vacuum permittivity, A is the device area, and 

d is the dielectric thickness. According to the thickness scan map shown in Fig. 3.2(f), d 

value of 7.2 nm has been chosen for calculation of 𝜅. The calculated value came to be 

~1.84, which is consistent with previous literature[55], showing similar dielectric properties 

as shown from ellipsometry data, Figs. 3.2(g) and 3.4(d), where the increase in dielectric 

constant for photon energies larger than 3eV is attributed to sub-bandgap photo-absorption 

due to significant density of gap states. The existence of mid-gap states could also explain 

the bump shown in the CV curve in Fig. 3.4(c)[61]. After regrowth of the GeO2 layer, the 

oxide capacitance becomes 43% higher than the original value. Spectroscopic ellipsometry 

data (Fig. 3.4(d)) has shown the dielectric constant of the regrown sample to be identical 

to that of the first-time growth. Therefore, using the extracted dielectric constant from the 



48 

 

first growth capacitance measurement, 1.84, we extracted a dielectric thickness of ~ 5 nm 

and this was confirmed by spectroscopic ellipsometry measurement. This proves that 

thickness reduction of GeO2 is behind the 43% higher capacitance after regrowth. We have 

independently calculated the dielectric constant using the C-V measurements, and 

measured film thicknesses for post-growth and post-regrowth sample, which yielded 

similar dielectric constant. 

 

 

Figure 3.4: (a) Fabrication flow of MOS capacitors. (b) Chronological optical images 

gathered at different stages of dissolution of GeO2 (0–3 days). (c) CV measurement of MOS 

capacitors at 1 MHz for post- growth and post regrowth GeO2 samples. (d) Dielectric 

constant of GeO2 post-growth and post -regrowth 

We have shown how water soluble sub-10 nm GeO2 can be effectively used for 

environmentally benign zero toxic waste CMOS manufacturing for scaled high 

performance CMOS electronics, transient electronics for water solvable low-cost transient 

sensory systems.  
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Chapter Four: Flexible Electronics for Harsh Environment3 

4.1 Objectives and Motivation  

Electronic devices have become more engaged in our daily life to serve versatile functions. 

The variety of material with very broad range of distinct properties are continuously 

introduced or modified to boost device performance or to reduce the complexity and 

process costs. Equally important is the device design to enhance device performance such 

as reducing unwanted parasitic resistance, heat generation, and leakage current. Based on 

the intended function, the device`s active material, design, and fabrication process is 

selected. Likewise, another important aspect to be reckoned with is the targeted device 

environment in which determines the degree of desirable tolerance of the device to the 

maximum temperature, pressure, radiation, and mechanical stresses which are applied by 

the environment. In more detail, the device performance fluctuates with ambient 

atmosphere conditions as it can degrade severely or even cease in some cases, for example 

upon exposing to elevated temperature. Therefore, extensive attention must be paid to the 

targeted device environment. Indeed, monitoring, measuring and controlling electronic 

systems in space exploration, automotive industries, downhole oil and gas industries, 

marine environments, geothermal power plants, etc. require materials and processes that 

can withstand harsh environments. Such harshness can come from the surrounding 

temperature, varying pressure, intense radiation, reactive chemicals, humidity, salinity, or 

a combination of any of these conditions. Besides that, if the electronic system for specific 

 
3 This chapter (except section 4.4.4) is included in the accepted review paper:  

A. S. Almuslem, S. F. Shaikh, M. M. Hussain, “Flexible and Stretchable Electronics for Harsh Environmental 

Applications”, Advanced Materials. 
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harsh environment is intended to be ultimately flexible, careful attention must be paid to 

the mechanical stability of the flexible system under environmental stress along with the 

electrical stability. In the current study, the targeted device environment dictates the 

material selection and processing. Gallium nitride (GaN) is chosen due its capability to 

withstand high temperature and corrosive environments without demonstrated material 

degradation due to its wide band gap energy. However, realizing flexible GaN-based 

electronic system is still challenging in comparison with flexible Si-based electronic 

system as the chemical resistance of GaN make it difficult to thinning down by etching. 

For that, I dedicate this study to address the optimum way to obtain free-standing GaN 

flexible platform. Additionally, nanoindentation study is performed to investigate the 

mechanical behavior of GaN upon exposure to elevated temperature, indicating the effect 

of high temperature on the flexibility characteristic of GaN. 

4.2 Introduction  

Electronic devices used in harsh environments must be designed to withstand extremely 

low or high temperatures, high radiation, high salinity, high humidity, or any combination 

of these conditions. Although the temperature is only one of the possible determinants of a 

harsh environment, it serves as a good example of the types of harsh environments that 

electronics can encounter. Commercially available complementary metal oxide 

semiconductor (CMOS) integrated circuits (IC) are designed for temperatures ranging from 

0 °C to 85 °C, whereas military-grade ICs are expected to withstand temperatures from -

55 °C to 150 °C. Temperatures beyond these ranges can be considered as harsh 

environments for standard CMOS devices. Temperature as low as -246 °C is encountered 

in deep space exploration. Electronic devices used on manned or unmanned spacecraft 
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must be designed to withstand deep cryogenic conditions. On the other hand, high 

temperatures are commonly encountered by electronic systems in automotive engines used 

on earth and in aerospace electronic systems where operating temperatures could reach up 

to 500 °C. Other high-temperature environments where electronics are often used include 

oil and gas wells and geothermal wells in which the electronics must operate reliably at 

temperatures between 250°C and 300°C.  

Although silicon is fundamental to 90% of the electronic devices currently produced, its 

unstable material properties under harsh conditions restrict its use in harsh environments. 

The change in the electrical properties of silicon is more pronounced when compared with 

other properties, magnetic/optical/mechanical/thermal, under increased temperature. 

Elevated temperatures generate increased intrinsic carriers and the temperature at which 

these intrinsic carriers start to increase depends on the band gap of the material, as shown 

in the following equation: 

2

gE

KT
i c vn N N e

−

=     (4.1) 

where ni is the intrinsic carrier concentration, Nc and Nv are the effective density of states 

in the conduction band and valence band, respectively, Eg is the energy gap of the material, 

K is Boltzmann’s constant, and T is the absolute temperature. When the intrinsic carrier 

becomes dependent on temperature, the performance of the material is unreliable at 

elevated temperatures. When the intrinsic carriers exceed the extrinsic carriers, the p-n 

junctions fail. In this case, the band gap of the material can indicate the tolerable operating 

temperature and the thermal tolerance of the system.[62] This means that other wide band 

gap and robust materials should replace Si in electronics when they are designed for high 
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temperatures. Table 4.1 summarizes the maximum recommended operating temperatures 

of electronic devices fabricated using different semiconducting materials and the maturity 

level of the respective technologies made from these materials.[63] The development of 

flexible and stretchable electronic devices has advanced quickly. Flexible and stretchable 

electronics are designed to withstand repeated 2D/3D mechanical deformation while 

maintaining their performance(s). As such, they lend themselves well to applications in 

harsh environments. 

 

4.3 Optimal Materials for Harsh Environments 

Long-term device performance is correlated with the material and the surrounding 

environment. Finding the optimal material for a particular application requires 

consideration of the surrounding environmental conditions. Table 4.2 summarizes the 

environmental variables that are experienced in these fields.[64–68] Every material has a 

feature that defines its limitation in a harsh environment (band gap energy, inter-atomic 

bonding, breakdown field, carrier mobility, crystal structures, and existing defects).[69–71] 

Table 4.1: Thermal tolerance of semiconductor materials and the maturity level of the 

fabrication process of devices.[63]  

Material 
Technological 

Maturity 

Maximum Operating Temperature 

(°C) 

Silicon Very high 200 - 250 

Silicon-on-insulator Medium 250 - 300 

Gallium arsenide High 350 - 400 

Gallium nitride Very low 500+ 

Silicon carbide Low 600 - 750+ 

Diamond Very low 1000 - 1100 
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A material can be inherently resistant to an aggressive environment or it can be tailored to 

overcome the hostility in the environment by means increases more elevated in non-inert 

chemical environments, like saline, acidic, or alkaline media, and in presence of reactive 

gases, such as chlorine, fluorine, hydrogen sulfide, and carbon monoxide. Conductive 

metallic materials form the core of any electronic device, whether it is in a rigid, flexible, 

or stretchable form. Instability of the metallic interconnects not only deteriorates the 

device’s performance but also leads to system failure over time. Hence, it is critical to 

choose the most suitable metal for a specific harsh environment. Metals and their alloys, 

such as Nickel (Ni), Aluminum (Al), Copper (Cu), Zirconium (Zr), Tantalum (Ta), alloyed 

steels, and Titanium (Ti) alloys, demonstrate excellent stability and their surfaces remain 

corrosion-free in the presence of acids. The superiority of Al, Ti, and Cr and their alloys is 

due to surface oxidative stability, which resists the corrosion caused by strongly oxidizing 

acidic environments.[69,72] In addition to these conductive materials, graphene has been 

known to exhibit remarkable properties like high thermal stability, high mechanical 

strength, and distinctive electrical conductivity, in addition to its attractive features of 

inherent flexibility and transparency.[73–76] 
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The following points should be considered in selecting a material for an application in a 

specific harsh environment: i) the abundance of the material and cost, ii) compatibility with 

well-established CMOS technologies and ease of integration, and iii) required optical, 

thermal, mechanical, electrical, or magnetic properties. The functionality of the device at 

Table 4.2: Environmental variables experienced in application areas. 

Application 

Area 

Typical 

Temperature 

(°C) 

Expected 

Pressure 

(MPa) 

Corrosive Medium Required Functionality REF 

Oil and Gas 

Exploration 
275 10 – 40 

Extreme stresses. 

Aggressive 

chemicals. 

Pressure, Temperature, 

Hydrocarbon Strain 

Sensing. 

[77] 

Automotive 

Engines 
300 10 

Repeated thermal 

cycles. 

Extreme stresses. 

Pressure, Temperature, 

Flame Speed, O2 

Sensing.  

DC/AC inverter. 

[64] 

Geothermal 375 2 Extreme stresses. 
Pressure, Temperature, 

Strain, H2S 
[65] 

Industrial 

Gas 

Turbines 

600 8 
Combustion. 

Extreme stresses. 

Pressure, Temperature, 

Flame speed, 

Acceleration 

[77] 

Aircraft 

Engines 
600 100 

Repeated thermal 

cycles. 

Extreme stresses. 

Pressure, Temperature, 

Flame speed 
[77] 

Military 

Application 
–55 to 150 Up to 689 

Vibration. 

Contamination. 

Acceleration 

condition. 

Wireless 

communication, 

Infrared imaging, 

Harmful material 

detectors (nuclear, 

radiological, chemical) 

[66,78,79] 

Space 

Exploration 
230 to 486 10 

> 5 Mrad radiation 

exposure. 

Wireless 

communication 
[66] 

Marine 

Application 
5 to 60 20 

Salinity up to (35 - 

40 PSU). 

Temperature, Pressure, 

Salinity Sensing 

Wireless 

communication 

[80,81] 

Wearable 

Electronics 
RT 

Atm. 

Pressure 

Mechanical 

deformation like 

extreme bending, and 

stretching. 

Body vital signs 

sensing 

Wireless 

communication 

[68] 
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elevated temperature deteriorates faster if an inappropriate material is chosen, which can 

be observed in high substrate leakage current, low carrier mobility, minimal dielectric 

breakdown strength, and generated electro-migration of metal atoms causing the alteration 

in the device’s key parameters as reported by Watson et al.[82]  

Materials for fabricating flexible electronics for harsh environment applications can be 

either inherently flexible due to the specific material structure, as in zero-dimensional (0D) 

materials, one-dimensional (1D) materials (such as nanowires and nanotubes), or two-

dimensional (2D) materials like graphene sheets. Or the conventional materials like Si or 

metals can be processed/engineered to imbibe flexibility in the electronic devices. 

Polymers and elastomers that are naturally flexible have also been used as substrates and 

active materials in flexible electronics. However, the electronics with polymeric active 

materials are inferior in performance to be considered for any real-life applications. On the 

other hand, polymers as sensing and substrate materials are widely used. Conventional 

materials that are rigid are processed to obtain flexible counterparts mainly by using a 

volumetric thickness reduction technique. Various such techniques include transfer 

printing, the trench-protect-etch-release (TPER) based process, double transfer printing, 

soft-etch-back (SEB), corrugation architecture, silicon-on-insulator (SOI), and laser lift-

off process.[29,83–95] The practical advantages of making materials flexible include ability 

to deploy on a complex and asymmetrical surfaces, enhancing device performance due to 

excellent and proven conventional superior properties matching with the current state-of-

the-art rigid device technologies, in addition to reducing the form factor which implies low 

weight and low cost due to new and easy fabrication processes.[4,5] 
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Any free-standing material that is less than 100 nm in one of its three spatial dimensions 

can be inherently flexible and is often termed a nanomaterial. The most prominent 

examples of nanomaterials include lower dimension zero-dimension (0D), 1D, and 2D 

materials. 1D materials include nanotubes and nanowires, whereas 2D materials include 

atomic crystal structure material such as graphene and dichalcogenide materials. Although 

the flexibility in nanomaterials is inherently present due to their ultra-thinness, their 

resistance to environmental stress depends on the material’s chemical composition. For 

example, nanoceramic material, such as silicon carbide (SiC)-based nanofibers and gallium 

nitride GaN-based nanowires, exhibit inherent flexibility and required stability under 

extreme conditions. 

4.3.1 Silicon Carbide (SiC) 

Silicon, silicon on insulator (SOI), or silicon germanium are suitable choices for moderate 

environments; the advanced semiconductor material silicon carbide works well under 

harsher conditions. The very low intrinsic carrier concentration, wide bandgap, and high 

breakdown electric field make SiC an excellent choice for high-temperature environments. 

The maximum operating temperature for SiC devices is 800°C which covers a vast majority 

of harsh environments.[96] 

4.3.2 SiC Nanowires 

Nanowires are another example of inherent flexible materials used in applications for harsh 

environments because it is capable of tolerating cyclic mechanical deformation with 

extraordinary characteristics in terms of flexibility and stretchability. Among current 

nanostructure materials, SiC nanowires are widely used due to their desired physical 
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properties, such as excellent thermal conductivity, high thermal stability, high stiffness and 

strength, and chemical resistance.[97–99] 

4.3.3 Gallium Nitride 

To overcome several limitations in low bandgap energy semiconducting materials, 

scientists have explored a new generation of materials by combining column-III elements 

with nitrogen, providing III-nitride materials, including aluminum nitride (AlN), indium 

nitride, and gallium nitride (GaN). GaN has been extensively studied due to its high-voltage 

operation capabilities, low resistive loss and wide range of operating temperatures. GaN 

nanowires grown directly on flexible metal foil can serve as an inherent flexible material 

platform.[100–102] May et al. recently presented a flexible light emitting diode (LED) 

fabricated from GaN nanowires grown directly on metal foil using molecular beam epitaxy 

(MBE) for use in hostile environments.[103] The nanowire structure not only exhibited 

flexibility but also successfully tackled the large strain originating from the lattice 

mismatch in conventional thin film material platforms due to the large surface-to-volume 

ratio of the nanowire. This hallmark enabled materials with different lattice constants to be 

tailored without high dislocation densities and resulting in excellent device performance. 

The optical properties of nanowires grown on flexible metal foil and rigid Si are similar to 

those obtained from GaN nanowires in foil grains despite the variation in growth angle and 

density. Additionally, an LED with tunnel junction architecture was fabricated by May et 

al. using AlGaN grown on Ta foil as an active material. It demonstrated a turn-on voltage 

similar to that obtained from the same device built on a Si substrate.[103]  

Calabrese et al. also grew GaN nanowires on flexible Ti foil. Their single crystalline GaN 

nanowire, vertically stacked, N-terminated, and uncoalesced wurtzite GaN structure was 
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grown on flexible Ti foil using plasma-assisted molecular beam epitaxy. [104] The 

crystallinity degrees of nanowires grown on Ti foil and Si were identical. The absence of 

coalescence in the nanowire grown on Ti foil is advantageous over that grown-on Si. The 

mechanical deformations of the substrate have no effect on the room-temperature 

photoluminescence spectrum of the nanowire under a small radius of curvature up to 4 mm. 

Furthermore, no separation was reported between the nanowire and Ti foil during bending, 

indicating excellent mechanical stability.[104] 

4.4 Approaches to Realizing Mechanically Flexible Harsh Environment Electronic 

Devices 

4.4.1. Transfer Process for Flexible GaN 

GaN-based high electron mobility transistors (HEMT) are one of the basic blocks of harsh-

environment electronics. It is well established that GaN-based HEMT fulfills the 

requirement of high power and high frequency operating conditions due to its wide 

bandgap and high carrier mobility.[62] The efficient performance can be extended to the 

flexible configuration of GaN-based HEMT. Mhedhbi et al. demonstrated that flexible 

GaN-based HEMT can be used as a microwave power transferring device.[105] GaN-based 

HEMT is fabricated on (111) Si substrate and then transferred to adhesive flexible tape. 

The transferring method starts with protecting the device with a thick photoresist followed 

by attaching the topside to a transient substrate serving as a mechanical support carrier 

during Si removal. Then, the Si is thinned down to 100 µm thickness using chemical-

mechanical lapping followed by dry etching by xenon difluoride (XeF2) to remove the 

residual Si. After reaching the stop layer (AlN), the processed Si side is bought into contact 
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with 3M sticky tape and washed with acetone to dissolve the photoresist and release the 

device from the transient substrate. Outstanding sheet resistance, high mobility, and sheet 

carrier density were reported to be 437Ω, 1831 cm2/Vs, and 9 × 1012 cm−2, respectively. In 

addition, a high ION /IOFF ratio (105) and a maximum current density of 620 mA/mm, and 

high transconductance were observed at VGS = -2.2 V and a pinch-off value of -3.3 V with 

a value of 239 mS/mm. To assure the feasibility of using 3M flexible tape in integrated 

circuits, Mhedhbi et al. also used the flexible tape as the carrier for a coplanar propagation 

waveguide (CPW). The imperative parameters to evaluate the CPW performance over a 

frequency range (0-60 GHz) indicate low attenuation up to as 0.2 dB/mm at 10 GHz for a 

1 mm length CPW, which is in good agreement with a similar CPW on undoped rigid Si 

(111).[105]  

For harsh-environment materials that are grown on a rigid substrate, the quality of the 

released thin film is crucial to the device function. Eliminating the defect density in a 

material intended to fulfill the requirements of harsh-environment operating conditions 

results in better material stability.[106–108] Several studies have been carried out to improve 

material quality by terminating the introduced defect originating during epitaxial crystal 

growth as a result of lattice mismatch or thermal expansion coefficient mismatch. [109–111] 

Cheng et al. investigated variable compositions of SiC as a buffer layer to grow GaN on 

thermal-oxidized Si substrate fabricated GaN-based high-power LEDs, followed by 

immersion into a buffer oxide etching (BOE) solution to etch the SiO2 buffer to produce a 

flexible GaN configuration. The flexible GaN-based LEDs obtained after the transfer 

process can be observed in Figure 4a. The study shows that C-rich SiC composition 

deposited using low-temperature plasma enhanced chemical vapor deposition allows strain 
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relaxation, which suppresses interfacial defects and explains the superiority of LEDs on C-

rich SiC as a buffer layer compared with a Si-rich SiC buffer layer.[108]  

4.4.2 Epitaxial Lift-Off (ELO) 

Achieving flexibility in material platforms for harsh environments is a significant challenge 

especially if the material is chemically resistant, which makes the etching process difficult. 

GaN is a widely studied harsh-environment material for inducing flexible devices. The 

bandgap-selective epitaxial lift-off (ELO) process of GaN is a promising method to 

separate thin GaN layers from a foreign or native substrate after crystal growth. The ELO 

process demonstrated by Youtsey et al. relies on targeting the InGaN sacrificial layer using 

selective photo-enhanced wet etching. To facilitate the entire separation, the backside of 

the substrate is UV illuminated with energy below the bandgap of the substrate material, 

which works with the KOH solution to etch the remaining InGaN. The UV illumination 

generates electron-hole pairs in the semiconductor material as the photogenerated holes 

yield to the oxidation of the InGaN, which causes dissolution, whereas an external cathode 

is used to collect the photogenerated electrons. Finally, the floating GaN layer is bonded 

to the carrier of interest followed by metal-layer removal. The ELO process drastically 

reduces costs as the host substrate is reusable and can grow thin films multiple times, in 

addition to the non-destructive behavior of the ELO process during separation. The ELO 

process provides high yield in comparison with the Laser lift-off process. Besides that, it 

is applicable to both foreign and native substrates, unlike laser lift-off. More importantly, 

this process is compatible with growing the entire stack using MOCVD, including the 

sacrificial layer, which leads to high-quality freestanding GaN layers.  
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4.4.3 Direct Fabrication on the Flexible Substrate 

Fabricating flexible electronic systems directly on flexible carriers has been hindered by 

manufacturing incompatibility in terms of using high temperature during deposition and 

annealing or aggressive chemical during wet/dry etching.[112,113] Controlling the thermal 

budget of the fabrication process enables the direct realizing of devices on flexible 

substrates.[114] Direct device fabrication on flexible substrates offers high throughput in 

contrast to the conventional transferring method. Bolat et al. presented a GaN-based thin 

film transistor directly fabricated on a flexible polyethylene naphthalate (PEN) substrate 

with a thermal budget below 200°C.[115] The bottom gated TFTs with GaN channels were 

fabricated on a rigid substrate (highly doped p-type Si wafer) and on a flexible polyethylene 

naphthalate (PEN) substrate to compare the electrical performance and stability under gate 

bias stress. It was observed that critical device parameters including the ION/IOFF current 

ratio, threshold voltage, and carrier mobility varied significantly between rigid and flexible 

substrates. The ION/IOFF current ratio dropped from 2 × 103 for rigid substrates to 7 × 102 

for flexible ones. The obtained mobility is low for rigid and flexible substrates up to 0.005 

cm2/V.s and 0.0012 cm2/V.s, respectively. The low mobility stems from the defects and 

nanocrystalline features of the GaN thin film deposited by atomic layer deposition (ALD). 

The threshold voltage of TFT on Si reaches 0.25 V, whereas it reaches 2.5 V on the flexible 

(PEN) substrate. The variation in threshold voltage was related to the higher O2 

concentration in the deposited GaN on the flexible (PEN) substrate. Optimizing the thin 

film properties to reduce the charge trap states at the insulator/semiconductor interface will 

result in comparable performance to TFT on the rigid substrate. The small threshold 

voltage alteration up to 0.14V in the threshold voltage shift of high-performance ZnO-
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based TFT under the same stress conditions suggests the extraordinarily stable 

characteristics of TFT on the flexible substrate.[115] 

Direct fabrication on a flexible substrate also poses a great challenge of handling the 

substrate. While rigid substrates and devices can be easily handled without much care, 

extreme care needs to be given in handling flexible substrates due to their fragility and in 

the case of polymeric substrates due to their ability to hold static charges which can easily 

cause wrinkles in the substrate causing defects. Moreover, polymeric and elastomeric 

flexible substrates are also not suitable for standard state-of-the-art technologies thereby 

restricting the manufactural scale applications. Thus, the idea of volumetric reduction of 

the existing electronic devices using different techniques followed by flexible packaging 

and encapsulation for providing mechanical stability and reliability promises to be the 

pragmatic approach.[81,116–118] 

4.4.4 Laser Lift-Off Process (LLO)  

In this process, the GaN thin film is separated from sapphire (Al2O3) substrate by backside 

irradiation with ultraviolet wavelength below 360nm to assure the transmission of the 

photon through the sapphire and absorption of the photon by the GaN (Fig 4.1(a)). As a 

result, GaN thermally breaks down into nitrogen gas and metallic gallium at the sapphire 

interface as described by the following equation: 

( ) ( ) 2( )2 2s l gGaN Ga N→ +     (4.2) 

The consecutive heating up to 30oC is a necessary step to convert the metallic gallium into 

liquid and facilitate entire separation. LLO process was established by Kelly et al.[119] using 

a lamp‐pumped Nd:YAG laser with wavelength equal to 355nm and by Wong et al.[120] 
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using a pulsed excimer laser with wavelength equal to 248 nm. The challenges associated 

with LLO technique involve the generated cracks in the separated GaN film which restrict 

the minimum thickness.[121,122] According to Ueda et al. minimizing the vapor pressure of 

N2 released during the  decomposition of the interfacial GaN eliminates the generated 

cracks after LLO.[122] LLO technique relies on the laser scanning and its relevant 

parameters such as the uniformity of the laser power above the targeted area and the 

capability to generate the minimum required temperature to initiate the interfacial GaN 

decomposition that is above 850oC. [123,124] Conjointly, optimum laser selection results in 

decomposing the minimum thickness by local heat up to minimize the vapor pressure of 

N2 and keeping the resultant GaN in good condition and cracks-free.[122,125] 

In our study, we develop the correct recipe for LLO process using ProtoLaser U3 tool 

which has laser emission wavelength at 355 nm. The developed recipe leads to a successful 

separation without causing damage to GaN thin film with thickness down to 625nm. 

Firstly, samples having the same stack (625 nm GaN/320 nm AlN/Al2O3) were cut into 

1x1 cm2 pieces using the ProtoLaser U3 tool. Then, pieces were cleaned with Acetone and 

Isopropanol followed by blow dry with N2. Then, 200µm of Polydimethylsiloxane (PDMS) 

was spun on GaN and cured at 60oC for 90 min to serve as temporary handling carrier. The 

back side of the sapphire (Al2O3) substrate is irradiated with 355nm to decompose the GaN 

interfacial layer. The laser beam is swept across the area, one row at a time, from right to 

left then from top to bottom to cover the entire area. After that, the topside released was 

attached to double side polyimide tape and placed on a curved surface to examine the 

cracks. It is worth mentioning that the AlN (buffer layer) is transparent to UV light.[126] 

Table 4.3 summaries the laser setting parameters with the result of LLO.  



64 

 

 

Adjusting the setting parameter of LLO process demonstrates that decreasing the gap 

between the laser path during scanning to 0.002 mm and increasing the beam radius to 

200µm enhance the quality of the separated film. The LLO process successfully applies to 

the serpentine-based temperature sensor made of (20nm Cr/80nm Pt) and built on the same 

Table 4.3: LLO setting parameter. 

Laser parameter Sample A Sample B Sample C Sample D 

Current (A) 54 54 54 54 

Frequency (KHz) 25 25 25 25 

Power (W) 5.3 5.3 4 5.3 

Beam diameter 

(µm) 
10 200 200 200 

Jump delay (µs) 1500 1500 1500 2000 

Jump speed 

(mm/s) 
1500 1500 1500 1500 

Laser off delay 0 0 0 0 

Laser on delay 60 60 60 60 

Mark delay 600 600 600 600 

Mark speed 300 300 300 300 

Result Fracture Cracks-free Fracture No separation 

Image 

   

No image 

taken 
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stack as depicted in Fig 4.1(b). However, using the same recipe to lift off 30µm GaN results 

in no separation which means the process is a thickness-dependent process. 

 

 

Figure 4.1: LLO process results. (a) Illustration of the effective wavelength for LLO 

PROCESS. (b)Initial separation of GaN with serpentine patterned temperature sensor. (c) 

Final separation of GaN with serpentine patterned temperature sensor (20 nm Cr/ 80 nm 

Pt) using PDMS stamp.  

Before we go further and fabricate flexible sensory system for harsh environment involving 

elevated temperature by employing LLO process and using GaN as an active material, we 

conduct a nanoindentation study to address the mechanical stability of GaN thin film at 

elevated temperature and the flexible behavior at high temperature.   

Al2O3 

PDMS stamp 
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Chapter Five: Mechanical Behaviors of GaN Thin Film at Elevated 

Temperature Performing Nanoindentation Study 

5.1 Introduction 

An efficient harsh environment electronic system relies on the stability of the functional 

material under extreme surrounding conditions, such as temperature, pressure, humidity, 

or aggressive chemical medium.[127] The response of the functional material to such an 

environment might include alteration in electrical, mechanical, or optical properties 

depending on the environmental stress. This study focuses on the mechanical stability of 

GaN based thin film at elevated temperature. As a result, the geometry of a GaN-based 

flexible system for harsh environment applications can be designed accordingly.   

Having a flexible system is of great importance in state-of-the-art applications but requires 

mechanical compliance to endure the complex design shape, enhance thermal dissipation, 

and promote device function.[4,5] Recent studies focus on making flexible systems have 

electrical operation that is comparable to or out performs that of rigid counterparts. 

However, flexible system-related researches do not dedicate enough study to the 

mechanical stability of the flexible system when exposed to extreme environmental stress, 

such as elevated temperature. The mechanical properties of GaN thin film subjected to 

thermal stress up to 500oC, is addressed in this study.  

GaN thin film proves its utility as a functional material at elevated temperature due to its 

wide band gap (Eg= 3.44 eV), proper saturation velocity, high electrical breakdown field, 

high chemical stability, and optimum thermal stability. As a result, GaN thin film is an 

attractive candidate for functioning at high- temperature, high-frequency, and high-power 
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integrated circuits.[62,128–130] However, the mechanical stability of GaN thin film upon 

exposure to high temperature has not been studied sufficiently. For that, nanoindentation 

is used in this study to shed light on understanding the alteration of mechanical properties 

of GaN thin film under thermal stress. Nanoindentation measurement is a reliable method 

to probe the mechanical properties of a material at nanoscale level.[131] In the present work, 

the mechanical properties of different thick GaN thin films are investigated using 

nanoindentation at RT and high temperature up to 500oC to understand how GaN flexibility 

is enhanced or degraded in response to elevated temperature. A brief section will introduce 

the theoretical and practical working principle of Nanoindentation test before presenting 

my accomplishments in this field. 

5.2 Instrumented Indentation 

Indentation tests have been widely used for many years to test the mechanical properties 

of bulk materials, such as hardness and Young’s modulus. Nanoindentation measurement 

is now widely implemented to investigate the mechanical behavior of materials at the 

nanoscale level. 

It is of great importance to look closer at the mechanical properties of material at the 

nanoscale as the thin film has different mechanical properties compared to bulk due to the 

pronounced effect of the crystallographic plane, residual stresses, and microstructure 

topography. [132] In nanoindentation, a hard tip (commonly a diamond) applies a force (or 

load) on the material surface and the corresponding penetration depth is measured. Once 

the maximum force is reached the tip is gradually withdrawn by reducing the force while 

continuing to record the penetration depth. The acquired data is plotted giving a load-

displacement curve, which is called loading-unloading cycle and is used to extract the 
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mechanical parameters. Nanoindentation test provides valuable information on material 

structure such as dislocation mechanism in metal [133–135], the mechanical response of the 

thin film[136–139], mechanical failure in ceramic[140,141], distributed stress[142], and time-

dependent response in polymers[143–149] and soft metal.[150–152] 

Technically, an electromagnetic or electrostatic actuation is used to apply the force while 

a capacitive based sensor is used to measure the penetration depth. Force and depth 

measurement can either be performed by separate transducer or the same transducer, which 

depends on the tool design.  

5.3 Reliability of Nanoindentation Test Data 

The nanoindentation test is sensitive to the surrounding environment, such as thermal 

vibration or motion vibration. Depth measurements associated with some errors requires 

correction. Understanding the source of these errors and minimizing environmental 

interference during testing results in highly reliable data. The most commonly encountered 

factors that affect the Nanoindentation test data will be briefly explained in the following 

sections[132]. 

5.3.1 Thermal Drift 

Thermal drift occurs when the indenter continuously penetrates into the material at constant 

applied load as a result of thermal expansion/contraction of the equipment. By measuring 

the rate of depth's change as a function of time at constant load, the rate of the thermal drift 

can be defined, and the depth readout can modify accordingly. 
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5.3.2 Initial Penetration Depth 

Measuring the penetration depth should be taken from the material surface, and starting the 

depth measuring requires initial contact. Applying small load to bring the indenter and 

material surface into contact will result in initial depth, which in turn will be added to the 

actual penetration depth. Minimizing the initial depth error is obtained by using the 

minimum allowable load to establish the contacting point. 

5.3.3. Instrument Compliance 

Any deflection in loading frame, the indenter aperture or material stage while applying the 

force to the material surface will result in inaccurate penetration depth measurement. One 

of the methods to determine the value of the instrument's compliance Cf is to plot the  ratio 

of the depth to load changes as a function of the reciprocal of contact depth power, to x  

(1/hc)
x (x value depends on the indenter geometry), the intercept of the linear line with y-

axis indicates the value of  instrument's compliance. 

5.3.4 Indenter Geometry 

The geometry of the indenter itself is used to calculate the penetration depth and contact 

area. The ideal geometry is a diamond indenter, indeed, the three-sided Berkovich 

pyramids have become the standard due to the ability to have a sharper tip and less tip 

rounding. However, in practical application, the sharpness of the indenter deteriorates after 

a while. Hence, the geometry factor correction term is added to the equations during data 

analysis to correct the measured contact area and penetration depth. 
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5.3.5 Piling-Up and Sinking-In 

The mechanical properties of the material under testing along with the indenter shape and 

geometry determine the type of deformations created around the area of indention, which 

will be either “sinking-in” or “piling-up” deformation. When the sample surface moves 

away from the tip of the indenter, a protuberance at the level of the original surface occurs 

and is called piling-up deformation. On the other hand, when the sample surface moves 

inward toward the indenter declining below the original surface level it is called sinking-

in deformation. Ignoring the deformation type can affect the accuracy of data acquisition 

up to 30% as reported by Alcala et al. Additionally, the deformation type is linked to the 

yield stress to elastic modulus ratio (Y/E) as found by Cheng and Cheng[153], Xu and 

Rowcliffe[154], where sinking-in correlated with high and low Y/E while piling-up 

associated with only low Y/E.[155]   

5.3.6 Indentation Size Effect 

Indentation size effect describes the change in calculated hardness and Young's modulus 

with penetration depth even if the tested material has identical properties in all directions. 

In some cases, the indentation size effect reflects the mechanical response of the material. 

The indentation size effect originates from different mechanisms: i) the existence of a thin 

oxide layer, which in turn has distinct mechanical properties from the bulk material, ii) the 

processed surface of the sample, such as polishing and/or iii) the friction between the 

sample and indenter[156]. Additionally, errors correlated with the area of contact can cause 

an indentation size effect.[157,158] 
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5.4 Nanoindentation Test4 

In our study, quasi-static nanoindentation measurement is performed by continuously 

measuring deformation depth while both applying a well-defined force to the sample 

surface and subsequently decreasing the applied force which provides data that can be 

plotted to provide loading and unloading curves. [159,160]  The final indentation hysteresis 

loop called load-depth curve generates valuable information of Young’s modulus and 

material hardness.[132,161] Diamond indenter is usually used to apply the force to the sample 

surface owing to its high resistance to plastic and elastic deformations insuring the 

measured depth is assigned only to the deformation of the material under test.[162]  

The shape of the indenter plays a crucial role in nanoindentation as it determines which 

mechanical properties can be extracted accurately and the proper equations to analyze the 

raw data.  Nano Test Vantage mechanical testing tool equipped with three-side pyramidal 

indenter (Berkovich) is used in this study to apply the force to the thin film surface. 

Berkovich indenter has the advantage of a sharp tip enabling precise single point  landing 

, which is not the case other indenters like the four-sided Vickers or Knoop. Moreover, 

Berkovich induces less stresses and strains in the periphery of contact area as compared to 

the cube corner indenter which in turn has the ability to displace a volume test material 

three time higher than that done by Berkovich when at comparable load. [163–166]  

In the present study, three different thick GaN thin films are characterized at RT and 500oC 

by setting load-controlled mode in testing profile inputs. The Berkovich indenter (with 

radius up to 111 nm) applies a preset force in the range of (10 – 500 mN) to the sample’s 

 
4 This study will be submitted as scientific paper to Applied Physics Letters. 
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surface. The ultimate load (500mN) is chosen to assure the forming of plastic zone in the 

thin film under test.[164] The loading-unloading cyclic is done at a fixed time of up to 30 

sec. To raise the temperature up to 500oC, the heating rate is kept at a minimum (1.6 o 

C/min) to avoid thermal shock. The effect of thermal drift is neglected in this study as the 

testing chamber is thermally isolated and the data acquisition gathered after reaching 

thermal steadiness. The sample’s geometry and stack are detailed in Table 5.1. Studying 

different thick GaN thin film stacks are driven by the fact that at nanoscale level, 

mechanical properties of materials demonstrate significant size-dependency.[163] Cross 

sectional scanning electron microscope (SEM) image is taken to verify samples (B, C) 

stack thickness, Fig 5.1. 

 

 
Table 5.1: Geometry and crystal structure of samples A, B, and C. 

Sample 
Thin Film 

Thickness 

Semiconductor  

Type 

Crystal 

Structure. 

Buffer  

Layer 
Substrate 

A 30 um 
Intrinsic  

Undoped 
Wurtzite - Sapphire 

B 5 um 
Extrinsic n-type 

Si -doped 
Wurtzite. - Sapphire 

C 625 nm 
Intrinsic  

Undoped 
Wurtzite 

320 nm AlN 

Very dense 

Nano columns 

Sapphire 
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Figure 5.1: Cross section SEM image of: (a) Sample B (5µm GaN/Al2O3), (b) Sample C 

(625nm GaN/ 320 nm AlN/ Al2O3). 

5.5 Results and Discussion: 

The load-displacement curves for the three samples at RT and elevated temperature is 

depicted in Figure 5.2. Comparing the load-displacement curves at RT and 500oC show 

that the three stacks have elastic recovery with differing degrees. The elastic recovery 

obviously degrades at 500oC as compared to RT for all stacks. This suggests that at elevated 

temperature the large portion of deformation is caused by the indenter dominated plastic 

deformation that can be seen clearly from the hysteresis width where the wider the loop 

the larger the plastic deformation.[131,160]  
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Figure 5.2: The load-depth curve of sample (A, B and C) at RT and elevated temperature 

up to 500oC. 

Moreover, one of the main differences between load-depth curves at RT and 500oC 

reflecting the change in the material’s mechanical properties in response to temperature is 

the magnitude of recoverable work Wr, represented by integrating the unloading curve 

bounded by the maximum and zero load relative to the total work Wtot (represented by 

integrating the loading curve). Furthermore, the wasted heat energy during plastic 

deformation, which is represented by the enclosed area of one loading-unloading cycle 

curve, clearly increases at high temperature.[167] 

Further comparison between load-displacement curves at RT and 500oC demonstrate the 

onset of plastic zone in surfaces of sample A and C at elevated temperature and is marked 

as the pop in event (increase in depth at fixed applied load) in the loading curve, indicating 

the initiation of cracking in thin film surface during loading.[131,132] As reported by Lin et 
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al. the interaction between the internal threading dislocations in the GaN film and the 

produced dislocation as a result of exerted force by the Berkovich tip causes the presence 

of pop in event.[128] The current study shows that thermal energy can accelerate this 

interaction, resulting in thin film mechanical failure showing as unwanted earlier cracking.  

Using Oliver and Pharr analysis, the three important mechanical parameters extracted from 

load-depth curve are initial stiffness, hardness, and Young’s modulus. The initial unloading 

contact stiffness (S) is calculated from the slope of the linear part of an unloading curve. 

While hardness (H) is obtained by dividing the maximum indentation load (Pmax) over the 

projected contact area (Ac). The projected area of Berkovich indenter is giving by the 

general equation: 

11 1

2 1 1282 4
1 2 3 824.56 .....c c c c c cA h c h c h c h c h= + + + + +   (5.1) 

where hc represents the contact depth (the penetration of the indenter in sample under load) 

while C1,2,….,8 are indenter shape correction constants.[163] The first term in eq (5.1) is 

applicable to the sharp Berkovich indenter whereas other terms represent the non-ideal 

indenter. In our case, the projected area is given by the following relationship: 

224.56 700c c cA h h= +     (5.2) 

The contact depth is calculated from Oliver and Pharr formula: 

max
maxc

P
h h

S
= −     (5.3) 
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where   equals 0.75 and is a geometry-dependent constant, hmax represents the depth at 

corresponding peak load Pmax
[166], S is the experimentally measured stiffness given by the 

slope of the upper linear portion of the unloading curve.[131,163] Once we know the projected 

area, the hardness can be calculated from the following relationship: 

max

c

P
H

A
=

    (5.4) 

The Young’s modulus of the thin film material can be extracted from the reduced elastic 

modulus Er which combines the Young’s modulus of sample and indenter according to the 

following relationship: 

22 11 1 i

r iE E E

 −−
= +

    (5.5) 

Where νi and Ei   refer to Young’s modulus and Poisson’s ratio, respectively, of the 

indenter; for Berkovich indenter (νi =0.07, Ei=1141GPa) while ν and E are assigned to 

Young’s modulus and Poisson’s ratio, respectively, of the sample.[168,169] The reduced 

elastic modulus (Er) is obtained directly from initial unloading stiffness (S) and projected 

area (Ac) according to the following relationship: 

2 c
r

A
S E


=

     (5.6) 

Where β is a geometry dependent constant and in the case of Berkovich indenter, β=1.034. 

Other symbols as previously described.[163] 
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The extracted hardness and Young’s modulus are plotted versus depth for the three 

different stacks, at RT and elevated temperature up to 500oC, as depicted in Figure 5.3(a-

f). Overall, the hardness deteriorates at high temperature. Further, hardness follows depth-

dependent behavior at RT with more pronounced fluctuation in sample C due to the 

interfere of substrate and buffer layer effect.[138]  

The depth-dependence behavior of hardness correlates with the generated dislocation from 

the exerted force of the indenter tip, as described by the model of geometrically necessary 

dislocations developed first by Stelmashenko et al. and De Guzman et al.[133] In more 

detail, at small depth, the generated dislocation distributes over a small volume hindering 

further penetration which results in ultimate hardness. On the other hand, at a deeper depth, 

the generated dislocation spreads over extended volume causing less resistance to the 

penetration of the indenter and appears as decreasing hardness of the material. Moreover, 

the generated dislocation is neglected at further deeper depth when the measured hardness 

becomes close to the intrinsic hardness of the material at endless penetration depth. [170,171] 

Another factor in depth dependent hardness is the loading rate, the same material interacts 

differently upon different loading rates, demonstrating a directly proportional relationship 

between plastic work hardening and loading rate. [172] Looking at our results, at elevated 

temperature the hardness of sample A drops gradually then tends to hold steady 

corresponding to the expected behavior of exceeding the yield stress and forming an 

entirely plastic zone.[164] In the case of sample B, the hardness at 500o C still demonstrates 

depth-dependent behavior.  However, the hardness behavior of sample C is divided into 

three well-known regimes (i) initial drop, (ii) plateau, and (iii) falling-off or increase. 

According to Cripps et al. the existence or absence of each regime depends on the applied 
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load, indenter sharpness, thickness of the thin film relative to penetration depth, and 

relative deformation of thin film and substrate.[164] This study shows that temperature is 

another important factor that can cause the absence or existence of one of the three hardness 

regimes.  

Further alteration of mechanical behavior of GaN thin film at RT and elevated temperature 

is confirmed by comparing the change of Young’s modulus behavior, as depicted in Fig. 

5.3 (d-f). The Young’s modulus at RT for the three samples demonstrates depth-

dependence. In contrast, at elevated temperature, the Young’s modulus of sample A 

exhibits remarkable fluctuation where the peak value of Young’s modulus occurs at depth 

of 719.37 nm then sharply declines and rises again. While for sample B, Young’s modulus 

rises steadily then starts to decline. Finally, sample C shows significant fluctuation in 

Young’s modulus, however the behavior at depth beyond the 10% of thin film thickness is 

not accounted due to the contribution of plastic/elastic deformation of the substrate and 

buffer layer.[138,160,163,173] Moreover, the sudden jump in the curve at elevated temperature 

starts at a depth greater than the overall thickness of surface layer GaN and buffer layer 

ALN, and can be justified by the substrate effect.[138,160,163,164] The significant change in 

mechanical properties of sample C is expected behavior for multilayer system as observed 

at indentation depth beyond the thin film thickness.[166,174] In this case, more indentation 

cycles must be done at very small depth (below 62nm) to confine the plastic deformation 

in thin film, but at the same time will increase the uncertainty of measurements due to the 

significant contribution of thermal drift at small depth.[164] Broadly speaking, in contrast to 

hardness, Young's modulus exhibits remarkable fluctuation at high temperature which can 

be assigned to the influence of the substrate and also the buffer layer, in the case of sample 
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C.[138] Moreover, Young’s modulus increasing in response to high temperature, particularly 

in the case of sample B, indicates flexibility deterioration of GaN-based thin film at high 

temperature. The alteration in Young’s modulus with regard to the elevated temperature 

can be assigned to the increasing stress required to induced the deformation in thin film in 

presence of the effect of thermal expansion mismatch between GaN and Sapphire.[175,176] 

Another factor associated with elevated temperature and results in changing mechanical 

response of the material to deformation is the thermal activation of defects and mobile 

dislocation in thin film.[163,177] 

 

Figure 5.3: Young’s modulus and hardness vs. penetration depth for sample A, B & C at 

RT and 500oC. 

For the sake of minute comparison, the young’s modulus and hardness is plotted at RT and 

500oC for sample A, B, & C at comparable load, Fig 5.4 (a-b). The plot reveals that 

Young’s modulus degrades at elevated temperature for all samples except sample A. On 
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the other hand, hardness does deteriorate when thin films are exposed to high temperature 

up to 500oC. These observations lead to the conclusion that the mechanical response of 

GaN thin film at elevated temperature is not only defined by the volumetric reduction is 

also attributed to the film microstructure and dislocation density, which varies between the 

three samples, since sample C has the superior film quality due to the applying of AlN 

buffer layer whereas sample A is more susceptible to crack due to having the thickest 

film.[176]  

 

Figure 5.4: At comparable load :(a) Hardness and  (b) Young’s modulus of sample A, B & 

C at RT and 500oC. 

Investigating the flexibility of three different stacks of GaN thin films using 

nanoindentation measurement demonstrates the role of temperature as an important factor 

to alter the mechanical properties of GaN thin film.   
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Chapter Six: Conclusion and Outlook 

The electronic system has become an integral part of daily human life and ultimately leads 

to the Internet of Everything (IoE) concept, meaning intelligent communication with 

reliable and fast interaction between the users, data collecting/interpretation, and physical 

device operation. The standard requirements of an electronic system, such as low power 

consumption, light weight, fast response time, wide dynamic range, low self-heating, stable 

performance, and superior longevity is not sufficient for the most up-to-date applications 

included in an IoE system. Today, system tolerance to mechanical deformation gains more 

popularity among users. Such resilience opens the door to some of the most exciting 

applications, like portable electronics, curved display, electronic textiles, electronic skin, 

and implantable electronics. However, realizing a flexible electronic is not a 

straightforward approach. The minimum restricted thickness of the entire system up to a 

few microns (depending on the material) is a necessity to achieve deformable electronic 

platform but makes handling the specimen a challenging task. Besides that, the well-

established CMOS fabrication process is not designed to deal with such a limited thickness. 

Further, the performance of the device and manufacturing throughput must retain peak 

conditions. To tackle these challenges and extend the advancement of compliant 

electronics, that is, flexible electronics for application in unusual environments, this thesis 

presents contributions made divided into three main projects. 

One important aspect when coming to fabricate a flexible electronic is to maintain the 

simplicity of the process. Therefore, the first part of this thesis presents an approach of 

fabricating devices as usual to take advantage of the well-developed process, followed by 

protecting the devices to increase the throughput and then thinning down the back side of 
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the silicon wafer up to 40µm by putting the protected devices upside down in plasma-based 

ion etching chamber and thus creating flexible silicon based devices. The characterization 

of a CMOS inverter on flexible silicon substrate shows no significant performance 

degradation upon inward and upward bending. This work demonstrates the possibility 

preserving use of traditional silicon based fabrication processes while also achieving 

flexible and electrical resilience over large deformations. 

In the second project, the ultimate goal is to fabricate a system that is capable of being 

biodegradable/dissolvable with a well-understood dissolution mechanism. Such a system 

will have potential uses in environmental sensors and implantable applications. The 

environments of both these applications do not require a long device lifetime. Indeed, it 

could be more convenient to restrict the device lifetime to the minimum of performing the 

targeted task and then vanish gradually upon exposure to a specific trigger. In this way, it 

becomes a self-disposal system which saves the effort and cost needed for disposal and 

eliminates the need for the harsh recycling process. More importantly is successful 

emanating usage of toxic chemicals during fabrication. For this study, GeO2 was the 

material of choice as it is water soluble. The GeO2 successfully grown in ultra-high vacuum 

chemical vapor deposition chamber is then dissolved in tap water and then regrown again 

on the used Ge substrate. Comparing the properties of the grown and regrown GeO2 layer 

using a variety of material characterization methods shows similar material properties. The 

extended study demonstrates the utility of GeO2 as a dielectric layer for a transient MOS 

capacitor demonstrating comparable performance of MOS capacitor based on grown and 

regrown GeO2 layer. Moreover, this study proves that the expensive Ge substrate can be 
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used for the second time after washing away the old devices with tap water without 

affecting the performance of the subsequent fabricated device. 

The final project aims to develop a flexible system for a harsh environment of elevated 

working temperature. Unfortunately, a Si-based flexible electronic is susceptible to failure 

at high temperature due to Si material limitation. The alternative semiconducting material 

to use is GaN. However, a proper approach must be developed to thin down the GaN. 

Gallium nitride is chemically resistant material and is usually grown on a foreign substrate 

due to the lack of inexpensive high-quality single crystal GaN wafers, thus a laser lift-off 

process is adopted. Optimization of the LLO parameters resulted in separation of a very 

thin GaN film (625nm) from the sapphire substrate by exposing the backside of the wafer 

to a laser wavelength of 355nm which causes thermal decomposition at the GaN/sapphire 

interface. This process was successfully applied to a temperature sensor fabricated on thin 

film GaN. Furthermore, since mechanical stability at elevated temperature is of equal 

importance as electrical stability, a nanoindentation study was performed to understand the 

factors that affect the mechanical stability of GaN thin film at high temperature up to 

500oC. The outcomes of the nanoindentation study will help determine the optimum GaN 

thickness and thin film quality when it comes to fabricating a GaN-based flexible system 

for harsh environment.   
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