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ABSTRACT 
 

III-Nitride Membranes for Thermal Bio-Sensing and Solar Hydrogen 

Generation  

Rami Tarek ElAfandy 

III-nitride nanostructures have generated tremendous scientific and technological 

interests in studying and engineering their low dimensional physics phenomena. Among 

these, 2D planar, free standing III-nitride nanomembranes are unrivalled in their 

scalability for high yield manufacture and can be mechanically manipulated. Due to the 

increase in their surface to volume ratio and the manifestation of quantum phenomena, 

these nanomembranes acquire unique physical properties. Furthermore, III-nitride 

membranes are chemically stable and biocompatible. Finally, nanomembranes are highly 

flexible and can follow curvilinear surfaces present in biological systems. However, being 

free-standing, requires especially new techniques for handling nanometers or 

micrometers thick membrane devices. Furthermore, effectively transferring these 

membrane devices to other substrates is not a direct process which requires the use of 

photoresists, solvents and/or elastomers. Finally, as the membranes are transferred, they 

need to be properly attached for subsequent device fabrications, which often includes 

spin coating and rinsing steps. These engineering complications have impeded the 

development of novel devices based on III-nitride membranes. 

 In this thesis, we demonstrate the versatility of III-nitride membranes where we 

develop a thermal bio-sensor nanomembrane and solar energy photo-anode membrane. 

First, we present a novel preparation technique of nanomembranes with new 
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characteristics; having no threading dislocation cores. We then perform optical 

characterization to reveal changes in their defect densities compared to the bulk crystal. 

We also study their mechanical properties where we successfully modulate their bandgap 

emission by 55 meV through various external compressive and tensile strain fields. 

Furthermore, we characterize the effect of phonon-boundary scattering on their thermal 

properties where we report a reduction of thermal conductivity from 130 to 9 W/mK. We 

employ these modifications to develop a thermal biosensor, which conformally gets 

attached to cells to measure their thermal properties. We also assess the statistical 

significance of our measurements to differentiate between different cell lines based on 

their measured thermal properties. Finally, we demonstrate the application of 

nanomembranes in solar-based water-splitting by merging them with nanowires to form 

nanowire membranes which are used to fabricate membrane photo-anodes. Finally, 

through optical, chemical and electrochemical measurements, we demonstrate their 

superior operations compared to typical fabrication techniques. 

  



6 
 

ACKNOWLEDGEMENTS 

Throughout my thesis, I made sure to always use the subject pronoun “we” 

instead of “I” because the work presented is not a one man job and It only came true after 

extensive collaboration and support from family members, co-workers and collaborators. 

 I would like to thank my parents without whom none of this would be possible. I 

thank them for their immense efforts and concern throughout all of my life, for their 

continuous support during my PhD and for making me interested in science and 

technology since a young age. Thank you. I definitely want to thank my wife, Aya. The one 

who had to keep up with me during my toughest time in my PhD. She was always beside 

me, supporting me and motivating me to keep going. Thank you. I also want to thank my 

4 year old daughter, Mariam, who in several occasions would agree that I will stop playing 

with her to go to work at night to perform some experiments. Love you all. 

 I would also to express my sincerest appreciations to my PhD advisor, professor 

Boon Ooi, for giving me this great opportunity. I thank him for the many discussions we 

had across the years, for the support he always gave to me, and definitely, for believing 

in me and helping me to become the best researcher I could be. Thank you professor Ooi. 

I also thank my lab-mates, and especially Dr. Tien Khee Ng who also helped me a 

lot through endless fruitful discussions which were cornerstones in my researches. I also 

would like to thank Dr. AbdulMajid and Dr. Ebaid for their continuous supports and their 

discussions from which all of this work developed.  Thank you. In this work, I relied a lot 



7 
 

on samples I received from Dr. Bilal Janjua, Dr. Pawan Mishra, Dr. Gwangyu and Dr. 

Jungwook. I gave them a lot of hard time as I was always after them asking for samples. I 

really want to thank them. Also Dr. Chao Zhao, performed amazing TEM imaging which 

are imperative for my work. 

I would like to thank our collaborator professor Jasmeen Merzaban for giving me 

access to her laboratory at KAUST and her insightful comments in my published work. 

Also her PhD student Ayman AbuElEla, for preparing the cells, explaining important 

biology concepts as well as performing statistical analysis for the measurements. Finally, 

I would like to thank Ulrich Büttner for offering his great experience in machining, molding 

and laser cutting which aided me a lot in my experimental setups. 

 

 

 

  



8 
 

TABLE OF CONTENTS 
Page 

EXAMINATION COMMITTEE PAGE .............................................................................. 2 

ABSTRACT .................................................................................................................. 4 

ACKNOWLEDGEMENTS ............................................................................................... 6 

TABLE OF CONTENTS .................................................................................................. 8 

LIST OF ILLUSTRATIONS ............................................................................................ 12 

LIST OF TABLES ......................................................................................................... 18 

Chapter 1: Introduction ............................................................................................ 19 

1.1 Semiconductor Nanomembranes ............................................................... 19 

1.2 III-Nitrides Semiconductor ........................................................................... 22 

1.3 III-Nitrides Membranes ................................................................................ 25 

1.4 Thesis Outline............................................................................................... 27 

Chapter 2: Chemical Exfoliation of GaN Nanomembranes ......................................... 29 

2.1. Exfoliation Model ......................................................................................... 29 

2.3. Exfoliation Process ....................................................................................... 36 

2.4. TEM Analysis ................................................................................................ 43 

2.5. Conclusion .................................................................................................... 48 

Chapter 3: Physical Characterization. ........................................................................ 50 

3.1. Optical Characterization .............................................................................. 50 

3.2. Mechanical Characterization ....................................................................... 54 

3.3. Thermal Characterization ............................................................................ 75 

3.4. Conclusion .................................................................................................... 88 

Chapter 4: Nanomembrane Thermal Biosensor ......................................................... 89 

4.1. Sensor Design ............................................................................................... 91 

4.2. Sensor Fabrication and Transfer ................................................................. 96 

4.3. Thermal Calculations ................................................................................. 106 

4.4. Conclusion .................................................................................................. 112 

Chapter 5: Nanowire Membrane Photo-Anode ....................................................... 115 

5.1 Membrane Photo-Anode Fabrication ....................................................... 118 

5.2 Membrane Photo-Anode Characterization .............................................. 122 

5.3 Membrane Photo-Anode Performance .................................................... 127 

5.4 Conclusion .................................................................................................. 134 

Chapter 6: Future Potential and Concluding Remarks .............................................. 136 



9 
 

APPENDIX A ........................................................................................................... 139 

Material Deposition Tools .................................................................................. 139 

Material Etching Tools ....................................................................................... 142 

APPENDIX B ........................................................................................................... 145 

Mechanical Characterization Tools: .................................................................. 145 

Optical Characterization Tools:.......................................................................... 148 

Thermal Characterization Tools: ........................................................................ 150 

Topographic Imaging Tools: ............................................................................... 152 

APPENDIX C ............................................................................................................ 155 

BIBLIOGRAPHY ....................................................................................................... 158 

 



10 
 

LIST OF ABBREVIATIONS 
 
AFM   Atomic force microscope 

Au   Gold 

CMOS   Complementary metal oxide semiconductor 

CPD   Critical point dryer 

DNA   Deoxyribonucleic acid 

DPSS   Diode pumped solid state 

EDS   Energy dispersive spectroscopy 

EELS   Electron energy loss spectroscopy 

FIB   Forced ion beam 

FX   Free exciton 

GaN   Gallium nitride 

HRTEM  High resolution transmission electron microscope 

HVPE   Hydride vapor phase epitaxy 

ICP   Inductively coupled plasma 

IPA   Isopropanol Alcohol 

IR   Infrared 

LED   Light emitting diode 

LO   Longitudinal optical 

μPL   Micro-photoluminescence 

NM   Nanomembrane 

PA-MBE  Plasma assisted molecular beam epitaxy 



11 
 

PDMS   Poly(dimethyl siloxane) 

PEEK   Polyether ether ketone 

PMMA   Poly(methyl methacrylate) 

RHE   Reversible hydrogen electrode 

RIE   Reactive ion etching 

RMS   Root mean square 

SCR   Surface charge region 

SEM   Scanning electron microscope 

TD   Threading dislocations 

TEM   Transmission electron microscope 

UV   Ultraviolet 

VGa   Gallium vacancy 

 
 

 

 

 

  



12 
 

LIST OF ILLUSTRATIONS 
 

Figure 1. a) nanomembrane (2D), b) nanowire (1D) and c) quantum dot (0D) 

nanostructures. ................................................................................................................. 20 

Figure 2. Illustration of the definitive features of semiconductor nanomembranes. ...... 21 

Figure 3. Bandgap emission energy versus lattice constants for aluminum nitride (AlN), 

GaN and InN semiconductors. .......................................................................................... 24 

Figure 4. Energy levels within n-type semiconductor and an electrolyte solution prior to 

contact. ............................................................................................................................. 30 

Figure 5. Energy levels after contact prior to equilibrium. ............................................... 30 

Figure 6. Energy level after thermal equilibrium is reached. ........................................... 31 

Figure 7. Energy levels during above bandgap photon absorption. ................................. 31 

Figure 8. An abstract crystal during epitaxial growth showing an adatom a) before and b) 

after contacting the crystal surface. The blue curve illustrates the local potential energy 

felt by the adatom. Figures c) and d) demonstrates the cases when the epitaxial growth 

is carried at high or at low temperatures, respectively. The dashed line represents the 

total energy acquired by the adatom. .............................................................................. 33 

Figure 9. HT-GaN capped with LT-GaN showing the threading dislocation core. ............ 34 

Figure 10. The experimental setup of UV-assisted electroless chemical etching for the 

exfoliation of the GaN nanomembranes. (Further elaboration in APPENDIX C) .............. 35 

Figure 11.a) Top view SEM image of the nucleated surface etch pores. b) Cross sectional 

SEM micrograph of a surface pore with a young pore domain forming underneath it. The 

boundaries of the pore domain are marked in black. ...................................................... 36 

Figure 12. Bird view of cross sectional SEM micrograph of 2 pore domains. .................. 37 

Figure 13. Formation of domain walls during the etching of sacrificial GaN. A) Top SEM 

image of pore domains and walls. Schematic images of band diagram during b) thick 

(W>SCR) and thin (W<SCR) semiconductor etching. ........................................................ 39 

Figure 14. SEM image of the pore domains after removal of the top nanomembrane. .. 40 

Figure 15. Cross sectional SEM view of the nanomembrane forming over the porous GaN

........................................................................................................................................... 40 

Figure 16. SEM images of the nanomembrane after over-etching. ................................. 41 

Figure 17 a) SEM image of porous GaN with GaN nanowires. b) and c) are cross sectional 

SEM images of nanowires and porous GaN, respectively. ............................................... 42 

Figure 18 a), b), c) Bird view and d) cross sectional SEM images of nanowires protruding 

through GaN nanomembrane ........................................................................................... 43 

Figure 19. Cross sectional TEM image of a) a pore domain centered on a threading 

dislocation and b) the GaN nanomembrane (25 nm thickness). ...................................... 44 



13 
 

Figure 20. Schematic image depicting a nanomembrane resting on top of a pore domain 

which encompasses porous GaN as well as a nanowire formed from a threading 

dislocation. ........................................................................................................................ 45 

Figure 21. Transfer of GaN nanomembrane from sample to a TEM copper grid using a 

probe tip for TEM analysis. ............................................................................................... 46 

Figure 22. a) TEM and b) HRTEM images of the GaN nanomembrane. c) collected and d) 

expected diffraction patterns of the hexagonal crystal of GaN. ...................................... 47 

Figure 23. EDS spectrum of the nanomembrane suspended on the copper grid. ........... 48 

Figure 24. a) Optical image and b) 3D illustration of the nanomembrane after transfer 

onto sapphire substrate for subsequent optical characterization. c) The collected PL 

peak emission signal from the GaN nanomembrane and a typical GaN wafer. .............. 51 

Figure 25. a) Raman emission from GaN nanomembrane (red line) and a typical GaN 

wafer (black line). b) Depictions of the different permitted phonon modes within the 

current experimental configuration. ................................................................................ 52 

Figure 26. The collected Raman emission of the E2
H phonon mode from a GaN wafer, 

(blue circles) and from the exfoliated nanomembrane (red triangles). ........................... 54 

Figure 27. Qualitative representation of the potential energy (Φ) of a crystal as a 

function of the interatomic distance. The red and green curves represent the potential 

generated from repulsive and attractive forces between the crystal atoms. .................. 55 

Figure 28. Qualitative representation of the change of interatomic distance (r) due to an 

external applied force (F). ................................................................................................. 57 

Figure 29. A thin film under strain. ................................................................................... 58 

Figure 30. Bandgap selective etching of InGaN ................................................................ 59 

Figure 31. Effect of high indium concentration within the sacrificial layer on the 

exfoliated nanomembranes. Optical images of a) chattered and b) rolled 

nanomembranes. PL spectra of c) chattered and d) rolled nanomembrane samples 

before etching. The dashed circles denotes the original shape before etching. ............. 60 

Figure 32. Optical images of a) partially and b) completely etched nanomembranes with 

the right composition of InGaN. ....................................................................................... 61 

Figure 33. a) PL spectrum collected from a single GaN nanomembrane after applying 

several strains to the PDMS membrane. b) The measured peak PL emission from the 

GaN nanomembrane due to uniaxial stretching. ............................................................. 62 

Figure 34. COMSOL model of the nanomembrane stretching experiment consisting of a 

100 µm wide and 35 nm thick nanomembrane, attached to a 600 µm wide, 900 µm long 

and 40 µm thick PDMS being stretched along the x direction. ........................................ 63 

Figure 35. COMSOL simulation results of the strain generated within the PDMS along a) 

x and b) y axes. The PDMS was strained to 0.2 along the x (blue arrows) direction. ...... 64 



14 
 

Figure 36. COMSOL simulation results of the a) 𝜖𝑥𝑥 and b) 𝜖𝑦𝑦 strains generated within 

the nanomembrane. c) The relation between the applied strain within the PDMS and 

the generated strain within the nanomembranes. .......................................................... 65 

Figure 37. COMSOL simulation of the photoluminescence peak energy from the 

nanomembrane in response to PDMS strain .................................................................... 67 

Figure 38. a) Photoluminescence emission from GaN nanomembrane due to biaxial 

stretching of PDMS membrane. b) The extracted peak emission and FWHM of the 

membrane emission due to PDMS biaxial stretching. ...................................................... 68 

Figure 39. Demonstration of the maximum applied stress on the nanomembrane. ...... 69 

Figure 40. COMSOL simulation of the biaxial stretching of GaN nanomembrane/PDMS 

membrane system. ........................................................................................................... 70 

Figure 41.COMSOL simulation results of the a) 𝜖𝑥𝑥, b) 𝜖𝑦𝑦 and c) 𝜖𝑟𝑟 strains within the 

nanomembrane. d) Variation of the nanomembrane internal strains with respect to the 

strain within the PDMS membrane .................................................................................. 71 

Figure 42. Experimental (red circles) and COMSOL simulation (solid black line) of the 

change in the nanomembrane peak emission energy due to the PDMS strain. .............. 72 

Figure 43. Wrinkles forming within the nanomembranes due to compressive strains. .. 73 

Figure 44. a) AFM imaging and b) areal mapping of the photoluminescence peak 

emission energy of the wrinkles within the strained nanomembrane. ........................... 74 

Figure 45. a) 3d Illustration and b) optical image of the freely suspended GaN 

nanomembrane over a copper grid. ................................................................................. 76 

Figure 46. PL spectrum from a) 40 , b) 20 and c) 10 nm nanomembranes at increasing 

excitation intensities. ........................................................................................................ 77 

Figure 47. Surface topography of the GaN nanomembranes. ......................................... 78 

Figure 48. In-plane thermal conductivity of the nanomembrane versus its thickness (W)

........................................................................................................................................... 81 

Figure 49. Interference effects within the nanomembrane ............................................. 82 

Figure 50. Absorption (A), transmission (T) and reflection (R) coefficients as a function of 

the GaN nanomembrane thickness (W). .......................................................................... 83 

Figure 51. The generated non-uniform triangular mesh used to solve the heat equation 

within the nanomembrane. .............................................................................................. 86 

Figure 52. Simulated temperature profile due to laser heating within the 

nanomembrane. ............................................................................................................... 86 

Figure 53. Blue circles, red squares and violet triangles, represent the mean measured 

peak emission energy from the 40, 20 and 10 nm thick nanomembranes, respectively. 

The simulation results are presented by solid black lines. Inset plot is the simulated 

steady-state heat distribution across the nanomembrane. ............................................. 87 



15 
 

Figure 54. 3D illustration of a cell attached to a substrate and conformally covered with 

a GaN nanomembrane. The expanded region represents the excitation beam (dashed 

black arrow), which simulates both, spontaneous bandgap emission (blue arrows) and 

local heat energy which spontaneously diffuses away from the source (zigzagged 

arrows). ............................................................................................................................. 92 

Figure 55. a) COMSOL simulation model and b), c) and d) simulation results of the laser 

induced heating within the nanomembrane/cell system for the case of no gold, gold film 

and gold microdisc, respectively. ...................................................................................... 94 

Figure 56. Fabrication process of GaN nanomembranes with the attached Gold 

microdisc ........................................................................................................................... 97 

Figure 57. Fabricated nanomembranes with gold microdiscs. a) Optical microscope 

image of the GaN nanomembranes with the gold microdisc attached while resting on 

their original GaN substrate. b) Different set of nanomembranes dried with critical point 

dryer. c) Schematic of the nanomembrane with the gold microdisc sitting on its original 

substrate after chemical etching. d) AFM image of the gold microdisc, e) with the 

extracted height profile. ................................................................................................... 99 

Figure 58. Nanomembrane pickup Technique. .............................................................. 100 

Figure 59. Transferring process of nanomembranes. a) Optical image, b) schematic 

depiction and c) AFM image of a nanomembrane facing downward after being 

transferred to a foreign substrate. ................................................................................. 101 

Figure 60. False colored (a) SEM and (b,c,d) optical images of the nanomembranes after 

transfer to the cancer cells. ............................................................................................ 102 

Figure 61. PL emission from GaN nanomembrane attached to a cancer cell. ............... 104 

Figure 62. PL peak energy from different nanomembranes attached to different cells. 

The measured peak PL emission of the nanomembranes attached to two different 

groups of cancer cell lines (HeLa, MCF-7, SK-BR-3 and MDA-MB-231) due to laser 

induced heating at different pulse widths. ..................................................................... 105 

Figure 63. Optical images of nanomembranes in contact with a) PEEK, b) PMMA and c) 

water.  d) 3d illustration of the nanomembrane attached to a TEM grid with water at the 

bottom and the laser beam focused at the top.............................................................. 107 

Figure 64. Scatter diagram of the calculated thermal conductivity and diffusivity of HeLa 

(red), MCF-7 (green), SK-BR-3 (orange) and MDA-MB-231 (blue) cell lines. The gray 

curves correspond to the calculated latent variable (y’). ............................................... 108 

Figure 65. Histograms of the calculated values of c) the thermal diffusivity and d) 

conductivity for the two cell lines with the associated normal distribution fitting (black 

curves). ............................................................................................................................ 110 



16 
 

Figure 66. Jitter plot of y’, based on the performed multimodal logistic regression, 

indicating a large difference between cancer cell types as well as between different 

subtypes. ......................................................................................................................... 112 

Figure 67. Quasi-equilibrium band diagram for solar water splitting in the case a) n-type 

semiconductor anode or b) p-type semiconductor cathode. ......................................... 116 

Figure 68. Cross sectional SEM and 3d illustration of the InGaN/GaN NWs. ................. 118 

Figure 69. Illustration of the NWs sample a) before and b) after oblique angle deposition 

of metal contact. c) False colored cross section SEM image of the NWs after metal 

deposition showing the Gold/Nickel metal contact (top), the InGaN/GaN NWs and the 

underlying silicon substrate. ........................................................................................... 119 

Figure 70. a) Illustration of the NWs sample after being flipped and stick to Polyimide. b) 

Silicon was etched away by XeF2 and PDMS was used to insulate the metal layer from 

getting in contact with the electrolyte. c) False colored cross section SEM image of the 

NWs after flipping over the Polyimide film. ................................................................... 120 

Figure 71. a) Optical image and b) 3D illustration of the fabricated NW membrane 

photo-anode. .................................................................................................................. 121 

Figure 72. a) Unattached NWs membrane. b) Wrinkles occurring when the NWs 

membranes were unattached with the epoxy layer. ..................................................... 122 

Figure 73. PL emission from the sample before (red) and after (blue) fabrication of the 

photo-anode device. ....................................................................................................... 123 

Figure 74. Resonant Raman emission from the NWs before (red) and after (blue) photo-

anode fabrication. Shaded grey curves are Gaussian fitting of the Raman signal. ........ 124 

Figure 75. a) and b) Cross section TEM images of the NW membrane photo-anode. c) 

Elemental mapping using EELS of the structure. ............................................................ 125 

Figure 76. Collected EDS spectra from the InGaN (top-red) and GaN (bottom - purple) 

regions of the NWs. ........................................................................................................ 126 

Figure 77. Illustration of photocurrent measurement during water splitting. .............. 128 

Figure 78. Quasi-equilibrium band diagram of the different components of the water 

splitting experiment. ....................................................................................................... 129 

Figure 79 Measured current density profile from a) reference and b) NWs membrane 

samples under darkness (black) and illumination (red). The potential levels are 

measured versus the reversible hydrogen electrode (RHE) potentials. ......................... 131 

Figure 80 Measured current density response from the NWs membrane (black) and 

reference (red) to chopped illumination. ....................................................................... 132 

Figure 81. a) OCP response to illumination for the NWs membrane. b) Band diagram of 

the changes in OCP under illumination and dark settings. ............................................ 133 

Figure 82. OCP response to illumination for the NWs on silicon ................................... 134 



17 
 

Figure 83. Operation procedure of metal sputtering. .................................................... 140 

Figure 84. Operation procedure of electron beam evaporation .................................... 141 

Figure 85. Oblique deposition of gold using an electron beam evaporator................... 142 

Figure 86. ICP-RIE etching ............................................................................................... 143 

Figure 87. Illustration diagram of the opto-mechanical system used to measure strain 

dependent PL spectrum from the nanomembranes. ..................................................... 146 

Figure 88. Optical image of the opto-mechanical setup used to measure strain 

dependent optical properties from the nanomembranes. ............................................ 147 

Figure 89. Biaxial stretching setup for generating biaxial tensile or compressive strains 

within the nanomembranes. .......................................................................................... 148 

Figure 90. Experimental setup of measuring nanomembrane photoluminescence ...... 149 

Figure 91. Laser flash analysis technique for measuring thermal diffusivity. ................ 151 

Figure 92. a) Designed and b) fabricated liquid container for thermal diffusivity 

measurement. ................................................................................................................. 152 

Figure 93. Operation procedure of an atomic force microscope. .................................. 153 

Figure 94. Three electrode, electrochemical measurement of photocurrent. .............. 155 

Figure 95. Electrochemical setup for preparing GaN nanomembrane and porous GaN.

......................................................................................................................................... 156 

 

  



18 
 

LIST OF TABLES 
 

Table 1. Mechanical properties of GaN and PDMS used in the simulation ...................... 63 

Table 2. Definition of air constants. .................................................................................. 85 

Table 3. The different cell lines used in this study.......................................................... 105 

Table 4. Thermal properties of selected materials ......................................................... 106 

Table 5. Adjusted p-values calculated based on Tukey's honest significance test......... 111 

 

 

 

 

 

 

 

 

 

 

 

 

 



19 
 

Chapter 1: Introduction 

 

1.1 Semiconductor Nanomembranes 

In the past few decades, nanotechnology became one of the main research 

categories in science and engineering. Originally, it was mainly defined as the direct 

manipulation of atoms, or molecules, for the synthesis of macroscopic devices with novel 

characteristics.[1] The origin of this definition is traced back to a talk given by the Physics 

Nobel laureate, Richard Feynman, entitled “There’s plenty of room at the bottom” in 

1959, in which he discussed the possibility of building tiny (nano-sized) machines by 

directly manipulating atoms.[2] According to the national nanotechnology initiative, the 

current definition of nanotechnology is the manipulation of matter with at least one 

dimension sized from 1 to 100 nanometers.[3] The upper limit, 100 nm, is an approximate 

length scale under which a whole new set of phenomena start being manifested which 

gives the nanomaterials distinctively different characteristics than their bulk or even 

micro-sized counterparts. These nanoscale characteristics of nanomaterials usually 

appear due to two main reasons. First, the dimension of the material is comparable to 

the wavelength of the particles’ wavefunctions and thus quantum mechanical effects, 

such as wave function confinement, tunneling, etc., dominate the nanostructures 

characteristics. Second, the increased surface to volume ratio causes all the surface 

effects, which are insignificant in the bulk, to become a main role player in determining 

the physical properties of these nanostructures. 
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Nanomaterials can be classified into three different categories, based on the 

number of dimensions that are less than 100 nm; 2D, as free-standing nanomembranes 

(NMs) and quantum wells (QWs), 1D, as nanowires (NWs), and 0D, as quantum dots (QDs) 

(Figure 1).  

 

Figure 1. a) nanomembrane (2D), b) nanowire (1D) and c) quantum dot (0D) 

nanostructures. 

Early work with nanomaterials was concerned with 0D structures; basically 

cadmium-based nanocrystals[4] and spherical fullerenes[5]. Later, after the discovery of 

carbon nanotubes in 1991, the work was extended to 1D structures.[6] While researches 

in 2D structures date back to early 1970,[7] recent advances in 2D growth reactors allowed 

extensive researches in 2D semiconductor quantum wells. Contrary to these quantum 

wells, which are 2D layers embedded in a bulk crystal, nanomembranes are free-standing 

2D nanostructures with thicknesses less than few hundreds of nanometers and lateral 

dimensions at least two orders of magnitude (Figure 2). These features cause 

nanomembranes to exhibit specific properties that are appealing to several technologies. 

For instance, being free-standing, allows them to be externally manipulated and 
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transferred to different substrates which is interesting for optoelectronic integration, and 

microfluidic biomedical applications. [8, 9] Also, materials in the nanomembrane form can 

become up to 1012 more flexible than their bulk counterparts.[10] Because of these high 

flexibilities, their electronic and optical properties can be modulated through externally 

induced mechanical deformations. Nanomembranes can also be rolled up into 3D 

structures, by engineering the internal strain, to form nanotubes.[11]  

 

Figure 2. Illustration of the definitive features of semiconductor nanomembranes. 

This property in particular, makes nanomembrane structures an exciting platform 

for implantable flexible bio-electronic devices.[12] Furthermore, being less than 100 nm, 

causes the manifestation of quantum mechanics such as electronic, photon and phonon 

confinement which is interesting for low threshold laser fabrications and thermal 

engineering.[13] Also, because of the increased surface to volume ratio, their optical and 

electronic properties are highly dependent on surface states and reactions.[14] Due to 

these properties, there has been a lot of interest in developing several applications based 

on nanomembrane. For example, silicon nanomembranes are used in stretchable 

< 100 nm

> 1 µm

Free-standing



22 
 

electronics and thermoelectrics. [15, 16] Group III–phosphide and arsenide 

nanomembranes are employed to develop rolled photodiodes, photonics crystals and 

vertical cavity surface emitting lasers. [17-19] As versatile as these nanomembranes are, 

they suffer from serious drawbacks due to the semiconducting materials from which the 

nanomembranes are fabricated. For instance, silicon is an indirect bandgap material with 

an inefficient optical emission. Furthermore, silicon easily oxidizes which highly impacts 

the performance of nanomembranes, especially when they are thin enough that the oxide 

layer highly affects the electrical properties of the nanomembranes. [20] III-phosphide and 

arsenide on the other hand only emit in the red/infrared regime and therefore do not 

cover the whole visible spectrum. Finally, III-arsenide nanomembranes are not 

biocompatible since Arsenic is extremely toxic. III-nitride nanomembranes on the other 

hand do not suffer from these drawbacks, as further discussed in the next section, and 

therefore, in this thesis, we focus on III-nitride nanomembranes. 

1.2 III-Nitrides Semiconductor 

 Since the first demonstration of Indium gallium nitride (InGaN) based blue light 

emitting diodes (LEDs) by Shuji Nakamura, there has been tremendous scientific and 

technological interest in III-nitride semiconductors.[21] The researches nearly covered 

every aspect related to the semiconductor system, ranging across the physics and 

material properties, device fabrication and characterization and system integration. 

Currently III-nitride based devices, have found their way into several staggering 

technologies, including solid-state lighting, high density optical data storage and high 
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power electronics and laser based projectors.[22] These applications were possible due to 

the unique properties of III-nitride semiconductors described below. 

InGaN semiconductor has a tunable direct bandgap:[23] A direct bandgap allows 

both energy and momentum to be conserved when a photon is emitted upon electron-

hole recombination. Therefore, a phonon is not generated which increases the optical 

efficiency of the materials. Furthermore, InGaN emission wavelength covers the whole 

visible spectrum from the infrared light emitting indium nitride (InN) (0.7 eV – 1771 nm) 

to the ultraviolet (UV) light emitting gallium nitride (GaN) (3.4 eV – 365 nm) and therefore, 

based on the application, the emission bandgap can be tuned for optimum efficiency 

(Figure 3).[24] Taking advantage of these optical properties, solid state lighting became one 

of the main applications based on III-nitride semiconductors where they are expected to 

replace the inefficient incandescent light bulb.[25] While other alternatives such as 

fluorescent tubes and halogen bulbs are available, they are environmentally hazardous 

and require high operating powers, respectively.[26] By properly growing InGaN devices, 

their optical emissions can be engineered to allow the production of efficient light 

emitting diodes (LED). Besides solid state lighting, InGaN semiconductor devices allowed 

the production of high storage capacity Blu-ray disks which incorporate a violet emitted 

InGaN LEDs in the reader/writer optical head. [27, 28] 
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Figure 3. Bandgap emission energy versus lattice constants for aluminum nitride (AlN), 

GaN and InN semiconductors.  

GaN semiconductor is biocompatible: As demonstrated by studying cells adhering 

to GaN surface and assessing its toxicity, GaN surfaces did not interfere with cellular 

growth. [29] Furthermore, peptide functionalized GaN promoted cell spreading and 

growth. Such results lend themselves nicely to the development of GaN based in vitro and 

in vivo applications. While, there is currently no biological application relying on these 

properties, a whole section in this thesis is devoted to demonstrating such an application.  

InGaN energy bands straddle water-splitting redox levels: InGaN conduction band 

is energetically higher than the hydrogen reduction half reaction and its valence band is 

lower than the water oxidation half reaction. Therefore, after proper design, carriers can 

drift across the reaction interfaces without externally applying a potential bias which 

allows unassisted water splitting reaction to occur. [30] Furthermore, due to its tunable 

bandgap, InGaN absorption can be optimized to maximize solar absorption while 

maintaining proper energetics for efficient solar water splitting.[31, 32] 
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1.3 III-Nitrides Membranes 

Combining the superior properties of III -nitride semiconductors, with the features 

of membranes, it was no wonder that several groups started demonstrating novel ways 

of preparing III-nitride nanomembranes. Several materials, such as molybdenum 

disulfide, boron nitride and graphene have layer crystal structures and thus, these layers 

can be exfoliated by means of chemical or mechanical techniques.[33-35] GaN on the other 

hand has a wurtzite crystal lattice having no layered structure. Therefore, a common way 

to form a GaN nanomembranes is to grow them over a sacrificial layer. Then using the 

appropriate chemicals and experimental conditions, this layer gets selectively etched 

away causing the successful release of the nanomembrane. For instance, Mei et al., 

prepared GaN nanomembrane through epitaxial growth over silicon with subsequent 

etching in nitric and hydrofluoric acids.[36] Stonas et al. also developed a technique of 

preparing GaN nanomembranes through growing a layer of GaN over InGaN which then 

gets etched away using a bandgap selective etching technique.[37] Park et al. employed a 

similar technique but an n-doped GaN layer of GaN was sacrificially grown under p-doped 

GaN nanomembrane and a doping selective photo-electroless chemical etching technique 

was used to etch away the n-doped layer.[38] While the previously described exfoliation 

techniques of GaN NMs relied on the selective etching of a sacrificial layer (Si, p-GaN, 

InGaN), Yerino et al., demonstrated a technique of exfoliating GaN nanomembranes 

without using a sacrificial layer of different composition.[39] The process relied on forming 

undersurface buried cavities through anodic electrochemical etching with a varying 

potential bias. Subsequent annealing in nitrogen/ammonia causes the cavities to merge 
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together which allows the surface to get released. Lastly, a different technique, 

demonstrated by Tiginyanu et al., relied on charging the surface of a GaN wafer through 

argon ion bombardment to make the surface layer resistant to electroless etching.[40] 

While the vast majority of the research reports, related to III-nitride 

nanomembranes, are focused on demonstrating different preparation techniques, much 

less reports focus on developing applications. Throughout literature, there exists only few 

reports on devices based on III-nitride nanomembranes; successful demonstration of a 

GaN field effect transistor nanomembrane, an InGaN/GaN blue LED nanomembrane, a 

GaN super capacitor electrode nanomembranes and a high electron mobility transistor 

nanomembrane. [41, 42] These researches exploit the low flexural rigidity of 

nanomembranes to fabricate ultra-flexible devices. III-nitride nanomembranes however 

still have a plethora of unique properties that were not utilized into any applications. In 

our point of view, the main reason why nanomembranes are not as common as nanowires 

or quantum dots is the fact that nanomembranes are freely suspended while nanowires 

and quantum dots are attached, or embedded into a bulk crystal. Therefore, 

nanomembranes require special techniques to release them from their original crystal. 

Furthermore, during device fabrication, which often requires spin coating and rinsing 

steps, nanomembranes need to be properly handled and transferred to other substrates. 

Finally, during operation, nanomembranes need to be properly attached for efficient 

probing. In this thesis, we demonstrate the versatility of nanomembranes for different 
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applications: Thermal biosensor nanomembranes and photo-anode membrane for solar 

hydrogen generation. 

1.4 Thesis Outline 

We focus on the preparation of novel III-nitride membranes and their diverse 

applications. In the next chapter, we present a novel technique to exfoliate ultra-thin GaN 

nanomembranes based on modifying kinetics during epitaxial growth of GaN with 

subsequent ultraviolet assisted electroless chemical etching. Upon characterization, we 

demonstrate how the non-radiative, threading-dislocation cores of these 

nanomembranes are etched away during the exfoliation process. In chapter 3, we then 

focus on characterizing these nanomembranes where we perform a plethora of optical, 

mechanical and thermal characterization techniques to further understand the effect of 

reduced dimensionality of the nanomembranes on their internal carrier dynamics. In 

chapter 4, we employ these modifications of their carrier dynamics to develop a novel 

biosensor able to measure thermal properties of living cells. We also demonstrate how 

nanomembranes, due to the reduction in their flexural rigidity, are able to conformally 

adhere to living cells. In chapter 5, we demonstrate how nanomembranes can be merged 

with InGaN nanowires to develop nanowire membranes with properties inherited from 

the two parent nanostructures. We then employ these nanowire membranes to develop 

membrane photo-anodes for solar hydrogen generation. Finally, in chapter 6, we propose 

possible future directions for further improving the properties of these membrane 

structures as well as possible future applications that can benefit from the novel 
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properties of III-nitride membranes. By the end of this thesis, we hope that we have 

demonstrated to the reader the potential lying within these III-nitride membranes and 

their applicability in several sensing and energy technologies.  
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Chapter 2: Chemical Exfoliation of GaN Nanomembranes 

As previously described, III-nitride nanomembranes are of increasing interest 

within the research community and have huge unexplored technological potential. 

Therefore, we demonstrate a novel technique of exfoliating GaN nanomembranes based 

on depth variation of the gallium vacancies (𝑉𝐺𝑎) density within the crystal with 

subsequent UV assisted electroless chemical etching. The exfoliation technique produced 

nanomembranes with the core of their threading dislocations etched away. With the aid 

of several electron microscopy techniques, detailed explanation of the exfoliation process 

will be discussed. In the next chapter, different characterization techniques will be 

employed to study the different properties of the nanomembranes. 

2.1. Exfoliation Model 

 The UV-assisted electroless etching of n-GaN in HF based electrolyte 

(CH3OH: H2O2: HF) depends on the presence of a surface charge region (SCR) at the n-

GaN/electrolyte interface which arises due to GaN surface Fermi-level  equilibrium with 

the electrochemical potential of the electrolyte.[43] Figure 4 shows the energy levels of an 

n-doped semiconductor and an electrolyte solution prior to contact. The semiconductor 

is characterized by its electron affinity (χsc), ionization energy (Isc) and work function (Φsc) 

which describe the positions of conduction band edge (Ec), Fermi level (EFSC) and valence 

band edge (Ev), respectively.  The electrolyte on the other hand is characterized by its 

oxidant (Wox) and reductant (Wred) energy levels which in turn dictate the position of its 

electrochemical potential (μ̃).  
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Figure 4. Energy levels within n-type semiconductor and an electrolyte solution prior to 

contact. 

Once the semiconductor and electrolyte get in contact, charge transfer takes 

place. When the semiconductor fermi level is higher than the electrochemical potential 

of the electrolyte, as is usually the case for n-doped semiconductors, electrons 

spontaneously are transferred from the high energy conduction band minimum to the 

lower energy oxidants within the electrolyte (Figure 5). [43] As this process continues, the 

fermi level keeps moving downward. 

  

Figure 5. Energy levels after contact prior to equilibrium. 
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 The depletion of electrons from the surface region of the semiconductor causes 

an upward bending in the semiconductor conduction and valence bands (Figure 6). This 

SCR is characterized by a surface electric field (ESCR). 

    

Figure 6. Energy level after thermal equilibrium is reached. 

Once an incident photon with energy higher than the bandgap energy is absorbed by a 

valence band electron, it get excited to the conduction band. If the photo-carriers are 

excited up to the hole diffusion length away from the SCR, the holes may diffuse to the 

SCR where they drift under the effect of the surface electric fields to the 

semiconductor/electrolyte interface. 

   

Figure 7. Energy levels during above bandgap photon absorption. 
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Therefore where n-doped GaN is immersed in a hydrofluoric acid based etchant and 

illuminated by an above bandgap radiation, these photo-generated holes get localized at 

the surface bonds where they take part in the oxidation of gallium nitride into gallium 

oxide (Ga2O3) based on the following reaction: [44, 45] 

2GaN(s)  + 6h+ + 3H2O(l) → Ga2O3(s) + 6H+(aq) + N2(g).                                     (1) 

After oxidation of GaN, Ga2O3 is then etched away by HF. Decreasing the surface band 

bending decreases the photo-generated holes’ drift to the surface and thus slows down, 

and potentially stops, the oxidation reaction. A possible way of decreasing the surface 

band bending is through decreasing the n-dopant concentration or adding p-dopants 

which compensate the n-doping. N-doping compensation can also be achieved through 

increasing the concentration of gallium vacancy defects (VGa) which behave like deep 

acceptors (hence p-dopants).[46] Consequently, regions having higher VGa densities will 

etch slower than regions with lower VGa densities under the same conditions. [40]  

Increasing the density of VGa can be achieved through epitaxially growing the GaN 

crystal at lower temperatures. During epitaxial growth of a semiconductor crystal, such 

as GaN, an adatom first gets in contact with the growth surface at a random position 

(Figure 8a). Even though there is a low energy vacant site for the adatom to occupy, it 

needs first to overcome the crystal potential which are local high potential energy sites. 

(Figure 8b). If epitaxial growth is carried out at high enough temperature, i.e. the adatoms 

have enough thermal energy (dashed horizontal line in Figure 8c) to overcome the energy 

barriers, there is a high chance for adatoms to occupy the low energy vacant position and 
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a high quality crystal is grown. [47] The growth is said to be carried under 

thermodynamically controlled conditions.  

  

Figure 8. An abstract crystal during epitaxial growth showing an adatom a) before and b) 

after contacting the crystal surface. The blue curve illustrates the local potential energy 

felt by the adatom. Figures c) and d) demonstrates the cases when the epitaxial growth is 

carried at high or at low temperatures, respectively. The dashed line represents the total 

energy acquired by the adatom. 
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If the growth is carried at low temperature, the thermal energy of the adatoms is not 

enough to overcome the crystal potential and the adatom’s diffusion is limited which 

leaves the vacant site unpopulated and leads the formation of a vacancy defect. [48] In this 

case, the growth is carried under kinetically controlled conditions (Figure 8d). High quality 

GaN crystals are grown at a high temperature (HT-GaN) (1050-1075 °C) with low VGa 

density, while a low temperature growth (LT-GaN) leads to the formation of a low quality 

GaN with a high VGa density in a hydride vapor phase epitaxy (HVPE) reactor. Interestingly, 

concurrent to the increase in the VGa density, at low temperatures, there is a reduction 

in Ga incorporation on the  {101̅1} planes in comparison with the (0001) surface causing 

the Ga adatoms to get incorporated away from the threading dislocation (TD) 

terminations on the (0001) surface.[49, 50] Therefore, growing HT-GaN followed by LT-GaN 

would form a top layer that is high in VGa density as well as containing voids in places of 

TDs (Figure 9). 

  

Figure 9. HT-GaN capped with LT-GaN showing the threading dislocation core. 
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Once this structure is etched, based on the described etching mechanism, the top 

LT-GaN will be more resistant to etchant and the lower HT-GaN will be etched first. As the 

etching proceeds, the HT-GaN will be sacrificially etched away leaving behind an 

exfoliated, free-standing nanomembrane formed from the LT-GaN. 

2.2. Experimental Setup 

 The GaN wafers consisted of 30 µm of silicon (Si) doped (~1018 cm-3) c-plane 

oriented GaN grown using HVPE technique on a sapphire substrate. The wafers had an 

average TD density of 108 cm-2. During the top 20-30 nm GaN, a decrease in growth 

temperature lead the formation of LT-GaN.  

 

Figure 10. The experimental setup of UV-assisted electroless chemical etching for the 

exfoliation of the GaN nanomembranes. (Further elaboration in APPENDIX C) 

The GaN wafers were cleaved into 1 cm2 pieces which were later degreased in 

acetone and isopropanol alcohol (IPA) and finally cleaned in hot HNO3 (65°C). Using a 

metal sputtering system (detailed description in APPENDIX A), a thin layer of platinum 
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(150 nm) was deposited on the side of the samples to act as a cathode. The samples were 

then placed in a bath containing CH3OH : H2O2(35%) : HF(48%) with the top surface (c-

plane) in contact with the solution (Figure 10). A fused silica lens was used to focus 

ultraviolet (UV) radiation, emanating from a 200 W mercury (Hg) arc lamp, onto the 

sample surface. Once the desired etching period was reached, the samples were cleaned 

by dipping and rinsing in IPA and then dried using a critical point dryer (CPD). 

2.3. Exfoliation Process 

As described earlier, the exfoliation process of the nanomembrane originated 

from growth temperature fluctuations within the top layer of the crystal which formed 

an etch resistant top layer due to the increased VGa density. Since the top layer was less 

n-type than the bottom, etching proceeded faster at regions of lower VGa, which were the 

terminations of threading dislocations on the (0001).  

 

Figure 11.a) Top view SEM image of the nucleated surface etch pores. b) Cross sectional 

SEM micrograph of a surface pore with a young pore domain forming underneath it. The 

boundaries of the pore domain are marked in black. 
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Therefore, etch pits started nucleating on the surface at these regions (Figure 

11a). A young cavity like structure, or a pore domain, [51, 52]  started forming when the 

etching process proceeded along the [0001̅] crystallographic direction (hashed arrow in 

Figure 11b). After the surface pore penetrated deep enough through the GaN crystal 

(around the thickness of LT-GaN), the etching mechanism proceeded laterally [53] (yellow 

horizontal arrows in Figure 12) which caused the formation of localized nanomembranes. 

As the etching proceeded, secondary pores started nucleating which themselves 

proceeded along the [0001̅] crystallographic direction. The presence of these two etching 

mechanisms (horizontal and vertical) allowed the pore domains to grow in volume leading 

to the exfoliation of larger areas of the nanomembranes. Since the pores were only 

embedded tens of nanometers below the surface, enough UV photons could reach them 

allowing the UV assisted etching to proceed. 

    

Figure 12. Bird view of cross sectional SEM micrograph of 2 pore domains. 

Imaging the surface using high energy electrons (6 kV) in SEM (Figure 13a) enabled 

the pore domains, embedded underneath the surface layer, to become visible. Three 
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observations are to be made from this image. First, the pore domains were centered 

around the surface etch pit which demonstrated that the lateral etching is isotropic. 

Secondly, the boundaries of the pore domains showed dendrite formations that are 

randomly oriented demonstrating that the etching was not based on lateral 

crystallographic orientations. Finally, and probably most interesting, it appears that the 

pore domains were trying to extend laterally without merging leading to the formation of 

domain walls. In order to shed light on the formation mechanism of these domain walls, 

we analyze the etching mechanism once again. For a thick semiconductor structure (width 

> SCR) the surface bands are bended, due to surface charge transfer as described earlier, 

which allowed for an efficient separation of the photo-generated electron hole pair 

(Figure 13b). The holes therefore could drift to either of the surfaces where they took part 

in the etching mechanism. As the etching proceeds, the semiconductor nanostructure 

became thinner. Since the surface electric fields within the SCR were pointing outward 

(away from the semiconductor) once two SCRs from opposite sides started interacting, 

their electric fields canceled each other and the band bending weakened (Figure 13c). The 

photogenerated carriers were thus not efficiently separated and could easily recombine 

which decreased the hole density on the surface leading to the slowing down of the 

etching mechanism. In order for the etching to proceed the photogenerated carrier 

density, had to increase. Indeed increasing the light intensity generated enough holes to 

counter act the decreasing surface electric fields and the domain walls got etched away. 
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Figure 13. Formation of domain walls during the etching of sacrificial GaN. A) Top SEM 

image of pore domains and walls. Schematic images of band diagram during b) thick 

(W>SCR) and thin (W<SCR) semiconductor etching. 

  Interestingly, even after the pore domains were merged, their patterns are still 

observed. In Figure 14, we performed ultrasound sonication on the sample in water bath 

which caused the top layer, nanomembrane, to get chattered. We could observe the pore 

domains and the remnants of the domain walls. 
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Figure 14. SEM image of the pore domains after removal of the top nanomembrane. 

After the merging of pore domains, the top layer was freely suspended leading the 

formation of 20-30 nm thick GaN nanomembrane resting on top of porous GaN (Figure 

15). The sample wass then dried in CPD with liquid carbon dioxide to prevent the 

nanomembrane from collapsing downward, under the effect of water tension, and 

sticking to the porous GaN. 

 

Figure 15. Cross sectional SEM view of the nanomembrane forming over the porous GaN 
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Since the surface energy bands of the LT-GaN were still slightly bended, the LT-

GaN was not totally resistant to UV assisted etchant. Therefore, regions of different VGa 

compositions will etch at a different rates: the higher the density of VGa the slower the 

etching rate. This is observed in the SEM images of Figure 16 where the nanomembrane 

got over etched. We see regions where the nanomembranes got porous and then 

completely etched away till only small micron sized pieces were remaining. Therefore, 

while the technique could potentially exfoliated large nanomembrane areas, the lateral 

dimension of the exfoliated nanomembranes was highly impacted by compositional 

variation within VGa within the top layer. 

 

Figure 16. SEM images of the nanomembrane after over-etching. 
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When a normal GaN wafer (without the LT-GaN) is etched using the previous 

technique, only porous GaN is be formed (Figure 17c). Interestingly, nanowires, or 

whiskers, are known to form during the UV-assisted electroless etching from threading 

dislocations. Since threading dislocations offered fast (nonradiative) recombination 

channels for the electron hole pairs, they depleted the hole density surrounding them 

and thus, regions in their locality (a surrounding cylinder) were not etched away leading 

to the formation of nanowires (Figure 17a and b). [54]  

 

Figure 17 a) SEM image of porous GaN with GaN nanowires. b) and c) are cross sectional 

SEM images of nanowires and porous GaN, respectively. 

Through careful examination of the SEM images of the nanomembranes, we can 

observe the tips of the nanowires just below the etch pits through the nanomembranes 

(Figure 18a). Since these nanowires were formed from threading dislocations, this 

demonstrates that the nanomembranes’ etch pits indeed nucleated at the ending of 

threading dislocations. Interestingly, when the sample was left to dry, without CPD, the 
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nanomembrane collapsed downward due to water surface tension and the nanowires 

protruded through the nanomembrane (Figure 18b, c and d). 

 

Figure 18 a), b), c) Bird view and d) cross sectional SEM images of nanowires protruding 

through GaN nanomembrane 

2.4. TEM Analysis 

In order to provide more direct evidence on the correlation between the positions 

of threading dislocations and surface etch pits within the nanomembranes, we performed 

cross sectional transmission electron microcopy (TEM). A sample was prepared as 
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platinum on the top to prevent the top nanomembrane from being damaged during the 
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forced ion beam (FIB) milling. After the cross sectional sample was prepared, it was 

mounted on a TEM holder and then imaged. The cross sectional TEM image, presented in 

Figure 19a, clearly shows a pore domain centered around a threading dislocation. Since, 

as presented earlier, the pore domains were centered on the surface etch pits, this 

conclusively demonstrates that the surface etch pits nucleated at the surface 

terminations of threading dislocations. Based on the TEM images of the nanomembrane 

(Figure 19b), their thickness is around 25 nm. 

 

Figure 19. Cross sectional TEM image of a) a pore domain centered on a threading 

dislocation and b) the GaN nanomembrane (25 nm thickness). 
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porous GaN. In the middle of the pore domain, runs a nanowire, formed from the 

threading dislocation, and protrudes through the GaN nanomembrane. 

 

Figure 20. Schematic image depicting a nanomembrane resting on top of a pore domain 

which encompasses porous GaN as well as a nanowire formed from a threading 

dislocation. 

In order to perform further TEM characterization, the nanomembrane needed to 

be transferred to a TEM grid.  Polymer based transfer techniques, such as transfer 

printing, could successfully transfer the nanomembrane to the TEM grid. However, since 

the nanomembrane was resting on porous GaN, it would also get transfer onto the TEM 

grid which would contaminate the sample and rendered the TEM imaging more 

challenging. Therefore, a probe tip was used to pick up the GaN nanomembrane from the 

GaN sample (Figure 21a).  The nanomembrane was then carefully placed onto a copper 

grid, containing a thin lacey film of carbon (Figure 21b and c). Due to the large surface to 

volume ratio of the nanomembrane, it can easily fly off with slight air current. To prevent 
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such a scenario, a drop of water was placed on top of the copper grid and left to dry. Upon 

drying, the water surface tension caused the nanomembrane to collapse and stick to the 

sample (Figure 21d).  The copper grid was then placed onto a TEM sample holder which 

was then inserted inside the TEM for imaging. 

 

Figure 21. Transfer of GaN nanomembrane from sample to a TEM copper grid using a 

probe tip for TEM analysis. 

The TEM image of the nanomembrane is presented in Figure 22a, which shows 

the nanomembrane resting on the carbon film. After careful alignment of the crystal’s c-

axis to the imaging electron beam, the high resolution TEM (HRTEM) of the 

nanomembrane’s crystal was collected (Figure 22b).  The hexagonal crystal of GaN is 
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clearly observed which demonstrates that the nanomembrane was formed from 

crystalline GaN and not amorphous. In order to calculate the lattice constant of the 

nanomembrane’s crystal, the electron diffraction pattern, formed from the diffraction of 

electrons passing through the nanomembrane’s crystal, was collected (Figure 22c). The 

distance between the (101̅0), (01̅10) and (1̅100) diffraction spots and the center (red 

arrows in Figure 22d) gave an average inter planner distance of 2.738 Å which was close 

to the tabulated data for the unstrained GaN.  

 

Figure 22. a) TEM and b) HRTEM images of the GaN nanomembrane. c) collected and d) 

expected diffraction patterns of the hexagonal crystal of GaN. 
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The energy dispersive X-ray (EDS) spectrum from the GaN nanomembrane 

revealed no peaks other than nitrogen, fluorine and gallium (Figure 23). The fluorine peak 

originated from residual fluoride halogens that tied up with the Ga dangling bonds at the 

surface during exposure to HF.[55] 

 

Figure 23. EDS spectrum of the nanomembrane suspended on the copper grid. 

2.5. Conclusion 

We have successfully demonstrated, the exfoliation of a freely suspended, single 

crystalline GaN nanomembrane through UV-assisted electroless etching, from a HVPE 

grown GaN wafer having a 108cm−2 TD density. An unintended growth temperature 

fluctuation is believed to have occurred which rendered the top surface of the GaN wafer, 

except regions of TD termination, more resistant towards the etching process. We 

proposed a model to explain the formation process of the TD free nanomembranes. 
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Presented SEM and TEM images as well as EDS and μPL measurements supported the 

proposed model and demonstrated the complete exfoliation procedure of the 

nanomembranes. The process could be further engineered in terms of varying the growth 

conditions of the LT-GaN (thickness, temperature and doping concentration) in order to 

exfoliate nanomembranes of different thicknesses and areas. Moreover, chemical 

compositions, GaN surface preparation and radiation intensities could be optimized to 

further control the exfoliation process. In the next chapter we study the unique properties 

of these nanomembranes through optical, mechanical and thermal characterization. 
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Chapter 3: Physical Characterization. 

After demonstrating the novel exfoliation technique of nanomembranes, we now 

move to their characterization. As previously described, once nanomembranes 

thicknesses become comparable with the length scale of important physical processes, 

many of the nanomembrane properties start deviating from their bulk and micron 

counter parts. Therefore, this chapter is dedicated to studying the physical properties of 

different types of nanomembranes and correlating these properties to the underlying 

physics phenomena. The optical, mechanical and thermal properties will be characterized 

and analyzed for the nanomembranes. 

3.1. Optical Characterization 

Due to the extremely small quantity of matter within the nanomembrane, 

compared to the bulk substrate it is resting on, it is not possible to optically excite the 

nanomembrane without exciting its underlying substrate. This is further exacerbated by 

the fact that the penetration depth of 325 nm laser within GaN is around 80 nm 

(nanomembrane thickness is only 25 nm) and thus a considerable amount of the 

excitation beam will be transmitted through the nanomembrane and absorbed within the 

underlying bulk. Therefore, the nanomembrane was first mechanically transferred to a 

sapphire substrate (bandgap energy = 9.9 eV) before measuring its photoluminescence 

(Figure 24a). A 325 nm laser beam, from a He-Cd laser source, was then focused onto the 

nanomembrane through a 40X objective lens, as schematically depicted in Figure 24b. 

The collected photoluminescence was then scattered by a diffraction grating onto a CCD 
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camera for measurement. Figure 24c shows the normalized photoluminescence collected 

from the nanomembrane (blue) and from a typical GaN wafer under the same excitation 

conditions. While both photoluminescence spectra peaked at around 3.4 eV, which is the 

characteristic band to band transition in GaN, only the nanomembrane demonstrated a 

higher relative emission below 2.4 eV (Yellow luminescence). This emission range was 

ascribed to gallium vacancies mediated optical recombination within GaN. [56] This was 

expected since the nanomembrane is supposed to have an increase in gallium vacancy 

density as compared to bulk structure. 

 

Figure 24. a) Optical image and b) 3D illustration of the nanomembrane after transfer 

onto sapphire substrate for subsequent optical characterization. c) The collected PL peak 

emission signal from the GaN nanomembrane and a typical GaN wafer. 
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Since the GaN wafers, used in this study, are epitaxially grown on sapphire 

substrate, which had a different lattice constant and a different thermal expansion 

coefficient, the GaN layers were biaxially strained. This strain within the GaN layers often 

leads to a decrease in device efficiencies due to the nucleation of threading dislocations.  

 

Figure 25. a) Raman emission from GaN nanomembrane (red line) and a typical GaN wafer 

(black line). b) Depictions of the different permitted phonon modes within the current 

experimental configuration. 
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Freely suspended nanomembranes have higher degrees of freedom to relax their 

internal strain and thus, we next performed Raman measurements to probe the 

remaining strain within the nanomembranes. A 473 nm laser beam, from a diode pumped 

solid state (DPSS) laser, was focused through the objective lens onto the nanomembrane 

and the Raman signal collected back through the same objective lens. While the exciting 

beam was polarized (along an arbitrary axis x), no polarizers were placed in the collected 

beam path. Therefore, the first order Raman signal was collected under the z(x, x + y)𝑧̅ 

scattering configuration. Therefore, the E2
H, E2

L, the high and low frequency branches of 

E2, respectively, and A1(LO) were the only allowed phonon vibrational modes (depicted 

in Figure 25b) within the current measurement configuration (red spectrum in Figure 

25a). However, since the nanomembrane was extremely thin, compared to penetration 

depth of 473 nm within GaN, the absorbed, and thus the emitted, radiation intensity was 

quite low, therefore, for the rest of the study, we only focus on the E2
H phonon mode, 

which had high enough intensity for a reliable analysis. Figure 25a also includes the Raman 

emission from the original GaN wafer (black spectrum) under the same configuration.  
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Figure 26. The collected Raman emission of the E2
H phonon mode from a GaN wafer, (blue 

circles) and from the exfoliated nanomembrane (red triangles).  

Since the atomic vibration within the E2
H phonon mode are lateral, as depicted in 

Figure 25b, this mode is highly dependent on the lateral biaxial strain within the 

nanomembrane’s GaN crystal. While the peak signal (570 cm−1) from the GaN wafer was 

red shifted to higher vibrational frequencies from the zero strain line (568 cm−1)[57], due 

to the residual compressive strain, the nanomembrane Raman signal peaked at 567.7 

cm−1 which demonstrated a clear strain relaxation within the nanomembrane’s crystal 

after the exfoliation process. 

3.2. Mechanical Characterization 

III-nitride materials have properties that make them extremely appealing to a 

range of applications. Their large bandgap of 3.4 eV, extremely high breakdown field of 

3.3 MV/cm and direct bandgap tenability from UV to IR, made III-nitride the key players 

in UV light emitters, high electron mobility transistors (HEMTs) for high power electronics,  

and visible LEDs for solid state lighting and display technologies. [58, 59] Most of these 

applications, do not pose certain requirements on III-nitride mechanical properties other 

than they must be strong enough to endure the operating conditions of these devices. 

Other applications on the other hand, such as flexible displays, conformal biosensors or 

piezoelectricity generation, require “soft” materials, that can be stretched, bended and 

buckled.[12, 42, 60] While bulk III-nitride structures would not be the prior candidate to these 

applications, III-nitride nanomembranes can easily fit the requirements. It is therefore 
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empirical to study the effect of the novel mechanical properties of these nanomembranes 

on their optical properties to fully appreciate the new opportunities they bring to III-

nitride materials.  

 

Figure 27. Qualitative representation of the potential energy (Φ) of a crystal as a function 

of the interatomic distance. The red and green curves represent the potential generated 

from repulsive and attractive forces between the crystal atoms. 

In any solid state material, there are a set of internal forces that are applied on 

the individual constituents, whether atoms, ions or molecules, that determine the 

distance between these constituents.[61] At relatively large distances (distances larger 

than the equilibrium position), there are attractive forces between the individual 

constituents (green curve in Figure 27). These attractive forces are either, ionic, molecular 

or Vander Wall forces.  For the GaN crystal, since the atoms are slightly polarized, due to 

the difference of electron affinity between Ga and N, there are both, ionic, due to 

difference in charge, and molecular, due to the electron sharing, forces within the GaN 
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crystal. These forces are pulling the crystal together. As the Ga and N atoms become 

closer, the attractive forces increases and their potential energy decrease. However, at 

closer distances, repulsive forces between the atoms, due to the Pauli Exclusion principles 

which requires the generation of higher energy states, pushes them apart (red curve in 

Figure 27).[61] The distance, where the atomic and repulsive forces cancel, marks the 

lowest possible achievable potential energy and hence is the lattice constant (a0).  The 

internal force (Fint) between the atoms is then equal to the negative of the derivative of 

the internal potential energy, or 𝐹𝑖𝑛𝑡 = − 𝜕∅ 𝜕𝑟⁄ . Applying an external force (F), causes 

the atoms to accelerate to a new equilibrium position where the external and internal 

forces cancel. Therefore, at equilibrium we have 𝐹 = + 𝜕∅ 𝜕𝑟⁄  (Figure 28). At F = 0, we 

have r = a0. A negative force (compressive) decreases r, while a positive force (tensile) 

increases r. We notice the force Fmax would move the atoms to infinity from each other; 

In other words, the interatomic distance where F = Fmax represents the point of failure of 

the crystal where the structure will break apart.  We also notice that at the vicinity of a0 

(at low external forces), the system can be approximated by Hooke’s law where it behaves 

linearly. Practically however, brittle solid state materials, such as GaN, break at much 

lower forces than Fmax, usually right after the linear elastic region is passed where plastic 

deformations start occurring. Since brittle materials cannot be plastically deformed, as 

opposed to metals, they only deform by fracture through crack propagation.[62] This point 

will be determined for the GaN nanomembranes later in this section. 
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Figure 28. Qualitative representation of the change of interatomic distance (r) due to an 

external applied force (F). 

 Applying a force (F) on a thin film of width W, length L and thickness T, along its 

length, creates an applied stress equals to 𝜎𝐿 = 𝐹/(𝑊 × 𝑇), which in turn generates an 

internal strain equal to 𝜖𝐿 = 𝛥𝐿 𝐿⁄ , along its length (Figure 29). Within the linear elastic 

region, we have 𝜎𝐿 = 𝑌 × 𝜖𝐿, where Y is the material’s Young’s modulus (Which is 

Hooke’s Law).[63]  Besides causing 𝛥𝐿, the applied stress also causes 𝛥𝑊 and 𝛥𝑇. We can 

write 

Δ𝑇

𝑇
=

Δ𝑊

𝑊
=  −𝜈

Δ𝐿

𝐿
 

Where ν is the Poisson’s ratio of the material which is a positive number for almost all 

materials and usually less than or equal to 0.5. From the definition of σL we notice that, 

as the thickness decreases the applied stress increases. Therefore, while large forces are 

required to generate stresses in epitaxial thin films, extremely lower forces are required 
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to generate the same stresses within nanomembranes, with thicknesses less than 100 

nm.  

 

Figure 29. A thin film under strain. 

Assuming no shear stresses, as will be in the case in the following experiments, we 

can write the 3 dimensional Hooke’s law, as follows. 

𝜖𝐿 =
1

𝑌
[𝜎𝐿 − 𝜈(𝜎𝑊 + 𝜎𝑇)]    , 

𝜖𝑊 =
1

𝑌
[𝜎𝑊 − 𝜈(𝜎𝑇 + 𝜎𝐿)]    , 

𝜖𝑇 =
1

𝑌
[𝜎𝑇 − 𝜈(𝜎𝐿 + 𝜎𝑊)]    . 

In the following experiments, only horizontal forces will be applied and thus, 𝜎𝑇 

equals 0. Therefore, Hooke’s law can be written as: 

𝜖𝐿 =
1

𝑌
[𝜎𝐿 − 𝜈𝜎𝑊]    ,   𝜖𝑊 =

1

𝑌
[𝜎𝑊 − 𝜈𝜎𝐿]    ,   𝜖𝑇 =

1

𝑌
[−𝜈(𝜎𝐿 + 𝜎𝑊)]    . 

In order to fabricate the nanomembranes, we relied on the selective bandgap 

etching technique where a layer of InGaN was epitaxially grown, followed by a thin GaN 

layer.[37] The thicknesses of the InGaN layer was 30 nm and emitting at a wavelength of 

420 nm, while the top GaN was 40 nm thick. After immersing the sample in HF while being 

irradiated by a 400 nm laser, only absorption occurs in the InGaN layer, since 400 nm is 

longer than the GaN emission wavelength (363 nm) (Figure 30). Therefore, holes were 
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only photogenerated in the InGaN layer. Therefore, etching only occurred in the InGaN 

layer which led to the formation of a thin GaN nanomembrane.  

 

Figure 30. Bandgap selective etching of InGaN 

While increasing the indium content within the InGaN sacrificial layer increased 

the optical absorption which in turns increased the etching rate, the internal stress within 

the top GaN layer, due to the different lattice constants between GaN and InGaN, caused 

mechanical deformations to occur during etching. High indium content within the 

sacrificial layer (emitting at 444 nm), caused the nanomembranes to chatter upon 

exfoliation (optical image in Figure 31a and PL emission spectrum in Figure 31c). 

Decreasing the indium content (to 430 nm emission) decreased the internal strain within 

the nanomembrane layer and therefore, instead of chattering, the nanomembrane rolled 

during exfoliation (Figure 31b and d) forming a microtube. We found that PL emission 

from the sacrificial layer ranging between 410 to 420 nm allowed for a fast enough etching 

while minimizing the strain within the nanomembrane causing no bending (only minor 

wrinkling). 

GaN GaN
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Figure 31. Effect of high indium concentration within the sacrificial layer on the exfoliated 

nanomembranes. Optical images of a) chattered and b) rolled nanomembranes. PL 

spectra of c) chattered and d) rolled nanomembrane samples before etching. The dashed 

circles denotes the original shape before etching. 

After patterning the surface of the sample into circles with diameter equal to 100 

µm, the HF based etchant proceeded from the boundaries where the InGaN sacrificial 

layer ess in contact with the solution (Figure 32a). Further etching time, based on the light 

intensity, the etching proceeded all the way through the sacrificial layer causing the 

exfoliation of the top nanomembrane layer (Figure 32b). The nanomembranes pictured 
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below had a low indium concentration in their sacrificial layer which caused no buckling 

or chattering upon exfoliation. 

 

Figure 32. Optical images of a) partially and b) completely etched nanomembranes with 

the right composition of InGaN. 

The GaN nanomembrane were then transferred onto a flexible poly(dimethyl 

siloxane) (PDMS) membrane. In order to stretch the PDMS membrane, it was previously 

fixed from one side and attached to a moving stage, connected to a computer controlled 

DC actuator, from the other side. Further details regarding the PDMS membrane 

fabrication and stretching setup are presented in APPENDIX B. By varying the position of 

the moving side, through the DC actuator, different stresses were created within the 

PDMS membranes which in turn applied strains over the GaN nanomembranes. By placing 

the stretching setup underneath a PL measuring setup with the objective lens focusing 

the excitation laser onto the nanomembrane, PL spectra were collected at different 

applied strains (Figure 33a). 
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Figure 33. a) PL spectrum collected from a single GaN nanomembrane after applying 

several strains to the PDMS membrane. b) The measured peak PL emission from the GaN 

nanomembrane due to uniaxial stretching. 

While increasing the tensile strain within the PDMS, and hence the 

nanomembranes, we noticed no noticeable shift in the PL spectrum. While this at first 

seemed counter intuitive, since straining GaN crystal has a direct effect on its PL emission 

spectrum, deeper analysis of the internal strains explained such an observation. 

Therefore, in order to shed light on the actual strain generated within the nanomembrane 

due to the stretching experiment, the NM/PDMS systems was simulated in COMSOL 

Multiphysics modeling software. The simulation model, presented in Figure 34, consisted 

of a 100 µm wide and 35 nm thick nanomembrane, attached to a 600 µm wide, 900 µm 

long and 40 µm thick PDMS. Strain was applied onto the PDMS by stretching both of its 

sides (marked with blue arrows) in opposite direction by 90 µm each (180 µm total) 
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generating a strain equal to 180/900 = 0.2 along the stretching direction. The material 

parameters of GaN and PDMS are presented in Table 1.  

  

Figure 34. COMSOL model of the nanomembrane stretching experiment consisting of a 

100 µm wide and 35 nm thick nanomembrane, attached to a 600 µm wide, 900 µm long 

and 40 µm thick PDMS being stretched along the x direction. 

 
Density (𝜌)  

[kg/m3] 
Poisson’s ratio (𝜈) 

Young’s modulus (Y) 
[Pa] 

GaN 6150      0.183 [64]        3 x 1011 [65] 

PDMS 965 0.499 8 x 105 

    

Table 1. Mechanical properties of GaN and PDMS used in the simulation 

Figure 35 contains the calculated strain distribution within the PDMS/NM along (ϵ𝑥𝑥) and 

perpendicular (ϵ𝑦𝑦)  to the straining direction (Figure 35a and b, respectively). It is noted 

that while the ϵ𝑥𝑥 is positively strained, ϵ𝑦𝑦 is negatively strained as a reaction of PDMS 

material to minimize change within its volume. This was due to the fact that PDMS, similar 

to most materials have a higher bulk modulus than its shear modulus.[66] Since bulk and 

shear moduli describe the material’s ability to resist changes in its volume (at a constant 

shape) and shape (at a constant volume), respectively, PDMS material changes its shape, 

by being compressed along the y direction, to minimize volume changes due to stretching 

PDMS membrane
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along the x direction.[67] Furthermore, due to the fact that GaN had Young modulus orders 

of magnitude higher than that of PDMS, it was far less stretchable than PDMS, therefore, 

we noticed that the strain within the GaN nanomembrane was almost zero compared to 

the PDMS. We also noticed that the GaN nanomembrane applied strain on the PDMS 

membrane, as observed by the different colors surrounding the nanomembrane in Figure 

35a and b. Therefore, the strain applied on PDMS, is not the strain applied on the 

nanomembrane and thus, we then focused on the nanomembrane strains. 

 

Figure 35. COMSOL simulation results of the strain generated within the PDMS along a) 

x and b) y axes. The PDMS was strained to 0.2 along the x (blue arrows) direction. 

 The y and x strains created within the nanomembranes (Figure 36a and b) behave 

in a similar manner to that of the PDMS (𝜖𝑥𝑥 is positive while 𝜖𝑦𝑦 is negative). In order to 

estimate the strain generated within the nanomembrane, due to stretching the PDMS 

film, simulated strains from 0 to 1 were applied on the PDMS and the corresponding strain 

generated within the nanomembrane were numerically calculated.  
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Figure 36. COMSOL simulation results of the a) 𝜖𝑥𝑥 and b) 𝜖𝑦𝑦 strains generated within 

the nanomembrane. c) The relation between the applied strain within the PDMS and the 

generated strain within the nanomembranes. 

Figure 36c contains the plotted 𝜖𝑥𝑥 and 𝜖𝑦𝑦 within the nanomembrane as a 

function of the applied strain (𝜖𝑥𝑥) within the PDMS film. We noticed that while the strain 

within PDMS reached a maximum of one, the nanomembrane was only stretched up to 

1.5 x10-3, even though it is 1000 times thinner than PDMS. Previous calculations of the 

electronic energy bands structure with GaN, whether phenomenological or atomistic ab 
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initio methods, demonstrated that the bandgap emission from GaN is due to electronic 

interaction between one conduction band level and three different valence band sub-

bands: Heavy hole (HH), light hole (LH) and crystal field split of band (CH).[68-70] The heavy 

hole and light hole valence sub-bands are degenerate, due to the symmetry within the 

hexagonal crystal along the three principal axes in the c-plane.[71, 72]  The emission 

bandgap is due to electronic relaxation from the conduction band to HH, LH and CH sub-

bands, denoted by 𝐸𝐴, 𝐸𝐵 and 𝐸𝐶  energy transitions, respectively.  Since HH and LH are 

degenerate bands, the energy transitions 𝐸𝐴 and 𝐸𝐵 are equal and usually denoted by 

𝐸𝐴 𝐵⁄ . The way these sub-bands shift in response to strain depends on the nature of the 

strain applied. Through density functional theory calculations, Yan et al. calculated the 

effect of an uniaxial strain (parallel to the c-plane) on the energy bands of GaN:[73] 

𝐸1 = 𝐸𝐴 𝐵⁄ (0) + (𝐷2 + 𝐷4)𝜖𝑥𝑥 + 𝐷5𝜖𝑥𝑥 

𝐸2 = 𝐸𝐴 𝐵⁄ (0) + (𝐷2 + 𝐷4)𝜖𝑥𝑥 − 𝐷5𝜖𝑥𝑥 

𝐸3 = 𝐸𝐶(0) + 𝐷2𝜖𝑥𝑥 

Where 𝐸𝐴 𝐵⁄ (0) and 𝐸𝐶(0) are the unstrained value of the energy transition and 𝐷2, 𝐷4 

and 𝐷5 are the electronic deformation potentials which describe the change in energy 

due to applied strains. Applying the strain values from COMSOL (Figure 36c) into the 

above equations, we got the energies plotted in (Figure 37). We can observe that there 

was a splitting within the degenerate states (E1 and E2) due to the deformation within 

the crystal symmetry. Furthermore, the lowest peak energy (E1) is only shifting by 5 meV 

which is in close proximity to the measured results from the stretching experiment. 



67 
 

 

Figure 37. COMSOL simulation of the photoluminescence peak energy from the 

nanomembrane in response to PDMS strain 

Since the uniaxial strain mostly lifted the degeneracy within the emission energy 

and did not induce much shift in the emission energy, we move to biaxial strain along the 

c-plane. In the case of a biaxially strained GaN, the crystal symmetry is conserved and the 

degeneracy between the LH and HH is not lifted. However, more modification occurs in 

the crystal unit volume. We therefore expect to see further bandgap emission change due 

to the biaxial strain along the c-plane. A GaN nanomembrane, similar to the used in the 

previous experiment was also attached to a PDMS. The PDMS in this case, however, was 

pulled from all planar directions in order to generate a uniform biaxial field within the 

nanomembrane and the PDMS membrane (APPENDIX B). The measured PL emission in 

response to PDMS strain is presented in Figure 38a and the extracted information plotted 

in Figure 38b. 
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Figure 38. a) Photoluminescence emission from GaN nanomembrane due to biaxial 

stretching of PDMS membrane. b) The extracted peak emission and FWHM of the 

membrane emission due to PDMS biaxial stretching. 

 We observe the shift in the emission wavelength of the nanomembrane with 

respect to biaxially stretching the PDMS. The reason PL emission is shifted, as compared 

to previous experiment, is that the biaxial strain has a higher hydrostatic strain 
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component that the uniaxial case. The peak emission energy had an approximate linear 

dependence over applied strain where the emission redshifted from 3.415 eV all the way 

to 3.38 eV. At the last measurement, a sharp increase in the emission energy, to a point 

near the no strain value was observed. Checking the sample under the optical microscope 

revealed severe shattering of the nanomembrane at this strain (Figure 39). 

 

Figure 39. Demonstration of the maximum applied stress on the nanomembrane. 

Similar to the uniaxial case, COMSOL simulations were developed to estimate the 

local strain within the nanomembrane due to the strain created in the PDMS membrane. 

The model consisted of a 35 nm thick nanomembrane attached to a 300 µm thick circular 

PDMS membrane (Figure 40). The solid curves show the contour of the original structure 

before applying any strains. From the simulation, we can observe that while large strains 

were applied on the PDMS membrane, much less (4 orders of magnitude) strains were 

generated within the GaN nanomembrane. 

unstrained nanomembrane shattered nanomembrane
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Figure 40. COMSOL simulation of the biaxial stretching of GaN nanomembrane/PDMS 

membrane system. 

Due to the isotropic stretching of the nanomembrane, we expect rotational 

symmetry in the simulation results. Indeed, plotting the distribution of the x and y strains 

within the nanomembrane yield the same distribution (with a 90 ˚ shift) (Figure 41a and 

b). Unlike the uniaxial case, both ϵxx,  ϵyy are positive values. Plotting the strain along the 

radial direction (ϵrr) perfectly demonstrates the rotational symmetry within the 

nanomembrane which suggests no lateral deformation within the GaN crystal (Figure 

41c). Figure 41d contains the effect of the PDMS stretching over the x, y and z components 

of the strain within the nanomembrane.  

In the same research published by Yan et al. the authors also calculated the 

effect of a biaxial strain (parallel to the c-plane) on the bandgap of GaN:[73] 

=

0 1 2 3

PDMS membrane

GaN nanomembrane
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𝐸(𝑒𝑉) = 𝐸𝐴 𝐵⁄ (0) + 𝑎1𝜖𝑧𝑧 + 𝑎2(𝜖𝑥𝑥 + 𝜖𝑦𝑦) − 𝐷3𝜖𝑧𝑧 − 𝐷4(𝜖𝑥𝑥 + 𝜖𝑦𝑦) 

+(𝑏1 + 𝑏3)𝜖𝑧𝑧
2 + (𝑏2 + 𝑏4) × (𝜖𝑥𝑥 + 𝜖𝑦𝑦)

2
.                  

 

Figure 41.COMSOL simulation results of the a) 𝜖𝑥𝑥, b) 𝜖𝑦𝑦 and c) 𝜖𝑟𝑟 strains within the 

nanomembrane. d) Variation of the nanomembrane internal strains with respect to the 

strain within the PDMS membrane 

Where 𝑎1and 𝑎2 are deformation potentials and 𝑏1, 𝑏2, 𝑏3 and 𝑏4 are bowing 

parameters to take into consideration deviation from linear dependence due to large 

strains. Plotting E(eV) with respect to the applied PDMS strain, generated a decent fitting 

of the experimental data (Figure 42). 
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Figure 42. Experimental (red circles) and COMSOL simulation (solid black line) of the 

change in the nanomembrane peak emission energy due to the PDMS strain. 

After studying the nanomembrane response to uniaxial and biaxial strains, the 

effect of compressive strains were performed. While applying tensile strain was straight 

forward; simply attaching the nanomembrane to PDMS and stretching it, such a 

procedure would not work for the compression setup. Thus, in order to apply compressive 

strain over the nanomembrane, the PDMS membrane was first stretched, then the 

nanomembrane was attached to it where it was left to relax back causing compression 

within the nanomembrane. While applying tensile strain, created a strain distribution 

within the nanomembrane, applying compressive strain generated random strain 

distributions. This random distribution is generated due to local strain relaxation within 

the nanomembrane through wrinkling (Figure 43). 
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Figure 43. Wrinkles forming within the nanomembranes due to compressive strains. 

Since the strain applied on the nanomembrane in Figure 43 is biaxial, wrinkles had 

no preferable direction. While the nanomembrane flexibility was able to accommodate 

the formation of wrinkles without fracturing, regions where the wrinkles met were 

fractured due to the large strains created within the crystal. To extract the exact 

morphology of the wrinkled nanomembrane, we performed atomic force microscopy 

(AFM) imaging of the strained nanomembrane (Figure 44a). Large wrinkles, with an 

average height of 1.8 µm and shorter wrinkles with less than 1 µm height, were observed. 

In order to shed light on the physical status of the GaN crystal in these two groups of 

wrinkles, we performed optical scanning of the nanomembrane. The 325 nm laser was 

scanned across an area of 130 µm x 130 µm and the emission photoluminescence was 

collected. A MATLAB code was written to calculate the peak emission for each 

measurement and to plot them on a 2D graph (Figure 44b). Regions with large wrinkles 

emitted at less energies (ΔeV ~ 20 meV) compared to regions with small wrinkles 

demonstrating the effect of relaxation of the GaN crystal upon applying compressive 

strain. 

wrinkles
50 μm



74 
 

 

Figure 44. a) AFM imaging and b) areal mapping of the photoluminescence peak emission 

energy of the wrinkles within the strained nanomembrane. 

In conclusion, the effect of several applied strain patterns (tensile uniaxial, tensile 

biaxial and compressive biaxial) were demonstrated on the nanomembranes. The results 

showed the flexibility of the nanomembrane structure and the ability to modify its 

emission energy (ΔeV ~ 55 meV) through applying external strains. Furthermore, the 
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results demonstrated the ability of the nanomembrane structure to wrinkle in order to 

relax its internal strains to a radius of curvature down to 0.5 µm without fracture, a 

property which will become useful in later chapters in this thesis. 

3.3. Thermal Characterization  

 After demonstrating the novel technique of exfoliation GaN nanomembranes, 

with their optical and mechanical characterizations, we study their Thermo-optical 

properties. We transferred a piece of the nanomembrane to TEM grid (without any 

carbon film) and focused a 325 nm laser onto the nanomembrane to a 0.3 𝜇m spot size, 

as schematically presented in Figure 45a and optically imaged in Figure 45b. Once excited 

by a 325 nm (3.81 eV) laser, photo-excited free-excitons (FXex), in order to conserve 

energy and momentum simultaneously, emited a series of longitudinal optical (LO) and 

acoustical phonons while relaxing towards the energy band minimum.[74] Thus, a local 

non-equilibrium density of phonons (a non-equilibrium temperature gradient) was 

established causing the phonons to spontaneously diffuse away from the excitation 

region into the rest of the crystal. Since the GaN crystal has a high thermal conductivity 

(227 W/mK),[75] the generated phonons quickly diffused away causing no local increase in 

the temperature, and thus, no significant shift in the peak emission energy (3.42 eV) was 

observed with increasing excitation intensity up to 4.84 mW μm2⁄ . The phonon mean 

free path in GaN crystal, the average distance traveled by phonons since creation till first 

scattering incident, is given by Λph = vgτph ,[76] where vg and τph  are the average group 

velocity of sound and phonon relaxation time in GaN, respectively. At room temperature, 
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phonon scattering in bulk GaN is dominated by Umklapp processes causing Λph to be 

equal to 100 nm. However, in the nanomembrane form, with thicknesses less than 100 

nm, the phonon-boundary scattering dominate causing the shortening of Λph to 

approximately the nanomembrane thickness (WNM). Consequently the lattice thermal 

conductivity (κl = CvvgΛ 3⁄ , Cv is the constant volume specific heat capacity) significantly 

reduces as it becomes directly proportional with WNM.[77] Since in semiconductors, 

thermal transport is dominated by phonons, the total thermal conductivity (κ) is almost 

equal to κl and thus any decrease in 𝜅𝑙  will result in an equal decrease in κ. Thus, thermal 

energy is not dissipated fast enough and an increase in local temperature occurs which 

causes a redshift in the GaN emission. 

 

Figure 45. a) 3d Illustration and b) optical image of the freely suspended GaN 

nanomembrane over a copper grid. 

a

GaN NM
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GaN NM
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Figure 46. PL spectrum from a) 40 , b) 20 and c) 10 nm nanomembranes at increasing 

excitation intensities. 

 The normalized PL emission from a 40, 20 and 10 nm thin GaN nanomembranes 

at increasing laser excitation intensities are presented in Figure 46a, b and c , respectively. 

Since at low intensities (3.3 μW μm2⁄ ), all the nanomembranes emissions peaked at the 
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same energy (3.42 eV), they all should have the same internal strain as well as chemical 

composition. Since the probability of phonon-boundary scattering increased with 

decreasing thickness, the local heating, and hence the redshift, increased for thinner 

nanomembranes. The surface topography of the nanomembranes, imaged by atomic 

force microscope (AFM), revealed an average surface root mean square roughness (Rrms) 

of 2.6 nm (Figure 47). Thus, the diffusive phonon-boundary scattering probability 

increased and the nanomembranes’ κ further decreased. While the decrease in κ of the 

40 and 20 nm thin nanomembranes could be solely related to an increase in surface-

boundary scattering probability, the 10 nm thin nanomembrane κ was further modified 

due to phonon confinement. Close to the surfaces of structures, the phonon dispersion 

relation is modified due to the vanishing of the normal components of the stress tensors.  

 

Figure 47. Surface topography of the GaN nanomembranes. 
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As the feature size of a nanostructure approaches the length scale of the dominant 

phonon wavelength (λd~1.48 vgℏ kBT⁄ , ℏ and kB are Plank’s and Boltzman constants, 

respectively), these modifications occur through the whole structure which leads to a 

significant decrease in the phonon lifetime and κl. Thus, beside the reduction due to the 

increased phonon-boundary scattering probability, the 10 nm thin nanomembrane will 

suffer from an increased reduction in the κ due to the modification of its phonon modes. 

In order to estimate the local thermal conductivity of the nanomembrane based 

on the PL emission shift, the phenomenon at hand was simulated in MATLAB. The first 

part of the simulation estimated the reduced in-plane thermal conductivity of the 

nanomembrane due to the increased diffusive phonon-boundary scattering. While there 

were several ways of computing the lattice thermal conductivity of nanostructures such 

as lattice dynamics calculations, Monte Carlo based simulations or quantum statistics 

based calculations, we relied on a closed form approximation formula developed by Alan 

et al [78]. We started by solving the Boltzman transport equation under the relaxation time 

approximation given by, 

𝜅𝑖(𝐿) = ∑ ∑ 𝑐𝑝ℎ𝑣𝑔,𝑖
2 (𝑘, 𝜈)𝜏(𝑘, 𝜈, 𝐿)

𝑘𝜈

. 

The term within the summation gives the contribution of phonons of certain wave-vector 

k, frequency ν and direction i, to the lattice thermal conductivity of the nanomembrane, 

where cph is the heat capacity at constant volume, vg,i is the phonon group velocity in the 

i-direction and τ is the phonon lifetime. The summation goes over all the phonon modes 
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and branches to get the total lattice thermal conductivity in the i-direction κi for a 

nanomembrane with thickness L. Since the group velocity of phonons is given by dν/dk, 

the slope of their dispersion curve, it can be safely assumed that the main contribution to 

κl is by the acoustic phonons. [79]  Converting the summation over k to an integration over 

the first Brillouin zone, and taking the Debye approximation for the acoustic mode branch, 

we can write 

κi(L) =
3

8π3
∫ ∫ ∫ kB

vg,i
2

vac
3 τω2 sin θ dθdϕdω  

π

0

2π

0

ωD

0

, 

where kBis the Boltzmann constant, ωDis the debye frequency and vac is the group 

velocity of the acoustic branch in the Debye approximation. The phonon scattering 

lifetime is approximated by 

τ = (
1

τ∞
+

1

τb
)

−1

  , 

where τ∞and τb are the phonon lifetimes due to phonon-phonon scattering and phonon-

boundary scattering events, respectively. Alan et al [78] came up with an analytical solution 

for the above integral in the case of in-plane thermal conductivity within a 

nanomembrane, where, 

κin−plane(ℒ)

κbulk
=

4

7
−

3

28
ℒ +

3

14
ℒ2 +

1

2
ℒ ln (1 +

1

ℒ
) −

3

14
ℒ3 ln (1 +

1

ℒ
)

−
4

7√ℒ
arctan(√ℒ)  . 
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ℒ is a dimensionless parameter given by 
3kBvacW

2κbulkΩ
, where Ω is the primitive cell volume for 

GaN given by √3 2⁄ cGaNaGaN
2 . Figure 48 is a plot of κin−plane with respect to the thickness 

of the nanomembrane. As expected, as the thickness decreases, the thermal conductivity 

decreases, and as the thickness increases, the thermal conductivity approaches the bulk 

limit. 

 

Figure 48. In-plane thermal conductivity of the nanomembrane versus its thickness (W) 

While the described model estimates the decrease in κin−planedue to the 

decreased thickness, it does not take into account the roughness of the nanomembrane. 

Thus the model is expected to under-estimate the decrease in the thermal conductivity. 

Once the thermal conductivity is estimated using the previous model, we now calculate 

the amount of light energy being absorbed within the nanomembrane. The fraction of 
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absorbed light energy (A) is equal to one minus the fraction transmitted (T) and the 

fraction reflected (R), 

A = 1 − T − R  . 

Since the nanomembrane is much less than the absorption depth of the excitation laser 

wavelength, we have to take into account interference effects as shown in Figure 49. 

 

Figure 49. Interference effects within the nanomembrane 

The reflected (Er) and the transmitted (Et) fields are given by, 

𝐸𝑟 =  𝛤1 + 𝜏12𝜏21 ∑ 𝛤2
2𝑛−1𝑒−2(𝑛+1)(𝑗𝛽+𝛼)𝑊

𝑛=0

 𝑎𝑛𝑑 

𝐸𝑡 = 𝜏12𝜏21 ∑ 𝛤2
2𝑛𝑒−(2𝑛+1)(𝑗𝛽+𝛼)𝑊

𝑛=0

, 

respectively. τij is the transmission coefficient from media i to media j given by 
2nj

ni+nj
 and 

Γi is the reflection coefficient within media i, given by  
nj−ni

ni+nj
. α is the GaN absorption 

coefficient and β is the phase term given by 2π
λ⁄ . Once Er and Et are determined, the 

nair

nair

nGaN

Er

Et
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values of T and R are calculated and the fraction of absorbed light becomes A = 1 − T −

R = 1 − Et. Et
∗ − Er. Er

∗  . 

 

Figure 50. Absorption (A), transmission (T) and reflection (R) coefficients as a function of 

the GaN nanomembrane thickness (W). 

The values of A, R and T were calculated as a function of W and plotted in Figure 

50. Once the amount of absorbed laser power was calculated, we now estimate the 

amount of heat generated within the nanomembrane. In order to do that, the initial heat 

generated within the nanomembrane, that is, before heat diffusion occurred, is modeled 

by a Gaussian beam with a radius equal to the minimum spot size of the laser (ωlaser). 

𝑄𝑒𝑥𝑐(𝑥, 𝑦) =
2𝐴. 𝑃. (1 −

𝐸𝑒𝑚𝑠

𝐸𝑒𝑥𝑐
)

𝜋𝜔𝑙𝑎𝑠𝑒𝑟
2 𝑒

[
−2

𝜔𝑙𝑎𝑠𝑒𝑟
2 [(𝑥−𝑥𝑙𝑎𝑠𝑒𝑟)2+(𝑦−𝑦𝑙𝑎𝑠𝑒𝑟)2]]

  . 
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P is the measured laser power, Eems and Eexc are the energies of the excited and emitted 

photons and xlaser and ylaser are the coordinates of the laser beam within the 

nanomembrane. Now, with the thermal conductivity of the nanomembrane and the heat 

generated due to laser irradiation are modeled, we solve the heat diffusion equation 

within the nanomembrane. Since we worked with a continuous laser excitation (not 

pulsed), we are only interested in the stead state solution (
∂

∂t
= 0) and so, we can 

simplify the heat equation to: 

−𝜅𝑁𝑀𝑊𝛻2𝑇 + ℎ𝑡𝑜𝑡(𝑇 − 𝑇𝑎) + 𝜖𝜎(𝑇4 − 𝑇𝑎
4) = 𝑄𝑒𝑥𝑐(𝑥, 𝑦)  . 

The first term on the left-hand side is the diffusion term which describes heat 

distribution within the nanomembrane. The second and third terms on the left-hand side 

describe the heat loss from the nanomembrane to the environment through radiation 

and air convection, respectively. ϵ, σ and Ta are the GaN emissivity, the Stefan-Boltzmann 

constant and the assumed ambient temperature. The term on the right-hand side, 

represents the heat generated within the nanomembrane due to laser heating. htot is the 

convection heat transfer coefficient which is dependent on the properties of the air 

surrounding the nanomembrane, as follows, 

ℎ𝑡𝑜𝑡 =
0.79 × 𝜅𝑎𝑖𝑟

𝐿
(

𝑔𝛽𝑎𝑖𝑟

𝜈𝑎𝑖𝑟𝛼𝑎𝑖𝑟
×

𝜇𝑎𝑖𝑟𝐶𝑝−𝑎𝑖𝑟 

𝜅𝑎𝑖𝑟
× (𝑇𝑁𝑀 − 𝑇∞) × 𝐿3)

0.25

   , 

where the constants are defined in Table 2. 
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𝜅𝑎𝑖𝑟  Air thermal conductivity 

g Acceleration due to gravity 

βair Air thermal expansion coefficient 

νair Kinematic viscosity 

αair Thermal diffusivity 

μair Air viscosity 

Cp−air  Air heat capacity 

  

Table 2. Definition of air constants. 

 In order to solve the heat equation, with all the heat sources and sinks, an 

inhomogeneous triangular mesh was generated in MATLAB as shown in Figure 51. The 

center of the mesh was made denser because this was where the laser source will be 

focused. The heat equation was solved in MATLAB over the generated triangular mesh 

and the solution was plotted in Figure 52. Lastly, once the heat equation was solved, and 

the local temperature of the nanomembrane was estimated, the emission energy was 

determined through the Varshni’s empirical equation. 

Eg(T) = Eg(0) −
αT2

T + β
  ∙ 

The α and β are known as the Varshni’s parameters while Eg(0) is the emission bandgap 

at 0 K. 
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Figure 51. The generated non-uniform triangular mesh used to solve the heat equation 

within the nanomembrane. 

 

Figure 52. Simulated temperature profile due to laser heating within the nanomembrane. 

0

1 0 0

2 0 0

3 0 0

400

5000
100

200
300

400
5 0 0

290.0

310.0

330.0

350.0

370.0

390.0

T
e
m

p
e
ra

tu
re

 (
K

)

distance (m)

dis
tan

ce
 (

m)

300 K

T max

T max



87 
 

The heat equation was solved for different heat generated at different laser filters, 

and the corresponding wavelength emission was calculated at each case. The resulting 

shift in the emission was underestimated and the resulting simulation results were blue-

shifted from the experimental data. In order to accommodate the effect of the roughness, 

the calculated κin−plane had to be decreased till the resulting simulation values offer a 

good fitting for the experimental results. After fitting, we found that a value of 20.5, 15.4 

and 9 W/mK, for the κin−plane of the 40, 20 and 10 nm thick nanomembrane, respectively, 

will yield an acceptable fitting for the experimental data (Figure 53). We see that while 

GaN is known to have a thermal conductivity of 230 W/mK, due to the decrease in 

dimensionality and surface roughness, boundary-phonon scattering caused a huge 

decrease to 9 W/mK. 

 

Figure 53. Blue circles, red squares and violet triangles, represent the mean measured 

peak emission energy from the 40, 20 and 10 nm thick nanomembranes, respectively. The 

simulation results are presented by solid black lines. Inset plot is the simulated steady-

state heat distribution across the nanomembrane. 
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3.4.  Conclusion 

We have studied the optical, mechanical and thermal properties of GaN 

nanomembranes. We demonstrated the effect of different strain fields, uniaxial and 

biaxial tensile and biaxial compressive generated within the nanomembrane on its 

bandgap emission. We also studied the effect of increasing laser excitation intensity on 

the excitonic PL emission from GaN nanomembranes. We correlated the substantial 

redshift (320 meV) of the PL peak emission and the spectral broadening to an increase in 

local temperature due to a reduction in thermal conductivity of the nanomembranes. In 

the next chapter, we employed this property of the nanomembranes to measure the 

thermal properties of single biological cells. 
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Chapter 4: Nanomembrane Thermal Biosensor 

 Novel imaging, therapeutic and diagnostic techniques have emerged due to 

deeper understanding of the electrical, optical and mechanical properties of living cells.[80, 

81] Dynamic thermal properties and thermal diffusivity in particular which describes 

thermal energy conduction relative to storage ability of the cell play an integral role in 

understanding how heat energy, is distributed within the cellular environment. This heat 

energy can be the product of a natural biological process or of an artificially inserted 

heater. Therefore, such an understanding of dynamic heat flow within the cell is integral 

for several imaging (photoacoustic[82, 83] and photothermal imaging[84]), diagnostic (cell 

death monitoring[85]) and therapeutic (photo/magnetothermal cancer targeting[86-88]) 

techniques. Furthermore, several other applications, ranging across plants physiological 

ecology (Xylem sap-flow rates and leaf temperature control),[89, 90] to thermal dissipation 

in flexible semiconductors[91] and flexible thermoelectric generation[92, 93] would benefit 

from a flexible microsized thermal transport sensor. Measuring thermal properties of cells 

pose extra engineering challenges since living cells have extremely small volumes (in 

picoliters) and possess irregular curvilinear shapes.[94]  

 In this Chapter, we demonstrate a novel technique to simultaneously measure 

thermal conductivity and diffusivity of living cells. The technique is based on the novel 

mechanical and thermal properties of nanomembranes, characterized in chapter 3. Due 

to their extremely small flexural rigidity,[95] nanomembranes are capable of 

accommodating the irregular and curvilinear cellular shape for better thermal contact.[96, 
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97] Furthermore, nanomembranes possess a large surface to volume ratio, which enables 

them to become a platform for several published bio-detection techniques.[98] We then 

test the ability of the developed sensor to recognize cell subsets, based on their thermal 

properties. Therefore, we apply our technique to measuring dynamic thermal properties 

of four cancer cell lines spanning 2 cancer types; cervical (HeLa) and breast cancer. 

Further, the breast cancer cell lines are spanning 3 subtypes; Luminal (MCF-7), HER2+ (SK-

Br-3) and Basal (MDA-MB-231). As breast cancer subtypes represent a spectrum of 

phenotypes, MCF-7 and SK-Br-3 lie in the epithelial end while MDA-MB-231 lies in the 

mesenchymal end. Based on the facts that a cellular cytoplasm, due to its water and 

protein cytoskeleton contents, is often modeled as a hydrogel, [99] and that hydrogels 

show an increase in their thermal conductivities with increasing stiffness (due to polymer 

densities and crosslinking), [100, 101] we chose these cells to span a wide range of cellular 

stiffness. [102, 103]  It is widely known that mesemchymal phenotype is highly deformable 

and elastic compared to the epithelial one and, hence, may possess differential heat 

transfer properties. Based on this hypothesis, these cells lines are expected to have 

different thermal properties. After measuring their thermal conductivities and 

diffusivities, we perform multimodal logistic regression to differentiate between different 

cell lines where we successfully differentiate between different types of cell lines (cervical 

and breast (basal and luminal) cells). We also demonstrate that cell lines belonging to the 

same subgroup have similar dynamic thermal properties.[104] 
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4.1. Sensor Design 

As demonstrated in section 3.3, nanomembranes have a much increased phonon-

boundary scattering rates which causes their PL emission to spectrally shift through laser-

induced heating. As illustrated in Figure 54, a pulsed, focused laser radiation locally heats 

a nanomembrane that is conformally attached to a living cell. Once heat energy is 

generated within the nanomembrane, it spontaneously diffuses to the underlying cell at 

a rate dependent on the cell’s dynamic thermal properties. Since the diffused heat lowers 

the nanomembrane temperature, measuring the spectral-shift in nanomembrane’s PL 

emission, which is correlated to its local temperature, yields information of the cell’s 

thermal properties. The function of the gold (Au) microdisc is protect the underlying cell 

from the unabsorbed laser radiation, as further detailed in the next section. Because GaN 

is a robust, chemically stable and biocompatible[29] material, they could withstand the 

measuring conditions without affecting surrounding cells. Although there are several 

published reports on the fabrication of GaN nanomembranes, there is none on employing 

their properties for biomedical applications.[40, 42, 105, 106]  
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Figure 54. 3D illustration of a cell attached to a substrate and conformally covered with a 

GaN nanomembrane. The expanded region represents the excitation beam (dashed black 

arrow), which simulates both, spontaneous bandgap emission (blue arrows) and local 

heat energy which spontaneously diffuses away from the source (zigzagged arrows). 

In order to simplify our GaN nanomembrane thermal-biosensing technique, a 

single laser beam is used as ‘pump’ and ‘probe’, simultaneously, with no time gating 

included at the CCD camera (detailed experimental setup in APPENDIX B). The collected 

peak PL emission, which represents the integrated PL emissions from the nanomembrane 

during the heating cycle of period τ, is then given by, 

Eems(τ) =
∫ f(T) ∗ Einst(T)

τ

0
dt + τ ∗ Einst(RT)

∫ f(T)dt
τ

0
+ τ

 ,                              (2)  
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where Einst(T) and f(T) describe the temporal evolutions in emission peak energy and 

intensity, respectively; and τ represents the heating period. Einst(T) was calculated after 

solving the heat diffusion equation within the cell and f(T) was determined 

experimentally. Since equation 2 contained only two unknowns, namely the cellular 

thermal conductivity (κcell) and diffusivity (αcell), two data points needed to be 

experimentally collected. Therefore, the laser beam was pulsed a two different time 

periods (τ1 and τ2) and the two peaks were measured. Then by solving the two resulting 

equations (Eems(τ1) and Eems(τ2)) simultaneously, κcell and αcell,  were calculated.  

An important point to notice is that heat distribution within the cell, and hence 

the measure photoluminescence peak energy of the nanomembrane, was highly 

dependent on boundary conditions, that is the cell size and the substrate material, which 

would induce measurement errors within the sensor. In order to decrease the effect of 

boundary conditions on the measurement, the heat diffusion length had to be limited to 

within the cell volume and thus the longer pulse (τ1) was chosen to be 100 μs. As for the 

shorter pulse (τ2), it was chosen to have the furthest possible value from τ1 to allow for 

the highest possible measuring resolution. 
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Figure 55. a) COMSOL simulation model and b), c) and d) simulation results of the laser 

induced heating within the nanomembrane/cell system for the case of no gold, gold film 

and gold microdisc, respectively. 

With the current experimental setup, presented in APPENDIX B, τ2 was equal to 7 

μs. We performed COMSOL simulations of the cell/nanomembrane system. The model 

consisted of a 35 nm thin nanomembrane attached to a chamfered cylinder which 

represented the cancer cell (Figure 55a). The laser heating was simulated by inserting a 
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heating source within the nanomembrane. The dimensions of the heating source were 

based on the actual beam size while the heating values were based on the power 

measurement of the actual laser power. The nanomembrane thermal properties were 

calculate based on the MATLAB calculations presented in section 3.3 while the cells 

thermal properties are chosen to be that of water as demonstrated by previous 

researches. [107] Figure 55b shows the simulation results of the temperature distribution 

within the nanomembrane/cell system. 

As presented in section 3.3, a 35 nm thick nanomembrane would transmit around 

30% of the 325 nm laser radiation. This transmitted energy would cause the underlying 

cell to heat which would cause modifications in the proposed model as well as inducing 

cellular death. In order to prevent this radiation from being transmitted through the 

nanomembrane, a Gold layer was inserted between the nanomembrane and the cell to 

absorb the transmitted radiation. Gold was chosen due to its high thermal conductivity 

which will allow fast heat transfer of heat across its boundaries. Therefore, on the 

measurement time scale (microseconds), the gold could be assumed to be in thermal 

equilibrium and thus does not affect heat transfer. However, as the simulations presented 

in Figure 55c predicted, due to the high thermal conductivity of Gold, the lateral heat 

diffusion was highly enhanced and there was a considerable drop in temperature as well 

as a decrease in heat localization. In order to resolve this issue, the gold layer was reduced 

to a microdisc with a diameter (2.35 µm) close to the laser spot size, which allowed it to 
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laterally confine thermal energy resulting in a temperature profile similar to the direct 

contact case (Figure 55d). 

4.2. Sensor Fabrication and Transfer 

In order to fabricate the thermal biosensor, a sacrificial layer of InGaN (Figure 56a) 

was epitaxially grown in a plasma assisted molecular beam epitaxy (PA-MBE) reactor with 

a PL emission around 410-420 nm. The indium concentration was crucial for the 

fabrication of the sensor.  A sacrificial layer with low indium composition (PL emission 

wavelength less than or equal to 410) does not absorb the 410 nm laser radiation which 

will prevent it from being etched away during the exfoliation process. On the other hand, 

higher indium composition (wavelength more than 440) caused strain to buildup during 

growth process which would cause the nanomembrane to curl of break during the 

exfoliation process (as detailed in section 3.2). A layer of GaN was then grown on top of 

the InGaN layer which would form the nanomembrane during the exfoliation process. The 

surface was patterned into 40 um circles by patterning a photoresist through lithography 

process (Figure 56b). The sample was then dry etched with Argon ions and chlorine gas in 

an inductively coupled plasma reactor (further elaboration in APPENDIX A) for 15 seconds 

(Figure 56c). A 250 nm thick layer of gold was then deposited in an e-beam evaporator 

(complete description in APPENDIX A) (Figure 56d). 
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Figure 56. Fabrication process of GaN nanomembranes with the attached Gold microdisc 

During the evaporation, the chamber temperature did not increase over 10 

degrees from the room temperature which insured a low stress level within the 

evaporated gold. A negative photoresist was then patterned on top of the gold layer into 

3 µm diameter circles (Figure 56e). In order to pattern the gold layer to form the gold 
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microdiscs the layer was then dry etched away in an ICP reactor. However, to protect the 

GaN from the dry etching (further elaboration in APPENDIX A), the process was optimized 

to only etch 150 nanometers using dry etching and then continuing with wet etching using 

gold etchant, which does not affect GaN, to remove the remaining 100 nm (Figure 56f and 

g). The photoresist is then stripped away in oxygen plasma. The oxygen plasma may cause 

some surface oxidation within GaN but the region of interest was already protected by 

the gold microdisc. Once the thin film fabrication is complete, the sample is then placed 

into the etchant solution which compromises of CH3OH : H2O2(35%) : HF(48%) (1:2:2). 

Once the InGaN was completely etched, the samples were gently cleaned by dipping them 

in IPA and were then dried using a critical point dryer (CPD) to enable proper exfoliation 

of the nanomembranes.  Figure 57a shows the GaN nanomembranes after exfoliation 

with the gold microdisc attached to them. These nanomembranes were left to dry with 

nitrogen which caused them to stick to the underlying surface due to the water tension. 

However, using CPD to dry the samples allows them to be suspended on top of the sample 

(Figure 57b). However, one extra step of fabrication was required. That was to form 

photoresist anchors to protect the nanomembranes from being flushed away during the 

CPD process. Figure 57d is the atomic force microscopy (AFM) image of the gold microdisc 

and the extracted profile is in Figure 57e. The height and diameter of the microdisc were 

2.35 µm and 250 nm, respectively. 
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Figure 57. Fabricated nanomembranes with gold microdiscs. a) Optical microscope image 

of the GaN nanomembranes with the gold microdisc attached while resting on their 

original GaN substrate. b) Different set of nanomembranes dried with critical point dryer. 

c) Schematic of the nanomembrane with the gold microdisc sitting on its original 

substrate after chemical etching. d) AFM image of the gold microdisc, e) with the 

extracted height profile. 
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After fabricating the nanomembranes, they were transferred onto foreign 

substrates using a tungsten tip with 5 µm tip diameter. The transfer tip was slowly 

approached to the nanomembranes (Figure 58a). It was then lowered to gently touch the 

nanomembrane it order to detach it from the underlying substrate. Once it locally got 

detached, some coloration will form on the nanomembrane (due to thin film optical 

interference) as demonstrated in Figure 58b. Once this coloration is observed, the tip is 

retracted and the process got repeated in other regions. When enough places got 

detached from the substrate, the tip was then approached slowly to the nanomembrane 

where it got successfully attached to the tip. While this process was extremely slower 

than other mechanical transferring processes,[108] it does not require any chemicals to be 

used, which would probably damage the cancer cell and it also allows for a high 

precession in placing a single nanomembrane onto a single cell which is required by the 

sensor design. 

 

Figure 58. Nanomembrane pickup Technique. 

Once the pickup was complete, the tip was rotated 180 degrees, to make the gold 

microdisc face downwards, the underlying substrate was moved away and was replaced 
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by the foreign substrate. The tip was then approached to the foreign substrate and the 

nanomembrane was transferred. Figure 59a shows the optical image of a 

nanomembrane, facing downward, attached to a foreign substrate. We notice that while 

the nanomembrane is uniform in color, there is a colored ring around the gold microdisc 

caused by the suspended region of the nanomembrane (as schematically depicted in 

Figure 59b). The AFM image of a flipped nanomembrane is shown in Figure 59c where we 

see the nanomembrane hanging off the gold microdisc. 

  

Figure 59. Transferring process of nanomembranes. a) Optical image, b) schematic 

depiction and c) AFM image of a nanomembrane facing downward after being transferred 

to a foreign substrate. 
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The previous process was repeated where the nanomembrane was flipped over 

different types of cells. The flexible nature of the nanomembranes, due to their extremely 

low flexural rigidities, allows them to follow the irregular curvilinear contours of the 

cancer cells. This is the main reason why nanomembranes were used. Thus, the air gap 

between the microdisc and the cell interface was minimized which reduces the thermal 

contact resistance between the heating source (nanomembrane) and the heat dissipating 

medium (cell).  

 

Figure 60. False colored (a) SEM and (b,c,d) optical images of the nanomembranes after 

transfer to the cancer cells. 
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Furthermore, the cell itself, having a sticky surface and a deformable nature, 

adhered well to the nanomembrane sensor. Figure 60a is the false colored SEM image of 

a nanomembrane attached to an MFC7 cancer cell which Figure 60b, c and d are the false 

colored optical images of nanomembranes adherent to different cells. A 325 nm laser, 

chopped at different pulse widths (100 and 7 µs) was then focused onto the 

nanomembrane in order to measure the PL emission signal. The cells temperature were 

kept at 37 ˚C during the measurement by means of a thermoelectric cooler situated 

underneath the sample (A detailed description is presented in APPENDIX B). For each 

nanomembrane, 4 measurements were performed: short pulse width, high and low 

excitation powers and at long pulse width, high and low excitation powers. For the low 

excitation powers, the generated phonon density was not high enough to induce a 

detectable change in temperature. Thus for all of the samples, the short and long pulses 

at low power excitations gave the same PL emissions. Figure 61a and b show the PL 

spectrum of the nanomembrane attached to a HeLa cell after being excited by a 7 µs and 

100 µs long laser pulses, respectively. The red curves were PL spectrum for low excitation 

intensity (0.0033 mW/µm2) while the black curves were for high power excitation 

intensity (0.596 mW/µm2). 
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Figure 61. PL emission from GaN nanomembrane attached to a cancer cell. 

The higher excitation intensity PL spectrums were red shifted and had a wider 

FWHM as compared to the low excitation intensity PL spectrum which was ascribed to 

the increase in local temperature. Furthermore, in the case of long pulse width, the high 

excitation intensity was more red shifted and high wider FWHM than the shorter 

excitation intensity PL spectrum which was due to the longer heating time which also 

generated a higher local temperature. This set of measurements was then performed 60 

different times distributed over four different cells lines (HeLa, MCF-7, SK-BR-3 and MDA-

MB-231). 
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Cell line Origin tissue 

HeLa Cervix epithelium 

MCF-7 Breast – luminal 

SK-BR-3 Breast – HER2+ 

MDA-MB-231 Breast - basal 

 

Table 3. The different cell lines used in this study 

The peak PL emission energy of the 60 nanomembranes were collected and 

presented in Figure 62. The red dots and blue triangles represented the peak PL emission 

energies for the short (7 µs) and long (100 µs) respectively. We observe a significant 

difference between the different cell lines as well as among the cell lines. In the next 

section, we calculate the thermal transport properties of the cells based on these 

measurements as well as try to shed light on the origin of these differences. 
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Figure 62. PL peak energy from different nanomembranes attached to different cells. The 

measured peak PL emission of the nanomembranes attached to two different groups of 
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cancer cell lines (HeLa, MCF-7, SK-BR-3 and MDA-MB-231) due to laser induced heating 

at different pulse widths. 

4.3. Thermal Calculations 

In any performed experiment, two different types of errors may arise; random and 

systematic errors. Systematic errors are errors that are consistent in a certain direction 

while random errors are errors with unpredictable deviation from the true value. In order 

to remove any systematic error within the measurement, that is, a constant deviation 

from the actual value, we performed the exact measurement on samples of already 

known thermal properties. These measurements were then used to calibrate the other 

set measurements on the unknown samples. Since there was a plethora of materials to 

choose from, only materials with thermal properties close to that of the cells were chosen 

so to decrease the calibration error as much as possible. In this calibration procedure we 

chose Polyether ether ketone (PEEK), Poly(methyl methacrylate) (PMMA) and water 

(Table 4). For PEEK and PMMA, the measurement was straight forward; Nanomembranes 

are filled over them (Figure 63a and b), the pulsed laser beam was focused onto the gold 

microdiscs and the measured PL emission was collected.  

 Thermal conductivity (W/mK) Thermal diffusivity (mm2/s) 

PEEK 0.1695 0.178 

PMMA 0.456 0.46 

Water 0.628 0.151 

 

Table 4. Thermal properties of selected materials 
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Figure 63. Optical images of nanomembranes in contact with a) PEEK, b) PMMA and c) 

water.  d) 3d illustration of the nanomembrane attached to a TEM grid with water at the 

bottom and the laser beam focused at the top. 

Obviously, water, being a liquid at 37 ˚C, could not be measured in a similar 

manner since any nanomembrane flipped over the water surface would float around and 

focusing the beam on the gold micro-disc is nearly impossible. Therefore, instead of 

fabricating nanomembrane discs and flipping them onto the material, we fabricated a 

continuous sheet of nanomembrane (area around 1 mm × 1mm) with the gold microdiscs 
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attached to it and attached it to a copper TEM grid. A drop of water, at 37 ̊ C, was attached 

to the bottom side of the nanomembrane (the gold microdisc side) and the laser was then 

focused onto the top side and the rest of the measurement continued as normal (optical 

image in Figure 63c and 3d illustration in Figure 63d).  

Using the measured values of the nanomembranes transferred to the different 

materials and to the cells, we could estimate the thermal properties (conductivity and 

diffusivity) of the cells. 

    

Figure 64. Scatter diagram of the calculated thermal conductivity and diffusivity of HeLa 

(red), MCF-7 (green), SK-BR-3 (orange) and MDA-MB-231 (blue) cell lines. The gray curves 

correspond to the calculated latent variable (y’). 

0.10 0.12 0.14 0.16 0.18 0.20 0.22 0.24

0.50

0.52

0.54

0.56

0.58

0.60

0.62

 HeLa          SK-BR-3

 MCF-7        MDA-MB-231

T
h

e
rm

a
l c

o
n
d

u
c
ti
v
it
y 

(W
/m

K
)

Thermal diffusivity (mm2/s)



109 
 

The scatter plot, presented in Figure 64, contains the estimated thermal 

conductivity and diffusivity of the different types of cells (HeLa, MCF-7, SK-BR-3 and MDA-

MB-231). As can be observed, the cells thermal conductivity and diffusivity were similar 

(but not exactly equal as discussed later) to that of water (Table 4), which was expected 

due to the fact that cells contain around 80% water by weight [107]. 

Constructing the histograms of the measured values, the calculated thermal 

diffusivity means (μ) for HeLa, MCF-7, SK-BR-7 and MDA-MB-231 were 0.195, 0.161, 0.153 

and 0.137 mm2/s (Figure 65a), respectively, and their calculated thermal conductivity 

means were 0.577, 0.567, 0.564 and 0.547 W/mK (Figure 65b), respectively. We 

calculated a one-way analysis of variance (ANOVA) test for the thermal properties of the 

four different populations which showed a statistically significant difference between 

thermal diffusivity and conductivity means of the four different cell types (p-value 

(diffusivity) = 2.16×10-13 and p-value (conductivity) = 0.002). Based on the different p-

values, we observed that thermal diffusivity has more predictive power than thermal 

conductivity. 
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Figure 65. Histograms of the calculated values of c) the thermal diffusivity and d) 

conductivity for the two cell lines with the associated normal distribution fitting (black 

curves). 

 Since the described technique predicted both thermal conductivities and 

diffusivities we performed a multimodal logistic regression on the calculated values to 

assess the technique’s ability in differentiating between different cell types. Applying a 

latent variable model on the measured data, the latent variable (y’) was equal to 77.3 −

100κ − 150α (grey lines in Figure 64). Performing a third ANOVA test, for the new 

calculated latent variable, we got a higher degree of differentiation between the different 

0.48 0.52 0.56 0.60 0.64
0

2

4

6
0

2

4

0

2

4

6

0

2

4

6

0.10 0.15 0.20 0.25
0

2

4

6
  

0

2

4

6

  

0

2

4

6

8

  

0

2

4

6

 

 

 

Thermal diffusivity (mm2/s) Thermal conductivity (W/mK)

a

F
re

q
u

e
n

c
y

0.137

0.013

0.153

0.013

0.161

0.016

0.195

0.017

MDA-MB-231

SK-BR-3

MCF-7

HeLa

0.547

0.021

0.577

0.017

0.564

0.018

0.567

0.022

b



111 
 

cells lines with a p-value equal to 4.67×10-19. Table 5 contains the adjusted p-values, 

calculated based on Tukey’s honest significance test, of the respective pairs. As can be 

observed, while the latent variable could significantly differentiate between most of the 

cell types, the calculated values of MCF-7 and SK-BR-3 were not statistically different.  

  p-values 

  ĸ α y' 

HeLa MCF-7 0.592 1.1×10-6 1.62×10-7 

HeLa SK-BR-3 0.364 1.94×10-7 2.84×10-10 

HeLa MDA-MB-231 0.001 2.62×10-9 5.77×10-14 

MCF-7 SK-BR-3 0.981 0.495 0.272 

MCF-7 MDA-MB-231 0.038 3.7×10-4 1.31×10-6 

SK-BR-3 MDA-MB-231 0.094 0.026 1.75×10-5 

Table 5. Adjusted p-values calculated based on Tukey's honest significance test. 

Since the living cells harbor a large composition of macromolecules, such as 

proteins, with calculated thermal conductivity less than water, the calculated cells net 

thermal conductivity were indeed less than water. [109, 110] Plotting the cell distribution, 

according the calculated latent variable, we got a better visualization of the 

differentiation between the different cell types (Figure 66). We clearly observe that 

pairing the HeLa cells with other types of cells yields the lowest adjusted p-values (Table 

5) demonstrating how much their thermal properties were different. This was expected 

since HeLa cell line is a cervical cancer while the other cell lines are breast cancer cells. 

Probably more interesting, is the ability to differentiate MDA-MB-231 cell line (basal 
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breast) and the other breast cell lines, which demonstrates the ability to differentiate 

between different subtypes within the same type (breast). 

 

Figure 66. Jitter plot of y’, based on the performed multimodal logistic regression, 

indicating a large difference between cancer cell types as well as between different 

subtypes. 

4.4. Conclusion 

We developed a novel thermal biosensor based on GaN nanomembranes capable 

of simultaneously measuring thermal conductivity and diffusivity. The technique relied on 

locally heating a nanomembrane attached to a cancer cell, through a focused laser beam, 

and simultaneously collecting the PL spectrum. We demonstrated that the peak of the PL 
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spectrum can be correlated to the thermal properties of the cells in contact with the 

nanomembrane. While the measured thermal properties of the cell lines show correlation 

with previously measured cell stiffness, [102, 103] other factors may contribute to the 

measured thermal properties such as difference in histological origins as well as the 

different cells media. Therefore further work is required to fully understand the different 

parameters contributing the thermal measured thermal properties.  

Currently, the special precision of our technique is in the order of few microns due 

to the area of the gold-microdisc and the laser pulse width, which both can be adjusted 

to decrease or increase the resolution. If a lower energy laser beam is used (blue or green 

laser), the cytoplasm absorption will be highly decreased, and thus no cell damage is 

induced, the gold-microdisc can be removed from the design, which simplifies the design 

and does not confine the measurement to a single spot. However, in this case, instead of 

using GaN nanomembrane, with very low absorption for low energy laser beams, indium 

gallium nitride (InGaN) nanomembranes have to be used to increase optical absorption. 

Preparing InGaN nanomembranes was however not possible in this thesis time span due 

to sample availability issues. We successfully demonstrated that the latent variable is 

useful in differentiating between different types and subtypes of cancer cell lines. We also 

calculated statistically similar values for thermal properties of cell lines belonging to the 

same subtype. The demonstrated results lend themselves nicely to several biomedical 

applications, such as high-precision single-cancerous-cell targeting, thermal imaging 
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techniques, detection of cancer types, and assessing cellular health and viability. In the 

next chapter, we demonstrate a second novel application based on III-nitride membranes. 
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Chapter 5: Nanowire Membrane Photo-Anode 

With increasing energy demands, and rising average global temperature, there are 

enormous global efforts to shift the world energy demand from fossils to renewables, 

such as solar, wind, geothermal and others. The fact that the energy from the sunlight 

reaching the earth in one hour (4.3 × 1020J), is comparable with all human energy needs 

in a whole year (4.1 × 1020J), positions solar energy among the top potential renewable 

energy sources.[111] The major issue with solar energy is that it is intermittent and 

dependent on weather conditions and therefore requires storage and transport.[112] Solar 

water splitting represents a potential clean renewable storable energy source where the 

solar energy is used to split the water molecule into hydrogen and oxygen: [112]  

H2O →
1

2
O2 + H2 ↑          ;            ΔG = 237.178 kJ mol⁄  

Where ΔG is the standard Gibbs free energy of the reaction. The produced hydrogen can 

then be stored and transported to different regions to be used as a clean fuel in the 

reverse reaction. Semiconductors have emerged as a potential leader in solar hydrogen 

generation where they split the water molecule based the mechanism ascribed in Figure 

67. The bandgap absorption of a photon generates an electron-hole pairs within the 

semiconductor. Due to surface band bending, the minority carriers drift to the surface 

where they take part in the oxidation (n-type) or reduction (p-type) half reaction. The 

majority carriers, on the other hand drift towards the counter electrode where they take 

part in the other half reaction. Therefore, two reactions occur: the hydrogen evolution 

reaction (HER) at the cathode, and the oxygen evolution reaction (OER) at the anode.[32] 
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Figure 67. Quasi-equilibrium band diagram for solar water splitting in the case a) n-type 

semiconductor anode or b) p-type semiconductor cathode. 

 Several chemically stable materials, such as SrTiO2, TiO2, Fe2O3, BiVO4, etc. have 

been developed as photo-electrodes for solar water splitting.[113-115] However, they suffer 

from a low optical absorption in the visible range, due to their large bandgaps, and from 

a low carrier mobility which decrease the extraction efficiency.[113, 114] Also, some of them, 

such as Fe2O3 and BiVO4 suffer from misalignment with the HER or OER energy potentials 

and require external applied biases during operations.[116] Other compounds with the 

right energetics and decent absorption in the visible range, such as Ta3N5, have been 

employed, however many suffer from oxidation from the electrolyte solutions.[117] 

 III-nitrides have emerged as a new set of photo-electrode materials for solar water 

splitting due to the following reasons: Their chemical stability allowed them to withstand 

both alkaline and acidic electrolyte solutions which enabled a long lifetime stability. Their 

high electrical mobility allowed for a fast carrier extraction. Bandgap tunability of InGaN 

allowed the optimization of band alignment to offer high solar absorption as well as good 
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energetics. Finally, due to the interest in white light development, their crystal quality has 

highly improved allowing for a high quantum efficiency.[30] 

As previously demonstrated in this work, III-nitride nanomembrane offer a new 

platform for versatile applications. There are no reports of engineering III-nitride 

nanomembranes for solar water splitting. As demonstrated in section 3.2, 

nanomembranes are easily mechanically deformed, due to their extremely low flexural 

rigidities and the presence of internal strains are enough to crack and chatter the 

nanomembrane structure (Figure 31). Therefore, since water splitting requires high 

indium doping to achieve high solar energy absorption, high internal strains would form 

within the nanomembrane structure causing is to chatter. Nanowires (NWs) on the other 

hand, being a 1D nanostructure, are able to relax internal strain through biaxial expansion 

and therefore can be grown with high indium compositions.[118] Therefore, in order to 

utilize the benefits of both, flexibility from nanomembranes and high optical absorption 

from NWs, a merged structure will be formed where NWs will be attached to a 

nanomembrane. Across this work, we refer to this structure as NWs membrane. 

In this chapter, we will demonstrate the fabrication of high indium composition 

NWs membranes. Then, based on these membranes, we will demonstrate the fabrication 

of photo-anode devices for solar hydrogen generation. We will then perform several 

physical characterizations of the structure. Lastly, we will utilize compare these NWs 

membrane with the regular NWs devices to demonstrate their superior properties. 
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5.1 Membrane Photo-Anode Fabrication 

In order to fabricate the NWs membrane photo-anode, first InGaN/GaN NWs were 

grown on silicon wafer. Before growth, the silicon substrate was cleaned by acetone, 

methanol and IPA, and then rinsed with de-ionized water. Native silicon oxide layer was 

removed by dipping in 20% HF solution for 1 min. The silicon wafer was then mounted 

inside a PA-MBE system for NWs growth. A GaN seeding layer was first grown, at 520 ˚C, 

followed by a high quality GaN NWs growth, at 615 ˚C. The temperature was then ramped 

down to 510 ˚C, to grow a 600 nm long InGaN nanowires.  

 

Figure 68. Cross sectional SEM and 3d illustration of the InGaN/GaN NWs. 

Finally, a 300 nm thick GaN was grown at a metal rich condition to promote lateral 

expansion of the NWs. Cross section SEM image of the sample, in Figure 68, shows the 

InGaN NWs grown on Silicon with the GaN expanded region. After growth, the NWs 

sample was dipped in buffered oxide etch (BOE) solution to remove any formed oxide 
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layer on the NWs. 5 nm Nickel, followed by 5 nm Gold layers were deposited using oblique 

angle evaporation in e-beam reactor (APPENDIX A) and then annealed at 550 ˚C for 1 min 

in order to form a metal contact with the NWs (Figure 69a).[119] Then a 150 nm thick Gold 

was evaporated to form a mechanically stable metal contact (Figure 69b).  

 

Figure 69. Illustration of the NWs sample a) before and b) after oblique angle deposition 

of metal contact. c) False colored cross section SEM image of the NWs after metal 

deposition showing the Gold/Nickel metal contact (top), the InGaN/GaN NWs and the 

underlying silicon substrate. 
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Cross section SEM of the sample revealed the Gold layer deposited over the NWs 

(False colored SEM in Figure 69c). During gold evaporation, a polyimide film was placed 

in the e-beam reactor to evaporate gold onto it, which will act as the support substrate 

after liftoff. After metal evaporation, a layer of conductive epoxy was placed on the 

polyimide film (covered with gold) and the sample was flipped onto it.  

 

Figure 70. a) Illustration of the NWs sample after being flipped and stick to Polyimide. b) 

Silicon was etched away by XeF2 and PDMS was used to insulate the metal layer from 
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getting in contact with the electrolyte. c) False colored cross section SEM image of the 

NWs after flipping over the Polyimide film. 

The epoxy was hardened by baking the sample at 70˚C for 10 minutes (Figure 70a). 

Once the sample was attached to the polyimide film, the silicon substrate was etched by 

XeF2. 120 cycles of pumping and purging with XeF2 were enough to remove all the 

backside silicon wafer (Figure 70b). A layer of PDMS was coated around the sample to 

prevent formation of short circuit between the metal contact and the electrolyte during 

water splitting. Cross section SEM of the sample is presented in Figure 70c where the top 

of the nanowires (InGaN region) was exposed and the bottom (GaN) region was in contact 

with Gold, which was attached to the conductive epoxy layer. The fabricated photo-anode 

is imaged in Figure 71a and illustrated in Figure 71b showing the InGaN/GaN NWs layer 

attached to the Polyimide film and the metal contact coated with PDMS. 

  

Figure 71. a) Optical image and b) 3D illustration of the fabricated NW membrane photo-

anode. 
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If no epoxy was used to attach the membranes to the underlying layer, wrinkles would 

start forming within the membranes due to strain relaxations, as demonstrated in the 

optical images in Figure 72. 

 

Figure 72. a) Unattached NWs membrane. b) Wrinkles occurring when the NWs 

membranes were unattached with the epoxy layer. 

5.2 Membrane Photo-Anode Characterization 

First, the optical characterization of the NWs membrane photo-anode device was 

analyzed by measuring the PL emission of the sample before and after the device 

fabrication. Using a 473 nm DPSS laser to excite the PL signal, the collected spectrum is 

presented in Figure 73. The peak PL emission at 644 nm (1.93 eV) corresponded to an 

approximate indium composition of 43 % (based on a bowing parameter b = 1.43 eV).[120] 

Such a value allowed the energy bands to straddle the water splitting redox reactions and 

therefore allowing for good energetics during the water splitting half-reactions.[30] 

Furthermore, the peak emission and spectral bandwidth did not considerably change 

after device fabrication which demonstrated that the several fabrication steps had 

minimal effect on the optical properties of the InGaN NWs. 
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Figure 73. PL emission from the sample before (red) and after (blue) fabrication of the 

photo-anode device. 

Using the 473 nm laser, the resonant Raman signals from the NWs membrane 

before and after photo-anode fabrication were collected and plotted in Figure 74. Only, 

the Raman emission before lift-off contained a strong peak at 519 cm-1 corresponding to 

silicon demonstrating that silicon was completely etched away from the sample during 

fabrication.[121] Beside the silicon Raman emission, both of the collected spectra 

contained emissions at 567 cm-1 with a short wavenumber shoulder. After fitting, the 

emission could be resolved into two peaks. A narrow bandwidth peak at 567 cm-1 and a 

broader emission at 553 cm-1, ascribed to the high branch of the E2 phonon modes of GaN 

expanded region [79, 122] and the InGaN stem, respectively.[123, 124] The wider bandwidth of 

the InGaN peak, compared to the GaN, denotes a nonhomogeneous indium composition 

within the nanowires, which is expected from a ternary compound, as compared from a 

binary compound. As for the emissions on the longer wavenumber side of the spectrum, 

they were resolved into two peaks at 721 cm-1 and 696 cm-1. Both of these emissions were 
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ascribed to the A1(LO) phonon modes of different indium compositions within the 

nanowires. This InGaN phase segregation was also apparent in the PL spectrum (Figure 

73) where the emission was not a single Gaussian but rather had shoulders beside the 

main peak. The A1(LO) phonon mode of GaN, at 743 cm-1, was not apparent in this 

spectrum since its intensity is less intense that the E2
H Phonon mode, in the case of non-

resonant Raman measurement (Excitation energy < bandgap).[125] On the other hand, the 

intensities of the A1(LO) from InGaN is higher from the E2
H, due to resonant coupling.[123]  

  

Figure 74. Resonant Raman emission from the NWs before (red) and after (blue) photo-

anode fabrication. Shaded grey curves are Gaussian fitting of the Raman signal. 

After optical characterization, a cross section of the NWs membrane photo-anode 

was prepared by FIB and placed it inside a TEM for imaging (Figure 75a). The image 

revealed the inverted NWs with the expanded GaN region in close contact with the metal 

contact which was attached to the conductive epoxy.  
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Figure 75. a) and b) Cross section TEM images of the NW membrane photo-anode. c) 

Elemental mapping using EELS of the structure. 
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Furthermore, the image revealed that the metal layer was forming a continuous 

layer which highly enhanced conductivity of the device. The region above the NWs is a 

carbon layer deposited during FIB milling to prevent NWs damage. Focusing on the region 

marked by red, we imaged the NWs where we noticed that there was no gap between 

the nanowires/metal contact which highly enhanced carrier extraction and overall water 

splitting efficiency. The formation of a gallium oxide layer within the GaN/metal interface, 

would deteriorate electrons transport and therefore, electron energy loss spectroscopy 

(EELS) was performed on the region marked with a red square in Figure 75b and the 

resulting maps were plotted in Figure 75c.  

 

Figure 76. Collected EDS spectra from the InGaN (top-red) and GaN (bottom - purple) 

regions of the NWs. 
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The only visible peaks belonged to Au, Ni, Ga and N. As observed, the top region 

only had Ga and N (forming GaN), the lower region only contained (Au and Ni) and no 

oxygen peak was observed. Furthermore, EDS signals were collected from the stem and 

expanded regions of the NWs (top and bottom spectra in Figure 76, respectively). While 

both spectra contained peaks attributed to Ga and N, only the signal collected from the 

stem contained a signal at 3.3 KeV which was attributed to indium and therefore 

supporting the growth design where only the stem regions were InGaN and the expanded 

regions were GaN. The copper peak at 8.4 KeV arises from the sample holder which is 

made from copper. 

5.3 Membrane Photo-Anode Performance 

After fabrication and characterization, the sample was placed in a phosphate 

buffer solution (PH = 7), connected to a reference and counter electrodes and shined 

upon with a 914 mW/cm2 Solar simulator (Figure 77). Experimental setup was detailed in 

APPENDIX C. Figure 78 outlines the equilibrium band diagram of the different water 

splitting components upon excitation with light. Once a photon is absorbed, an electron 

hole pair get generated which drifts due to the surface fields generated from the surface 

bending of the semiconductor. The quasi fermi-levels of the electrons (EFn) and holes (EFp) 

are used to describe the quasi-equilibrium carrier distribution within the illuminated 

region. 
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Figure 77. Illustration of photocurrent measurement during water splitting. 

As demonstrated, since the photogenerated electron density are much less than 

the original electron density, since the NWs are n-doped, there is not much change in EFn 

compared to EF.[126] On the other hand, the photogenerated holes are much more than 

the minority hole carriers which considerably shifts EFp downward towards the valence 

band. The holes drift to the surface where they contribute to the water oxidation 

reaction: 𝐻2𝑂 + 2ℎ+ →
1

2
𝑂2 ↑ +2𝐻+. Electrons on the other hand drift through the 

InGaN NWs and the GaN expanded region towards the back contact of the structure 

where they travel to the platinum electrodes, through the outside circuitry. The 

generated hydrogen ions diffuse within the solution where they are reduced by the 

electrons on the platinum electrode: 2𝐻+ + 2𝑒− → 𝐻2 ↑. Therefore, oxygen and 

hydrogen gases are generated from the photo-anode and platinum cathode, 

respectively.[126] In order for the structure to split water efficiently, several mechanisms 
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had to be optimized. First, photon absorption through the direct bandgap of InGaN was 

increased through having a high indium composition through the nanowires (40 %, Figure 

73). Second, platinum was used as a counter electrode due to its chemical stability as well 

as having a work function higher than the hydrogen evolution reaction. Third, the hole 

quasi fermi level of the InGaN NWs (EFP) had to be lower than the oxygen evolution 

reaction, in order for the energy straddling to occur, and therefore, the nanowires were 

n-doped.[126] Lastly, for efficient carrier extraction, the expanded GaN region were n-

doped to decrease the formation an electronic barrier at the GaN/InGaN interfaces. 

 

Figure 78. Quasi-equilibrium band diagram of the different components of the water 

splitting experiment. 
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-0.5 to 1.4 V and the current density was measured under darkness and illumination (black 

and red curves in Figure 79a, respectively). The sample photocurrent density (Jph), defined 

as the current generated from photon absorption, is calculated by subtracting the current 

measured in darkness (dark current) from the current measured upon illumination and 

divided by the sample illuminated area. Since the dark current is not originating from solar 

energy, it is a wasted energy and therefore a lower the dark current leads to a better 

device performance.[126] At the maximum applied potential (1.4 V), the NWs on silicon 

gave a dark and photo current densities of 0.05 mA/cm2 and 0.06 mA/cm2, respectively. 

Measuring the current densities from the NWs membrane at 1.4 V, we got 0.06 mA/cm2 

(dark) and 1.21 mA/cm2 (Figure 79b). While the dark current densities are similar, the 

photo-current density from the NWs membrane is over 20 times higher than the photo-

current density from the NWs on silicon. Such an increase in photocurrent can be ascribed 

to several processes. First, the high electrical conductivity of Gold (4.5 × 107 𝑆 𝑀⁄ ) 

compared to silicon (103 𝑆 𝑀⁄ ) allowed a faster electron collection at the back contact of 

the device. Second, during growth of NWs on a pseudo substrate (such as silicon), a high 

dislocation density seeding layer is formed.  
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Figure 79 Measured current density profile from a) reference and b) NWs membrane 

samples under darkness (black) and illumination (red). The potential levels are measured 

versus the reversible hydrogen electrode (RHE) potentials. 

As the growth proceeds, due to lateral strain relaxation within the NWs, 

dislocation density decreases and the NWs are formed from a nearly dislocation free 

crystal.[127] During normal operation, the electrons have to pass through the seed layer, 

full of threading dislocations where they can non-radiatively recombine decreasing the 

overall efficiency. Flipping the NWs however, allowed the carriers to be extracted from 

the top GaN where there were no high threading dislocation region. Third, transmitted 

photons through the NWs, instead of being absorbed by silicon, are reflected back by the 

gold contact where they can be absorbed and thus increasing the total absorbed intensity. 

-0.5 0.0 0.5 1.0 1.5
-0.2

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

b

Potential (V)

C
u
rr

e
n
t 
d
e
n
s
it
y 

(m
A

/c
m

2
)

Dark

Light

NWs membrane

-0.5 0.0 0.5 1.0 1.5

-0.08

-0.06

-0.04

-0.02

0.00

0.02

0.04

0.06

0.08

0.10

0.12

a

Potential (V)

C
u
rr

e
n
t 
d
e
n
s
it
y 

(m
A

/c
m

2
)

Dark

Light

Reference



132 
 

 

Figure 80 Measured current density response from the NWs membrane (black) and 

reference (red) to chopped illumination. 

The open circuit voltage (OCP) of the NWs membrane was measured and plotted 

in Figure 81. Under illumination, the OCP dropped (becomes more negative) over the NWs 

membrane which was a typical behavior of photo-anodes (n-doped samples).[128] In order 

to elaborate on the physical origin of this potential drop, the band diagrams off the InGaN 

NWs membrane – electrolyte interface were presented in Figure 81b. under darkness, 

there exists surface electric field due to fermi level equilibrium which is the characteristics 

of the surface charge region. This electric field causes the surface bands to bend as 

described earlier.  
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Figure 81. a) OCP response to illumination for the NWs membrane. b) Band diagram of 

the changes in OCP under illumination and dark settings. 
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illuminated states is what is measured at ΔOCP. Since EPhoto is generated due to photo-

generated carriers, it is a function of light intensity. The maximum value occurs when it 

cancels out the ESCR, since at this point, carriers cannot be further separated and 

therefore, cannot build additional electric fields. The higher the ΔOCP, the higher the 

band bending value which results in a better carrier separation and higher performance. 

Therefore, comparing ΔOCP from the membrane to the reference sample (Figure 82), we 

observe that the NWs membrane have higher ΔOCP and therefore a better carrier 

splitting capability. 

 

Figure 82. OCP response to illumination for the NWs on silicon 

 

5.4 Conclusion 

We have demonstrated the fabrication of NWs membrane photo-anodes for 

water splitting. The NWs we optimized to have slim InGaN stems and expanded GaN 

40 60 80
-0.2

-0.1

0.0

0.1

0.2

0.3

0.4

0.5

0.6

O
C

P
 (

V
)

Elapsed time (s)

ΔOCP = 0.094

DarkLight on Light on



135 
 

region to prevent any back-contact/electrolyte interface. Optical and chemical 

characterizations were performed for the NWs before and after membrane fabrication 

which revealed to structural deterioration through the fabrication process. Polarization 

curves for the NWs membrane and NWs on silicon were collected which revealed superior 

properties for the membrane, primarily due to the better carrier collection through the 

back metal contact. Furthermore, OCP measurements revealed higher changes in the OCP 

after the membrane fabrication leading to a more efficient carrier separation. 
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Chapter 6: Future Potential and Concluding Remarks 

By the end of this thesis, we hope that we have demonstrated to the reader the 

future potential of III-nitride membranes. We began in chapter 1, by laying the floor for 

discussing the properties of nanomembranes as well as their applications. Then, in 

chapter 2, we demonstrated the novel exfoliation of GaN nanomembranes with the non-

radiative cores of their threading dislocations etched away. Through SEM and TEM 

images, we presented a model that described their formation mechanism. These 

nanomembranes had limited areas due to fluctuations in gallium vacancy densities during 

growth which highly impacted their applications. Further work on optimizing the growth 

conditions of these nanomembranes is definitely required to exfoliate larger areas which 

would increase the practical applicability of these nanomembranes. 

We then moved in chapter 3 to characterize these nanomembranes. We 

elaborated on their mechanical properties where we demonstrated that through applying 

external mechanical stresses, we could induce up to a 55 meV shift in their peak emission 

energy. Furthermore, thermal characterization revealed a pronounced phonon-boundary 

scattering which highly diminished the thermal conductivity of these nanomembranes. 

While this reduction in thermal properties could be regarded as a setback, we employed 

this property in chapter 4 to develop novel thermal biosensor for single cells. COMSOL 

simulations of thermal distribution within the nanomembrane/cell supported the 

biosensor operation by elucidating the fact that heat was confined within the cell during 

measurements. Finally, MATLAB codes were developed to calculate the thermal 

properties of the living cells based on the measured optical data from the 
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nanomembranes. The thermal biosensor was based on GaN which needed a 325 nm laser 

for excitation. In order to protect the underlying cell from the damaging effect of 325 nm 

laser radiation, the Au-microdisc, sandwiched between the cell and the nanomembranes 

was designed and implemented. Not only did this complicate the fabrication process, it 

required the measurement to be performed solely on the microdisc and thus requiring 

aligning and focusing the laser onto the microdisc. A possible technique to overcome such 

a hurdle and limitation is to use a 473nm laser to excite the nanomembrane. However, 

the membrane has to be made from InGaN which a bandgap short enough to absorb 473 

nm. This would allow the laser to be focused anywhere over the nanomembrane and thus 

potentially enabling 2D mapping of the thermal properties of the cell.  

Finally, in order to employ nanomembranes into solar hydrogen generation, we 

merged them with InGaN NWs to form InGaN NWs membranes. These membranes were 

flexible, had high indium composition and high electrical conduction. These properties 

enabled them to outperform the common process of utilizing NWs-on-silicon for solar 

hydrogen generation. The NWs had an expanded top to prevent electrolyte leakage to 

the back contact. Since such a structure was not easily grown in a PA-MBE system, a 

simpler structure could have been grown but extra fabrication could be performed. For 

instance, before evaporating the back contact metal, spin coating a photoresist and 

subsequent etch back could potentially insulate the back contact from the electrolyte. 

Careful calibration and testing would be required to prevent the photoresist from over 

covering the NWs which would prevent solar hydrogen generation. The two different 
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techniques should be compared in more details to assess their efficiency and simplicity, 

and probably a merged process would be most effective. 

The two presented devices, thermal biosensor and membrane photo-anode 

represent two novel applications based on III-nitride membranes. The first application is 

built on the unique phenomena of nanomembrane; namely having low thermal 

conductivity due to phonon-scattering. The second represents a merge between 

nanomembranes, having extremely low flexural rigidity, and nanowires, having high 

indium content. Other applications may be develop based on other III-nitride 

nanomembranes unique properties. Their 2D electrical conductivity, high surface to 

volume ratio and chemical stability of III-nitride membranes nicely lend themselves in 

developing novel biological sensors in functionalized membranes. Also, having large 

energy shifts due to external applied strains allow the development of optical-mechanical 

switches based on nanomembranes. In order for these potential novel applications of 

nanomembranes to become commercialized, serious research in fabrication and transfer 

in large, wafer-scale, sizes need to be done. Similar to how the CMOS fabrication was 

developed over the years to allow for fast, wafer-scale fabrication of different chips, 

researches in exfoliation and integration of functionalized membranes in wafer scale sizes 

is required.  Once these are developed, then commercial devices, based on novel 

applications of these nanomembranes can be expected. 
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APPENDIX A 

Material Deposition Tools 

In order to deposit platinum (Pt) electrodes on the edge of the sample for UV-

assisted electroless etching, we used metal sputtering process. The technique relied on 

depositing neutral atoms from a target material onto a sample substrate (Figure 83). First, 

the chamber was vacuumed to make certain that no contaminants are present as well as 

to increase the mean free path of the different ions. An inert gas was then inserted in the 

sample (usually argon). Once an electric potential was applied between the sample (at 

the bottom of Figure 83) and the target material (at the top), an electric field was 

generated within the chamber. This caused the thermionic emission of electrons from the 

target (which is a conductor in this case) to accelerate inside the chamber. As the electric 

field increased, the ejected electrons become more energetic that they can ionize the 

argon atoms during any possible collision generating a positively charged Argon ion (Ar+ 

plasma - purple) and secondary negatively charged electrons. Due to the presence of the 

high electric field, the massive argon ions accelerated towards the target. If they had 

enough momentum, they could knock a neutral atom (orange) from the target upon 

collision (due to conservation of momentum). Since the pressure inside the chamber was 

low, the sputtered atoms had long enough mean free paths that they can reach the 

sample substrate where they got deposited. The sample holder was continuously rotated 

to increase the uniformity. Since the sample side was positively charged, the secondary 

electrons can accelerate towards the sample, which could possibly damage the sample 
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and also generate ions away from the target and thus decreasing the sputtering rate. In 

order to resolve this issue, permanent magnets were placed behind the cathode which 

generated a magnetic field confining the electrons around the target which decreased 

sample damage and increased interaction with the target surface atoms. 

 

Figure 83. Operation procedure of metal sputtering. 

Once an argon ion recombines with an electron, a purple color was generated 

which is the characteristic color of the argon plasma cloud formed around the target. The 

drawback of this deposition technique is the damage caused to the substrate surface due 

to the impact of high energy neutral atoms. Therefore, we only used this technique when 

the surface to be sputtered is not critical in the measurement such as deposition of 

platinum electrodes on the sample sides for subsequent electrochemical treatment. 
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Once we needed a more controllable metal deposition and surface damage could 

not tolerated, like depositing gold for thermal biosensor or photo-anode fabrications, we 

resorted to electron beam evaporation (Figure 84). First, an intermetallic crucible was 

filled with pellets of the metal to be evaporated. Once the chamber was vacuumed, to 

increase the mean free path of evaporated atoms, a high energy electron beam was 

generated from a thermionic filament, usually placed under the metal crucible.  

 

Figure 84. Operation procedure of electron beam evaporation 
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eventually started evaporating. Once the evaporated atoms got in contact with a colder 

surface they lost their energy and got deposited. A crystal thickness monitor was placed 

inside the chamber where the thickness of the evaporated metal was directly measured. 

Since the evaporated atoms did not have as high kinetic energy as the sputtered atoms, 

during deposition on the sample, there was a much less surface damage or sample 

heating occurring. During gold and nickel evaporation over InGaN NWs, for photo-anode 

fabrication in Chapter 5, oblique setup was used to be limit the penetration of metals in 

between the nanowires which would lead to nanowire coating with the metals. 

 

Figure 85. Oblique deposition of gold using an electron beam evaporator 

Material Etching Tools 

In order to etch patterns on the sample, for nanomembrane and gold microdisc 

fabrications, we heavily relied on inductively coupled plasma (ICP) etching technique 

(Figure 86). After putting the chamber, with the sample inside, under vacuum, a low 

pressure gas was introduced. The plasma was then struck and maintained using two 

different procedures; An RF signal was applied to the sample holder which generated 
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strong oscillating electric field within the chamber. This electric field, oscillated the 

positive and negative charges within the gas atoms in different directions to the point of 

ionization where positive ions and free electrons we generated. Since free electrons, due 

to their extremely low relative masses, travel much further than the positive ions, they 

reached the sample holder where they caused a buildup of negative charges. As the 

sample holder got negatively charged, the positively charged ions accelerated towards 

the sample where, through conservation of momentum, knocked the surface atoms from 

the sample. This is called physical etching since no chemical reactions occur. 

 

Figure 86. ICP-RIE etching 
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Secondly, within the energetic plasma, free radical, which were chemically 

energetic, uncharged particles, formed. These radicals, once they diffused to the sample, 

they got adsorbed on the sample where they chemically reacted with the sample surface 

atoms. If the products were volatile, they would desorb leaving behind the etched 

surface. This is called a chemical etching and the process is name reactive ion etching (RIE) 

technique. In order to maintain a high density of ions within the plasma, a coil, wounded 

around the chamber, generated a high oscillating magnetic fields which also caused 

oscillations within the plasma charges producing more ions. It is therefore called an 

inductively coupled plasma chamber. Changing the different parameters within the 

chamber, such as gas pressure, ICP power and RF power, the etching process could shift 

from chemical to physical etching which highly changes the etching results. While etching 

GaN, we shifted the process for a more chemical based etching in order to decrease 

surface damage to the surface. On the other hand, etching gold, which is highly chemically 

inert, we shifted the etching for a highly physical process. 
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APPENDIX B 

Mechanical Characterization Tools: 

In order to fabricate PDMS membrane for handling GaN nanomembranes, PDMS 

elastomer was mixed with the curing agent in a plastic beaker at a 10:1 part ratio. After 

thoroughly mixing for few minutes, the mixture was put into a vacuum chamber where it 

was left to degas. After the bubbles disappeared from the surface, the mixture was taken 

out from vacuum. Simultaneously, we prepared a silicon wafer by cleaned the surface of 

a silicon wafer with HF in order to remove the oxide (hydrophilic) layer and thus exposing 

the silicon (hydrophobic) surface. The PDMS was then spin coated at 300 rpm onto the 

silicon wafer which was subsequently placed in an oven for curing at 90 ˚C for 1 hour. 

After curing, the PDMS was cut with a sharp blade in the required shape (either a 

rectangle or a circle, depending on the experiment) and peeled off from the silicon while 

being immersed in IPA. After peeling off the PDMS membrane, it was placed in the setup 

presented in Figure 87. 
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Figure 87. Illustration diagram of the opto-mechanical system used to measure strain 

dependent PL spectrum from the nanomembranes. 

The mechanical section of the setup consisted of the PDMS membrane attached 

from one end to a fixed stage while the other end was attached to a movable stage. A DC 

actuator, connected to a control computer, controls the position of the movable stage. 

As the DC actuator moved back and forth, different stresses within the PDMS membrane, 

depending on the position of the actuator, were generated.  The optical section of the 

setup is described in the following part under optical characterization tools.  The setup is 

imaged in Figure 88, where the DC actuator, PDMS membrane and objective lens are 

pictured. 
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Figure 88. Optical image of the opto-mechanical setup used to measure strain dependent 

optical properties from the nanomembranes. 

In order to perform biaxial strain of the nanomembranes, the same optical setup 

was used but with a different mechanical stretching setup. The setup consisted of a 

circular PDMS membrane attached from eight points to eight fishing lines. The fishing 

lines were all attached together at their end to a DC actuator which pulls or relaxes them 

based on the computer control (Figure 89). 
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Figure 89. Biaxial stretching setup for generating biaxial tensile or compressive strains 

within the nanomembranes. 

Optical Characterization Tools: 

The experimental setup used to measure the photoluminescence emission from 

the nanomembrane, after being excited by pulsed laser, is presented in Figure 90. A 325 

nm Helium-Cadmium laser is being used as the excitation source. First the beam is 

chopped through a high speed chopper to generate optical pulses with variable pulse 

widths based on the chopping speed. In order to chop the beam into 7 µs long pulses, we 
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drilled a 400 µm wide hole near the edge of the chopper wheel. The laser beam was then 

focused through this whole and collimated again using two plano-convex lenses. The 

intensity of the laser beam was then adjusted through a set of neutral density optical 

filters. The laser pulses were then guided and focused, through an objective lens, onto 

the nanomembrane/gold microdisc. The sample’s temperature was kept at 37 ˚C through 

placing a thermo-electric controller (TEC) underneath it. A piezoelectric stage was used 

to adjust the focus on to the gold disc.  

  

Figure 90. Experimental setup of measuring nanomembrane photoluminescence 
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diffraction grating scattered the signal onto a charge coupled device (CCD) camera where 

the signal was detected. When running the system for normal photoluminescence or 

Raman measurement, not for thermal sensor, the high speed chopper, plano-convex 

lenses and TEC are removed from the optical path. 

Thermal Characterization Tools: 

In section 4.3, we used several materials of known thermal diffusivities to calibrate 

the thermal biosensor. However, since the production procedure of any material affects 

its thermal properties, it was empirical to measure these properties instead of relying on 

published values. We used laser flash analysis technique to measure the thermal 

diffusivity of different materials. First, light coming out from a high energy source, 

typically a laser or a flash lamp, as in this case, was focused through a reflector onto one 

side of the sample where the radiation was absorbed into heat.  Since different materials 

absorbed radiation and converted optical to thermal energy differently, all samples were 

sprayed with a black layer of graphene and left to dry. Once the heat generated in the 

graphene coating was transferred to the material, heat diffuses upward towards the 

surface, which was also coated with graphene, where it got emitted in the form of infrared 

radiation. An infrared detector then collected the temporal evolution of the infrared 

radiation where it was processed in order to calculate the thermal diffusivity of the 

different samples.  
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Figure 91. Laser flash analysis technique for measuring thermal diffusivity. 

Measuring thermal diffusivity of water imposed further challenges since it needed 

a container during measurement. In order to solve this issue, I fabricated a special 

container for liquids to be used during the measurement. The container consisted of a 
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middle with a syringe where it was held in position by surface tension. The materials were 
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contains the fabricated top and bottom sample holders as well as the liquid container 

with the top silicon layer unattached. 

 

Figure 92. a) Designed and b) fabricated liquid container for thermal diffusivity 

measurement. 

Topographic Imaging Tools: 
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of the gold microdisc, presented in Figure 57. The operation procedure relies on scanning 

the sample with an oscillating cantilever and measure the deflections within the 

cantilever cause by the sample morphology (Figure 93). 

 

Figure 93. Operation procedure of an atomic force microscope. 

First, once the natural oscillation frequency of the cantilever (based on its shape 

and size) was determined, the cantilever was then approached to the sample where it 
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cantilever was not always on contact with the sample. A laser beam was then shined on 
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measuring the dimensions of the gold microdisc, but also to measure their surface 

roughness which highly affect the thermal contact resistance between the gold microdisc 

and the living cell. 
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APPENDIX C 

In order to study the formation process of GaN nanomembrane and porous GaN, 

demonstrated in section 2.3, we constructed a three electrode, electrochemical 

measurement setup, schematically presented in Figure 94 and pictured in Figure 95. As 

previously discussed, under UV-radiation, the photogenerated carriers drift in different 

directions. While the holes drift to the surface for the oxidation reaction, the electrons 

diffuse to the platinum electrode where they take part in the reduction reaction. Since 

the number of photo-generated electrons equal the number of photo-generated holes, 

and the latter is related to the number of oxidized surface GaN, measuring the electrons 

yields a direct measurement on the oxidation reaction rate. 

 

Figure 94. Three electrode, electrochemical measurement of photocurrent. 
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To measure the photocurrent, the Pt electrode on the sample had not to be in 

contact with the solution. Therefore, a hole was drilled at the bottom of the container, 

where the sample (working electrode) got placed. A washer was added to prevent any 

spill away from the sample. The sputtered Pt region on the sample was connected to a 

platinum counter electrode, placed in the solution and a low impedance ammeter was 

placed to measure the photocurrent. While this setup accurately measures the 

photocurrent, the sample potential cannot be measured across the sample and platinum 

since this will measure both the sample and counter electrode potential. 

 

Figure 95. Electrochemical setup for preparing GaN nanomembrane and porous GaN. 
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the reference electrode and the electrolyte was through the porous glass, with very high 

ionic resistance, there was no current and therefore no potential drop. As the potential 

within the reference electrode half-reaction is known, the measured voltage can be used 

to calculate the potential across the sample/electrolyte interface. 
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