
Abstract 

 

OBERHOFER, ANDREW EDWARD.  Gallium Nitride Ultraviolet Optical 

Modulators.  (Under the direction of Dr. John F. Muth)   

 

 In narrower band gap semiconductors researchers have exploited the ability to 

manipulate the exciton resonance via the Quantum Confined Stark Effect to make a 

variety of different types of optical modulators at infrared wavelengths. In this thesis, the 

large exciton binding energy of Gallium Nitride is used as the basis for ultraviolet optical 

modulators without the need for quantum confinement. A 5x5 array of UV optical 

modulators at 360 nm was fabricated. 

 The modulators operated in a transverse geometry and consisted of a GaN active 

layer surrounded by transparent AlGaN insulating and electrical contact layers. The 

typical thickness of the GaN layer was 0.4 um so the effects of the electric field on the 

exciton resonance could be directly observed. A hydrogenic model for the bulk exciton 

was assumed. The applied electric field opposed the attractive coulomb potential between 

the electron and hole and broadens the exciton resonance. This results in more or less 

light through the device depending on the spectral position. To understand the magnitude 

of the applied field within the device structure a 1D Poisson Solver was used. 

Spontaneous polarization and piezoelectric effects due to lattice strain between the 

AlGaN and GaN layers were included in the model and were found to have influence on 

the device at lower operating voltages. In the electric field modulated devices a contrast 

ratio of about 20 percent was obtained.  



 In thermally modulated devices, at low frequencies less than 200 Hz large shifts 

in the band edge led to large contrast ratios as expected. The temperature dependence of 

the device followed the Varshni relationship and allowed the magnitude of the 

temperature shift to be quantified.  At higher frequencies from 1kHz to 120 kHz an 

optical modulation of ~ 5 percent was readily observed and was attributed to electronic 

effects. The limitation of 100 kHz was equipment related and it is conjectured that the 

modulation bandwidth would extend into the MHz. 
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 Chapter 1 

Introduction 

1.1 Background of Wide Band Gap Semiconductors  

Gallium nitride (GaN), aluminum nitride (AlN), and indium nitride (InN) have 

emerged as versatile and important direct wide band gap semiconductor materials in both 

nanoelectronics and optoelectronics.  The fundamental band gap energies of GaN, AlN, 

and InN are 3.4, 6.2, and 0.7 eV, respectively, enabling their ternary and quaternary 

alloys to have band gaps in the near infrared to ultraviolet regions of the spectrum.    A 

number of optoelectronic devices based on the III-N semiconductors have been 

developed such as visible and ultraviolet light emitting diodes, ultraviolet photodetectors 

and sensors, and visible and ultraviolet lasers. [1-6] 

In addition to being a direct wide band gap semiconductor suitable for optical 

devices, GaN has good electrical properties for high-speed and high-power devices such 

as a saturated drift velocity predicted in GaN (> 2.9 x 107 cm/s at room temperature), a 

thermal conductivity (1.3 cm2/Ws at room temperature), low field electron mobility 

(2000 cm2/Vs at room temperature), and high breakdown field (> 4MV/cm).  The 

combination of these properties has led to the development of high-frequency and high-

power transistors with performance exceeding that of alternative materials.  The 

following table shows and compares various semiconductors of interest. 
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Table 1-1 Comparison of some of the properties of wide band gap materials of interest[4, 7]. 
Parameter GaN AlN InN 6H-SiC Si GaAs Sapphire ZnO 

Symmetry Wurtzite Wurtzite Wurtzite Wurtzite Diamond Cubic Corundum Wurtzite 

Native Substrate No No No Yes Yes Yes --- Yes 

Lattice Constant (a) 3.189 3.112 3.548 3.081 5.431 5.653 4.758 3.252  

Lattice Constant (c) 5.185 4.982 5.76 15.117 --- --- 12.99  -- 

Band Gap Energy (eV) 3.4 6.2 1.89 3.03 1.12 1.42 9.0  3.34 

Band Gap Transition Direct Direct Direct Indirect Indirect Indirect   Direct 

εxy = 

10.4 8.5 15.3 9.66 11.99 13.1 10  

ε0 = 

8.59 

 

εz = 9.5             

εinfinity = 

4.0 

Break Down Field 

(MV/cm) >3 --- --- 3 0.3 0.4  -- -- 

Electron Effective 

Mass 0.22 0.33 0.11 0.45 0.98 0.067 ---  1 

Hole Effective Mass 0.8 --- --- 1.2 0.49 0.45 --- 0.59 

Exciton Effective 

Radius (Ang) 32 --- --- --- --- 125 --- ~17 

Exciton Reduced Mass  

0.173-

0.180 m0 --- --- --- --- 0.058 m0 --- 

~0.1437 

m0 

LO Phonon Energy 

(meV) 91 --- --- --- --- 36 --- 72 

electron mobility 

(cm2/(V-sec)   --- --- --- --- 8500  -- --  

Saturation Velocity 

(107 cm/s) 2.5 --- 2.5 2 1 2 --   -- 

cf 8 --- --- --- --- degenerate --- cf 39.5 

 so 21 --- --- --- --- 350 --- so -3.5 

Melting Point °C >1700 3000 1100 2830 1414 1238 2050 1975  

Density (g/cm3) 6.15 3.23 6.81 3.21 2.33 5.32 3.98 5.61  

Index of Refraction 2.33 2.2 2.85-3.0 2.6-2.7 4 3.43 1.77 1.78  
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Figure 1-1 Band gap versus anion-to-anion spacing for various semiconductors of interest.  *Most 
recent measurement of InN Bandgap is 0.7 eV 

 

Currently III-N nitrides are heteroepitaxially grown on commercially available 

sapphire and SiC substrates.  The growth on non-native substrates leads to a high level of 

defects in the epitaxial films.  In order to reduce the level of defects native substrates 

need to be developed.  Production of native substrates for III-Nitride semiconductors is 

an active area of research.  Presently HVPE and vapor sublimation of GaN and AlN are 

being explored and prototype 2-inch substrates have been produced [8-13]. 

The III-N material system has been shown to be an emerging material system 

with a plethora of applications.  An emerging application for the III-N system is for 

biosensors.  AlGaN inertness to chemicals at the metal-oxide-like surface, optical 

transparency, and electronic sensitivity combine in a unique way to open up a new area 

for multifunctional biosensor devices.  One new biosensor device, the ion-sensitive field 
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effect transistor (ISFET) based on AlGaN/GaN heterostructures in aqueous electrolytes 

has been demonstrated to have high sensitivity and low drift  [14, 15].   

  In this work, the excitonic absorption of wide band gap semiconductors will be 

explored as the basis for novel devices.  GaN has an exciton peak in the ultraviolet region 

that is present at room temperatures.  This is an unusual phenomenon as the exciton 

binding energy in most semiconductors is not high enough to be present at room 

temperatures.  GaN and AlGaN can be grown on optically transparent sapphire substrates 

and have a high breakdown field of >4 MV/cm.  These properties suggest the 

development of a spatial light modulator for use in the ultraviolet based on electric field 

broadening of the exciton.  This thesis demonstrates that an ultraviolet light modulator 

can operate in the near ultraviolet around 360 nm, and take advantage of the excitonic 

absorption of thin layers of GaN. 

1.2 Modulators 

Semiconductors have been used in a broad range of optical devices.  Active 

optical devices can be broadly categorized into three different classifications: 

• Light emitters (Light emitting diodes (LEDs) and Lasers) 

• Photodetectors (Photodiodes and Photoconductors) 

• Modulators. 

A modulator is defined as a device that has the ability to change the frequency, 

amplitude, phase or polarization of the electromagnetic waves.  Several different types of 

modulators exist and are characterized by the aspect of the electromagnetic wave which 

is modulated as well as by the input wave physical mechanism of modulation.  An 
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example of a modulator found in everyday electronics is a liquid crystal display (LCD) 

which modulates the polarization in a spatially varying manner across the display 

elements, causing the light to either be blocked or transmitted. 

Solid-state modulators are based on several devices including pn junction 

modulators, quantum well modulators, and waveguide modulators [16-43].  There are 

different physical mechanisms that are exploited for different types of solid-state 

modulators.  These mechanisms include the quantum confined Stark effect (QCSE), edge 

depletion absorption control (EDAC), Franz-Keldysh effect, and the broadening of 

excitons by an electric field.  

Modulators are also important components in communication systems.  An 

optical communication system can be constructed with a transmitter, an information 

channel, and a receiver.  The transmitter generates and modulates a signal and transmits it 

through a medium.  The information channel can be composed of various materials such 

as an optical fiber or air.  External modulators can be used to avoid frequency chirp.  

Typically, the wavelengths of these systems are in the infrared portion of the spectrum 

(1.33 and 1.55 µm) due to the low absorption of the optical fiber.  In underwater 

communication systems, where the medium is ocean water, the infrared light is absorbed 

rapidly (Figure 1-2).     
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Figure 1-2 Absorption Spectrum of Clear Ocean Water  

 

The relative transparency of ocean water suggests that the blue and green 

semiconductor optical devices could be useful for short range underwater optical 

communication.  Retroreflecting modulators have recently found applications in free 

space optical communications in the near infrared [44-46].  While the GaN band edge 

modulator at 360 nm is perhaps too short a wavelength, it suggests that blue-green 

modulators could be formed in a similar manner.   

Another application for GaN modulators is for devices that operate in the UV 

regime.  UV spatial light modulators could be used as a programmable mask for 

lithography applications.  An array of pixel modulators can be used to block or allow 

light to pass through a pixel.  When the modulators are turned on they allow light to pass 

through, exposing the resist, and when the modulators are turned off they absorb the UV 

light. 
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1.3 Potential GaN Modulators 

Exciton modulators have been successful in the GaAs material system using the 

quantum confined Stark effect (QCSE) [26, 31, 37, 38, 40].  These exciton modulators 

rely on applying an electric field to modify the absorption resonance of the exciton.  In 

this work a similar strategy for GaN is proposed, instead of using quantum confined 

excitons, the exciton in bulk materials will be utilized.  The exciton effects on absorption 

were first analyzed by Dow and Redfield in 1970 [47].  However, this thesis work is the 

first extension and application of this theory to the development of a spatial light 

modulator in the III-N system. 

GaN is a suitable material for an excitonic modulator in the ultraviolet region for the 

following reasons: 

1. Epitaxial films of high quality GaN and AlGaN can be grown on a transparent 

substrate (Sapphire). 

2. The exciton binding energy (R ~27 meV) is greater than room temperature 

thermal energy (kT = 26 meV). 

3. GaN has extremely large breakdown field (> 4MV/cm). 

4. The excitons are located at UV wavelengths (~360 nm) 

These properties make GaN an excellent choice for an exciton based modulator in the 

ultraviolet. 

 Modulators based on the broadening of excitons by an electric field are discussed 

in this work.  The fundamental principles are reviewed in detail in Chapter 2, while the 

device concept, growth and processing are discussed in Chapter 3.  A model using a 1-D 
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Poisson solver was used to calculate the electric fields discussed in Chapter 4.  The 

characterization and analysis of the modulators are discussed in Chapter 5.   
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Chapter 2 
2 Background 

2.1 Overview 
 

In Chapter 1, an overview of III-N semiconductors and modulators was 

introduced.  In order to get a full understanding of an electroabsorption modulator, a few 

concepts need to be reviewed and introduced.  These concepts are: 

• Physics of absorption 

• Excitons 

• Band structures 

• Effective masses 

• Semiconductor modulators 

2.2 Physics of Absorption 

2.2.1 Basic Absorption Theory without Excitons  

Semiconductors are classified by the nature of the band gap of the material.  The 

two most important properties of the band gap are the type of band gap and the 

magnitude of the bandgap energy.  Semiconductors are categorized as either direct or 

indirect band gap materials based on the position of the conduction band minimum in 

relationship to the valence band maximum in K-space.  In a direct band gap 

semiconductor material the dispersion of energy vs. momentum plot shows that the 

conduction band minimum and the valence band maximum are separated by a finite 

energy gap at K  = 0.  When the conduction band minimum is not located at K  = 0, a 
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semiconductor is classified as having an indirect band gap.  Figure 2-1 shows the energy 

vs. momentum graph in 1-D for a) a direct band gap and b) an indirect band gap for a 

semiconductor.  One property of a direct band gap is a sharply rising optical absorption 

edge.  Direct band gap semiconductors are more efficient at emitting light than indirect 

semiconductor due to momentum conservation requirements.  In a direct band gap 

material, the electron and hole have zero momentum at K  = 0 and the momentum 

conservation condition is met.  In indirect semiconductors, the electron and hole 

momentum are different. 

 

Figure 2-1 Dispersion versus energy for one electron band model of a) direct band gap and b) 
indirect band gap. 

 
 For photon energies near the band gap energy a parabolic band model is used.  

This is typically a good approximation for low band filling cases.  In the single electron 

model, an incoming photon with energy equal to the band gap energy or greater is 

absorbed; otherwise the photon is transmitted.    The electron travels as a Bloch wave and 

assuming two parabolic bands, the density of states leads to an absorption coefficient that 

has a square root dependence on photon energy, 
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where α is the absorption coefficient, A is a constant depending on the material, hν is the 

energy of the incoming photon, and Egap is the energy band gap of the semiconductor.  

The direct absorption coefficient A is given by: 
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In an indirect semiconductor the absorption coefficient has the dependence of: 
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where 'A  is given by:
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As mentioned previously, for an indirect semiconductor, the recombination event 

is a three body phenomenon.  Momentum must be conserved when an electron is in the 

conduction band.  The particle has a different momentum than the recombining hole in 

the valence band.  The phonon is a particle that accounts for the change in momentum in 

order for the recombination to occur.  A result of having a three particle recombination 

process is that the semiconductor is a poor emitter of photons.  The energy of the system 

can be described by the following equation: 
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Where Ei is the initial energy of the particle and Ef is the final energy of the 

particle and Ep is the energy of the emitted phonon.  Likewise for the absorption process 

a phonon needs to be absorbed in order to maintain conservation of momentum. 

f i ph E E Eν = − −  (2-6) 

Even though the indirect absorption has a relationship of E3/2 power, the constant 

'A  for the indirect absorption is usually smaller than the constant for direct absorption.  

This single electron absorption model neglects the coulomb interaction between electron 

and holes. 

2.2.2 Absorption Theory with Excitons 

 In 1931, Frenkel [48] investigated the coherent theory linking incident 

electromagnetic radiation to heat in solids.   These interactions were visualized as 

superpositions of traveling excitation waves in a crystal and were given the name of 

exciton.  The excitons were quantified by energy of formation along with a kinetic energy 

of the excited state moving through the lattice.  The Frenkel model, otherwise known as 

the tightly-bound exciton model, is particularly appropriate for the case of alkali halide 

crystals where the excitation and ionic transfer of an electron from the halide to the alkali 

occurs, or in polymer chains where electrons are tightly bound to the molecule but are 

free to move along the length of the polymer.     

 With the evolution of the modern theory of solids, in 1938, Wannier [49] 

established an alternate theory of excitons in which the electronic states of the exciton 

were seen as band states in the crystal.  In this model, an electron in the conduction band 

of a solid is bound to a hole in the valence band by the Coulomb force.  This interaction 

creates a coupled particle called an exciton.  The exciton behaves much like a hydrogen 
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atom and moves through the crystal, as shown in Figure 2-2 [47].  The Wannier exciton 

radius is typically much larger than the lattice constant.  These excitons appear as discrete 

energy states below the band edge energy level. 

  

Figure 2-2 Schematic of exciton is shown, which consists of a free electron and free hole attracted 
by a coulomb potential. 

 
Adding the exciton effect to the absorption of photons, a more complete 

expression for the dielectric constant, taking into account the valence band, is: 
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Where A0α is the strength parameter of the exciton, and G0α is the Rydberg binding 

energy for a hydrogenic model, Γ is a broadening parameter, A, B, C are the three 

excitons, and n indexes the excited states.  Figure 2-3 shows the discrete series of exciton 

lines and their location below the band edge.  The direct band-to-band absorption is 

plotted with the band edge located at the bandgap energy.  
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Figure 2-3  Absorption coefficient spectrum versus energy for a typical direct band gap 
semiconductor; n=1 is the ground state of the exciton, n=2 is the 1st excited state, and n 
= 3 is the 2nd excited state.  Excitonic states from other valence bands are not shown to 
avoid confusion. 

 
The dominant excitonic peak occurs at one Rydberg (n = 1) below the band gap.  

The exciton can potentially have two excited states at n = 2 and n = 3.  The higher order 

states merge into the continuum spectrum.  At room temperature these peaks cannot 

usually be distinguished.  There are typically multiple peaks that occur below the band 

gap, these discrete peaks occur from where the electron originated.   

The valence band influences the exciton absorption spectra observed as multiple 

peaks which come from the light-hole band, heavy-hole band, and the split-off band.  The 

electron can originate from the light hole (lh) band, the heavy hole (hh) band or the split 

off (so) band in the material.  These discrete peaks are thermally broadened at room 

temperatures.  The excitons have created a density of states below the conduction band 

minima where electrons now can fill these states.  These states allow a photon with 

energy less than that of the band gap energy to be absorbed due to the excitons.  When 

the temperature of the system is increased, the exciton resonance begins broadening as 

the thermal energy approaches the binding energy of the excitons.  At room temperature 
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for GaN with a 26 meV binding energy and kT = 25.9 meV, the exciton resonance is 

~30%.  If sufficient energy is supplied to the system, the excitonic resonance will be 

broadened such that it is indistinguishable from the band gap edge.  The energy can be 

provided by a thermal or electric field.   

The absorption coefficient for exciton absorption is given by the following 

equation [50]: 
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where the oscillator strength per unit area is defined by [50]: 
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One feature of wide band gap semiconductors is that the quantum wells are not 

required to use excitonic effects at room temperature for devices.  Even in 

semiconductors with small exciton binding energies, Elliot [51] showed that the excitonic 

effects should be included in determining the absorption coefficient.  This is often known 

as the Coulomb enhancement term in a variety of empirical models.  Treating the 

exciton’s coulomb interaction as a perturbation on the single electron model, the 

following expression gives good results for the continuum absorption above the band gap 

[50]. 
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with αF the absorption without excitonic effects, and Ex is the exciton binding energy.   

An important characteristic of an exciton is the absorption line width (σ).  For 

homogeneous broadening, the line width is given by approximately: 
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and taking thermal effects on broadening into consideration, the Varshni relationship can 

be modified to: 
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where the first term is due to acoustic phonon scattering and the second is due to optical 

phonon scattering.  Also, α and β are material dependent parameters. 

2.2.3 Bohr Model  
 

It is useful to review a quantum mechanical Bohr model of the hydrogen atom to 

construct a hydrogenic model for the exciton to describe the binding energy.  A hydrogen 

atom consists of a proton core of a single positive charge with an electron with negative 

charge that rotates around the proton.  In comparison to a hydrogen atom, an exciton is a 

two particle system which has an electron that orbits around the positive charge of the 

hole similar to the planet and sun model for the Bohr atom.  The electron and hole 

effective mass are roughly of the same order so they rotate around a common center of 

mass.  This is contrast to a Bohr model of the hydrogen atom where the proton is 1836 
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times the mass of an electron and the electron orbits the proton.  While the Bohr model 

was later succeeded by more accurate quantum mechanical models, the success at 

predicting energy states for the hydrogen atom make it helpful in understanding two-

particle systems such as the exciton.  If one understands the Bohr model, then one can 

modify the model to be appropriate for excitons in a semiconductor.  This is done by 

modifying the effective mass and inserting the dielectric constant of the crystal into the 

hydrogen model to represent the effective medium through which an attractive central 

electric field force exists.   

 Starting with the Bohr model of an atom, a model can be constructed with 

different energy levels for electron occupancy.  In the Bohr model, electrons exist in a 

stable circular orbit about the nucleus.  The electrons in the model don’t give off radiation 

in a classical electromagnetic way.  Instead the electron may occupy specific energy 

levels from an orbit of higher discrete energy to an orbit of discrete by absorbing or 

emitting a photon of energy hν, and thus adding or subtracting the difference in energy 

level.  Finally the angular momentum P nΘ =  of the electron in an orbit is always an 

integral multiple of Planck’s constant divided by 2π.  A diagram of the Bohr model is 

shown in Figure 2-4. 
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Figure 2-4 Bohr model diagram for a hydrogen atom 
  

 Examining the Bohr model diagram for a hydrogen atom, one can calculate the 

energy levels from the mathematics that involve the electrostatic forces between the 

particles. Starting with the centripetal force we can equate the electrostatic force for the 

electron and proton: 
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(2-13) 

  
where K is a constant that equals = 4πε0 in MKS units, m = the mass of the electron, (9.11 

x 10-31 kg) and ν is the instantaneous linear speed of the particle. 

The total kinetic energy for the electron in the nth orbit is 
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and the energy exchanged by an electron going from one orbit to the next orbit is given 

by: 
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The differences in hydrogen atom model binding energies can be reduced to the 

following equation: 
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In general, the effective mass approximation in the hydrogen model is a good 

approximation in cases where the exciton radius is small.  The binding energy of an 

exciton can be calculated using the Bohr model for a hydrogen atom.  The difference 

between the expression for a hydrogen atom and an exciton involve the effective mass of 

the particles and the dielectric constant of the material.  Performing the above analysis 

but using the dielectric constant of the crystal instead of the ε0 of free space and using mr 

as the reduced mass, one finds: 
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2.3 Effective Mass 
 

In a crystal the effective mass can be related to the momentum of a particle: 
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  The 2nd derivative of the E-K relationship that describes the band structure 

determines the value of an effective mass.  There is an effective mass for an electron, and 

three effective masses for holes originating from the valence band structure.  For example 

at K  = 0, GaAs has two degenerate valence bands and a third valence band called the 
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split off band which is separated from the two degenerate bands by a ∆E.  The effective 

mass of the degenerate bands have a large curvature resulting in a light-hole effective 

mass for one band and in the other band have a small curvature resulting in a heavy-hole 

mass and are commonly called light/heavy holes.  In GaN three are three valence bands, 

each have a different effective mass (Figure 2-5).  Thus in GaN, there are three different 

types of hydrogenic excitons that can be distinguished by the type of effective mass of 

the hole. 

 

Figure 2-5 Gallium Nitride Energy Band Dispersion Relationship 

 
In general, the exciton binding energy increases with the ionicity of the material 

and increasing band gap as shown in Figure 2-6.   
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Figure 2-6 Exciton binding energy vs material band gap is shown for various semiconductors.  
The binding energy shows a nearly linear relationship between the log of binding 
energy and the band gap of the material. 

 
The strength of the excitonic binding energies is related to the shape of the 

semiconductor band structures in a log-linear fashion.  Typically narrower band gap 

semiconductors have higher curvatures for the conduction band resulting in smaller 

binding energies for the exciton.  Wide band gap semiconductors typically have less 

curvature resulting in a higher effective mass of the particle.  Comparing the simple 

hydrogen Rydberg model for the exciton one has: 
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The simple hydrogen model demonstrates the relationship of the effective mass 

with the binding energy. Experimentally, the exciton binding energy follows a log-linear 

relationship with band gap energy.  The bigger the energy band gap, the larger the 

binding energy of the exciton. 
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A similar relationship for the exciton binding energy versus the band gap energy 

is shown in Figure 2-7.  The effective mass of the electron increases with increasing band 

gap energy, but the hole effective mass also doesn’t appear to follow the same 

relationship.  Also, it should be noted that the values of hole effective masses are very 

uncertain for GaN and other wide band gap semiconductors. 

 

 

(a) 

 

 (b) 

Figure 2-7 Electron binding energy versus effective mass for a) electron effective mass and b) 
hole effective mass.  Note: There is a large variation in the reports of the hole effective 
mass for GaN.  Most Authors use an effective mass of 0.8-1. 

 

2.4 Effects that Change the Absorption Processes 

 
 There are several effects that can influence and change the absorption of photons 

in semiconductor materials besides adding the concept of excitons to the absorption band.  

Three of these effects are the Varshni relationship, the Burstein-Moss shift, and the 

Franz-Keldysh effect which relate to temperature, band filling, and the electric field. 
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2.4.1 Varshni Effect 
 
 The Varshni relationship [52] (Figure 2-8) relates the temperature of the 

semiconductor to the band edge energy shift at the absorption edge.  
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where Eg(0) is the band gap energy at 0 K, and β is related to with the Debye 

temperature, and α is an empirical constant. 

 

Figure 2-8 Graph of Varshni effect.  The red solid line is the absorption spectrum that is at room 
temperature.  The blue line is the absorption spectrum at a higher temperature. 

  

The band edge energy shifts to lower energy as the temperature is increased.  The 

band gap energy of the material decreases due to the temperature relationship of the band 

gap. 

    

2.4.2 Burstein-Moss Effect 
 

The Burstein-Moss shift [53, 54] (Figure 2-9) occurs when the normally available 

states in the conduction band edge are filled with electrons and when states in the valence 
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band near the band edge are empty.  Photons with higher energies are required to excite 

the electron to available states shifting the absorption edge to higher energy. 

 

 

Figure 2-9 Burstein-Moss effect:  The optical absorption at the band gap energy in a) an electron 
the can be excited to the conduction band.  In b) the photon energy must be at least 
the Egap + EBM since no states are available at the CB minimum. 

 

2.4.3 Franz-Keldysh Effect 
 

The Franz-Keldysh effect relates the effect an electric field has on energy bands.  

In the single electron model a red shift to lower energy is expected with an applied 

electric field for a homogenous material as shown in (Figure 2-10).  In the presence of an 

electric field, an electron traveling inside the material maintains a constant total energy 

qEx.  This momentum is real, corresponding to the wave functions describing the band.  

To maintain a constant total energy, the kinetic energy of the electron would have to be 

negative corresponding to an imaginary component.  The probability of finding an 

electron with an electric field in the energy gap away from the band edge decreases 

according to: 
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where E is the energy in the gap at position x, Eg is the energy of the band edge at x and 

∆E is a parameter dependent on the field [55, 56].  This equation demonstrates that the 

states at the band edges are effectively broadened exponentially into the band gap by an 

average deviation ∆E which is dependent on the electric field.  The ∆E has the following 

dependence [57]: 
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 This results in shifting the absorption edge to lower energies. 

 

Figure 2-10 A band diagram showing the Franz-Keldysh effect  

 

2.4.4 Quantum Confined Stark Effect (QCSE) 
 
 The Franz-Keldysh effect can be extended to the absorption process in quantum 

wells as the quantum confined Stark effect (QCSE).  For quantum wells without an 

applied electric field, the binding energy of the exciton will increase and the position of 

absorption resonance will shift to a higher energy due to quantum confinement [50].   
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Solving the Hamiltonian for quantum wells shows that the binding energy for 

excitons in a quantum well increases up to a factor of 4. The band diagram of a quantum 

well is show in Figure 2-11a and the band bending due to the QCSE is shown Figure 

2-11b 

 

Figure 2-11 Quantum Confined Stark Effect 

 
The wave functions in the conduction band and in the valence band overlap each other in 

a quantum well in the absence of an electric field.  However, taking into account the 

QCSE, the energy bands tilt and the wave functions separate, therefore the probability of 

a recombination event between states in the CB and VB are reduced as the probability of 

occupied electron and hole states is lower in real-space.  Another effect like the QCSE is 

applying an electric field to a quantum well either externally or from an internal 

polarization process like piezoelectric effects from lattice mismatch strain of GaN and 

InGaN.  The quantum well energy bands will tilt due to the electric field just like the 

QCSE.  



 27

2.5 Urbach-Martienssen Tail 

In the previous sections, electric field effects on the energy bands were discussed.  

In this section, the effects of phonon broadening of the absorption edge are examined.  In 

1953, Urbach originally studied the fundamental absorption edge which he observed to 

display an exponential dependence on photon energy in photographic emulsions [58].  In 

1957, Martienssen discovered that alkali halides also exhibited this fundamental 

absorption edge [59].  Since then, the effect has been shown in many other dielectric 

materials and this relationship is referred to as the Urbach-Martienssen rule (or simply 

the Urbach Rule) [60-66].  The Urbach-Martienssen rule in single crystal semiconductors 

originates from the interactions of excitons with phonons in the material.  The phonon 

interaction broadens the exciton transition so that it appears exponential, and hence the 

width of the band tail in single crystal material reflects the thermal energy available in the 

crystal.    

However, from a quantum mechanical perspective this is expressed by including a 

phonon term in the Hamiltonian expression.  Below the bandgap absorption (E < Eg) the 

experimental relationship can be described: optical absorption coefficient, α, near the 

band edge varies exponentially with energy, 
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where α0 and E0 are material characteristics and  σ(T), E, kB and T are the steepness 

parameter, photon energy, Boltzman constant, and absolute temperature, respectively. 
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 The steepness parameter σ(T), which characterizes the steepness of the straight 

line near the absorption band edge, and is expressed as a function of temperature as 

follows: 
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where σ0 is a material dependant and temperature independent parameter inversely 

proportional to the strength of the coupling between the phonons and excitons.   

2.6 Exciton Broadening by Electric Field 
 

Returning to the hydrogenic model, one can consider the case of exciton 

broadening by the electric field.  The exciton electroabsorption problem can be treated as 

a non-perturbation with one electron in a coulomb potential and an applied electrical 

field. In most cases, effective mass approximation (for Wannier exciton only) and scalar 

mass are assumed for the exciton.   

It is not obvious what the best way to model the exciton absorption process when 

electric field effects are included.  The Hamiltonian can be easily written to include the 

electric field term.  However, this has both discrete solutions when the exciton is bound 

in the well and continuum solutions.  Writing a complete solution that bridges the 

discrete to the continuum is technically difficult. 

Two methods of calculating the optical absorption coefficient under electric fields 

in a semiconductor can be used. The first method solves time-independent Schrödinger 

equation for stationary states and uses Fermi’s Golden Rule to calculate tunneling rate 

[67]. The second method involves the evaluation of the time-dependent matrix elements 
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of the current (or the projection of the time-dependent photon-perturbed initial state on a 

time-dependent final state), and then the matrix element is squared and Fourier 

transformed to give a frequency-dependent absorption coefficient. Between the following 

two methods, Dow and Redfield model [47] belongs to the later, while WTK Spectral 

Theorem method [47] belongs to the former. 

Recently Weyl-Titchmarsh-Kodaira (WTK) spectral theorem has been applied to 

the tunneling ionization problem of hydrogen atom. The WTK theorem permits one to 

find the spectral density which is proportional to absorption.  This model is interesting 

because it provides a possible method to solve discrete states below and continuum states 

above band gap absorption together.  An example of the density spectrum is shown below 

that shows both discrete and continuum part, as shown in Figure 2-12.  

 

Figure 2-12 Spectral density function of an exciton in an external field. The same dimensionless 
units as Dow and Redfield model are used. [Calculated by Roy Zhang] 

 

Combined with the matrix element of the photon- and field-perturbed 

Hamiltonian between the initial and final states, the optical absorption can then be solved 
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by using Fermi’s Golden rule.  The wave function reconstructed using the WTK (Figure 

2-13 and Figure 2-14) is actually the same electron-hole envelope wave function that 

Dow and Redfield calculated in their model.  Plugging this wave function directly into 

Dow and Redfield model gives the optical absorption coefficient.  

 

 

Figure 2-13  A bound exciton in a potential well Figure 2-14 Diagram of a bound exciton in a 
potential well with an applied electric field. 

 

Figure 2-13 shows an exciton that is bound by the coulomb potential in an atom.  

Examining this potential barrier shows that the particle is bound by a potential of V0.  

This potential could be lowered by applying an electric field to the material.  The electric 

field will lower the potential barrier thus the exciton has enough energy to be ionized as 

shown in Figure 2-14.   Based on this qualitative model of changes in exciton binding in a 

hydrogenic potential, a modulator can be constructed by applying an electric field to the 

GaN.   
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 At present those models are not developed enough to quantitatively model the 

optical absorption of fabricated GaN Modulators but they do show qualitatively the 

important physical processes that the modulators are based on.  

2.7 Excitons and absorption in Quantum Wells 

 
In GaAs, the exciton binding energy (4 meV) is much less than room temperature 

(~26 meV).  The exciton binding energy of GaAs can be increased by forming a quantum 

well with AlGaAs.  The quantum well increases the binding energy of the GaAs by a 

factor of 4 [50].  By confining the exciton the binding energy increases.  However, when 

the quantum-well size is too small the exciton is no longer confined and therefore an 

ionization energy is present. 

2.8 Absorption in Semiconductor Materials 
 

Up to this point, the physics of absorption and the introduction and discussion of 

excitons were reviewed.  The absorption of specific semiconductors will now be 

discussed.  Figure 2-15 shows the absorption spectrum of GaAs at various decreasing 

temperatures starting from room temperature.  Since GaAs has a relatively weak exciton 

binding energy of ~4 meV, the enhancement by excitons to the absorption of photons 

rapidly decreases at higher temperatures.  At lower temperatures, the excitons influence 

the absorption of photons more than at temperatures higher than their binding energy 

since there is not enough thermal energy to separate the particles. By applying an electric 

field across a semiconductor that has a strong exciton binding energy, an optoelectronics 

modulator could be created. 
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Figure 2-15 Absorption spectrum of GaAs as a function of increasing temperature [68] 

 
GaN has a higher binding energy than GaAs and the absorption enhancement due 

to excitons at room temperature can clearly be seen in Figure 2-16. 

 

Figure 2-16 Absorption spectrum of GaN at room temperature [69] 
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In Figure 2-16 three exciton peaks can be clearly seen.  The A, B, and C peaks are 

named from where the electrons originated.  The A and B peaks are from the heavy-hole 

bands, and the C peak is from another separate heavy hole-band.  

The excitonic peak can be broadened by several mechanisms, in homogeneous 

materials these include, interface roughness, alloy potential fluctuations, well-to-well 

fluctuations in MQW spectra, and background impurity broadening.  The main 

homogeneous broadening mechanisms include acoustic phonon scattering, optical 

phonon scattering and any mechanisms that effect the exciton lifetime such as tunneling 

or electron-hole pair recombination.  

Another semiconductor material with a high exciton binding energy is zinc oxide 

(ZnO).  With an exciton binding energy of ~60 meV, its binding energy is much greater 

than room temperature thermal noise (~26meV).  The absorption of ZnO versus energy is 

shown in Figure 2-17.  In Figure 2-17, the absorption spectrum of ZnO shows two 

distinct peaks for the room temperature case.  These two peaks represent excitons that 

originate from the heavy-hole band and from the light-hole band.  When the spectrum is 

measured at a low temperature of 77K, a third peak can be resolved.  This third peak 

originates from excitons from the split-off band. 
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Figure 2-17 ZnO absorption coefficient versus energy at room temperature is shown.  The inserted 

figure shows the ZnO absorption coefficient versus energy at a temperature of 77K.  
Three peaks can be resolved at lower temperatures, but at room temperature there 
are two peaks [70]. 

 
ZnO can be alloyed with MgO to tailor the band-edge energy.  By adding more 

MgO to the ZnO crystal, the band edge can be shifted deeper into the ultraviolet portion 

of the electromagnetic spectrum while a large excitonic-like behavior at the band edge 

can still be observed as shown in Figure 2-18.  The alloy broadening effects on excitons 

can also be investigated.  In Figure 2-19, the excitonic absorption in AlGaN layers is not 

very apparent at room temperature. 
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Figure 2-18 Absorbance of MgZnO versus energy for four different alloys [71] 
 

 

Figure 2-19 Absorption coefficients of AlxGa1-xN for various mole fractions of aluminum.  Note 
that for higher aluminum mole fractions the exciton resonance is not apparent.  
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 In Figure 2-18, the absorbance versus energy is plotted for a family of MgZnO 

materials with varying mole fraction of magnesium.  Absorbance is defined as 

%log
100
Tabsorbance  = −  

   
(2-26) 

where T% is the percent transmission of the material.  The exciton is still present at 

higher mole fractions of magnesium.   

2.9 Index of Refraction 

The previous discussion has focused on the physics of absorption; also important 

is the behavior of the index of refraction.  The real part of the dielectric constant is 

another expression of index of refraction.  The Krammer-Kronig relation provides a 

direct relation between the absorption and the index of refraction for a photon dispersion 

spectrum. To qualitatively understand the relationship, consider a simple harmonic 

oscillator. 

Assuming the following total dielectric function for an oscillator: 
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The real part of dielectric function corresponding to the index of refraction in: 

∫
∞

−
+=

0

'
22'

'' )(Im21)(Re ω
ωω
ωεω

π
ωε dP

 

(2-28) 

  

 The imaginary part of dielectric function corresponding to absorption in: 
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  Plotting the imaginary part of the Lorentzian, the absorption peak is clearly 

observed.   If the real part is plotted, then the index of refraction (Figure 2-20) is shown.  

Thus, when an electric field is applied to the exciton the value of the broadening 

parameter (Γ) is increased.  The absorption will change and the index of refraction will 

change as well.  Typically the refractive index change is small, but in the case of 

waveguide modulators, the optical change maybe used since the effect is proportional to 

the length of the waveguide. 

 

Figure 2-20 Real and Imaginary Components or the index of refraction is shown.  The solid red 
line is the change in the index of refraction.   The dotted blue line is the change in 
absorption for a hypothetical lorentzian absorption resonance with a band gap of 3.4 
eV. 

Ideally one can compute the change in the index of refraction from the change in 

absorption; however in practice a very wide spectral range should be covered to obtain 

useful results.  Thus, changes in the index of refraction are usually measured 

experimentally rather than computed. 
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2.10 Semiconductor Modulators 

2.10.1 PN Junction Modulators 

The edge-depletion absorption control (EDAC) mechanism can be realized using a pn 

junction modulator.  The population of carriers in the valence band and conduction band 

can be controlled by forward and reverse biasing a pn junction.  By applying a forward 

bias to the junction the depletion width of the junction decreases from its equilibrium 

value.  In this region, a large number of electrons have been excited from the valence 

band to the conduction band as in Figure 2-21. 

 

Figure 2-21 Structure and band diagram of EDAC modulator is shown [24].  (a) shows the band 
structure and depletion width in forward bias.  (b) shows the band structure and 
depletion width in reverse bias 

  

 

If a photon with energies near the band edge of the semiconductor doesn’t have a 

vacancy in the conduction band for the photon to excite an electron from the valence 

band to the conduction band, then the absorption is decreased.  However, if a reverse bias 

is applied to the pn junction, the depletion region is extended and the populations of 

carriers in both bands are reduced, therefore increasing the probability that a photon with 
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energy close to the band energy is absorbed [24].  Additionally, an epitaxial layer of 

intrinsic semiconductor can be grown in between the p and n region to increase the 

efficiency of absorption and this type of device would be a pin EDAC.  In a pin EDAC, 

during reverse bias, the change in population would be effected by broadening the 

exciton which changes the exciton resonance.  One disadvantage of the EDAC device is 

that the modulation is small, and complicated structures are required to multiply the 

effect, such as growing multiple pn junctions in one device.  One principle advantage of 

the GaN modulator device we propose over the EDAC modulator is that the proposed 

device is easier to fabricate. 

2.10.2 Quantum Well Modulators 

Quantum well modulators use the QCSE to modulate the amplitude of absorption.  

GaAs excitons have binding energies of 4 meV and at room temperatures experience a 

large thermal broadening, therefore reducing the excitonic effect to almost a negligible 

value for the absorption of photons at room temperature.  In an AlGaAs-GaAs-AlGaAs 

quantum well the excitons are more localized and the binding energies of the excitons can 

be increased by a factor of 4 to 16 meV and can be observed at room temperature [50].  

These confined excitons are less influenced by a thermal broadening optical absorption at 

the excitonic resonance.  The size of the quantum wells is small and the small cross 

section limits the devices ability to absorb many photons.  For this reason, 25-50 quantum 

wells have to be grown epitaxially in order to increase the absorption contrast ratio.  An 

example of a quantum well modulator can be seen in (Figure 2-22). 
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Figure 2-22 Quantum well modulator [72] 

The electroabsorption modulation for a quantum well modulator is given by the following 

figure. 

 

Figure 2-23 Electroabsorption of a multiple quantum well GaAs/AlGaAs modulator [43] 
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When an electric field is applied to the modulator, the electric field causes the exciton in 

the quantum wells to disassociate, which creates a broadening of the exciton absorption 

peak and shifts the peak due to the QCSE.   

One of the principle advantages of wide bandgap semiconductors is that the large 

exciton binding energy in the bulk eliminates the need for growing a complicated 

quantum well structure. 
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Chapter 3 
 

3 Modulator Design, Growth, Characterization and 

Processing 

3.1 Introduction 

The previous chapter detailed the background concepts key to understanding the 

development of ultraviolet modulators.  This section focuses on using those concepts to 

develop the modulator device from the epitaxial growth layers to the mask design used 

from processing the epitaxial layers.  

3.2 Modulator Design 

The experimental measurements in this work required a simple GaN optical 

modulator structure, which was designed to be based on applying an electric field to 

broaden the excitons and thereby modify the absorption spectrum.  As stated before, 

exciton based compound semiconductor modulators were made with GaAs[43].  GaAs 

exciton modulators currently exist in the infrared spectrum.  GaAs binding energy (~4 

meV) is much smaller than room temperature thermal energy (~26 meV) and thus bulk 

layers would be a poor efficiency modulator at room temperature[50].  These GaAs 

modulators incorporated quantum wells to increase the binding energy of the exciton. As 

described in chapter 2.  In GaN a quantum well is not needed to increase the binding 

energy for excitons above room temperature, and not having to grow quantum wells 

significantly reduces the crystal growth complexity.  Following this principle, bulk 
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modulators were designed to avoid the use of quantum wells.  However, unlike GaAs, 

GaN is a pyroelectric material with spontaneous and piezoelectric polarization effects 

such as free carrier concentrations, current flow, and optical recombination to be 

considered when designing any optoelectronic device.  Polarization effects superimpose 

an electric field within the epitaxial structures which can influence many physical 

processes.  

To investigate the possibility of using electric fields to modulate excitonic 

absorption, a series of experiments were performed on the following samples: 

1. an excitonic GaN layer on sapphire 

2. an excitonic GaN layer on a conductive AlGaN layer 

3. an excitonic GaN layer on an insulating AlGaN layer on top of a conductive 

AlGaN layer  

As the simplest model, the excitonic active layer for a modulator is a thin layer of 

unintentionally doped GaN which is considered to be a uniform single layer dielectric.  

The thickness of the GaN layers should be thick enough to absorb some of the incoming 

photons, but not thick enough to absorb all the incoming photons.  The absorption of 

photons by excitons with energy levels slightly smaller than the band edge energy is 

modulated by applying an electric field across the active GaN layer.  A sufficient electric 

field will reduce the activation energy needed to broaden the excitons, thereby reducing 

the absorption.  A schematic of the simple modulator is shown in Figure 3-1 along with 

the energy band diagram, potential drop in the device, and electric fields in the device. 
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Figure 3-1 A basic GaN modulator structure.  A)  Cross section of device, a layer of MOCVD 
grown GaN on top of a sapphire substrate.  A transparent metal is evaporated on the 
bottom and top of the device; B)  Band Diagram of device; C) Potential D) Electric 
field of device. 

 

This simple modulator device is shown in Figure 3-1 where the backside contact 

is a sapphire substrate which is approximately 300 µm thick, which requires large 

voltages (> 5 kV) in order to produce the 50 kV/cm electric field necessary to broaden the 

excitons in the GaN layer.   

While the first structure configuration can be useful to study the fundamental 

modulation effects of the electric fields, the high voltages are not convenient in a device.  

In order to reduce the thickness of the bottom side insulating layer, and thereby reduce 

the voltage necessary to achieve an equivalent electric field, a conductive n-AlGaN layer 

was used to make a transparent bottom electrode contact for the device.   Adding the 
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conducting buffer layer reduced the need for an extremely high voltage source, however 

the addition of this layer has introduced high leakage currents as a new issue for the 

device.  Second, the n-AlGaN layer and i-GaN layer act as a series resistor potentially 

resulting in heating the GaN layer and shifting or even modulating the absorption edge, 

due to temperature dependent shift in the bandgap energy.  Leakage current has two 

considerations:  First, while GaN is not intentionally doped, the defects in the existing 

state-of-the-art material still act as current paths.  This places a practical limitation on the 

voltage supply system as it is more difficult to source high voltage as current increases.  

Sustaining an electric field across the GaN device is possible without heating the 

modulator by placing an abrupt interface between the AlGaN and GaN, providing a 

barrier for electrons.   An additional thin insulating layer prevented current flowing 

through the devices and reduced the needed voltage to be applied to establish the electric 

field across the GaN layer.  The current is blocked by this layer due to the conduction 

band off-sets and the insulation of the layer.  Band-offsets occur at the interface between 

one material layer with another material layer.  This causes a barrier for electrons to be 

blocked.  Also, the additional thin insulating layer subsequently reduces the screening 

effect of electron transport.  The n-AlGaN aluminum mole composition can be less than 

the AlGaN layer, which serves two purposes: lower aluminum compositions are easier to 

dope and the AlGaN layer provides another barrier that would reduce the transport of 

electrons.  The wider band gap energy of the insulating AlGaN layer allows the UV light 

through without absorption of the desired wavelength.  This modulator is shown in Figure 

3-2. 
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Figure 3-2 A III-N based modulator.  An active layer of GaN is grown on top of a thick film of n-
AlGaN used for a conducting buffer layer; B)  Band Diagram of device; C) Potential 
D) Electric field of device. 

 

While the second structure reduces the voltage needed to maintain an electric 

field, defects in the epitaxial layers act as parallel leakage paths.  An additional insulating 

layer is needed to cap the device to prevent current flow.    For the first generation 

modulators which were fabricated using the AlGaN/GaN heterostructures, a non-epitaxial 

insulating layer was deposited on the sample as part of device fabrication.  Silicon 

dioxide was deposited in a low temperature oxidation process chosen for this insulating 

layer.  In addition to the insulating layer, a semitransparent electrode was deposited as a 
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top contact for the modulator structure to allow an electric field to be applied to the 

structure, while transmitting the light to be modulated in a coaxial direction.  The final 

epitaxial structure is shown in Figure 3-3. 

 

Figure 3-3 Final modulator epitaxial growth layers of first generation modulator 

 

  The first generation modulator device included a deposited layer of silicon 

dioxide on top of the epitaxial layers of an active layer of GaN, which is grown on top of 

a thin intrinsic AlGaN layer and a micron thick film of n-AlGaN used for a conducting 

buffer layer.  These structures were subsequently used for materials characterization as 

well as electrical and optical device measurements.  Results of these studies are discussed 

in chapter 4. 
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Figure 3-4 Final modulator device structure.  A semi-transparent metal on top of silicon dioxide 
layer on top of an active layer of GaN is grown on top of a thick film of n-AlGaN used 
for a conducting buffer layer; B)  Band Diagram of device; C) Potential D) Electric 
field of device. 

 

 The motivation for the second generation modulators was to provide an all 

epitaxial modulator structure and to reduce the amount of voltage to maintain an electric 

field in the GaN by eliminating the SiO2 layer.  The second generation modulators were 

designed without a transparent electrode on top of the excitonic GaN layer.  With this 

modulator structure, the silicon dioxide layer and the semitransparent electrode have been 

replaced with two epitaxial layers, consisting of insulating AlGaN layer and a conducting 

AlGaN layer, both of which have a sufficient aluminum mole fraction that will transmit 

the incoming photons.  A conduction n-AlGaN layer is grown on top of an insulating 
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AlGaN layer replacing the semitransparent metal is show in Figure 3-5.  The following 

figure shows the second generation modulator with a transparent electrode. 

 

 

Figure 3-5 Second generation modulator with transparent electrode cross-section 

 

while a principle goal of the second generation structure was to improve the light 

throughput over the first generation device another consequence of the second generation 

device design is feature of this device was the energy bands were symmetric.  With the 

bands being symmetric the direction of the bias shouldn’t matter.   

3.3 MOVPE Growth of Epilayers 

The GaN modulators were grown using a stainless steel metal-organic vapor 

phase epitaxy (MOCVD) reactor (Figure 3-6).  The epitaxial layers were deposited in a 

low-pressure vertical flow MOVPE reactor on c-plane double side polished sapphire 

using a high-speed rotational stage.  Triethylgallium, trimethylgallium, and 

trimethylaluminum were the group III sources.  Ammonia was the source for the nitrogen 

and silane was used as the n-type dopant source.  A low temperature buffer layer was 

grown to initiate nucleation for every modulator sample grown. 
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Figure 3-6 MOVPE Gallium Nitride Reactor at North Carolina State University  

 
Two generations of modulators grown were grown.  The first generation of 

modulators consisted of just three epitaxial layers and is shown in Figure 3-4.  These 

layers, starting from the AlN buffer layer on up, were an n-type AlxGa1-xN doped with 

silicon layer of a high aluminum composition were grown for the base layer and the n-

contact which needs to be transparent to photons with wavelengths of 360 to 365 nm.  A 

undoped insulating layer of AlyGa1-yN with a nominal thickness of ~0.2 microns was 

grown to provide electrical isolation between the n-contact and the GaN layer used for 

modulation.  The third and final epitaxial layer consisted of an undoped GaN grown with 

a nominal thickness of  ~0.4 microns.  The thickness of the layer was chosen such that it 

was thin enough for the structure of the excitonic resonance and the band gap absorption 

edge to be investigated with transmission spectroscopy by back-of-the envelope 
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calculations.  Following epitaxial growth, the first generation modulator structures were 

diced into eight 1.25 cm x 1.25 cm squares for device processing. 

The measured composition of each epitaxial layer for each modulator wafer 

grown is shown in the Table 3-1.  The measured values were based on CL measurements 

of the epitaxial samples. 

Table 3-1    First generation modulators epitaxial growth parameters 

Sample tn:alGaN (nm) Al% ti:alGaN (nm) Al% tGaN (nm) 
M828 1000 15 200 15 400 
M829 1000 15 200 15 400 
M852 1000 16 200 32 400 
M857 1000 23 200 30 400 
M868 1000 23 200 46 400 

 

The second set of modulators was divided into two categories; ones with 

transparent electrode (second generation) and ones without a transparent electrode (first 

generation).   The second generation of modulators was grown the same way as the first 

generation with additional epitaxial layers needed to eliminate the semitransparent 

electrode structure.  The first three growth layers were the same as the first generation’s 

growth layers, and the final two layers were the same as the bottom two layers grown in 

reverse order.  A thin undoped insulating layer of AlyGa1-yN with a nominal thickness of 

~0.2 microns was grown to provide electrical isolation between the n-contact and the 

GaN layer used for modulation just like the second layer of the first generation 

modulators.  An n-type AlxGa1-xN doped with silicon layer of a high aluminum 

composition was grown for the base layer and the n-contact which needs to be transparent 

to photons of wavelengths 360 to 365 nm.  Table 3-2 and Table 3-3 list the epitaxial 

thickness and composition respectively for the second set of modulators.  The aluminum 
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mole fraction of each layer was determined by cathodoluminescence on the grown 

structures.  Following epitaxial growth each modulator wafer was diced into eight 1.25 

cm x 1.25 cm and four other pieces that were roughly 1.25 cm x 1.25 cm prior to device 

fabrication.     

Table 3-2  Second generation epitaxial growth layer thicknesses 

Sample tn:AlGaN (nm) ti:AlGaN (nm) tGaN (nm) ti:AlGaN (nm) tn:AlGaN (nm) 
M1237 1500 300 1000 -- -- 
M1238 1200 150 400 150 300 
M1243 1200 300 1000 300 300 
M1244 1500 150 400 -- -- 
 

Table 3-3  Second generation epitaxial aluminum mole fraction for each layer 

Sample % Aln:AlGaN %Ali:AlGaN  % AlGaN %Ali:AlGaN %Aln:AlGaN 
M1237 15 30  0 -- -- 
M1238 15 30 0 15 30 
M1243 15 30 0 15 30 
M1244 15 30 0 -- -- 

 

3.4 Characterization of Epilayers 

The epitaxial layers of the modulator were characterized by mercury capacitance-

voltage (CV) probe system for carrier concentration, cathodoluminescence (CL) for 

aluminum mole fraction, optical transmission for location of the exciton peak, and optical 

Nomarski microscopy for surface morphology.  
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3.4.1 Tools Used 

3.4.1.1 Mercury Capacitance-Voltage (CV) 
 

A mercury CV probe system was used to measure the carrier concentration of the 

modulators.  A mercury CV probe system uses two non-destructive liquid mercury (Hg) 

contacts with a fixed diameter to make contact with a sample.  Either a single dot of 

mercury can be connected to the sample with the backside of the sample electrically 

connected if the substrate is conductive or a Hg dot with a horse-shoe Hg contact can be 

made on the top of the sample if the sample is insulating or semi-insulating.  Hg forms a 

Schottky contact to the semiconductor surface.  The net doping density profile can be 

obtained from the measurement of the depletion capacitance across the metal-

semiconductor Schottky contact. Using the simplified case of uniformly doped material, 

it can be shown that the depletion region behaves as a parallel plate capacitor. The net 

free-carrier concentration in the space charge region of the Schottky contact is: 

( )2
20

2( )
1 /

N w
qk A d dVCε

=  (3-1) 

Where, where k is the relative dielectric constant, ε0 is the permittivity of free space, q is 

the charge of an electron, and A is the area of the mercury contact.   

3.4.1.2 Cathodoluminescence (CL) 
 

Cathodoluminescence (CL) was used to measure the aluminum mole fraction of 

each layer of the modulator.  Cathodoluminescence systems use electron (cathode-ray) 

bombardment onto samples in an SEM to measure the emission of photons generated by 

the bombardment.  The filament emits a beam of electrons beam which passes through a 
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condenser lens and objective lens focused on the specimen.  The electrons that have been 

bombarded on the sample are elastically and inelastically scattered in the specimen in a 

finite shape interaction volume and lead to the formation of signals that can be used in the 

characterization of structural, chemical, and electronic properties of the materials.  A 

variety of useful signals are emitted due to the interaction between the electrons and the 

specimen, including secondary electrons, back scattered electrons, optical photons, and x-

ray photons.  

Some of the primary incident electrons are backscattered from the specimen with 

no energy loss, while other electrons will lose energy to produce secondary electrons 

which have an angular dependence and are collected electrostatically in scanning electron 

microscopy.  In addition to these excitations, the emission of elementally characteristic x-

rays, and Auger electrons may be collected to identify bulk and surface elemental 

composition respectively.  As the basis of CL, electron-hole pairs are generated in a 

material with a finite direct band gap energy, which themselves lead to the emission of 

photons.  Compared with photoluminescence (PL), nondestructive depth resolution in CL 

analysis is obtained by varying the range of electron beam energy.  CL is a spectroscopic 

technique where electrons rather than photons are used to generate ehps. 

 Cathodoluminescence measurements were performed using a JEOL JSM–6400 

Scanning electron Microscope (SEM), equipped with an Oxford Instruments Mono-CL 

accessory.  By using a CL measurement to characterize the sample quality, the band-edge 

emission peaks which correspond to the relative aluminum mole fraction are detected.  

Also, the defect peaks of the sample can be found. The ratio of the band-edge emission 
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dispersed by wavelength to the defect emission will reflect the sample quality for a 

constant beam current and voltage.  

Aluminum mole fraction compositions were determined by peak CL energies.  

Vegard's law is commonly used to as a first order estimate of a compositionally 

dependent property of ternary materials by linearly interpolating between the binary 

endpoint compositions.  Accuracy can be improved by taking into account the non-linear 

effects of alloying and adding a third parabolic term with a "bowing" parameter (b) as 

given by: 

( ) ( ) eVxbxeVxeVxxEg 0.1)1(4.312.6 −−−+=  (3-2) 

  It appears to depend on the reactor and the material that it was grown on.  The bowing 

parameter for our reactor is b = 0. 

3.4.1.3 Optical Transmission 
 

Optical transmission was used to measure the location of the band edge and the 

location of the exciton peak.   Figure 3-7 and Figure 3-8 shows the raw transmission data 

for the first generation modulators. 

  

Figure 3-7  Transmission versus energy for 
first generation modulators 

Figure 3-8  Close-up of Transmission versus 
energy first generation modulators 
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The optical transmission data was converted to absorbance data.  It is more 

convenient to work with absorbance data than trying to measure the absolute value of the 

absorption coefficient since absorptions coefficient is independent of the sample 

thickness.  For this work, we were more concerned with the relative changes in 

transmission and absorbance is a more convenient quality to work with and is calculate 

by the following equation. 

100
%log TAbsorbance −=  (3-3) 

 

Figure 3-9 Absorbance versus energy for first generation modulators with GaN thickness of 400 
nm 

 

In Figure 3-9 the absorbance versus energy graphs are plotted for the first 

generation modulators. The absorbance band edges are close to one another and so are 

the exciton peaks. 
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Figure 3-10 Absorbance versus energy for second Generation modulator (M1238) with GaN 

thickness of 400 nm  

 

 
Figure 3-11 Absorbance versus energy for second Generation modulator (M1243) with GaN 

thickness of 400 nm.  In this sample the above band edge spectra is not visible since 
the GaN layer was 1 µm thick. 
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3.4.1.4 Optical Microscope 
 
Optical microscopy was used to determine the surface morphology of the modulator.  The 

relative cracking of the epitaxial films can be qualitatively examined.  Optical 

microscopy is very useful in determining the relative cracking before and after 

processing.  

 
(a) (b) 

Figure 3-12     Optical Microscope images of ultraviolet GaN based modulators. a) A 5 x 5 array of 100 
µm x 100 µm modulators. b) A close up of two 100 µm x 100 µm modulators. 

 

3.5 Processing of Modulators 

Standard lithography and etching techniques were used to process the epitaxial 

structures into fabricated devices.  Mesas were etched down into the buried n-type 

AlGaN layer by BCl3 reactive ion etching.  After mesa etching, a dielectric capping layer 

was deposited on the samples.  For these samples either a spin-on-glass or a low-pressure 

chemical vapor deposition (LPCVD) film was deposited.  A semitransparent layer of 

nickel 5.0 nm thick, which transmitted ~60% of light at 360 nm, was deposited and 

patterned on top of the oxide for the first generation of modulators.  The process was 

developed on glass so as to identify semitransparent Ni effects separately from the GaN 
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absorption.  Contacts were made to the n-type AlGaN by etching the oxide with Buffered 

Oxide Etch (BOE) and depositing a stack of titanium and aluminum (30 nm Ti/ 120 nm 

Al) on the etched areas and on top of the mesas.  The samples were then rapid thermal 

annealed at 700 °C for 30 seconds to generate an Ohmic contact.  The second generation 

of modulators with transparent contacts did not need the nickel electrode; however the 

SiO2 still needed to be deposited. 

3.5.1 Modulator Mask and Process Design 

A four-level mask set was designed for fabrication of the modulators.  The four 

mask levers were the mesa mask, the transparent electrode mask, the via-mask, and the n-

contact metal mask.  The first generation and second generation modulators both used the 

same mask set.   Test structures were also incorporated onto the mask as well as the 

complete devices in order to provide fabrication control and developmental dependent 

test structures.  

For the first generation modulators, we found it advantageous to reduce the 

transport of electrons by depositing a SiO2 dielectric capping layer during the device 

processing.  Two different types of SiO2 were used, a LPCVD low temperature oxide 

(LTO-410) and a spin-on-glass (Accuglass-512B).  The dielectric was also used to 

passivate the surface and allow for sequential metal depositions.   

It was necessary to deposit a transparent contact on top of the modulator device in 

order for an electric field to be vertically applied to the modulator.  A thick metal would 

block all the incoming photons; therefore a semi-transparent contact consisting of a thin 

metal was needed in order to allow photons at the desired ultra-violet region to enter the 

device.  The appropriate thickness was determined by depositing thin layers of nickel on 
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a glass slide at various thicknesses (5 nm to 15 nm).  These films were then characterized 

by examining their transparency of ultraviolet light at 360 nm.  Figure 3-13 shows the 

transparency versus thickness experiment as a function of wavelength for nickel on glass.  

Note that the absorption edge starting at ~350 nm can be attributed to the absorption of 

the glass slide.  From the experimental results, it was determined that using 5.0 nm of 

nickel for the transparent contact gives enough transmission. 

 

Figure 3-13  Transmission vs wavelength of 4 different nickel samples is shown.  Nickel layers of 
5.0 nm, 7.0 nm, 10.0 nm and 15.0 nm were deposited on a glass slide.  The 5.0 nm 
nickel layer showed a transmission of 55 % at 360 nm. 

  

With the design of the epitaxial layers, the metal electrodes and the dielectrics to be 

used for the experiment a mask was designed.  Modulator test structures were included in 

the mask design in order to gain feedback of the material parameters and device 

performances.  Devices were divided into two categories: modulators and diagnostic 

devices.   The highest level of integrated device was a selectable array of modulators, 

with each die consisting of a 25 element array in the center with metal interconnects 

which would select each member of the array.  An array of metal pads was arranged in a 
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square pattern along the perimeter of the chip.  The metal pads were used to wire bond 

interconnects to a package.  Each die contained an array of modulators along with 

diagnostic devices and assorted modulators.  With this structure, an addressable spatial 

light modulator 5 x 5 array based on the electrical modulation of optical transmission 

could be fabricated and assembled. 

The following are the modulators included in the design: 

• Large square modulator 7.8 mm x 7.8 mm, 

• 25 element array of one mm x one mm square modulators, 

• 25 element array of 100 µm x 100 µm square modulators, and 

• 25 element array of 25 µm x 25 µm square modulators. 

The first die was a large modulator: a square modulator the size of 7.8 mm x 7.8 mm 

was designed with a large horseshoe shaped contact.  The purpose of this modulator was 

to provide proof of concept for modulating excitons with an external electric field.   

The five elements by row x five elements by column arrays were designed with 

three different device areas: 

• 1 mm x 1 mm square modulators, 

• 100 µm x 100 µm square modulators, and 

• 25 µm x 25 µm modulators.   

The purpose of these arrays was to evaluate the scalability of exciton modulation 

and evaluate the application feasibility of a selectable modulator array. 

A couple of different isolated modulator designs were developed.  The first 

modulator consisted of a rectangular mesa with a horseshoe shaped n-contact.  The 

different size squares were: 
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• 10 µm x 10 µm,  

• 25 µm x 25 µm,  

• 50 µm x 50 µm,  

• 75 µm x 75 µm,  

• 100 µm x 100 µm, and  

• 200 µm x 200 µm.   

A gap of 10 µm was placed between the mesa and the ring contact.  The purpose 

of the horseshoe contact was to provide a contact that was close to the mesa and that 

could provide an even distribution of electrons.  Scalability was addressed by using 6 

different modulator sizes.  A 200 µm x 200 µm device is shown in Figure 3-14. 

 

Figure 3-14  Mask Layout for the 200 µm x 200 µm modulators  

 

The masks also included the following test structures: 

• Transmission line measurement (TLM) for specific contact resistance and 

resistivity, and 
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• Photodiodes for optical quality. 

 

Next, the 4-level mask described above was used to process the epitaxial films and to 

realize an opto-electronic modulator as shown in the Figure 3-15. 

  

 

Figure 3-15 Process Flow of Modulator  

The mesa mask was used to etch the samples down to the buried n-AlGaN layer.  The 

photolithography pattern was defined by a standard negative resist process; a 200 nm 

layer of nickel was deposited using an electron beam thermal evaporator.  The nickel 

served as a hard mask to prevent etching.  After the deposition, the samples were placed 

in acetone for photoresist lift-off, leaving the nickel pads behind.  The samples were then 

etched using a reactive ion etcher with BCl3 as the etchant gas.  The mesas were etched 

down to approximately 700 nm using a profilometer.  The remaining nickel was then 
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removed with nickel etchant.  After the mesa etching, an oxide was either deposited by 

LPCVD or spin-on-glass across the entire surface.  Next, the transparent electrode mask 

was used to define the photolithography for the transparent nickel electrode patterning.  A 

5 nm layer of nickel was deposited using e-beam thermal evaporation and subsequently 

lift-off with acetone.  The n-contact mask was used to make Ohmic contacts to the n-

AlGaN.  After the photolithography, the samples were placed in BOE and etched until the 

n-AlGaN layer was visible by microscopy.  This provided openings in the SiO2 for 

electrical contact to the underlying n-AlGaN layer.  The final mask was the metal 

interconnect mask.  After photolithography was performed on the samples, a Ti/Al metal 

stack was deposited using ebeam metal evaporation.  The Ti/Al acted not only as an 

Ohmic contact but also for pads for probing. 

The final first generation modulator cross-section is shown in Figure 3-16 
 

 
Figure 3-16 Cross-section of first Generation Optical Modulator after processing
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 The size of the devices used for the first generation modulator were 100 µm x 100 

µm, 200 µm x 200 µm, and 1 mm x 1 mm.  The same mask was used for the second 

generation modulators; however the process flow was adjusted to account for the top two 

new layers that replaced the silicon dioxide and transparent metal contact.  Instead of 

using the transparent electrode mask to deposit a thin layer of metal, the transparent 

electrode mask was used to etch through the silicon dioxide passivation layer.  A cross-

section of the second generation modulator is show in Figure 3-17. 

 
Figure 3-17 Cross-section of 2st Generation Optical Modulator after processing 
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Chapter 4 
4 1D Poisson Modeling of Modulator 

4.1 Introduction 

The previous chapter detailed the fabrication and initial characterization of a III-N 

based UV modulator.  However, a detailed characterization of the electric field as a 

function of applied voltage within the device needs to be addressed.  In the III-Nitride 

system computing the electric fields is complicated by the wurtzite crystal structure 

which results in the piezoelectric and polarization effects [73].  These effects have been 

studied by many people [73-80]. 

GaN, AlN and their ternary alloys are typically grown with the c-axis of the 

wurtzite crystal normal to the structure.  The binary GaN crystals atomic layers are grown 

in an A-B sequence alternating along the [0001] direction.  These atoms are arranged in 

bilayers consisting of two closely spaced hexagonal layers, one formed by the cation Ga 

and the other formed by the anion N.  The surface termination of the crystal structure can 

either be Ga- or N- faced, as show in Figure 4-1.  This results in different chemical, 

physical and electrical properties for the ( )0001  and the ( )1000  surfaces. 
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Figure 4-1 Schematic drawing of the crystal structure of wurtzite Ga-face and N-Face GaN[76] 
 

4.2 1-D Poisson/Schrödinger Solver 
  

 To fully understand the behavior of an electroabsorption modulator operation, a 

detailed, accurate, and systematic method of describing the semiconductor physical 

properties for each layer needs to be developed and implemented.  The lattice constant, 

crystal type, and the E-k relationship of each semiconductor determine the electrical 

properties of the structure and of all interfaces.  The most important electrical properties 

necessary to understand modulator operation is the magnitude of the electric field though 

out the device.  This is determined by charge distribution.  However, the charge 

distribution will bend the conduction and valence band and resulting in the band bending 

modifies the charge distribution, thus a self consistent model is required.  Energy band 
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calculations should take into account Fermi-Dirac and Boltzmann statistics, Poisson’s 

equation and Schrödinger’s equation in the case of quantum structures, simultaneously at 

each point along the modulator structure.  In this a 1-D Poisson/Schrödinger solver was 

used to calculate the energy band and electric fields in the modulator device.  The 

program calculates the one dimensional band structures using the method of finite 

differences.  The program can calculate the band diagrams, electric fields, carrier 

concentration and the capacitance versus voltage characteristics (CV) for multiple biases.  

For the modulator case, the Schrödinger equation didn’t need to be solved.  The 

Schrödinger’s equation is used to find the quantized states in a structure and in the 

present modulator case those states aren’t relevant. 

  The self-consistent method is very versatile, but should be compared with 

analytical solutions when possible to validate the results.  In analytical derivations, 

assumptions such as depletion approximation and fully ionized donors were made.  With 

the finite element method these simplifying assumptions could be avoided.  The user has 

control over these material parameters such at the effective mass, band gaps, dielectric 

constants, and band off-sets, and once they are set a device structure file can be made and 

the self-consistent 1-D Poisson solver can be executed.  One should keep in mind 

however that numerical methods require evaluation of their stability and accuracy which 

can depend strongly on parameters such as step size, density of the grid and boundary 

conditions.  The analytical approximations are very useful in evaluating if the numerical 

methods are converging to good answers. 

 A device structure file consists of a line of code for each device layer, an initial 

set of boundary conditions, and a range of voltages for the calculation to occur.  Each 
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device layer consists of thickness, donor and acceptor levels, band gap, band offsets, and 

other material properties the must be established before beginning the calculation.  A 

reasonable boundary condition with initial conditions must be provided by the user.  

After the device file is made the program uses an iterative technique until an acceptable 

convergence is achieved for the Poisson Equation.   

  This section focuses on describing the effects needed to be modeled and 

the methodology and equations for the 1-D Poisson Solver to calculate the energy band 

structures and the electric fields for a 1-D modulator.    

4.2.1 Computational Model Methodology: 
  

The program uses a basic iterative methodology for numerically solving the 

Poisson’s equations self consistently.  Older Poisson solvers use a uniform mesh to solve 

a Poisson’s matrix of equations.  The Poisson solver used in this case uses a non-uniform 

mesh where a tighter mesh can be used near interfaces and a larger mesh can be used in 

the bulk part of the films.[snider]  A device file is implemented into this algorithm which 

includes a materials parameters component (such as band gaps, band offsets, acceptor and 

donor levels, etc.), initial conditions, and boundary conditions (such as Ohmic or 

Schottky contacts).  This file is loaded into diagonal matrix used to simplify the 

numerical computations for self-consistent modeling.  Using Newton’s method, the 

Poisson Solver equation is solved for each mesh point, and this potential is compared to 

the Schrödinger value for each mesh point.  If the difference in potential is less than the 

convergence limit for each mesh point a self-consistent solution has been obtained for 
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both equations, if not then both equations are calculated with a slightly different 

potential.  

4.2.2 Basic Equations for Solver 
 
The total charge of the structure is determined by the following equation: 

( )−+ −+−= ad NNnpqx)(ρ  (4-1) 

  

The program starts with the basic Poisson equation: 

( )−+
→

−+−=•∇ ad NNnpqxE
ε

)(  
(4-2) 

 

Using the Boltzmann statistics for the free carriers and assuming full ionization for the 

dopant atoms the following equation can be used: 
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The doping levels of each layer can be specified.  The ionization of each layer can be 

specified, but for all model cases in this discussion full ionization was used.  The mobile 

charge concentrations are calculated from Schrödinger’s equation using Boltzmann 

statistics.  Dopant ionization is considered for both shallow and deep level dopants.  

Current flow is not calculated, therefore only structures under thermal equilibrium can be 

modeled.      
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4.2.3 Boundary Conditions 
 

To understand how this program works consider Poisson’s equation in one 

dimension;  

( )
ε

ρ xE =•∇
 

(4-4) 

The x-axis can be divided into n number of points. The gradient operator 
dx
d

=∇  

can be written as 
x
xx nn

∆
− −+ 11 .   

This results in an equation that is recursive in nature 
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The finite differences equations can then be iteratively solved to find a self 

consistent solution. 

There are three different types of boundary conditions that can be used to solve 

the equations, Schottky barrier, Ohmic contact and energy band slope = 0.  When 

Schottky barrier is selected the program can simulate the effect of an applied bias 

assuming that the current isn’t significant.  In our modulators insulating layers are used to 

block current flow making this approximation appropriate.  If an Ohmic contact boundary 

condition is selected the applied bias must match the Fermi level in the adjacent layer.  

The energy band slope = 0 bias is selected when only a certain region of interest is to be 

simulated. 
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One of the challenges of using this program with a new material system is 

defining the material parameters.  The following material parameters were used in the 

model.  The computed values for the AlGaN compositions and for SiO2 are also shown in 

this table. 

Another challenge is including the polarization and piezoelectric effects into the 

simulation.  In the case of polarization, this was implemented by using a sheet of fully 

ionized donors or acceptors as appropriate.  In this device the piezoelectric effects were 

neglected since experimentally have shown that for layers thicker than about 100 nm the 

piezoelectric charge is not generated. 

 
Table 4-1 GaN material default parameters for 1-D Poisson/Schrödinger Solver[81] 

Material GaN Al0.16GaN Al0.30GaN SiO2 

 Energy Gap  3.400 eV 3.848 eV 4.240 eV 9 eV 

 Conduction band offset 

relative to GaN 0.000 eV 0.323 eV 0.605 eV 2.9 

 Relative dielectric constant 10 9 9 3.9 

 Electron effective mass 0.22 0.22 0.22 1 

 Cond. Band degeneracy 1 1 1 0.6 

 Heavy hole effective mass 0.8 0.8 0.8 1 

 Light hole effective mass 0.8 0.8 0.8 1 

 Donor level  10 E-03 eV  10 E-03 eV  10 E-03 eV  3 E-03 eV 

 Default donor 

concentration 1 E+16 cm-3 1 E+14 cm-3 1 E+14 cm-3 0.00 cm-3 

 Acceptor level  0 eV  0 eV  0 E-03 eV  5.00E-03 eV 

 Default acceptor 

concentration 0 cm-3 0 cm-3 0 cm-3 0 cm-3 
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Table 4-1 (Continued) 

 Deep donor level   0  eV   0 eV   0 E-03 eV  3 E-03 eV 

 Default deep donor 

concentration  0 cm-3  0  cm-3  0 cm-3  0 cm-3 

Default barrier height  0.800 eV  0.010 eV  0.010 eV  3.10 eV 

 Default electron mobility 

 6.000E+02 

cm2/V-s 

 2.500E+02 

cm2/V-s 

 2.500E+02 

cm2/V-s 

 0.000E+02 

cm2/V-s 

 Default hole mobility 

1.500E+01 

cm2/V-s 

1.000E+01 

cm2/V-s 

1.000E+01 

cm2/V-s 

0.00E+00 

cm2/V-s 

 Default electron 

recombination time 6.500E-09 s 6.500E-09 s 6.500E-09 s 0.00 s 

 Default hole recombination 

time 6.500E-09 s 6.500E-09 s 6.500E-09 s 0.00 s 

 Default absorption 

coefficient 2.00E+05 2.00E+05 2.00E+05 0.00 s 

 

4.3 Piezoelectric and Spontaneous Polarization Effects 
 

Both cubic zinc blend and wurtzite crystal structures are non-centrosymmetric and 

thus have nonzero piezoelectric moduli.  Wurtzite crystals have non-centrosymmetric 

symmetries and are ionic pyroelectric materials, leading to large piezoelectric effects 

when placed under stress along the c-direction and large spontaneous polarization at 

hetero-interfaces.  Spontaneous polarization charge (Psp) exists in nitride semiconductors 

and is several times greater than other semiconductor materials.  The Psp exists in the 

absence of any external field or influence such as strain or an electric field which gives a 

nonzero volume dipole moment in the crystal.  When wurtzite materials are strained they 
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exhibit piezoelectric effects due to the mechanical strain placed on the crystal.  As long as 

the wurtzite material is strained pseudomorphically a piezoelectric charge (Ppz) will exist.  

Psp and Ppz can produce electric field will give rise to a polarization-induced electrostatic 

charge density ρpol, given by: 

polP ρ−=∇+∇=⋅∇ pzsp PP  (4-6) 

  

The net polarization charges at the surface will most likely be nullified by charging of 

surface states or motion of mobile carriers to the surface.  However, at heterojunctions 

internal electric fields due to pyroelectric effects can arise to influence internal electric 

fields at these interfaces.  At heterojunction interfaces the net polarization charge will 

exist from the abrupt change in strain εj which gives rise to a discontinuity in Ppz and the 

resulting field results from the difference in the two materials net polarization charges.  

Polarization-induced positive or negative charge can exhibit donor-like or acceptor like 

behavior depending on whether the crystal is in tensile strain or compressive strain.  

These charges can be electrostatically treated as ionized dopants; however these charges 

will not exhibit the temperature activation behavior or temperature effects of dopants.  In 

addition, the polarization-induced charges will appear more uniformly distributed through 

the lattice, while ionized impurities are randomly distributed throughout the lattice.  

Finally, this would mean that the scattering by polarization-induced charges will differ 

from ionized impurities.  The polarization-induced charges Pyroelectric values up to 0.09 

C m-2 have been reported without the presence of an electric field[73].    The 

piezoelectric fields are compensated by the strain relieved by dislocations once a critical 
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layer thickness is reached.   The direction of the polarization charge is dependent on 

whether the material is in compression, tension or relaxed.   

The sign and magnitude of the polarization charge will depend on the orientation 

and composition of the structures shown in Figure 4-1.  In our growth chamber, device 

structures typically are grown in case C with the GaN in compressive strain.  It has been 

empirically shown that the orientation of high-quality nitride films grown by MOVPE is 

typically (0001) (A-face or cat-ion terminated), where MBE can yield both (0001) and 

( )1000 ; ( )1000  is B-Face or anion terminated depending on the buffer layer.  The strain 

between layers depends on the magnitude of the lattice mismatch, thus the spontaneous 

polarization charge is determined by the alloy composition. The polarization charge then 

can be calculated using the following relationships between the lattice constants, elastic 

constants, and piezoelectric constants: 

Table 4-2  Pyroelectric equations as a function of alloy composition for GaN/AlGaN 

Lattice constant ( ) ( ) mxxa 1010189.377.0 −+−=         
Elastic Constant ( ) ( )103513 += xxC  GPa 
 ( ) ( )4053233 +−= xxC  GPa 
Piezoelectric Constant ( ) ( )49.011.031 −−= xxe  C/cm2 
 ( ) ( )73.073.033 += xxe  C/cm2 
Spontaneous Polarization Constant 2/)029.0052.0()( mCxPsp −−=  
 

A detailed table of pyroelectric effects calculations for many semiconductors is listed 

below and for the nitrides is show in Figure 4-2 and Figure 4-3. 
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Table 4-3 Table of pyroelectric effects of wurtzite crystal structured 

Property GaN InN AlN ZnO 
Spontaneous polarization 

constant ((Peq)(C/m2)) 
-0.029 
[79] 

-0.032 
[79] 

-0.081 
[79] 

-0.057 
[79] 

Piezoelectric constant 
((e33)(C/m2)) 

0.73 
[79] 

0.97 
[79] 

1.46 
[79] 

0.89 
[79] 

Piezoelectric constant 
((e31)(C/m2)) 

-0.49 
[79] 

-0.57 
[79] 

-0.60 
[79] 

-0.51 
[79] 

D33 
(10-12 C m-2 Pa) 

2.7 
[77] 

7.6 
[77] 

5.40 
[77] 

 

 

Adding the polarization-induced charges would add an additional charge term (ρpol) to the 

Poisson equation: 

( ) polad NNnpqx ρρ +−+−= −+)(  (4-7) 
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Figure 4-2  Spontaneous Polarization charge for 
nitrides making the assumption that the strain is 
proportional to the percentage alloy mole 
composition 

 

Figure 4-3  Piezoelectric constant for nitrides e33 
(squares) and e31 (dots).  Connecting lines assume 
strain is proportional to percentage alloy mole 
composition. 

 

 

4.4 Basic Model 
 

The simplest of the device models is to consider the device is just a fixed capacitor 

and to ignore polarization and semiconductor depletion effects. The simple relationship 

of charge and capacitance is Q=CV.  Assuming a parallel plate capacitor with a fixed 

dielectric constant the following relationship is given: 

t
AC rεε 0=  

(4-10) 
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where ε0 is the permittivity of free space, εr is the relative dielectric constant, A is the 

area of the device and t is the thickness of the dielectric.  The electric field is simply 

calculated by the following equation: 

t
V=ε  (4-11) 

 

The electric field can be calculated using simple electrostatic principles.  The 

displacement (D) across two adjacent materials needs to be constant thus the electric 

fields must obey the following occasion: 

)()()()( 2211 ttEttE εε =  (4-12) 

 

Using this model we find that for an applied voltage of 300 V the applied field in the 

GaN layer should be approximately 1.1 MV/cm. 

 

 

Figure 4-4  Simple capacitor model 

4.5 Model with Spontaneous Polarization Effects 
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A more detailed model is to consider the depletion of charge at the semiconductor 

junctions which generates an internal electric field.  Using the depletion approximation 

for each semiconductor layer, the charge in each layer arises just from the doping of each 

layer.  The layers are all assumed to be fully depleted; free charge screens the externally 

imposed field then reduces the field in the exciton layer.  

 

 

Figure 4-5     Depletion Approximation model for first generation Modulators 

 

 

This can be further refined by including the charge from polarization effects.  Polarized 

charge can appear acceptor (positive charge) or donor (negative charge) like at the 

heterojunction interface unlike depletion charge, this charge is localized spatially at the 

interface.  There are two consequences of the charge: 

1) Depending on the direction of the external field it should either add or subtract to 

the internal field 

2) At large electric fields it should only be a small component of the field.  
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Figure 4-6    Depletion mode approximation with Polarization charge for first generation modulator 

 

 

It is difficult to treat these problems analytically.  With the numerical methods we should 

be able to determine the magnitude of band bending at the heterojunction interfaces. 

 As mentioned previously the polarization charge can appear as donor-like or 

acceptor like charges depending on the polarization faces at the interfaces.  In the case for 

the modulators the n:AlGaN/AlGaN interfaces have donor-like polarization charges 

while the GaN/AlGaN interfaces have acceptor-like polarization charges 

 Besides the piezoelectric and spontaneous polarizations charges that needed to be 

address the interfaces of the heterojunctions and the surface also needs to addressed and 

discussed.  The conduction band offsets for the AlGaN and GaN layers were calculated 

using the following equation [82, 83]: 

( ) ( )( )07.0 ggC ExEE −=∆  (4-13) 
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The surfaces of the device were first modeled using the electron-affinity model.  The 

relationship between the surface pinning and the electric fields were also modeled and a 

relationship was determined  

4.6 First Generation Modulator Modeling Results 

The growth on the GaN layer on AlGaN shifts the spectral position of the exciton 

resonance. The exciton resonance is distinctly visible with zero applied bias, but 

compared with samples of similar thickness grown directly on sapphire the absorption 

edge is broadened. This implies that there may be an intrinsic electric field or other 

broadening mechanism to the structure as grown. As previously mentioned, wurtzite 

crystal structure also introduces polarization charge at the heterojunction interfaces, and 

there is an unknown concentration of surface traps at the SiO2/GaN interface.  

Due to the above complexities and resulting number of unknown parameters computation 

of the electric field is difficult. To obtain a numerical estimate of the electric field, a 1D 

self consistent Poisson/Schrödinger solver[81] as described above was used to model the 

device using the following assumptions.  The electron affinity model was used to 

determine the relative band offsets of the metal/oxide/semiconductor interface with the 

conduction band offset between the oxide and the GaN set at 3.6 eV [84]. This is slightly 

less than values obtained by Ambacher of 2.47 e13 cm-2. The polarization charge was set 

to the experimentally determined values of 1.78 e13 cm-2 obtained by Heikman et al [85]. 

The piezoelectric induced charge was negligible due to the thickness of the layers. 

Boltzmann statistics determined the number of ionized carriers. The carrier concentration 

and percentage of Al in the AlGaN layers were determined by capacitance voltage 

measurement and Cathodoluminescence respectively. While trapping at the oxide/GaN 
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interface is likely, it was not included in the model. A summary of the input parameters 

for each layer is shown in Table 4-4. The Electric Field models for the 0 V, 100 V and 

300 V cases are shown in Figure 4-7 with no polarization effects and Figure 4-8 with 

polarization effects. 

Table 4-4  E-field from 1D Poisson Solver 

Emodel E(SiO2) E(GaN) E(SiO2) E(GaN) E(SiO2) E(GaN) 

  0V 0V 100V 100V 300V 300V 

  kV/cm kV/cm kV/cm kV/cm kV/cm MV/cm 

Polarization Charge 107 33 1710 530 4914 1.5 

No Polarization charge 107 33 2062 99 6059 1.4 

Polarization charge with no 

free carriers 41 22 1640 516 4843 1.5 

No polarization charge with 

no free carriers 66 20 2062 516 6059 1.4 

 

Table 4-4 gives the results of the 1D Poisson Solver.  At zero bias the electric 

field in the GaN with no polarization charge was calculated to be 33 kV/cm and 22 

kV/cm with polarization charge.   At 100 V the electric field in the GaN with polarization 

charge was determined to be 0.53 MV/cm and with no polarization charge was 0.51 

MV/cm.  The difference of the polarization and the non polarization charge is 11 kV/cm, 

which suggest that the polarization charge adds a built-in field component of 11 kV/cm.  

The device was fully depleted at 300 V and a field of 1.5 MV/cm was estimated with 

such a large field, the 11 kV/cm contribution due to the polarization charge is less than 

10%.  
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(a) (b) (c) 

Figure 4-7:   Energy band diagrams and Electric Fields with no polarization effects of First 
generation Modulators for a) zero applied voltage, b) 100 Volts, and c) 300 Volts  

 

 

 

 

 

 

(a) (b) (c) 

Figure 4-8 Energy band diagrams and Electric Fields with polarization effects of First generation 
Modulators for a) zero applied voltage, b) 100 Volts, and c) 300 Volts 
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 Chapter 5 
 

5 Modulator Device Characterization 
 

5.1 Introduction 

In the previous chapters, concepts useful for the development of GaN Modulators 

were discussed: 

• Absorption modulation physics; 

• Exciton properties and electric field interactions with excitons; 

• Physical properties of GaN; and 

• The GaN epitaxial layer growth, device fabrication processes, and devices.   

This chapter focuses on the experimental results from the processed samples and 

analyzes differences in performance characteristics measured.  A electro optical 

absorption measurement system was built to determine the modulator device performance 

characteristics.  Two different sets of samples were studied: 

• First Generation Modulators with SiO2/semi-transparent nickel contacts 

o The SiO2 layer was either spin-on-glass (SOG),  

o or deposited by low temperature CVD (LTO) 

• Second Generation Modulators with AlGaN contacts 

o No SiO2 layer needed for the top dielectric contact 

Depending on the individual device from die-to-die, the first generation 

modulators exhibited excitonic or thermal modulation.  For first generation modulators 
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exhibiting excitonic modulation, a peak modulation of 18% was observed at 300 V.  The 

second generation modulators were designed with a transparent contact to allow more 

light through the active area of the device.  In general, the second generation devices 

exhibited more thermal modulation due to high leakage currents than did the first 

generation modulators.  A lock-in amplifier with frequency range from 0 to 120 kHz was 

used to separate the thermal response from the electronic response. 

5.2 Modulator Samples 

5.2.1 First Generation Modulators 

The first generation modulators consisted of three basic epitaxial layers, an n-

contact AlGaN layer, an insulating AlGaN layer and the active excitonic GaN layer 

deposited by MOCVD.  The modulators were diced into 8 different 1.25 cm x 1.25 cm 

pieces and each piece was processed differently.  The growth layers of each device were 

discussed in chapter 3.  The cross-section of the device is shown in Figure 5-1. 

 

Figure 5-1  Cross-section of first generation modulator device 
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5.2.2 Second Generation Modulators 

The second generation modulators were similar in growth structure to the first 

generation modulators.  The first three epitaxial layers were the same as the first 

generation device.  The goal of the second generation modulators was to replace the 

dielectric layer and the semitransparent metal layer with epitaxial grown layers that 

served the same electrical function while allowing optical transparency.  This change in 

epitaxial structure reduces processing steps, and more importantly reduces the optical 

losses in the device outside of the active layers.  The specifics of the epitaxial structure 

for the second generation modulators were discussed in chapter 3.  The second generation 

modulator device cross-section is shown in Figure 5-2. 

 

Figure 5-2  Cross-section of second generation modulator device 

 

5.3 Electroabsorption DC Measurement Equipment 
 

Electroabsorption (EA) spectra were collected using a deuterium lamp (200 nm – 

400 nm) focused through the transparent sapphire substrate with a 10X microscope 

objective.  This resulted in a spot well matched to the 200 µm x 200 µm pixel and an 

objective lens of 20X for a 100 µm x 100 µm pixel.  The light was then collected with a 
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fused silica lens and coupled into a USB 2000 fiber CCD spectrometer (189 nm – 

800nm).  The resolution of the Ocean Optics spectrometer is ~ 0.8 nm/pixel. 

 

Figure 5-3 Basic setup for testing DC power supply 

 

 
Figure 5-4 High Frequency set up for AC Modulator Testing 
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5.4 DC Electroabsorption Results 

5.4.1 Excitonic Modulation Results 

The epitaxial samples transmission measurements were taken on the bare epitaxial 

layers and the electroabsorption measurements were made on the processed devices.  The 

raw data in this setup was collected as the transmission spectrum data and then converted 

to absorbance data.  The first sample measured was wafer M828 and the transmission 

results for this epitaxially excitonic modulator are shown in and Figure 5-5 and Figure 

5-6. 

  

Figure 5-5  Transmission versus wavelength 
spectra for modulator M828 

Figure 5-6  Close up of transmission versus 
energy spectra for modulator M828 

 
The transmission data was then converted to absorbance data using the following 

equation: 
%log

100
TAbsorbance  = −  

 
 

(5-1) 
 

 
The absorbance data for the epitaxial layers are shown in Figure 5-7.  The first 

sample M828 had a distinctive excitonic peak at 3.45 eV, however the contact layers 

were not high quality and were not conductive.  
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Figure 5-7  Absorbance versus energy spectra for M828 

 
 The second measured set of first generation modulator structures characterized 

was the M868 series.  The transmission measurements were made of the epitaxial films 

are shown in Figure 5-8 and Figure 5-9 and the absorbance is shown in Figure 5-10. 

  

Figure 5-8  Transmission versus wavelength 
spectra for modulator M868 

Figure 5-9  Close up of transmission versus 
energy spectra for modulator 

.   
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Figure 5-10  Absorbance versus Energy for M868 

 
Qualitatively, this device didn’t have as sharp of an exciton peak as sample M828.  

However the epitaxial layers were improved.   

Following these transmission measurements, these modulators were tested with 

DC modulation setup with an applied voltage ranging from 0 V to 35 V.  These devices 

showed some variation in transmission intensity around the band edge energy which is 

shown in Figure 5-11 and Figure 5-12.  The band edge shifted to lower energies as the 

voltage was increased.  The shift in band edge in this figure is in the direction which 

suggests the possibility of Joule heating being responsible for modulation.   
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Figure 5-11 Electroabsorption spectra of a 100 µm x 100 µm square modulator unbiased and at an 
applied voltage of 35 V for M868-4.  This shift in the band edge is indicative of heating 
the pixel.  

 

In Figure 5-12,   the percent modulation is calculated by the following formula: 

( ) 100
)0(

)0()(% x
VT

VTVTModulation bias
−

=
 

(5-2) 

 

Where T(Vbias) and T(0V) are the percentage of light transmitted at a specific 

wavelength under biased and unbiased conditions respectively.  The percent modulation 

of this device is shown to be 18% at 363 nm and there is only one major modulation 

peak.  The modulation peak is located at a wavelength longer than expected from Dow 

and Redfield[47].  As seen in Figure 5-12, the 35V spectrum is shifted to lower energies 

than the spectrum without applied voltage.  The exciton peak doesn’t broaden at higher 

voltages, however the absorption curve does shift and this shift could be due to Joule 

heating. 
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Figure 5-12 Percent modulation between the unbiased and biased state plotted versus photon 

energy for one modulator pixel of M868-4.   

 
Table 5-1 Resistance, Current, and Power measurements for M868-4 

Vapplied (V) V1k-resistor (mV) I (mA) Rdevice (kΩ) Power (mW) 

5 42.5 0.04 117.0 0.21 

10 157 0.16 62.7 1.55 

15 428 0.43 34.0 6.24 

20 780 0.78 24.6 14.99 

25 1180 1.2 20.2 28.11 

30 1640 1.6 17.3 46.51 

35 2090 2.1 15.7 68.78 

 

Table 5-1 is a compilation of electrical data for M868-4.  The data shows the 

resistance of the device ranging from a value of 117 kΩ to 15.7kΩ.  The relatively low 

resistance of the device causes the Joule heating in the device to dominate the 

modulation.  The power dissipated in the structure increases up to 68 mW at 35 V.  The 
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estimated change in temperature of the device layer was ∆10 K based on optical spectra 

described later.  

The next modulator tested was M852-7.  The electroabsorption (EA) spectra were 

collected under applied bias ranging from 0 to 305 V.  The raw data was collected as the 

transmission spectrum data.  Transmission data for the epitaxial films was taken before 

the modulators were processed.  The transmission results for the excitonic modulator are 

shown in Figure 5-13 and Figure 5-14. 

Figure 5-13 Transmission versus wavelength 
of epitaxial layers of sample M852 before 
modulator processing 

Figure 5-14 Close up Transmission versus 
wavelength of epitaxial layers of sample M852 
before processing 

 

 

 The Transmission data was then converted into absorbance versus energy and is 

shown in Figure 5-15  
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Figure 5-15 Absorbance versus Energy for sample M852 converted from the transmission data 

 

Sample M852-7 was tested using the DC setup and exhibited an absorptive 

modulator behavior upon increasing in applied voltage to the device.  The bias was 

applied from 0 to 305 volts as shown in Figure 5-16 and Figure 5-17.  The current and 

resistance of the device was measured with a resistor in series with the power supply and 

the modulator device. The voltage drop across a 1 kΩ resistor was used to measure the 

current going through the device. 

Table 5-2  Resistance, Current and Power measurements for M852-7 

Vapplied (V) V1k-resistor (mV) I (µA) Rdevice (MΩ) Power (mW) 

31 0.02 0.02 1550 - 

83 0.37 0.37 220 0.03 

135 1.4 1.4 96 0.19 

200 2.3 2.3 87 0.46 

250 11 11 23 2.75 

305 60 60 51 1.83 
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  Table 5-2 gives the current, resistance and power for the device. 
 

 

Figure 5-16  Electroabsorption spectra of a 100 µm x 100 µm square modulator unbiased and at an 
applied voltage of 305 V for M852-7.  The unbiased spectrum (solid line) shows a peak 
absorption corresponding to the excitonic resonance at 3.45 eV. Under the applied 
bias (dotted line) the excitonic resonance is reduced and broadened 

 

The power dissipated in this device was much less than M868-4.  Even though 

there was a 305 V drop across the device, the power dissipated was only 1.83 mW.  

M868-4 had only a 30 V drop across it, but had a power dissipated of 68 mW due to a 

higher leakage current density.  One can conclude that this modulator device didn’t 

exhibit significant joule heating effect and the modulation is purely electronic.  The 

difference in device structure was between these different growth runs and the dielectric 

capping layer.  Modulator M868-4 had a LTO-410 oxide thickness of 170 nm, while the 

M852-7 modulator had a spin-on-glass layer thickness of 550 nm.  
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As shown in Figure 5-16, the unbiased spectrum shows an excitonic resonance 

peak with energy of 3.45 eV.   At 305 volt bias the EA spectrum shows the excitonic 

resonance peak decrease and the absorption was reduced.  It should be noted in this case, 

unlike the M868-4 modulator, the 305 V spectrum’s slope changes in the Urbach 

absorption region is less than the 0 V spectrum’s slope.  Additionally, the band edge 

doesn’t appear to shift with increasing voltage for this modulator.  The absorption slope 

change without the band edge shifting will lead toward two distinct modulation peaks.  

The two peaks in modulation are a definitive signature that the exciton broadening due to 

the electric field is the dominant effect. 

  In sample M852-7, the peak absorption is reduced by 18% at the excitonic 

binding energy 3.45 eV.  In Figure 5-17, the percent modulation is again calculated by 

using equation (5-2) and is shown for voltages ranging between 0 and 300 Volts.  The 

modulation appears to turn on at approximately 80 V. Internal screening fields present at 

lower voltages, may be limit modulation effects at lower voltages, requiring the 

application of a sufficient field maybe necessary.  Unlike the M868-4 modulator, the 

M852-7 modulator has two peak modulations, one more absorptive at approximately 360 

nm and the other less absorptive at approximately 364 nm. 
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Figure 5-17 Percent modulation between the unbiased and biased state plotted versus photon 

energy for one modulator pixel of M852-7.  The negative modulation is the result of 
the increased absorption below the band edge due to broadening of the exciton 
resonance. The positive modulation is the result of the reducing the absorption at the 
exciton resonance 

 
 

In summary, in the course of our investigation we fabricated several devices.  In 

some devices, where the insulating AlGaN layer was too thin or not sufficiently 

insulating, we observed modulation due to Joule heating of the band edge, resulting when 

the thin GaN layer was heated resistively.  This resulted in a single modulation peak at 

the band edge.  In Figure 5-16 and Figure 5-17, the modulation is attributed to the electric 

field effects since the band edge did not shift to lower energies.  The electrical current 

across the GaN layer was small and the characteristic double peak of modulation of 

different signs was apparent, above and below the band edge.   



 98

5.5 Analysis of DC Electroabsorption results 

In order to identify the electrical field versus thermal effect a comparison between 

experimental results and existing models of Dow and Redfield.  Dow and Redfield 

calculated the effects electric field had on the absorption band edge from first principle 

calculations [47].  Dow and Redfield predicted the slope of the absorption band edge tail 

would decrease with an increasing electric field.  Also Dow and Redfield theory 

predicted a reduction in the exciton peak and shift to the right, decreasing and broadening 

until the exciton was fully ionized.   

 
Figure 5-18 (a) Spectral shape of calculated absorption edges for different field strengths.  
Energy is measured in units of binding energy of the unperturbed exciton.  (b) Same as in (a) except 
the Coulomb interaction turned off, given the Franz-Keldysh result.[47] 

 
The linear region of the absorption band edge tail was taken from 3.420 eV to 

3.435 eV.  The linear region for sample M852-7 for the five zero voltage cases are shown 
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in Figure 5-19.  The slopes were repeatable and they ranged from 22.1 eV-1 to 21.3 eV-1 

with an R value of 0.999 for each slope.  The last two slopes were slightly higher than the 

first three slopes which maybe due to an unknown memory effect or error in baseline 

correction.   

 

 
Figure 5-19 Linear region of electroabsorption versus wavelength at 0 Volts repeated each time 

before the applied voltage was performed for sample M852-7. 

 

The linear region versus wavelength for each applied voltage is show in Figure 

5-20. 
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Figure 5-20 Linear region of electroabsorption versus wavelength for each applied voltage for 

sample M852-7. 

 
 

Figure 5-21 Electroabsorption slopes versus applied voltage 

The electroabsorption slopes versus voltage show in Figure 5-21 follows a 

predictive model for sample M852_7.  The unbiased y-intercept value for the linear 
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regression fit is 22.41 (eV-1) which is close to the zero measured value electroabsorption 

value of 21.7 (eV-1).   

Table 5-3 Linear absorption slopes at 0V and at the applied voltage 

Voltage (V) Slope at 0V (eV-1) Slope at applied voltage(eV-1) 
31 21.7 21.4 
83 21.5 20.6 
135 21.8 17.4 
200 21.6 15.4 
250 22.1 15.1 
305 22.1 12.9 

 

The slopes decreased as the voltage increased which agreed with the Dow and Redfield 

theory.  However, the excitons peak shift toward higher energies, while in the Dow and 

Redfield theory the exciton’s peak shifted to lower energies.  Dow and Redfield theory 

doesn’t consider the effects of strain, piezoelectric and polarization on the band structure.  

These modulator devices do have polarization effects, especially at lower operating 

voltages as shown in chapter 4.  

 Another method commonly used to interpret the absorption tail in semiconductors 

is  Urbach- Martienssen theory[58, 59].  This theory is consistent with Dow and Redfield 

theory [47] but interprets sub-band edge absorption through exciton-phonon coupling.  It 

also has the advantage of being expressed in a simple formula.  The Urbach’s tail occurs 

at energies below where the theoretical absorption band edge energy of the material.  The 

absorption expression as spectrum of the Urbach’s tail is given by the following function: 

  

(5-3) 
 








 −
=

U
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where C is a unit less constant, hν is the incident photon energy (eV), and U is the 

Urbach’s Energy (meV).  The spectral dependence of the Urbach’s tail has a logarithmic 

relationship, however the ln(αd) can be approximated by a linear function ln(αd) =C +  

(hν -Eg)/U).  Jacobson has shown the Urbach’s tail to quantify as a Taylor expansion of 

the absorption in GaN[86].  According to Jacobson, for GaN the spectral dependence of 

the absorption coefficient is a “rather complicated function of the photon energy[86].”  In 

the Jacobson studies, the influence of electric field on the Urbach Tail was studied by 

applying voltage across transparent Schottky electrodes was necessary to make a piece-

wise function to describe the data.  This approach has also been applied to other 

semiconductors[60-66].  The first piecewise linear region is for photon energies below 

3.42 eV and the second region is for photon energies between 3.44 and 3.5 eV.  The first 

piecewise linear region, the Urbach energy of 450 to 470 meV was observed for the GaN 

films, which corresponded to a smaller slope than the higher quality material with an 

Urbach’ energy of 10 to 20 meV in the second piecewise linear region. The majority of 

the absorption occurred in the second piecewise linear region which had an Urbach’s 

energy of ~10 to 20 meV [86].   

 The Urbach’s tail has also been examined as a function of electric field by 

Rodrigues et al [87].  The below band edge absorption can also be written in the 

following form I(ω) ~Cexp[ghω/Eg] for hω/Eg < 1.  C and g are constants which are 

derived for the GaN, AlN, and InN cases.  With this form of the absorption equation g is 

the measure of the “width” of the Urbach’s tail which it is the angular coefficient 

(tangent) of the low energy side of the luminescence spectra.  The width of the tail (Eg/g) 

is in the same units of U in the paragraph above.  The typical range for the width of the 
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tail is between 20-200 meV.  The Urbach’s parameters for III-N materials are shown in 

the following table: 

Table 5-4  Parameters in Urbach’s rule for III-Nitrides [86, 87] 

Author F (kV/cm) Parameter GaN AlN InN 
Rodrigues 10 C 5.5 x 10-6 8.2 x 10-7 3.9 x 10-7 
Rodrigues 10 G 135.1 231.0 70.8 
Rodrigues 10 U (meV) 25.9 15.2 49.4 
Rodrigues 45 C 3.8 x 10-6 2.3 x 10-6 2.5 x 10-5 
Rodrigues 45 G 121.1 218.3 50.3 
Rodrigues 45 U (meV) 28.9 16.0 69.6 
Rodrigues 80 C 1.2 x 10-6 7.4 x 10-6 --- 
Rodrigues 80 G 106.4 204.9 --- 
Rodrigues 80 U (meV) 32.9 17.1 --- 
Jacobson 0 U (meV) 15 -- -- 
Jacobson 15 U (meV) 17 -- -- 
Jacobson 30 U (meV) 20 -- -- 
Jacobson 50 U (meV) 25 -- -- 
Jacobson 70 U (meV) 27 -- -- 
Jacobson 100 U (meV) 32 -- -- 

 

In the GaN modulators studied in this work, the Urbach’s energies were 

calculated as shown in Table 5-5 

Table 5-5  Urbach-like Energies for sample M852 for various applied voltages. 

Applied Voltage
(V) 

Urbach-like Energy U
(meV) 

0 159 
31 158 
83 164 
135 194 
205 219 
250 226 
305 263 



 104

  

5.5.1 Modeling Summary of the Electric field for first Generation 
Modulator 
 

To further analyze the effects of the electric field on the absorption edge, a model 

of the electric fields in the device was constructed using the Poisson equation under 1-

Dimension boundary conditions.  Unlike Binet measurements a model was necessary 

made on a single bulk layer to account for lateral geometry of GaN on sapphire, the 

multilayered structure of the devices. The growth on the GaN layer on AlGaN shifts the 

spectral position of the exciton resonance. The exciton resonance is distinctly visible with 

zero applied bias, but compared with samples of similar thickness grown directly on 

sapphire the absorption edge is broadened. The shift in observed exciton energy implies 

that there may be an intrinsic electric field or other broadening mechanism to the 

structure as grown. The wurtzite crystal structure introduces polarization charge at the 

heterojunction interfaces, and there is an unknown concentration of surface traps at the 

SiO2/GaN interface.   

These complexities make the resulting number of unknown parameters make 

computation of the electric field complex.  In the model used, a numerical estimate of the 

electric field, a 1D self consistent Poisson/Schrödinger solver [81] was used to obtain a 

model the device using the following assumptions:   

• The electron affinity model was used to determine the relative band offsets 

of the metal/oxide/semiconductor interface with the conduction band 

offset between the oxide and the GaN set at 3.6 eV[84].   
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• The polarization charge was set to the experimentally determined values 

obtained by Heikman et al[85].   

• The piezoelectric induced charge was negligible due to the thickness of 

the layers.  

• Boltzman statistics determined the number of ionized carriers.  

• The carrier concentration and percentage of Al in the AlGaN layers values 

were determined by capacitance voltage measurement and 

cathodoluminescence respectively.  

• While trapping at the oxide/GaN interface is likely, it was not included in 

the model.  

Using these boundary conditions, at zero bias the electric field was determined to 

be 33 kV/cm. This is consistent with the observation of the band edge being broadened at 

zero bias. At 300 volts the device was fully depleted and a field of 1.5 MV/cm was 

estimated. This appeared to be consistent with the decrease in slope at the band edge with 

an increasing electric field as predicted by the Dow and Redfield model.  Further detail of 

the modeling results can be found in chapter 4. 
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5.5.2 Thermal Modulation Results 
 

In addition to modifying the exciton resonance by applying an electric field, the 

effects of thermal modulation of the band edge energy were studied.  Thermal modulation 

occurred by joule heating when current flowed through the device and the energy 

dissipating to the ambient during periods of no current flow.  To understand the 

magnitude of the modulation due to I2R heating, experiments were performed where the 

sample was heated with a Peltier cooler and a thermocouple used to measure temperature.  

This allowed a known temperature change to be compared with the temperature change 

measured optically.  The test setup is shown in Figure 5-22.  In these experiments the 

optical transmission spectra was taken with an Ocean Optics USB2000.   

 

Figure 5-22 Test setup for heating the modulator samples 

5.5.2.1 Thermal Effects on the Modulator 
 

The dissipation of heat in electronic devices is of vital importance, and the field of 

heat flow in electronic packaging is becoming increasingly sophisticated. While full finite 

element modeling packages are available and are increasingly being utilized, a common 

way packaging engineers most commonly approach DC heat transfer problems is through 
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the concept of thermal resistances where the total system thermal resistance Rtotal is 

defined by:  

Rtotal = ( Tsource - Tsink ) / Q (5-4) 

with Q being the heat flux in watts and Tsource and Tsink represent the mean temperatures 

of the source and heat sink respectively. The total thermal resistance is considered the 

sum of 

1T D sR R R= +  (5-5) 

where Rs is the spreading resistance and R1D is the 1 dimensional resistance of the system 

given by  

1
1

1

1
D

b b

tR
k A hA

= +  (5-6) 

 

and Ab is the area of the heat source, t1 is the total layer thickness, and h is a heat transfer 

coefficient that is dependent on the thermo-physical parameters and can be viewed as a 

thermal contact conductance.  For GaN on sapphire, the contact conductance is assumed 

to be infinite since the material is epitaxial. 

5.5.2.2 DC Heating Case and Modeling 
 
 The DC heating of the modulator is important to examine.  In this section 

modeling of the DC thermal heating case is addressed.  Assume the following conditions, 

the modulator is thin, and uniformly heated, we can use the model proposed by 

Yovanovich.[88, 89] This model assumes that only thermal conduction occurs and that 

the heat flux Q is watts is enters the semi-infinite substrate as shown in Figure 5-23.  The 

model works by solving Laplace’s equations and assumes a uniform heat flux from the 
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device area.  This and other variations of the model have been implemented into a 

“Spreading Resistance Calculator for Isoflux Rectangles and Strips on Compound Flux 

Channels” which is available on the University of Waterloo’s Microelectronics Heat 

Transfer Laboratory website.[90] 

 

Figure 5-23 Thermal Model of Heat Dissipation for Modulator 

 
 The results of the simplistic model give a resistance total of 280 °C/W, which 

agrees fairly well with measurements where the device was heated uniformly. 

5.5.2.3 DC Heating Results 
 

In the second generation devices the insulating barrier layer was “leaky” allowing 

current to flow through the device at relatively small voltages.  At 30 V the current was 

1.6 mA, resulting in a power dissipation of 48 mW.  Given the small dimension of the 

device 200 µm x 200 µm and assuming a semi-infinite sapphire substrate with thermal 

conductivity 36 W/K-m, and no radiative loss, the equilibrium temperature of the thin 

film would be a change of 10 °C. 
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 In order to differentiate between thermal and electric filed induced modulation, 

the first step was to heat the device using a thermal element while controlling the 

temperature.  Figure 5-24 shows the absorbance versus energy as the temperature of the 

chuck is raised for sample M1238-4 L1.  One can see that the band edge is indeed shifted 

to lower energies as the temperature of the chuck is increased.  This shift in and energy is 

similar to the effect of increasing the voltage across the device.  As a result, 

measurements to separate these effects are necessary. 

 
Figure 5-24 Band edge shift due to Thermal effects by applying an heating up the substrate for the 

device M1238-4 L1 
 

 The measured band edge versus temperature and the measured change in band 

edge versus temperature are plotted in Figure 5-25.  A linear regression was performed 

on the data and an excellent R2 value of 0.9995 was calculated. 
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(a) 
 

(b) 
Figure 5-25      Energy band edge versus temperature for M1238-4 L1, for (a) the relative energy gap 

shift and versus temperature for (b) the change in band edge versus temperature 

 

In the table below we compare the results of the thermal modeling from the Waterloo 

software, where the heat flux Q is assumed to be the power dissipated by the device 

P=VI, and the experimental temperature is obtained by examining the spectral data 

obtained for the band edge for various voltages. 

The absorbance would be expected to shift for the modulators under a significant 

degree of Joule heating. Modulator device M1238-4 L1 was tested with the setup shown 

in Figure 5-22.  As Joule heating increased, the band edge of the device shifted to lower 

wavelengths.  Figure 5-26 shows the band edge is clearly shifted and the excitonic longer 

resonance is diminished as the voltage is increased.   
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(a) 

 
 

(b) 

Figure 5-26   Optical spectroscopy of device M1238-4 L1; a) Transmission and b) Absorbance 

 

An interesting parameter to analyze from this figure is the ∆Eg which is 

determined by a graphical method.  Plotting the ∆Eg versus input power shows a linear 

relationship as seen in Figure 5-27.  Linear regression was performed on this data and 

showed the data had a good fit with an R2 value of 0.9959.  The Varshni formula (2-20)
 

can then be used to find a relationship between the band edge shifting and heating. 
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Figure 5-27 The change in Band Gap Edge versus Input Power for sample M1238-4 L1 

Table 5-6  Calculation and measurement of change in temperature for modulator M1238-4 L1 

Device Voltage 
Applied 

Current 
measured 

(mA) 

Power 
Dissipated 

(W) 

Yovanovich 
Model 
(∆T) 

Optically 
measured 

(∆T) 
M1238-4 L1 20 1.08 0.02 6 2 
M1238-4 L1 30 2.2 0.07 19 13 
M1238-4 L1 40 3.7 0.15 41 26 
M1238-4 L1 50 5.8 0.29 81 48 
M1238-4 L1 55 7.1 0.39 109 64 
M1238-4 L1 60 11.1 0.53 148 78 
M1238-4 L1 65 13.8 0.72 202 103 
 

The optically measured temperature gives a relationship between energy and 

temperature of 0.4 meV/K.  From the table we see that that model is in good relative 

agreement with the optically measured temperature, at lower temperatures and at higher 

temperature values the data is within a factor of 2.  The Yovanovich model used a single 

layer model and assumes a uniform heat flux.  In the case of the designed device the 

thermal conductivity of the GaN layer is significantly higher than that of the sapphire 
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substrate and a two layer model would be more appropriate.  The higher thermal 

conductivity results in the heat spreading laterally from the pixel, resulting in a larger 

effective area.  The 200 µm x 200 µm pixels are also surrounded by contact pads.  The 

higher thermal conductivity of the pads also spreads the heat of a larger effective area and 

this results in lower than expected values for the temperature rise.  A finite difference 

thermal modeling analysis could be performed that would reduce the error between the 

Yovanovich model.  

5.5.3 AC Modulation Effects 
 

The frequency response of the thermal modulation was investigated.  The thermal 

modulation has a long time constant and the frequency roll-off needed to be determined.  

At higher frequencies the separation of the thermal effects with higher frequency effects 

will be investigated.  In order to separate the thermal effects from the excitonic effects, 

frequency dependent measurements were performed.  Figure 5-28 shows the modified 

test setup.  A lock-in amplifier was used in conjunction with a high-frequency, high 

voltage operational amplifier and photo multiplier tube (PMT) or high speed photodiode 

was used as an optical detector.  The highest frequency of the modulation was less than 

the maximum speed of the detector, thereby eliminating frequency dependency in the 

measurements system.  The high frequency, high power operational amplifier and the 

photodiode were connected to the EG&G 5209 lock-in amplifier. 
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Figure 5-28 High Frequency set up for AC Modulator Testing 

 
 The high frequency setup for the AC modulator testing was similar to the DC 

setup.  The setup was placed on an optical bench with the lenses, objective microscope, 

deuterium lamp and detector in a linear path.  The output of the detector was connected to 

the input of the lock-in amplifier.  A signal generator was connected into the lock-in 

amplifier as a reference signal.  The signal generator was also the input to an operational 

amplifier (MSK-163) which generated a pulse up to 30 V at 120 kHz.  However, at lower 

frequencies a pulse up to 150 V could be produced.  The external circuit was shown in 

Figure 5-29 for the MSK-163 operational amplifier.  The operational amplifier maximum 

frequency used for this experiment was 120 kHz as this was the limitation for the lock-in 

amplifier.  The MSK-163 operational amplifier was able to amplify a signal from a signal 

generator up to a stable 40 V peak to peak at 120 kHz.  This op-amp was configured as a 

voltage controlled oscillator (VCO).  
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Figure 5-29   MSK 163 Operational Amplifier biasing network [91] 

 

 The output of the function generator was connected as the reference signal to a 

lock-in amplifier.  A lock-in amplifier is a phased locked oscillator or a tracking filter for 

AC signals used when precise measurements of small AC signals are needed.  The lock-

in amplifier has advantages over other signal recovery techniques when measuring 

periodic signals of a specific frequency in the presence of larger background signals.  

Lock-in amplifiers are typically used to measured very small signals < 10 mV.  

Most lock-in amplifiers can measure signals down to 10 nV or a signal-to-noise ratio of   

-160 dB and the EG&G 5209 has a frequency limit of 120 kHz.  The noise is removed by 

multiplying the signal of interest with a reference wave of the sample frequency.  The 

resulting signal was then integrated over integer multiple of the reference signal period.  

Frequencies not identical or a multiple of the reference frequencies integrate to zero, 

while the frequencies that are synchronous with the reference frequency resulting in finite 

amplitude.  Thus, the lock-in can be thought of as a narrow band pass filter.  This is 

equivalent to a Fourier transform on the input signal.  The process is called synchronous 
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demodulation.  By performing a Fourier transformation of the input signal (with 

frequency ωS) with the reference signal, two frequencies were measured:  ωr – ωS and ωr 

+ ωS.  When ωr – ωS = 0 the output (with frequency ωr) is the DC component and the ωr + 

ωS will have a frequency twice the reference signal 2 (ωr).  The output was passed 

through a low pass band filter (< 1 Hz) which rejected all non-DC frequencies and the 

signal is proportional to the amplitude of the AC signal component and the cosine of the 

phase and is relative to the phase of the internal reference.  This output is referred to as 

the “X” component.  When the same process, filtering and mixing was applied using a 

cosine wave at ωr quantity “Y” was generated.  Y is proportional to the amplitude of the 

signal component times the sine of the phase shift (Asin(φ)).  From these two quantities, 

the amplitude (A) and the relative phase (R) of the input signal were determined.  

A lock-in amplifier was used to measure the AC response of the modulators.   A 

block diagram of the lock-in amplifier is shown below. 

 

Figure 5-30 Block diagram of a lock-in amplifier.  The dotted line represents the internal 
components of the lock-in amplifier.  The lock in amplifier detects weak signals by the 
process of synchronous demodulation, where extraneous signals (noise) are not 
synchronized to the reference and are rejected by the low-pas filter. 
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To test the frequency and phase response of the PMT independently from the 

modulator, the frequency response of a red LED was measured with the PMT.  The red 

LED’s light output was collected with the PMT and the frequency and phase response is 

shown in Figure 5-31.   

 
Figure 5-31 Lock-in output response for commercial red LED using a PMT 

 

 The low frequency response (< 10 Hz) shows the gain of the amplifier to be less 

than unity and the phase lags behind until 100 Hz.  After 10 Hz, a gain of 1 was seen up 

to the frequency limit of the lock-in amplifier.  The phase remained constant up to 10 

kHz where the phase began to lag.  Below 10 Hz showed the amplitude and phase 

response to be dependent on frequency, the frequency response of the red LED was 

verified by another detector.  A high-speed photodiode (Thor Labs PDA-155) was used 

instead of the PMT to verify the phase and amplitude response.  A graph of the amplitude 

and phase response is shown in Figure 5-32.  The amplitude below 2 Hz is not constant 

and after 2 Hz the amplitude is relatively constant up to 3 kHz, however the amplitude is 

still constant within error up to 120 kHz. But, the phase lags behind and till 100 Hz.  
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After 100 Hz the phase is constant up to 5 kHz and even after 5 kHz the phase drop is 

only ~20 degrees. The phase drop may have come from the red LED, but not from the 

PMT, since when the PDA-155 was used it resulted in the same response.  The same 

frequency response from different photodetectors demonstrates that the frequency 

response of the PMT was constant and did not need to be taken into consideration for AC 

testing. 

 

 
Figure 5-32  Lock-in output response for commercial red LED using a PDA-155 Thor labs high 

speed frequency response photodiode 

   

5.6 AC heating case and modeling 

 The study of periodic or time varying heat sources on a thermally conductive 

surface have a long history [92].  To obtain a qualitative understanding of the problem 

consider a semi-infinite substrate where the surface temperature ν is given by a periodic 

wave, ν = A cos(ωt), and the initial temperature is room temperature. The solution is 
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)cos( εων −−= − KxtAe Kx  (5-7) 

where n is defined as ω/2π and the thermal wavelength is 
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with K as the thermal conductivity and κ is the diffusivity. 

Note the following features of the thermal wave: 

1) The amplitude of the temperature oscillation diminishes exponentially with 

increasing distance and frequency as: 
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2) The phase of the temperature wave will lag as it travels through the structure and 

the phase lag will increase with frequency 

κ
ω
2

xKx =  (5-10)

 

3) The velocity of the peak of the wave is found to be: 

Velocity  = κω2  (5-11) 

 

These effects were visualized as a traveling thermal wave which is mathematically 

described. 

( ) ( ), cosf eξξ τ τ ξ= −  (5-12) 

where /x wkξ ω=  and τ=ωt 
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In  

Figure 5-33 the flux of heat was plotted against τ for various values of ξ .  As ξ  

increased the progressive lag in phase and a damping in amplitude occurred.  In Figure 

5-34 the flux of heat was plotted against ξ  for various values of τ.  This figure shows the 

behavior of temperature varies with depth at different times. 

 

Figure 5-33 Variation of temperature with depth when the surface temperature is harmonic.  The 
x-axis is proportional to depth with /x wkξ ω= . 

 

 

Figure 5-34 Oscillations of temperature at various depths due to harmonic surface temperature.  
The horizontal axis is τ=ωt showing the progressive lag of phase.  
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Figure 5-35 Oscillations of temperature at various depths caused by a “square wave” surface 
temperature 

 
Using Fourier analysis, one can decompose complex waveforms into a sum of sin waves.  

Again referring to Carslaw and Jaeger, we can obtain a closed form solution which 

approximates our time varying thermal system in the modulator structure.  The steady 

state periodic temperature is  
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The above discussion assumed that the surface temperature of the plane was varied 

uniformly and explains qualitatively the geometry of the situation very well.  In the case 

of the modulator it is useful to return to the concept of thermal resistances as an 

engineering approximation to the heat stink. As shown in the Figure 5-35, once the heat 

source is turned off, there is a decay of the temperature that will vary with the frequency 



 122

of the driving waveform. Analogously to the concept of a thermal resistance this can be 

viewed as this as a thermal capacitance:  

T
QCth ∆

∆
=  (5-14) 

 

These concepts have been shown to be useful when considering constructing a thermo-

electrical model for device design since the concepts of thermal capacitance can be 

employed to model the thermal complex impedance as an equivalent circuit shown in 

Figure 5-36 [93]. 

 In steady state this model provides an estimate of the total heat QTotal in watts 

dissipated is divided into two components, the amount of heat Qdisp that raises the 

temperature of the device, and the amount of heat Qras that raises the temperature of the 

substrate. When the power input is turned off and Rth is no longer conducting heat, heat 

can flow from back the substrate and further raising the temperature of the device, much 

like an RC circuit results in a long fall time in response to a step change in voltage. 

 

Figure 5-36 Equivalent Thermal Circuit to Model the Thermal Properties of the Modulator 

 
By analogy to an electrical circuit we see that the thermal circuit behaves as a low 

pass filter.  Above a certain frequency the influence of the variation of temperature of the 

wave is diminished. If the frequency of the input is sufficiently high then the substrates 
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will not be able to remove the heat from the device to the substrate and the temperature of 

the material will increase from a constant steady-state value.  

Practically speaking the thermal cutoff frequency from back of the envelop 

calculation is expected to be around 1 kHz.  Theoretically, a thermal wave could reflect 

off the back interface of the substrate if the thickness was too thin.  The penetration depth 

for sapphire, silicon and silicon dioxide is shown in Figure 5-37.  For a 300 µm sapphire 

substrate, the thermal penetration depth is 20 Hz, and at reasonable frequencies 

reflections are not expected to be an issue. 

 

Figure 5-37 The penetration depth is shown for 3 different materials.  SiO2 or glass (λ~1 
W/K.m). : sapphire (λ=36.0 W/Km). : silicon (λ=152W/Km). 

 

5.6.1.1 AC Modulation Results 
 

The DC data for these devices showed that there was a strong joule heating effect 

influencing the modulation of the device.  In addition to excitonic modulation due to the 
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electric field or band filling, there was also modulation due to the thermal heating of the 

material which caused the band edge of the device to shift to smaller energies. 

If the response were only thermal in nature then the expected modulation signal 

would follow the functional relationship as shown in Figure 5-38 

 

Figure 5-38 Schematic of expected frequency and phase response of Modulator 

 

Sample M1238-4 was measured with the frequency dependent experiment setup 

and the output amplitude response and phase response of the lock-in amplifier are shown 

in Figure 5-28.  Measurements were performed at 31 different frequencies were measured 

for the amplitude and phase, around 6 points per decade. 
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Figure 5-39   Amplitude and phase response of M1238-4 R3 Modulator with a 40V peak-to-peak 
signal input 

 
Figure 5-39 shows the amplitude and phase response of a device with large 

thermal modulation.  The amplitude response of the modulator began to decay rapidly at 

20 Hz, however the phase responses remained reasonably flat up to 100 Hz.  The phase of 

the device to the input signal remains in phase because the process is fast enough to keep 

up.  Between 100 Hz and 2 kHz, the phase peaks.  The inflection in phase is a possible 

indication of two competing modulation processes.  Above 2 kHz, the modulation of the 

signal modulation is too fast for the thermal band shift to occur and the electronic 

modulation is likely to be dominating the output response of the curve.     

 The behavior of the devices depend on the I-V characteristics, some were 

dominated by thermal effects while others where the faster electronic response was more 

distinct.  The frequency response as a function of voltage applied to the device is shown 

in Figure 5-40.  As shown in the figure below the output response increases as the input 
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power sinusoidal wave increases both in the low frequency case and for the high 

frequency case.  Table 5-7 gives the output response for a few key frequencies. 

 

Figure 5-40 Output voltage versus frequency of increasing sinusoid input voltage to Modulator 
M1238-4 R3 

 

 
Table 5-7 Output voltages of various frequencies of interest of Figure 5-40 

Input signal f1 f2 F3 f3/ f1 f3/ f2 f2/ f1 
 (V) (mV) (mV) (mV)       
10 1.17 0.6 1.05 0.9 1.75 0.51 
15 2.31 1.32 2.16 0.94 1.64 0.57 
20 3.8 2.3 3.45 0.91 1.5 0.61 
25 5.97 3.98 5.54 0.93 1.39 0.67 
30 8.6 5.3 7.14 0.84 1.35 0.62 
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 From the table we can infer that the output response for the low frequencies (f1) 

increases with increasing voltage.  At the higher frequencies (f3) the output response also 

increased with increasing voltage.  

 

Figure 5-41 Phase versus frequency of increasing sinusoid input voltage to Modulator M1238-4 R3 

 
 More information may be obtained from a detailed examination of the phase 

response, however the general behavior of the phase is the same for all frequencies. 

Although the low frequency measurements appeared to be thermal in nature, 

when the frequency became above a critical there was still a detectable modulation signal 

left.  To determine how the high frequency response and low frequency response 

compared with voltage, a series of voltage measurements were taken at 5 Hz and 50 kHz 

for voltages varying from 5V to 40V.  Figure 5-42 shows the lock-in amplifier response 

for 50 kHz and 5 Hz.  The 50 kHz response was linear while the 5 Hz response was non-

linear.  A piecewise linear fit was made for frequency above 15V below 15 V, another 
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effect may have been occurring for both cases as there appears to be similar exponential 

or parabolic relationships.  The line-fit for the 5 Hz response was a quadratic function 

with an R2 value of 0.998 while the 50 kHz response was a linear curve fit with an R2 

value of 0.999.   These R2 values show that the data behaves quadratically for the 5 Hz 

and linear for the 50 kHz case. 

 

Figure 5-42 Amplitude response of 50 kHz, 5 kHz, and 5 Hz sinusoid wave at different voltages for 
Modulator M1238-4 R3 
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Since the 5 Hz amplitude versus voltage curve is quadratic and the higher frequency 

curves follow a linear relationship after 15 V, this indicates that there are two different 

process occurring.  The lower frequency curve is following a quadratic relationship 

which suggests Joule heating (I2R) is occurring.  At higher frequency the linear 

relationship shows that Joule heating was not occurring and an electronic effect was 

occurring.   

 To further investigate the separation of the thermal effect from the electronic 

effect further, the equivalent change in equilibrium temperature change versus frequency 

was measured for M1238-4 R3 with a 25 V sinusoidal input is shown in Figure 5-43. 

 

Figure 5-43 Change in equilibrium temperature as a function of frequency for a 25 V sinusoidal 
amplitude 

 

 For the low frequencies, the equilibrium temperature change was a relative small 

with a change of equilibrium temperature of 6.5 K +/- K up to 500 Hz.  After 500 Hz, the 
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equilibrium temperature changes reach an asymptotic value of 11 K.  This change in 

response at 500 Hz strengthens the argument that there was a different effect between low 

frequencies and high frequencies. 

 To further investigate the frequency effects of the modulator the slope of the 

absorbance band below the band gap energy is plotted in Figure 5-44   

 

Figure 5-44 Slope of absorbance versus frequency for modulator M1238-4 R3 

 

Again this figure shows that around the 500 Hz region, two different effects can 

be seen.  Below 500 Hz the slope is near 3.85 x 104 counts/eV and increases to 3.94 x 104 

counts/eV after 500 Hz, and continues to climb.  

There are a few possible candidates for the electronic modulation at high 

frequencies.  These include 
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• Band filling in the conduction band. 

• Temperature (Varshni Effect) 

• Franz-Keldysh effect 

• Piezoelectric or Polarization effect 

• Excitonic effect 

Band filling in the conduction band would cause the absorption to shift to higher 

energies which is the wrong direction for the shift to occur. The temperature effect does 

shift the absorption in the right direction, the higher the temperature the more the 

absorption shifts to lower energies, however it would not account for the change in 

absorption slope.  The Franz-Kelydsh effect does account for the right shift in absorption 

slope change and it remains a possibility.  The Piezoelectric and Polarization effects 

could occur at higher frequencies, however their predicted field calculations are too small 

to account for this shift.  The excitonic modulation can occur at higher frequencies, and 

the absorption edge does shift to lower energies as the exciton is broadened.  Also, the 

slope of the absorption does shift toward lower energies as the exciton is broadened by an 

electric field.  The most likely candidate for high frequency modulation is from the 

excitonic effect.     



 132

Chapter 6 

6 Conclusions 
 
 In this work, gallium nitride ultraviolet optical modulators were designed, 

fabricated, tested and characterized.  The ability to use the broadening of the exciton 

under an electric field in transverse geometry, when the optical path length is low, 

without  having to resort to quantum confinement was verified. In addition to excitonic 

broadening, studies of thermal heating on the band edge were carried out with the focus 

of separating electronic effects that result in modulation from thermal effects. Potential 

applications of these devices include ultraviolet programmable mask arrays, or with 

future device designs making fast modulators in the visible portion of the spectrum for 

display or underwater communication applications. 

 The major results of this work are: 

• The construction of a ultra-violet modulator,  

• The construction of a model to examine the electric fields in the device 

• A better understanding of thermal modulation of the band edge of GaN 

• Use of frequency dependence studied to separate the thermal modulation 

of the band edge from electronic processes that can be used for fast 

modulation of the band edge at ultraviolet wavelengths. 

 The results of the ultraviolet modulator and its device structure are shown below.  

The device was based on broadening the exciton resonance by applying electric fields 

across a bulk layer of GaN and exhibited 18% modulation at 305 V.   



 133

 

(a) 

 

 (b) 

Figure 6-1 a) Percent modulation between the unbiased and biased state plotted versus photon 
energy for first generation modulator.  The negative modulation is the result of the 
increased absorption below the band edge due to broadening of the exciton resonance. 
The positive modulation is the result of the reducing the absorption at the exciton 
resonance.  b)  Cross-section of first generation modulator 

 

A detailed model was developed using a discrete finite method 1-D Poisson-

Schrödinger solver in order to examine the magnitudes of the electric fields within the 

device and the influence of piezoelectric and spontaneous polarization effects. A value of 

11 kV/cm was determined to be the built-in electric field component of the spontaneous 

polarization charge and was independent of the applied voltage.  An internal electric field 

of 33 kV/cm was also calculated with no voltage applied to the device.  Therefore 

piezoelectric effects are more important for low field operation of the device and are 

insignificant at larger applied voltages.  The models also help verify the device was 

working as expected for example the calculated 1.5 MV/cm value for the electric field at 

300 volts was near the expected breakdown for the material, and that was what was 

observed. 
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In second generation devices where thermal effects were more pronounced due to 

current leakage effects, a better understanding of thermal modulation of the band edge 

was obtained.  The Varshni relationship was found to be valid and useful for predicting 

the shift in the absorption edge of the modulator devices. This was verified by physically 

heating the device in a controlled way with a Peltier cooler, and comparing the results 

obtained when heating joule heating occurred. 

 

(a) 

 

(b) 

Figure 6-2 a) Optical spectroscopy of modulator device M1238-4 and b) The change in band gap 
versus temperature showing the modulator behaves the Varshni relationship 

 

Frequency dependent studies of device performance were performed between 0 

and 120 kHz.  Two modulation effects were observed during AC measurement of the 

devices as shown in Figure 6-3.   
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Figure 6-3 Output voltage versus frequency of increasing sinusoid input voltage to Modulator 
M1238-4 R3 

 

A thermal effect was shown at smaller frequencies with a thermal cut off at 500 

Hz.  After 500 Hz the modulation signal began to rise and remain constant, thus showing 

another faster effect.  This effect was too fast to be the thermal effect of the band edge 

shifting.  The most likely electronic effect occurring at higher frequencies is the excitonic 

broadening effect. 
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