
  

ABSTRACT 
ZHANG, XIYAO. A planar violet electroabsorption modulator and modeling of 
electrical field effects on zinc oxide excitons. (Under the direction of Professor John F. 
Muth.) 

 First principle electroabsorption calculations based on WTK spectral density 

theorem and Dow and Redfield theory were performed and used as the basis of a model 

to fit experimental electroabsorption data. Absorption measurements were taken from 4.5 

K to 300 K on a c-plane ZnO thin film sample with a high-resolution spectrometer to 

obtain the temperature broadening linewidth. The free A and B exciton peaks and two 

major neutral donor bound excitons were observed. The calculated zero temperature 

electroabsorption spectrum from Dow and Redfield theory was convolved with 

Lorentzian and Gaussian temperature dependent linewidth to model these absorption 

spectra at various temperatures. It is found that Gaussian lineshape works better due to 

the strong electron-LO-phonon interaction of ZnO, especially at higher temperatures. 

Gaussian broadening parameters are then extracted and expressed as a function of 

temperature. Two material related coefficients in the broadening linewidth expression are 

the exciton-acoustic-phonon interaction strength phγ  = 79.6 ± 3 µeV/K and exciton-LO-

phonon interaction strength LOΓ = 242 ± 10 meV. This expression is independent of 

sample qualities, or is “generalized” to accommodate the exciton band edge. A concept 

called “effective microfield intensity” was introduced to represent the crystalline quality. 

The microfield intensities of two ZnO samples with rocking curve FWHMs ~ 0.25º and ~ 

0.42º are ~ 1.3×105 and ~ 2.26×105 kV/cm respectively.  

Buffer-assisted growth technique was applied to improve the quality of PLD 

grown ZnO on sapphire, with the optimal buffer condition of 8 nm thickness, 500 ºC 

temperature and 35 mTorr pressure. The same technique can also be applied to MgxZn1-

xO. ZnO thin films were deposited on ATO/ITO/glass substrate at 500 to 700 K, with 

higher temperature producing better films. XRD of these samples show highly c-oriented 

ZnO growth on the ATO substrate. TLM measurements shows that the contact resistivity 

of Ti/Au (50/150 nm) on Al-doped MgxZn1-xO is reduced by rapid thermal annealing 

(RTA) from ~ 1.2×10-1 Ω·cm2 to 4×10-2 Ω·cm2.  

ZnO electroabsorption modulators were fabricated based on ZnO/ATO/ITO/glass 

structure. Two types of top electrodes, Ni semi-transparent electrode (TE) and conducting 



  

indium gallium zinc oxide (IGZO) were experimented with the IGZO-coated device 

reducing the insertion loss by ~50%. In both device, I-V characteristics shows leakage 

less than 20 nA within the device operation voltage range. The DC percentage 

modulation of these devices have two peaks, over 40% near ~ 370 nm and around 20% 

near ~ 385 nm at 140 V bias. AC testing confirms purely field modulation and shows no 

evident of frequency cut-off up to 100 kHz. A simple device model attributes the 

threshold voltage of ZnO electroabsorption modulators to the charge screening effects 

caused by the free electrons in the ZnO active layer. Applied voltage was obtained both 

by converting the electric field based on device model and fitting the observed 

electroabsorption spectra with the first principle calculation and Gaussian broadening. 

The field strengths obtained from the two approaches is consistent, within a proportional 

discrepancy of ~ 30%.
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Chapter 1 Introduction 

 

The physics and application of the exciton electroabsorption of wide band gap 

semiconductor zinc oxide (ZnO) is discussed theoretically and experimentally. The first 

focus is on the attempts to understand the electroabsorption behavior of wide band gap 

semiconductors by comparing the first principle calculation and temperature dependent 

absorption spectra of ZnO to obtain a model of the absorption band of ZnO as a function 

of intrinsic microfields related to material quality, the temperature and associated 

temperature broadening, as well as externally applied electric fields. The second part of 

this study is on the design, material growth, fabrication and characterization of spatial 

electroabsorption modulators and other optoelectronic device design. The theoretical 

understanding of exciton absorption in a uniform electrical field gives us physical 

insights into and useful guidance on EA modulator design. The comparison of the 

calculation with actual device operation is used to verify the theory. 

§1.1 Excitons 

An exciton refers to a quasiparticle formed by a negatively charged electron and a 

positively charged hole bound to each other through Coulomb interaction. When a photon 

enters a semiconductor and the energy of the photon is greater than band gap of the 

semiconductor (hν > Eg), a free electron is excited from the valence band to the 

conduction band, leaving a free hole with opposite charge behind in the valence band. 

The excess energy of the incident photon greater than the band gap becomes the kinetic 

energy of the free electron and hole, which eventually recombine after suffering a series 

of scattering events. Optical absorption also happens when photon energy is slightly 

smaller than band gap. In this case, an electron and a hole are still excited and remain 

bound to each other by Coulomb interaction as an exciton. The strength of this Coulomb 

interaction of an exciton is often characterized by its binding energy (Rydberg) and Bohr 

radius, and is a function of the electron and hole effective mass.   
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In the simplest model, an exciton can be understood as an electron orbiting around 

a hole with discrete energy states similar to a hydrogen atom. The ground state binding 

energy of an exciton in common semiconductors is reduced and the radius is much bigger 

than a hydrogen atom because of the dielectric screening and effective mass effect of the 

lattice. For example, the exciton binding energy and Bohr radius in gallium arsenide 

(GaAs) are approximately ~ 4.2 meV and ~ 13 nm, whereas the ground state binding 

energy and radius of a hydrogen atom are ~ 13.6 eV and ~ 0.1 nm respectively. 

Concerning optical absorption based on this model, exciton absorption should 

appear in the ideal case as a series of discrete lines in an optical absorption spectrum like 

the atomic absorption. However, these discrete energy lines are broadened in reality by 

various non-ideal factors, including the temperature dependent electron-phonon 

interaction, charged defects in the material, and electroabsorption phenomenon caused by 

an applied electrical field. Modeling of these broadening mechanisms is of theoretical 

and experimental significance for understanding a semiconductor’s optical absorption 

spectrum, as well as for facilitating the design of optoelectronic devices. 

The physics of excitons is important for designing optoelectronic devices because 

many active devices operate near the fundamental band edge of a semiconductor, where 

exciton effects dominate the basic absorption and emission behaviors. These devices 

include light emitting diodes (LEDs), laser diodes (LDs), photodetectors and spatial 

optical modulators. For these devices, a semiconductor material with large exciton 

binding energy is usually desired. For example, the semiconductor ZnO has gained 

substantial interest in the research community in part because of its large exciton binding 

energy (60 meV), which could lead to improved radiative efficiency and lasing action 

based on exciton even above room temperature [1].  

§1.2 Wide Band Gap (WBG) Semiconductors 

Wide band gap semiconductors are a special group of semiconductor materials 

with a band gap (Eg) greater than that of traditional semiconductors such as silicon (Si), 

germanium (Ge) and gallium arsenide (GaAs). Examples of wide band gap 

semiconductors include gallium nitride (GaN, Eg ~ 3.4 eV), zinc oxide (ZnO, Eg ~ 3.3 

eV), silicon carbide (SiC, Eg ~ 2.2 – 3.25 eV depending on the polytype) and diamond 
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(Eg ~ 5.47 eV). The wide band gap in these semiconductors leads to very unique 

electrical and optical properties, which make them promising materials for the next 

generation power devices and novel optoelectronic devices. For instance, the breakdown 

field of WBG semiconductors is usually much larger than that of traditional 

semiconductors, which is important for high voltage power switching transistors. Also 

thermal generation rate of electron-hole pairs in wide band gap semiconductors is many 

orders of magnitude lower compared to Si, which helps the device operation by 

maintaining material’s p-type or n-type characteristics at high temperatures. In 

optoelectronics, wide band gap semiconductors have been mainly used to fabricate the 

light-emitting device operating at ultraviolet-blue wavelength region. Gallium nitride 

(GaN) and zinc oxide (ZnO) are of particular interest in this case because their direct 

band gap enables strong and efficient light emission.  

Gallium nitride (GaN) is a group III-V compound semiconductor with wurtzite 

crystal structure, excellent chemical and mechanical stability, as well as good thermal 

conductivity [2]. The first high brightness GaN-based blue light emitting diode (LED) 

was developed by Nakamura [3]. The blue LED can be added to the existing red and 

green LEDs to produce white light and also made possible solid-state lighting when used 

to pump phosphors. Since late 1990s, a number of optoelectronic devices based on GaN, 

such as green, blue and ultraviolet (UV) light emitting diodes (LEDs), blue laser diodes 

(LDs) and UV photodetectors, have become commercially available. 

Another candidate for UV-blue region optoelectronic devices is zinc oxide (ZnO), 

a typical II-VI compound semiconductor with many properties similar to gallium nitride, 

such as the direct band gap and wurtzite crystal structure. ZnO also has its unique 

properties compared to GaN, including the large exciton binding energy (~ 60 meV, cf. 

~28 meV for GaN), amenability to controllable wet etching [4], and availability of ZnO 

bulk crystal as a device substrate. The 60 meV exciton binding energy of ZnO is 

particularly attractive because it is 2.3 times of the room temperature thermal energy (kBT 

~ 26 meV), which paves the way for an intense near-band-edge emission at room or 

higher temperatures in light emitting devices. 

The exciton effects in wide band gap semiconductors are particularly important in 

that exciton binding energy increases with band gap, as shown in Figure 1-1. The exciton 
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binding energy in narrow band gap gallium arsenide (GaAs) is only ~ 4 meV, which is 

much less than the room temperature (RT) thermal energy. In order to resolve the exciton 

resonance peak of GaAs by RT absorption, GaAs/AlxGa1-xAs quantum wells is usually 

necessary to confine the excitons and increase the binding energy [5]. On the other hand, 

for wide band gap semiconductors, such as GaN and ZnO, the large binding energy in 

wide band gap semiconductors makes it possible for the exciton absorption peaks to be 

resolved at room temperature. This provides a great benefit in making electroabsorption 

modulators. 

 
Figure 1-1. Exciton Binding Energy Increases with Band Gap. 

§1.3 Optical Modulators 

Part of this thesis focused on the design, fabrication and characterization of 

semiconductor optical modulators. An optical modulator is defined as a device that has 

the ability to change the frequency, amplitude, phase or polarization of the input light in 

order to carry signals for communication or display applications. An 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. 
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Optical modulators can be categorized by various ways. For example, based on 

the physical phenomenon used for modulating the light, there are: 

• Acousto-optic modulators (AOM) 
• Electro-optic modulators (EOM) 
• Electroabsorption modulators (EAM)  
• Interferometric modulators (e.g. Mach-Zehnder, Fabry-Perot etc.) 
• Liquid crystal modulators 
• Micromechanical modulators (MEMS)  

Based on the device structure, there are quantum well (QW) and PN junction 

modulators. In terms of the way input light coupled into the device, optical modulators 

can be divided into spatial and waveguide types. For semiconductor modulators, the 

commonly used modulation mechanisms include quantum confined Stark effect (QCSE), 

edge depletion absorption control (EDAC), Franz-Keldysh effect, and the exciton 

electroabsorption effect. In this thesis, the term “optical modulators” refers to 

electroabsorption spatial modulators unless stated otherwise, since they are the focus of 

the present research. 

Several metrics are used to evaluate the performance of an optical modulator. The 

percentage modulation rate shows how much the device can modulate the input light, 

which is usually defined as the ratio of transmission variation under bias to the zero bias 

transmission as a function of wavelength. Another equivalent metric is called extinction 

(or contrast) ratio, which is the ratio of transmitted power levels for the “on” and “off” 

states, sometimes in dB. The maximum operation frequency indicates how fast the 

modulation can be, which is sometimes related to the size and geometry of the modulator. 

In additional the modulation rate and speed, insertion loss is the third important metric. 

The insertion loss is the decrease in transmitted signal power resulting from the insertion 

of an optoelectronic device in a system. In another word, insertion loss is the cost of 

optical power of a modulator device at zero bias condition.  

For electroabsorption modulators, these metrics are usually very different between 

spatial and waveguide device due to their different geometry. The modulation percentage 

of a waveguide modulator is often much larger than that of a spatial device. The reason is 

straightforward. Given the same change of absorption coefficients of a semiconductor, 

the overall amount of modulation is proportional to the working distance of the device. 

For waveguide modulators, the working distance is often at least hundreds of microns, 
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whereas that of a spatial device is limited within the thickness of the epitaxial film, which 

is normally less than a micron. Concerning the modulation speed, since the 

electroabsorption phenomenon itself is extremely fast [6],  the cut-off frequencies of 

these device are set by the load and parasitic capacitance [7]. Again, these capacitances in 

a waveguide device are much smaller than in a spatial device due to the small size of a 

waveguide. However, the advantage of a spatial optical modulator is its high optical 

throughput and application in free space optical communication. Rabinovich et. al. in 

Navy Research Laboratory (NRL) has fabricated a Modulating Retro-Reflector (MRR) 

based on a 1.55 µm wavelength InGaAs multiple quantum wells (MQW) modulator, 

which rates up to hundreds megabits per second [8, 9]. A 5 Mbit/s free space optical link 

has also been demonstrated over 2 km distance using the InGaAs MRR [10, 11]. 

Table 1-1. Examples of semiconductor EA modulators: the typical operation wavelength, modulation 
rate, speed and device structures.  

Materials 
Operation 
Wavelength 
(nm) 

Modulation 
Percentage 
(%) 

Modulation 
Frequency 
(Hz) 

Device 
Structure 

InGaAs [7-9, 12] 1550 50 % > 100 MHz MQW 

Si [13] 1550 N/A* 1G Hz* Waveguide 

GaAs [14-16] 850 70 % > 100 MHz MQW 

In0.2Ga0.8P [17] 602 30 % — MQW 

ZnSe [18] 443 29 % — MQW 

Zn0.2Cd0.8Se [19, 20] 488 33 % — MQW 

GaN [21] 365 18 % > 1 MHz Bulk 

ZnO [present work] 370, 390 40 %, 20% > 1 MHz Bulk 
Note that the silicon device is in a waveguide structure, which modulate the free electron absorption 
by depletion control. So the amount modulation is characterized by phase shift per unit length. 

Table 1-1 gives some examples of semiconductor electroabsorption spatial light 

modulators. The long wavelength group III-V modulator devices are very mature now. 

Most of them modulate lights based on either quantum confined Stark effect (QCSE) [22] 

or self-electro-optic effect (SEED) [23]. A typical GaAs spatial light modulator works at 

850 nm with a modulation rate ~ 70%. Using the related ternary alloys such as InGaAs, 

AlGaAs and InGaP, the operation wavelength for this type of device can span from 600 

to 1600 nm depending on the recipe of the alloy, which covers the major wavelength 
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range for optical fiber communication. For this reason, many long wavelength III-V EA 

modulators are also designed in waveguide structure for working with optical fibers. Note 

that in this table, the silicon modulator [13] is a waveguide device, which modulates the 

free carrier absorption by depletion control. It is listed simple because silicon is such an 

important material.  

From the same table, one may notice that the availability of spatial modulators 

operating in the short wavelength range, namely from 350 to 500 nm, is very limited. 

Obvious, liquid crystal SLM can modulate visible lights with all colors, but mainly for 

display applications due to their low cut-off frequency around ~ 1 kHz. Other than the 

poor variety of SLMs in UV-blue-green region, the modulation speed and percentage rate 

(or depth) are also not comparable with the long wavelength III-V devices. ZnSe and 

ZnCdSe turn out to be the major candidates for making modulators for blue and green 

wavelengths, with several these devices have been demonstrated in QW structure [18-20]. 

§1.4 Previous GaN EA Modulator Devices 

Planar GaN UV modulators based on a GaN/AlGaN/n-AlGaN heterostructure 

have been demonstrated in our group previously [21]. Because of the large exciton 

binding energy, it is not necessary to use quantum well for exciton resonance 

enhancement. In fact, one of the biggest benefits of having QWs, the parallel shift of 

band edge from QCSE, have not been justified experimentally in other researcher’s GaN 

[24] quantum well devices. The possible reason is that the large quantum well width (~ 5 

nm) compared to the exciton Bohr radius (~ 3.1 nm for GaN) in their work cannot 

confine the excitons effectively. 

An example of absorption spectra of the GaN modulator at 0 and 305 V bias is 

shown in Figure 1-2. From the spectra, one may notice that the exciton peak is broadened 

by the applied voltage, whereas the absorption edge slope also decreases, which is 

consistent with the theoretical predictions. The percentage modulation rate of this device 

was reported as 18% at 305 V. 
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Figure 1-2. Electroabsorption spectra of a 100 µm x 100 µm square GaN EA modulator unbiased and 
at an applied voltage of 305 V.  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. [21] 

 
Figure 1-3. AC Frequency response of GaN modulators with high (1st device), medium (2nd device) 
and low (3rd device) leakage level. The thermal modulation due to the leakage appears to cut off at a 
frequency of 500 Hz. 
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Figure 1-3 further shows the AC frequency response of three GaN modulators 

with different leakage levels. As is well known, the temperature rise caused by joule 

heating from the leakage current can shift the band edge toward the longer wavelength 

[25], resulting in a thermal modulation with fairly slow speed. When a faster and faster 

AC voltage is applied to the device, the slow thermal modulation will eventually stop 

following the modulation signal at a certain frequency, which in our case is the thermal 

cut-off at 500 Hz. After thermal effect is cut off, an electronic modulation is still 

observed for the higher frequencies. The less leakage a device has, the stronger high 

frequency electronic modulation it will have compared the thermal one. This is shown 

also in Figure 1-3 by comparing the AC responses with three devices having large, 

medium and small leakage. 

From a device engineering perspective, although the GaN modulator works fine, 

there is still room for improvements. First of all, larger modulation at lower voltage is 

always welcome. Second, if the device leakage can be eliminated, one may get a clearer 

(flatter) AC device response and reduce the risk of unexpected operation mode. Finally, 

the heterostructure is difficult to be understood from a device modeling point of view, 

partially due to the large spontaneous and piezoelectric polarization [26, 27]. When it 

comes to the verification of theory using these measured results, a simple device structure 

is always going to be helpful and leads to more accurate comparison. 

In the present work, a ZnO electroabsorption modulator has been developed and 

successfully solved these problems. Another apparent motivation of studying ZnO 

modulator is that it can fill the gap between GaN and ZnSe devices in terms of 

modulation wavelength and contribute to the completion of the family of spatial 

modulators in UV-Blue region.   

To our knowledge, the only ZnO modulator that has been demonstrated is one 

electro-optic modulator (EOM) made in 1987 [28]. This EOM device modulates the light 

based on Pockels effect, instead electroabsorption. A prism is used to couple the input 

632.8 nm laser beam input light into a slab ZnO waveguide. When a voltage is applied on 

the ZnO layer, the refractive indices variation can cause a corresponding change of the 

reflected light. The modulation percentage rate of this device was reported as 20 % at 150 
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V for TE polarization and 1 % for TM polarization. The time resolved measurement 

shows that the rise time of such a device is 15 µsec due to the large load capacitance.    

In this Chapter, we introduced some basic concepts of excitons, wide band gap 

semiconductors and optical modulators. Our motivation for making ZnO modulators was 

explained from a device engineering perspective. On the other hand, characterization of a 

ZnO modulator is also interesting from a physical point of view, because the measured 

electroabsorption data can be applied to verify the absorption theory of exciton in a 

uniformed electric field. This theory will be discussed in detail in the next chapter.  
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Chapter 2 Electroabsorption Theory of 
Excitons in Semiconductors 

This chapter discusses the theoretical calculations of absorption coefficients in a 

uniform electric field and comparison of the theory to experiments.  

§2.1 Historical Background 

The historical development of the electroabsorption theory began with the 

analytical calculation done by W. Franz [29] and L.V. Keldysh [30] working separately 

in 1957. Their theory ignored the Coulomb interaction between the electron and hole 

generated in the absorption process. In the same year, R.J. Elliott [31] published his 

theory on optical absorption with the consideration of excitons. This theory was extended 

and applied to the calculation of the absorption coefficient of semiconductors in uniform 

electric fields by H.I. Ralph [32] and J.D. Dow [33] during 1960s and 1970s. In 1980s, 

the theoretical studies of excitonic absorption focused on the low dimension materials, 

especially GaAs and other III-V quantum well modulators [22, 34]. The interest in 

electroabsorption in bulk semiconductor has recently increased in importance since the 

latest development on wide band gap semiconductor materials have led to a wide variety 

of technologically significant optoelectronic devices, as mentioned in Chapter 1. The 

observation of strong excitonic absorption at room temperature has been reported [35, 36] 

and electric field modulated devices based on GaN [21, 24, 37] have also been 

constructed.  

2.1.1 Frenkel and Wannier Excitons 

The term “exciton” was first employed by J. Frenkel in 1931.[38] The Frenkel 

model of excitons, also known as the tightly bound exciton model, is particularly useful 

for the alkali halide crystals where the Coulomb interaction between electron and hole is 

very strong. The strong electron-hole interaction of Frenkel excitons usually leads to a 
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very large binding energy on the order of 1.0 eV and a small exciton radius with 

dimensions comparable to unit cell.  

However, Frenkel’s model is not appropriate for most semiconductors, where the 

Coulomb interaction tends to be reduced by dielectric screening. Six years after Frenkel’s 

paper, G. Wannier [39] proposed an alternative model for semiconductors in which an 

electron in the conduction band of a solid is bound to a hole in the valence band with a 

binding energy often on the order of 0.01 eV. In Wannier’s model, the electron and the 

hole need not to be localized on the same lattice site and the excitons can move freely 

through the crystal lattice while rotating about its center of mass. As a result, the coupled 

electron and hole state is characterized by discrete energy levels with eigenvalues 

expressed by the electron and hole effective mass and the dielectric constant. These so-

called exciton levels will be central to our calculation of absorption coefficients and only 

Wannier excitons will be considered in this thesis. Other early studies laying the 

foundation of exciton theory included the works by J.C. Slater and W. Schockley [40] 

and N.F. Mott [41]. 

2.1.2 Band-to-band absorption without excitons 

Band-to-band absorption without excitons can be visualized as the process by 

which a photon excites an electron from the valence to the conduction band. In this 

theory, if the band structure is known, its absorption coefficients may be calculated by 

summing the product of the transition probability and the density of states, as shown in 

the following formula: 

( ) fiifP ρρωα ××∝ ∑h ,    (2.1) 

where ( )ωα h  is absorption coefficient for incident photon energy ωh , ifP  is the 

probability of electron transition from the initial states in valence band to the final states 

in the conduction band, iρ  is the density of occupied electron states in valence band and 

fρ is the density of available empty states in conduction band.  

The basic selection rule that dominates the optical absorption process is that both 

energy and momentum should be conserved. For direct band gap semiconductors 

(assuming no phonon is involved), momentum conservation dictates that only vertical 
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transition in the k space is allowed. This gives rise to the concept of the joint or coupled 

density of states (DOS), which is proportional to the square root of the energy difference 

between the photon energy ωh  and the direct band gap Eg for a three dimensional (3-D) 

system. A complete analysis gives: 

( ) )(0 gE−×= ωαωα hh ,    (2.2) 

where 0α  is material coefficient related to the electron and hole effective masses, 

dielectric constant and index of refraction. Comparison to experiment proves that the 

calculated square-root shape absorption spectrum gives the correct asymptotic form for 

incident light with ωh  much greater than Eg. This picture, apparently, is a primitive 

approximation in the early ages of absorption theory. The theory incorporated exciton 

and band tailing effects is going to be introduced in the next section. We also note that 

band-to-band absorption theory predicts that no below band gap absorption may exist. 

Since this band-to-band absorption model is based on band theory, all the 

secondary effects changing the band structure of a semiconductor can also vary its optical 

absorption spectrum. These effects include Vashni [25] effect reflected the temperature 

dependency of fundamental band gap, band filling or so called Moss-Burstein shift 

caused by doping or excessive carriers in the material, and Franz-Keldysh Effect due to 

band tilting in an electric field. 

Even without excitons, band tailing in heavily doped semiconductors can still 

alter the optical absorption [42] as a secondary effect based on band theory. By doping a 

pure semiconductor, a large number of impurities are inserted into the host lattice and 

each impurity ion locally introduces a distinct level in the band gap. At high n-type (or p-

type) doping concentrations, for example up to 1019 ~ 1020 cm-3, these local levels interact 

to form a band, which eventually merges with the conduction (or valence) band. These 

interactions of electrons both among themselves and with the positive impurity ions can 

change the density of states (DOS) of the unperturbed semiconductor considerably. These 

effects may be view as a shift of the conduction band toward the valence band (band-gap 

narrowing) and a distortion of the DOS. In addition to this distortion, the fact that the 

impurities are randomly distributed in space also causes the DOS to tail [43].  
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2.1.3 Elliott’s Theory on Optical Absorption by Excitons  

Although band-to-band absorption model mentioned in §2.1.2 may give 

asymptotic expression for absorption coefficients in semiconductors, Coulomb 

interaction in the electron-hole pair becomes non-negligible when the photon energy is 

close to the band gap. The intensity of optical absorption near the band edge was 

examined by R.J. Elliott [31] using band theory together with the effective mass 

approximation for Wannier excitons in 1957.  

According to Fermi’s Golden Rule, the transition probably per unit time in a 

quantum system is the product of the matrix element of the perturbing Hamiltonian 

between the initial and final states and the density of final states. In Elliott’s theory, the 

matrix element responsible for the optical transition is evaluated by inserting for the 

initial state (ground state) a determinant of Bloch functions of the valence band and for 

the final (exciton) state a superposition of determinants based on Wannier’s model [44]  

The total Hamiltonian of the two particle (electron and hole) system in center of mass 

(COM) coordinates is expressed by the summation of kinetic energies and the Coulomb 

potential in terms of the average position, relative positions and their conjugate momenta. 

A corresponding Schrödinger-like equation is then solved for the exciton wavefunction. 

As an example, a well known analytical solution to this equation is written by assuming 

two spherical single bands with scale electron and hole effective masses. Based on this 

analysis, Elliott gave a series of absorption coefficient expressions for different transition 

types depending on the selection rule.  

One of the major contributions of Elliott’s work is his discussion on the selection 

rules governing the excitonic optical transition process. The transitions fall into two main 

types: direct and indirect, the latter using a phonon to conserve momentum. The direct 

transitions can be subcategorized into allowed and forbidden transitions, depending on 

whether the transition is dipole allowed or forbidden. Mathematically, this is determined 

by whether the first Taylor expansion term of the transition matrix element is zero or 

non-zero at the center of the Brillouin zone.  
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Figure 2-1. 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.  Notice that the horizontal coordinate is photon energy. 

For a direct transition where no phonon is created or destroyed in the process, 

since the ground state and the incident photon has zero and negligible momentum 

respectively, momentum conservation requires that the total K of the final exciton state 

must be zero and the problem can be therefore further simplified. The theory predicts that 

the excitonic optical absorption consists of a series of discrete exciton line, and a 

continuum band, as shown in Figure 2-1. For allowed transitions and the simple case of 

two spherical bands with scalar masses, the transition matrix element to is non-zero only 

for s states, so the lines are predicted at “hydrogenic” energy levels: 

2n
GEg −=ωh ,     (2.3) 

where G is the exciton binding energy and n is the quantum number. This results in 

hydrogen atom like spectrum (Figure 2-1) with n=1 as the ground state and higher n 

values as the excited states. As these discrete lines approaching absorption edge (n>3), 

their oscillator strength and spacing goes as 1/n3 and 
22 )1(

11
+

−
nn

 respectively. The 

infinite number of lines will overlap so that it may be considered as a continuum 

absorption coefficient of: 

caxN 222 /8 ενπκ = ,     (2.4) 

independent of energy, where a  is the exciton Bohr radius.. 
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In the true continuum where photon energy becomes greater than band gap (above 

threshold, or 0>−≡ gEE ωh ), the absorption coefficients is given by: 

)sinh()2(8 32
1

2
3

222 παµανπκ πα hcEexeN= ,  (2.5) 

where 2
1

)/( EG=α  and µ  is the reduced mass. This is continuous with the exciton 

absorption at E = 0 when ∞→α . For GE >>  where 0→α , κ  becomes proportional 

to E1/2, in agreement with the calculation of Hall, Bardeen, and Blatt [45] who neglected 

the electron hole interactions.  

For forbidden transitions, only the transitions to p states contribute to the overall 

absorption. The series of exciton lines thus occurs at energies given by eq. (2.3), except 

that the fist line is now missing. Also, the asymptotic part for an absorption spectrum in 

the forbidden cases takes the form of E3/2. 

Note that in Elliott’s theory, the continuum and discrete states are calculated 

independently and “joint” at the band gap (or threshold, E = 0) using a hyperbolic sin 

(sinh) function. In another word, excitonic effects are added independently from the 

contributions of band-to-band transitions. An alternative approach, which takes into 

account the Coloumb or Sommerfeld enhancement of interband transitions and discrete 

excitons, has been derived from Elliott’s formula by C. Tanguy [46-51] and other 

researchers [52-55]. Tanguy’s theory [46, 47] includes the exact contributions of all 

bound and unbound states, as well as optical dispersion effects, which is an improved 

description of the excitonic influrence on the optical properties of semiconductor near the 

band gap. The model was also extended by examining the temperature [49, 50] and two-

dimensional [51] effects on the refractive index of direct band gap semiconductors.  

2.1.4 Urbach-Martienssen Rule 

In 1953, Urbach originally studied the fundamental absorption edge which he 

observed to display an exponential dependence on photon energy in photographic 

emulsions [56].  In 1957, Martienssen discovered that alkali halides also exhibited this 

fundamental absorption edge [57].  Since then, the effect has been shown in a wide 

variety of dielectric materials, such as alkali halides[58], II-VI [59] and III-V [60] 

semiconductors , and amorphous systems [61]. This relationship is referred to as the 
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Urbach-Martienssen (U-M) or simply Urbach rule, and the exponential tail of the 

fundamental absorption edge is sometimes called Urbach tail.   

The U-M rule can be observed in both ionic crystals and covalent semiconductors. 

In ionic crystals, the absorption coefficient α near the band edge varies with the 

temperature T and photon energy as: 

( )







 −
=

*
exp 0

Tk
A

B

ωωσα hh ,     (2.6) 

where A, 0ω , and σ  are fitting parameters. T* in this equation is the so called “effective 

temperature”, which is defined as [62]: 

















=

Tkk
T

B

O

B

O

2
coth

2
*

ωω hh
,     (2.7) 

where Oωh is the optical photon energy. Note that from this expression T* and T differ 

only significantly at low temperatures.   

 On the other hand, in semiconductors, Urbach rule is also followed but through a 

different expression, where 

)](exp[ 0ωωα hh −= gA ,      (2.8) 

with g, A and 0ω  being fitting parameters whose temperature may vary even from sample 

to sample of the same material. While the logarithm slope 
*TkB

σ  of the absorption edge 

in ionic crystals has been correlated with the optical phonon energy (through T*) and the 

electron-optical-phonon coupling constant (through σ  [63]), the slope g in covalent 

semiconductors has been shown to be dependent on the concentration [64] and state of 

electrical charge of the impurities [65].  

Studying the relationship of the spectral shape of optical absorption to the film 

quality (crystalline quality, defects, impurities etc.) and material properties (phonon 

energy, exciton-phonon interaction etc.), is one of the major interests in the present work.  

2.1.5 Franz-Keldysh Effect: Electroabsorption without excitons 

In 1957, W. Franz and L.V. Keldysh extended the calculation of absorption using 

the band gap model to the case of an insulating crystal in a uniform electric field. 
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According to their calculation, the absorption edge in this case takes the form of 

)/( 2/3 fEe −
where E is the energy measure from Eg and f is the applied electric field 

strength. This relationship is later known as Franz-Keldysh effect. 

The mechanism of Franz-Keldysh effect is illustrated in Figure 2-2. The simple 

band gap model without external field is shown in Figure 2-2 (a), where the electron 

wavefunction in the conduction band and the hole wavefunction in the valence band are 

plane waves and no available state exist inside the forbidden band. When an electric field 

is applied, the bands in this model become tilted towards the direction of the external 

field, as shown in Figure 2-2 (b). There are two important consequences of this band 

tilting. One is that the electron and hole wavefunctions in the conduction and valence 

band become Airy functions instead of plane waves due to the acceleration of the field. 

The other consequence is that the external field enables tunneling of electrons and holes 

into the forbidden band and the wavefunctions “leaking” into the band gap will display as 

two exponential decaying tails, whose overlap causes below threshold (band gap) optical 

absorption. 

 

Figure 2-2. An illustration to Franz-Keldysh effect. The figures show the band diagram and electron 
and hole wavefunctions, a) before and b) after the electric field is applied. The field-induced band 
tilting allows two tails into band gap and thus below band gap absorption. 
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This problem of absorption in an electric field, which had been treated as a 

perturbation initially by Franz and Keldysh, was solved analytically in terms of Airy 

function for direct transitions in 1963 [66] and indirect transitions in 1965 [67]. The 

calculations were then extended to the vicinity of all kinds of critical points for arbitrary 

orientated electric field and anisotropic effective masses [68]; and the obtained imaginary 

part of dielectric constant was used to compute the complex dielectric constant through 

Kramers-Kronig relations [68, 69]. Another extension to Franz and Keldysh’s theory was 

the demonstration of an oscillatory behavior on the absorption edge in addition to the 

edge displacement towards the lower energy side by J. Callaway [70, 71].      

The theory proposed by Franz and Keldysh is not complete because the Coulomb 

interaction between electron and hole, which governs the near edge absorption behavior 

in semiconductors, was ignored in the derivation.  However, these calculations laid the 

foundation for the later development of excitonic absorption theory in an electric field by 

providing some crucial concepts, such as the exponential decaying tail and the Airy-like 

asymptotic form of electron wavefunction.   

2.1.6 Electroabsorption of Excitons in Semiconductors 

The first major attempt to solve the electroabsorption problem of a semiconductor 

with the consideration of the electron-hole interaction was published by C.B. Duke and 

N.E Alferieff [72, 73] in 1965. In their papers, the effective mass Schrödinger’s equation 

with a Coulomb potential and an electric field was separated in parabolic coordinates. 

Since the authors did not have the capability to solve the problem numerically, they chose 

to define the potential as an approximation of a Coulomb-only potential within a limiting 

distance near the origin and a linear field potential beyond it. This assumption led to the 

same functional relationship of the absorption coefficient with the energy and field as 

what had been predicted by Franz and Keldysh. 

Three years later, H.I. Ralph [32] solved the same effective mass Schrödinger’s 

equation numerically and found the absorption spectra for direct transition cases using 

Elliott’s formula. They showed a series of spectra with various external electric field 

intensities and compared them with some experimental measurements. With Ralph’s 

paper focusing on the effect of electric field on the exciton absorption peaks, Dow and 
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Redfield [33] examined both the exciton resonance and the absorption edge. They 

rederived Elliott’s formula for absorption coefficients using linear response theory and 

obtained numerical results larger than Ralph’s plots by a factor 2, arising from the two 

possible spin orientations of an electron. The logarithm of the absorption coefficient 

below the exciton peak was found to vary linearly with the photon energy and the inverse 

of the applied field intensity. Namely, the excitonic absorption edge takes the form of 

~ )/( fEe − , rather than ~ )/( 2/3 fEe −  predicted by Franz and Keldysh’s theory without the 

consideration of exciton.  

We also need to mention that D.F. Blossey [74, 75] published similar results in 

the same year and discussed the temperature broadening of the calculated spectra through 

comparison to experiments. Merkulov [76] derived later an analytical expression 

describing the shape of the electroabsorption edge below band gap, which is in good 

agreement with Dow and Redfield’s numerical calculations. Schmitt-Rink et. al. [77] 

studied the absorption edge by treating the exciton interband scattering by optical 

phonons in the dipole approximation and obtained a different analytical expression for 

Dow and Redfield’s model.  

The theoretical derivation in Elliott’s and Dow’s theory are different, although 

they reached the same conclusion. Elliott solved time-independent Schrödinger’s 

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

while Dow and Redfield evaluated time-dependent matrix elements of the current (or the 

projection of the time-dependent photon-perturbed initial state on a time-dependent final 

state) and then transformed it to the frequency domain for the expression of absorption 

coefficients.  

Noticing that the shape of exponential electroabsorption edge is somewhat similar 

to the expression in §2.1.4 given by Urbach-Martienssen rule, Dow and Redfield also 

proposed an unified theory towards the origin of Urbach’s rule [78, 79], where the 

exponential absorption edges in both ionic and covalent materials are explained by the 

influence of electric microfields. The concept of microfields was initially borrowed by 

Redfield [80, 81] from plasma physics to model the relationship between the 

concentration of point charged defects and the shape of absorption edge. An approximate 

calculation has been made in which the non-uniform microfields are replaced by a 
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statistical distribution of uniform microfields. The origin of these microfields was 

attributed to LO-phonon fields in alkali halides and strongly polar semiconductors (eg. 

ZnO, GaN, GaP etc.), whereas to impurity fields in weakly polar semiconductors (eg. 

GaAs, InSb etc.). However, although the physical mechanism causing Urbach rule is 

unified in this theory, a practical challenge in its application is that how to find the 

expression(s) of the statistical distribution of microfields, given that in some cases both 

phonon and impurity fields exist and a wide range of temperature is involved [78]. This 

microfields model along with the electroabsorption theory formed the basics of our 

theoretical study and is detailed in the following sections of this thesis.  

In the following years, J.D. Dow and his colleagues extended his 

electroabsorption theory for direct transitions to phonon-assisted indirect transitions [82, 

83], differential electro-absorption [84], two-photon absorption [85], absorption of 

anisotropic and layered semiconductors [86] and semiconductor alloys [87, 88], 

absorption by Frenkel core excitons [89-91] and calculation of dielectric constant through 

Kramers-Kronig relations [92]. A theory on electroabsorption of amorphous 

semiconductors was also proposed by E. Majernikova [93-95].  

Early experiments on excitonic absorption during the same period include 

Thomas and Hopfield et. al.’s works on cadmium sulfide and zinc oxide [96-99], Frova et. 

al. on silicon and germanium [100], Sakhnovskii et. al. on indium selenide [101], 

Gavaleshko et al. on germanium diselenide [102] and Gross et al.’s review on copper 

oxide and copper chloride [103, 104]. Considering electric field effects on excitonic 

absorption, there are Deiss et. al. on Cu2O [105], Frova et. al. on germanium [106], 

Nishino et. al. on gallium asenide [107], Lange et. al. on CdS and CdSe [108], as well as 

Fujiwara et. al. on zinc selenide [109].  

2.1.7 Possible Alternative Approach: WTK Spectral Theorem 

In this part we will briefly introduce a possible alternative for Dow’s theory based 

on a mathematical theorem called the Weyl-Titchmarsh-Kodaira (WTK) spectral theorem, 

with its technical details and simulation results discussed in the following sections. In this 

method, the wavefunction of a particle inside an arbitrary potential is expanded using two 

linearly independent eigenfunctions and the obtained linear combination coefficients are 
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then used to calculate a 2-by-2 matrix called the spectral density matrix. According to the 

spectral theorem, the eigenvalues of this matrix correspond to the tunneling rates of the 

particle to positive and negative infinities, one of which is proportional to the absorption 

coefficient.  

The major advantage of WTK method is that the spectral theorem provides a 

unified numerical approach for calculating the contribution of all the bound and unbound 

states to the absorption coefficient and thereby can potentially bridge the discrete exciton 

lines and continuum band in an absorption spectrum like Figure 2-1. This is in contrast 

with the Dow and Redfield (DR) theory, where the discrete and continuum parts are 

calculated separately and join together by convolving a temperature dependent 

broadening linewidth and smoothing out the discontinuity. Also numerically in DR model, 

the amount of computation required for finding the bound states increases dramatically 

for larger photon energies above threshold. 

WTK method has been successfully applied to the solution of tunneling ionization 

rate out of arbitrary potentials [110]. In order to use it in the electroabsorption case, some 

extension to the theory is necessary. First of all, although the WTK theorem handles the 

unbound states in an accurate and straightforward manner, there exists a discontinuity at 

origin for wavefunction inside the potential well. This does not affect the tunneling rate 

but may change the absorption coefficient. The reason is that in the generation process of 

exciton the probability of finding electron and hole in the same unit cell (or electron 

wavefunction in the center of hole Coulomb potential, which related to the wavefunction 

near origin) does affect the transition rate [111]. 

The spectral theorem is one-dimensional, so an angular average is necessary to 

obtain the 3-D results. For weak applied fields, this could be a problem because the 

tunneling is not as highly directional as the strong field cases. Since the spectral theorem 

needs the potential to be continuous, an artificial bottom must be imposed to the 

Coulomb potential to remove the singularity. This bottom “pushes” the below-band-gap 

eigenenergies up and can the shift of exciton resonance peaks to higher energies.  
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2.1.8 Recent development of Electroabsorption Theory 

The 1980s is a period of triumph for quantum well electroabsorption modulators. 

A GaAs/AlxGa1-xAs waveguide multiple quantum well (MQW) modulator achieved 

on/off ratio over 10:1 and response time of less than 100 ps in 1985 [112]. Most of these 

MQW modulators are based on the so-called Quantum-Confined Stark Effect (QCSE), 

which was investigated by Miller et. al. [22, 34]. Unlike the bulk cases where an electron 

from conduction band and a hole forms an exciton, the electron and hole of an exciton in 

a quantum well stay at discrete energy levels determined by the shape and dimension of 

the well. When an electric field is applied, the effect could be visualized as Figure 2-3, 

where the bottom of the QW is tilted by the bias. This causes: 1) red shift of exciton 

resonance energies because the electron and hole wavefunctions tend to be confined 

deeper into the triangular part of the well; and 2) weakening of exciton resonance (or 

broadening of absorption peaks) since the displacement of the electron and hole 

wavefunctions to opposite sides of the QW reduces the wavefunction overlap and 

therefore lower the transition rate. 

 
Figure 2-3. An illustration of Quantum Confined Stark Effect (QCSE).  

Following the line of Dow and Redfield theory, I. Galbraith proposed another 

alternative approach to calculate the excitonic electroabsorption coefficients in bulk 

semiconductors in 1993 [113]. In his work, the power-series solutions for the 

wavefunctions of the electron-hole relative motions were found to eliminate the use of 
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numerical integration. A broadening factor was included to obtain realistic absorption 

spectra. Two-dimensional case (not quantum confined Stark effect) was also treated in 

the work. Another paper [114] he published in the same year treated the electroabsorption 

problem by using the integral formula of Rees [115, 116] and acquired an empirical 

expression of the electroabsorption coefficients with respect to the photon energy and 

applied field in bulk semiconductors. 

Finally, we would also like to mention J. Hader’s [117] 1997 article on the 

calculation of Franz-Keldysh absorption coefficients using the k·p theory. The previous 

theoretical works tend to assume a simple band structure of the semiconductor when near 

edge absorption is concerned. These assumptions are reasonable to a certain extent 

because the effects of band structure on optical absorption usually become more 

prominent for energy well above the threshold. The k·p method allow Hader et. al. 

include to the band anisotropy and nonparabolicity as well as band mixing into their 

calculation. Using cubic GaAs as an example, the paper showed the difference of Franz-

Keldysh absorption for incident radiation polarized parallel (TM) and perpendicular (TE) 

to the applied electric field, which is not predicted by the simple effective mass 

approximation. They also demonstrated that for most cases the field-induced band mixing 

is negligible compared to the zero-field coupling of bands. 

Concerning the experimental works, inspired by the success of gallium nitride in 

optoelectronics [3], there has been a great deal of interest recently in the 

electroabsorption or electroreflectance of GaN in an applied electric field [118], in a 

piezoelectric field under shock [119], or in a biased Schottky diode structure [120]. UV 

electroabsorption optical modulators have also been reported, based on either a bulk GaN 

film [21] or GaN/AlGaN quantum wells [24].  

2.1.9 Our Perspective and Goal in This Work 

From the authors’ perspective as experimentalists, we are interested in the 

excitonic electroabsorption theory because of it can be applied to predict and model the 

behaviors of wide band gap (WBG) semiconductor based solid-state devices, especially 

spatial light modulators. Although WBG semiconductors have been known for many 

decades, the application of these semiconductors to devices did not receive substantial 
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attention until the 1990s. The goal of this work is to compare the calculated optical 

absorption spectra to a series of temperature and electric field dependent absorption 

measurements in order to generate a good understand of our ZnO electroabsorption (EA) 

modulators. The scope of our theoretical research includes the numerical calculation of 

electroabsorption coefficients and the reproduction of a realistic absorption spectrum for 

ZnO before and after applying the external field.  

The calculated absorption spectra from theory are somewhat artificial in that most 

theories assume no temperature broadening during the absorption coefficients calculation. 

In order to compare the calculation with experiment, it is necessary to include thermal 

broadening in the model to generate a realistic spectrum. For high field cases where the 

thermal broadening is a small perturbation, the broadening can be considered by 

convoluting the zero-temperature absorption curves with a temperature dependent 

lineshape. The theoretical papers we examined [75, 82, 84, 92, 113, 121] usually 

convolved the first principle calculation with a Lorentzian or Gaussian curve with 

linewidth kT~Γ  and the comparisons to experiment are often conceptual and limited to 

a few spectra. 

On the other hand, some experimental articles have been published recently on 

the temperature dependent absorption or emission spectroscopy and the extraction of 

exciton resonance linewidth for several widely-used direct bandgap compound 

semiconductors, including GaAs [122-125], GaN [35, 126, 127], CdSe [128], ZnSe [129] 

and ZnO [36, 130, 131]. The phenomenological linewidths extracted from the resonance 

peaks in these studies were fit with a formula given in S. Rudin’s paper [132]. This 

formula describes the temperature dependent exciton linewidth in semiconductors as the 

superposition of an inhomogeneous and a homogenous linewidth. The term 

“inhomogeneous linewidth” refers to a temperature-independent broadening at 0K due to 

the exciton-impurity and exciton-carrier interaction, whereas “homogenous linewidth” 

refers a temperature-dependent broadening caused by electron-phonon interactions. The 

details of this formula are discussed in §2.5. 

The thermal broadening of excitonic absorption spectra is considered in the 

present work by combining the first principle calculation and curve fitting methods taken 

by theorist and experimentalist respectively. In our model, absorption spectrum at very 
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low temperature (eg. 4.5 K) is first compared to the first principle calculation based on 

electroabsorption theory. At this temperature, the broadening of excitons should mainly 

result from the microfields effect [80, 81, 133] so that a phenomenological field intensity 

parameter can be extracted by fitting absorption spectrum at low temperature with the 

calculation. This extracted field parameter is called “effective microfield intensity”, 

assuming that the broadening effect of all the non-uniform microfields can be 

approximated as a uniform effective field. This effective field is related to the charged 

defect concentration or crystalline quality and also explains the physical origin of 

inhomogeneous linewidth in other’s experiments [122-127, 130, 131]. The obtained field-

induced absorption spectrum is then convolved by a series of lineshapes with temperature 

dependent linewidths to reproduce the optical absorption spectra at various temperatures. 

These extracted linewidths are found to be different than the conceptual broadening 

factor of kT~Γ  due to exciton-LO-phonon interaction at higher temperatures. 

The material properties of ZnO have also significant influence on its thermal 

broadening model. As we mentioned in §2.1.4 and §2.1.6, the shape of absorption edge in 

different semiconductors follow different relations with temperature. This reflects in the 

thermal broadening model as various broadening lineshapes. It has been reported that 

depending on the temperature and strength of exciton-phonon coupling, the lineshape can 

be pure Lorentzian, a mixture of Lorentzian and Gaussian, or pure Gaussian [134-138].  

The comparison of Lorentzian and Gaussian broadening lineshapes for ZnO is discussed 

on the basis of its material parameters in §2.5. 

In the remaining sections of Chapter 2, two theoretical models used by the authors 

to calculate the zero-temperature absorption spectra, WTK spectral density model and the 

Dow and Redfield model, are first discussed in §2.2 and §2.3, respectively. The 

experimental details and results of temperature dependent optical absorption 

measurements from 4.5 K to 300 K on wide band gap semiconductors are then described 

in §2.4. The last section focuses on the curve fitting and broadening parameter extraction 

issues, where our thermal broadening model is proposed and discussed. 
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§2.2 WTK Spectral Density Model 

WTK spectral density model refers to a practical numerical method based on 

Weyl-Titchmarsh-Kodaira (WTK) spectral theorem, which is has in atomic physics to 

find the tunneling ionization rate in a strong electric field. The model was studied in the 

beginning phase of this research as an alternative approach to solve the electroabsorption 

problem in semiconductors. 

2.2.1 Method descriptions and Basic Assumptions 

WTK spectral theorem is a mathematical theorem on the calculation and 

normalization of expansion coefficients of an arbitrary function in terms of the 

eigenfunctions of a differential operator [139, 140], for example, the second order 

different operators in Schrödinger’s equations. In this case, an eigenfuntion of the 

differential operator 

)(2

2

xV
dx
dH +−=  )0( ∞<< x     (2.9) 

is any solution of the differential equation EE EuHu = , regardless of whether 

∞<≡ ∫
∞

dxxuu EE

2

0

2 )( .     (2.10) 

On the other hand, any quantum state of the same system is represented by a 

wavefunction )(xψ  with 1)( =xψ . Such a wavefunction can be expanded in linear 

combination and integral of eigenfunctions as [141] 
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The spectral density function )(Eρ  can be split into a sum of delta functions CE and an 

ordinary integrable function )(ECρ , which corresponds to the discrete and continuum 

spectrum of the Hamiltonian H, respectively. 

The theorem was applied recently [110] to the calculation of the tunneling 

ionization rates of a hydrogen-like atom in a strong electric field. In this model, the time-

dependent tunneling rate is obtained by solving a stationery Schrödinger’s equation and 

then applying the Fermi’s Golden rule. The width of the spectral density function (or 
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expansion coefficient function) ρ(E) is proportional to the tunneling rate [142], whereas 

the position and amplitude of the maxima of this function correspond to the eigenenergies 

and resonance strength of the bound states. Note that the mathematical theorem contains 

information about the expansion coefficients no matter the eigenstates are continuum or 

discrete, which means WTK model treats the bound and unbound states equally and 

therefore gives us great advantages in dealing with absorption well above the band gap 

and bridges the discrete and continuum spectrum of optical absorption.  

As we mentioned in §2.1.7, because of the nature of the WTK spectral theorem, 

the potential in our model has to be 1-D and continuous. An artificial bottom is therefore 

added to the Coulomb potential to avoid its singularity at the origin, which is expressed 

as: 
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ax

xV −
+
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22
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where F is the field strength and 2=a . The 1-D assumption works when the electric 

field is strong and the tunneling ionization occurs overwhelmingly in the direction of the 

electric field. In these cases, an angular average is still necessary to expand the 

calculation results to 3-D systems. 

2.2.2 Numerical Procedure 

The first step of numerical calculation in WTK approach is to replace the real 

eigenenergy E in a unitless (SE) by a complex energy ελ iE += , where 0≥ε  is an 

“artificial” damping parameter. This damping parameter is introduced so that solutions to 

the Schrödinger’s equation are slowly decaying and eventually go to zero at the positive 

and negative infinities. 

Normalization of these solutions is imposed locally at the origin by setting the 

Wronskian of the eigenfunctions equal to one, which also ensures that 1φ  and 2φ are 

linearly independent. For example, we may choose the following initial conditions and 

find the complete eigenfunctions )(1 xφ  and )(2 xφ  by integrating the SE to positive and 

negative infinities: 

1)0(1 =φ , 0)0('1 =φ , 0)0(2 =φ , 1)0('2 =φ .   (2.13) 
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According to WTK spectral theorem, the actual wavefunction corresponding to a 

total complex energy λ  can be obtained by calculating its expansion coefficients based 

on eigenfunctions ),(1 λφ x  and ),(2 λφ x , or the so-called Weyl-Titchmarsh m-functions 

)(λ±m . This also guarantees that ∫
∞−

−

0
2|)(| xdx ψ  and ∫

+∞

+
0

2|)(| xdx ψ  are both finite and the 

“true” wavefunction can be expressed as: 

),()(),(),( 21 λφλλφλψ xmxx ±± += ,    (2.14) 

where )(x+ψ  and )(x−ψ  are wavefunctions in the right half plane and left half plane, 

respectively. 

The two m-functions )(λ±m  are calculated by matching the wavefunction, i.e. the 

linear combination in eq. (2.14) containing m-factors, to its asymptotic form of ),( λψ x± . 

As we mentioned before, at large distance away from the origin, the effects of Coulomb 

potential is negligible and the analytical asymptotic solutions to the SE is therefore well 

known. After some algebra transformations, )(λ±m  are solved as: 
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where ),(/),('),( λθλθλ xxxf ±±± =  and ),( λθ x±  is the asymptotic functions listed Ref 

[110]. 

The next step is to compute the spectral density matrix using the definition in Ref. 

[139]: 
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Finally, two eigenvalues 1Λ  and 2Λ  of this spectral density matrix are obtained. 

In the physical picture, these two eigenvalues related to the possibility of finding a 

particle initial bound inside a Coulomb potential tunneled out under the assistance of an 

external electric field, to positive and negative directions respectively. It is obvious that 

in this case one of them has to be zero when 0→ε  because the direction opposite to the 

electric field is inaccessible for tunneling. Therefore the non-zero eigenvalue between 1Λ  
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and 2Λ  at different real energies (when 0→ε ) forms the scalar density spectrum we are 

looking for.  

Since the linewidth of each peak in a density spectrum corresponds to the 

tunneling rate, another important issue need to be discussed is the limitation of 0→ε . 

Physically, introduction of the damping parameter is equivalent to add an “artificial” 

width to each peak of the density spectrum. So the overall linewidth in the density 

spectrum will have a “natural” width Γ  giving the tunneling rate and an “artificial” width 

determined by ε . Decreasing ε  until ε>>Γ , we also obtain the real density spectrum, 

whose x-axis is E, instead of λ . 

2.2.3 Results and Discussions 

Figure 2-4 shows the wavefunction we calculated using the WTK approach: the 

electric field lowers the potential barrier so that the electron wavefunction tunnels out the 

hole Coulomb potential. The discrete states below and continuum states above band gap 

absorption are connected through the unified concept of spectral density function or 

density spectrum. An example of this density spectrum at zero electric field is shown in 

Figure 2-5 (a). With increasing energy, the discrete lines become closer and eventually 

merge to form a continuum spectrum, which is a vivid picture of Elliott’s [31] derivation. 

The density spectrum at non-zero field in Figure 2-5 (b) shows that the discrete 

states are broadened when the field is applied. Some higher order states, such as n=3,4,5, 

further merge into the continuum spectrum. The flat shape of the continuum band comes 

from the single electron nature of this problem, since no semiconductor band structure is 

considered. The Stark shift of the ground state is calculated at various applied field 

intensities. The dependence of the magnitude of energy shift on the applied filed strength 

is shown in Figure 2-6, where the linear relationship is consistent qualitatively with the 

calculated results using perturbation theory. 
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Figure 2-4. Couloumb potential in an external field with the resonant wavefunction. An artificial 
“bottom” has been added to the Coulomb potential to eliminate the singularity at the origin.  

Since the spectral density contains both continuous and delta functions, 

numerically, it can be used to joint the continuum and discrete parts of a spectrum 

naturally, whereas the joint part in Elliott’s or DR theory is somewhat artificial. This also 

gives us a great advantage for calculation of smaller field and higher energy cases.   

There are some limitations to the WTK method. First of all, getting the spectral 

density function only solved half of the electroabsorption problem. In the tunneling 

ionization scenario, starting with an electron already in a Coulomb potential, the electric 

field changes the tunneling rate or DOS linewidth of a resonance state by altering the 

portion of wavefunction outside the potential. In this case, knowledge about the portion 

of wavefunction inside the Coulomb potential is not important. Note that in eq. (2.15) the 

m-function used to reconstruct the “true” wavefunction is obtained from two asymptotic 

functions. We found that unless E is right at a resonance peak, there always exists a 

discontinuity at origin for the reconstructed wavefunction. 
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Figure 2-5. Spectral density function of an exciton (a) without (b) with an external field. When the 
field is applied, the discrete lines for n>2 in (a) are broadening merged to a continuum band as 
shown in (b). Note that the effect of the artificial bottom of the Coulomb potential shifts the discrete 
energy levels up. 

 

 

Figure 2-6. Stark shift calculated using WTK model and perturbation theory. The sqaure marks are 
WTK results, where as the linear line comes from perturbation theory.  
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Since absorption coefficient is the product of the probability of finding the 

electron and hole in the same unit cell and the density of states, all features of the 

wavefunction is necessary for this calculation. This is in contradiction with the WTK 

approach and need to be solved if the method is going to be used in the electroabsorption 

problem. In another word, the challenge is in how to find the accurate electron 

wavefunction in the frame of WTK theorem.   

The 1-D approximation may not be realistic enough for optical absorption in zero 

or small electric field cases. This is because in reality when the field is small the electron 

tunneling can be in all directions. A simple angular average of the 1D solution does not 

reflect the 3-D reality. The artificial bottom in the Coulomb potential can “push” the 

discrete energy levels up, analogous to the cases of eigenenergies in a finite versus an 

infinite quantum well. As a result, the exciton resonance peaks will shift to the higher 

energy side, as evidenced in Figure 2-5 (a). 

However in the future, some of these problems can potentially be overcome. For 

example, by decreasing the a value in the Coulomb potential expression, the artificial 

bottom can be put deep enough to minimize the shift of eigenenergies. The electron 

wavefunction at the center of the hole potential can also be estimated by t smoothing the 

discontinuity out. But these solutions were not pursued to the next level since the 

established Dow and Redfield method may yield  

§2.3 Dow and Redfield Model 

The excitonic electroabsorption problem is treated in the following model in the 

center-of-mass coordinate as one electron (with the reduced mass of an electron-hole pair) 

in a Coulomb potential and an electrical field. The potential and the envelope of the 

wavefunction is similar to what is shown in Figure 2-4 in §2.2, but without the artificial 

bottom to the Coulomb potential.  
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2.3.1 Method descriptions and Basic Assumptions 

Elliott’s formula[31] for the “direct allowed” optical absorption coefficients was 

derived by Dow et. al. using linear-response theory and the same conclusion was made. 

The difference in the physics of Dow’s work and Elliott’s theory has been discussed in 

the historical review section. Briefly speaking, Dow and Redfield’s derivation start with 

expressing the dielectric constant as a function of the time-dependent current density 

operator. A Fourier transformation is then performed to convert the time-dependent 

current operator to the momentum (or frequency) domain. The next step is the second 

quantization of this momentum-dependent current operator and the final states in the 

matrix element responsible for the optical transition. Finally, this matrix element is 

squared and an expression similar to Elliott’s formula is obtained: 
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where gEE −= ωh  and >0| vk  and >0| ck  are initial and final states of the optical 

transition, respectively. 

Based on eq. (2.17), the time dependent problem of optical absorption is reduced 

to the calculation of the electron-hole envelope function )(rUν  by solving a stationary 

Schrodinger equation in 3-D. For simplicity, scalar effective masses for electron and hole 

as well as the parabolic band structure without valence band degeneration are assumed 

for Wannier excitons in semiconductors, which is a good approximation for near band 

edge optical absorption. The concept “near-edge absorption” implies that only the 

absorption actions happened in the vicinity of band extrema is considered. Another 

assumption is the periodic part of the Bloch states is unaltered by the applied field so that 

Bloch theorem is still valid.  

Based on all these assumptions, the Schrödinger’s equation for the envelope wave 

function )(rUν  is simplified to a hydrogen-like effective-mass equation for Wannier 

excitons, which looks like: 
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In order to acquire a generalized solution independent of material system and also 

further simplify the problem, the natural units of energy and length in this Schrödinger’s 

equation are set as Rydberg energy (or binding energy) R  and Bohr radius a of an 

exciton respectively, both of which dependent on the dielectric constant as well as the 

electron and hole effective masses in a specific semiconductor. Consequently the field 

strength can be written in terms of the following dimensionless parameter as: 

F
R

aef ||
= .      (2.19)  

Using this unit system, the Schrödinger’s equation (2.18) is converted to a unitless 

form as: 

νν EUUfzr =+−−∇ )/2( 2 ,                  (2.20) 

where the label ν  stands for a quantum state with energy E, azimuthal quantum number 

m, spin σ , and “parabolic eigenvalue” (also called “separation parameter”) t. 

2.3.2 Numerical Procedure 

Since the calculation of the electroabsorption coefficients has already been 

simplified to find the solution to the unitless 3-D effective-mass equation (2.20), a 

numerical procedure is necessary to get the envelope wavefunction at the origin as well 

as the density of states per unit energy, whose multiplication gives the absorption 

coefficients. However, directly solving this equation is still difficult because from the 

physical picture we know that the complete solution to this equation includes a bound 

portion in the Coulomb well and an unbound portion outside it. In another word, the 

boundary conditions of this numerical problem have two very different forms on each 

side. Namely one of the boundaries is like a “hard infinite wall”, whereas the solutions 

near the other boundary is going to match to an asymptotic solution.  

In order to separate (2.14) into two quasi-Schrödinger equations so that one 

equation can take care of one boundary condition in the original problem, the parabolic 

coordinate is introduced and the two quasi-Schrödinger equations have the following 

forms:  
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where the “potentials”  )(1 ξV  and )(2 ςV  in these equations are defined as: 
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and the final envelop wavefunction can be reconstructed by the formula of: 
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In eq. (2.21) – (2.25), zr +=ξ , zr −=ς  are two of the axes in a parabolic coordinates, 

while φ  is the third axis. For the direct allowed transitions, if only s states (when 

azimuthal quantum number m=0) are considered, the wavefunction is symmetric along 

φ -axis. The quantity t is the separation parameter or “parabolic eigenvalue”, which 

denotes that how the original equation is separated.  

Since the potential )(1 ξV  is positive as ∞→ξ , an exponentially decaying )(1 ξχ  

is one of the new boundary conditions for equation (2.21). On the other side, )(1 ξχ  is 

known at the origin, which is the second boundary because zr +=ξ  is always positive. 

The equation (2.21) therefore becomes a typical eigenfunction equation with the 

solution )(1 ξχ  being completely bound. There is one discrete solution to this equation for 

each parabolic eigenvalue tn, where n=0,1,2… is the number of nodes in )(1 ξχ , 

corresponding to the ground state, first excited state, second excited state etc. A similar 

analysis shows )(2 ςχ  is completely unbound and oscillatory for large ς  with an Airy-

function like asymptotic form. The analytical form of this Airy function is crucial 

because the normalization of the unbound part of the wavefunction is achieved by 

performing an analytical box integration of this asymptotic form and getting the limit 

when boundary of the box going to infinity. 

The numerical procedure is listed as the following (for the details of computer 

code, please refers to Appendix B):  

1). Consider only m=0 (s states). 

2). Start with a guess of the initial value of t. 
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3). The asymptotic form of )(1 ξχ at infinity is computed by the WKBJ 

approximation. 

4). Numerically integrate the first quasi-Schrödinger’s equation (2.21) inward by 

Numerov’s method [143] from ∞→ξ  to its first maximum to obtain half of )(1 ξχ . 

5). Expand )(1 ξχ  and )(2 ςχ  as power series about the origin and retain the first 

two terms of the series. 
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6). Numerically integrate (2.21) outward from 0=ξ  until meeting the inward 

integrated solution done by step 4 to obtain the other half of )(1 ξχ . Rescale the two 

halves to make them equal at the joint point. 

7). Compare the slope of the two halves of )(1 ξχ . Get the corrected value of t by 

comparing the slope difference using Newton Raphson method[144].  

8). Plugged the corrected t back into (2.21) and repeat the step 3-7 until 

convergence is attained. 

9). Use the eigenvalue tn  found by the previous steps and )(_2 ςχ UN  to integrate 

the second quasi-Schrödinger’s equation (2.22) outward from the origin. 

10). The analytical asymptotic form of )(2 ςχ  is a field and energy dependent 

Airy, as show in the following formula: 
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where A is the normalization factor for the entire numerical calculation and need to be 

found. 

11). Compare the numerically integrated )(2 ςχ  with its asymptotic form to obtain 

the normalization factor A. 

12). The final absorption coefficients are calculated by plugging to the results into: 
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where n refers to the eigenvalues from zero to the highest order that contributes more 

than 0.1% to the overall result.   

2.3.3 Results and Discussions 

Graphically from Figure 2-7, one can see the evolution of the bound and unbound 

states with an increasing electric field. Figure 2-7 (a) shows the exponential decaying of 

the bound state wavefunction )(1 ξχ  versus the applied field strength. When the electric 

field intensity increases from f = 0.2 to 0.5 to 1.0, )(1 ξχ decays faster. This is consistent 

with the fact that the electron tunneling to the direction opposite to the electric field is 

stopped faster by stronger fields.  

On the other hand, the unbound state )(2 ςχ  behaves like an Airy function, which 

is an oscillating function of increasing and decreasing amplitude. Physically, this 

corresponds to an electron with increasing momentum and a decreasing probability of 

finding it in a unit interval [111]. In Figure 2-7 (b), one may notice that the electron 

acceleration in an increasing electric field also becomes faster. Another interesting from 

Figure 2-7 (b) is that the convergence speed of )(2 ςχ to its drops dramatically when the 

field intensity decreases. Since the normalization factor A is obtained by comparing the 

numerically integrated )(2 ςχ to its asymptotic form, the time consumption of finding this 

normalization factor is considerable when the field strength is close to zero. 
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Figure 2-7. The simulated wavefunctions for (a) bound and (b) unbound states in DR model. The 
effect of increasing field on the bound wavefunction is to “press” it harder towards to origin, whereas 
on the unbound state is to allow more tunneling and “accelerate” the electron faster.   
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Figure 2-8. Spectral shape of the calculated absorption edges for different field strengths. Energy is 
measured from the band gap in units of the binding energy of the unperturbed exciton. 

The energy and field dependence of the calculated absorption coefficients are 

shown in Figure 2-8 and Figure 2-9, respectively. Figure 2-8 is the absorption 

coefficients versus incident photon energy (absorption edge) for different field strengths 

in semi-log scale, in which the logarithm of the absorption coefficient below the ground 

state exciton resonance energy varies linearly with the incident photon energy. Note that 

the increasing field intensity has broadened the exciton resonance peaks, as well as 

shifted them towards the lower energy side, as expected. Figure 2-9 is the absorption 

coefficients at certain spectral positions versus the reciprocal of field intensity 1/f in 

semi-log scale. In this figure, the logarithm of absorption also varies fairly linearly with 

1/f, especially for the energies well below the threshold. The calculation results in these 

two figures are in good agreement with the theory that the below threshold excitonic 

absorption coefficients takes the form of ~ )/( fEe − .  
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Figure 2-9. Field dependence of the absorption coefficient at several incident photon energies on 
different portion of the absorption. The curve with E=-1.2 is close enough to the exciton resonance 
peak so that the exponential relationship is perturbed.  

 

 

Figure 2-10. Calculated absorption spectrum for field strength f=1.0. The dashed curves are the 
contribution from ground state (n=1) and higher order (n=1,2,3) excitons.  
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An example of calculated absorption by ground state exciton (n=0) as well as 

higher order excitons (n=1,2,3…) is shown in Figure 2-10, where the dashed curves are 

contributions from each exciton states. Note that this figure is more of an illustration of 

how the exciton resonance peaks in a spectrum are formed, broadened, and combined 

together. Since the calculation of the continuum band is not included, the high incident 

photon energy part (for example, 2 < E < 7) of the absorption spectrum in this figure is 

not valid. This, however, will not affect our comparison of the theory to experiments 

because in most cases, the comparison is limited to photon energy range below 1.0. 

§2.4 Temperature Dependent Optical Absorption Measurements 

Since all of the calculation results discussed in §2.3 is based on the zero 

temperature assumption, thermal broadening must be considered here to reproduce a 

realistic optical absorption spectrum. In order to compare theory to experiments, 

experimental absorption spectra of zinc oxide (ZnO) thin film samples were also taken 

from 4.5 K to 300 K. The experiment details and results are included in this chapter 

instead of the following experiment chapters because these results are foundations for the 

discussions on thermal broadening related issues in §2.5. 

2.4.1 Experiment Procedure and Details 

A low temperature transmission/absorption system suitable for UV/VIS 

measurements is set up for this experiment. The system consists of a UV light source, 

UV-grade focusing and collecting lens, a liquid helium cooled sample Dewar and a high-

resolution spectrometer.  

The UV light source is an Oriel Instruments 63164 30W high irradiance ozone 

free deuterium arc lamp. The lamp has an arc diameter of 0.5 mm and output wavelength 

down to 180 nm. An Oriel 68840 adjustable current power supply is used to power up the 

D2 lamp. The spectrometer in this experiment is an Acton Research SpectroPro-500 

triple-grating spectrograph/monochromator with 500 mm focal length. Two of the three 

gratings in the spectrograph, a 600 l/mm one for rough scans and a 2400 l/mm one for 

fine scans, are used in our measurements. The detector in SpectroPro-500 is a RY-1024 

CCD array, which has 1024 horizontal CCD pixels with pixel size 24.9 µm by 2.5 mm. 
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The sample Dewar in this experiment is a Janis 8DT SuperVaritemp liquid helium 

cryostat with sapphire windows in the transmission optical path. The cryostat has an inner 

helium reservoir to cool the sample tube and an outer nitrogen reservoir to cool the liquid 

helium. A mechanical pump is connected to the system for evacuation of the Dewar 

before cooling and two Granville-Phillips 275 Convectron gauge are used to monitor the 

vacuum pressure of sample tube and outer jacket, respectively. The temperature of the 

sample is monitored by a diode senor attached to the sample holder and a Lakeshore 

DRC-91 temperature controller. The controller can also heats up the sample and adjust 

the sample temperature from 4.5 K to 300 K by automatic tuning of the output heating 

power. 

The c-oriented plane ZnO thin film samples used in this study were grown 

sapphire (0001) substrates in a pulse laser deposition (PLD) system, then annealed at 

1000 ˚C in air for 4 hours. In order to resolve the fine features of absorption spectra at 

low temperatures, a buffer technique is developed and the optical quality of PLD-grown 

ZnO samples was improved substantially. The details about the PLD growth and the 

buffer technique will be included in Chapter 3 and related results will be shown in 

Chapter 4. The a-oriented ZnO films are grown by SVT Associates using molecular beam 

expitaxy (MBE) technique on (0112) r-plane sapphire. 

2.4.2 Temperature Dependent Results and Discussions 

Group-theory arguments and the direct product of the group representations f the 

band symmetries (Γ7 for the conduction band, Γ9 for the A valence band, upper Γ7 for the 

B valence band, lower Γ7 for the C valence band) will result in the following intrinsic 

exciton ground-state symmetries [145, 146]: 

6597 Γ+Γ→Γ×Γ ,      (2.30) 

21577 Γ+Γ+Γ→Γ×Γ .     (2.31) 

The Γ5 and Γ6 exciton states are both doubly degenerate, whereas Γ1 and Γ2 are 

both singly degenerate. In ideal, i.e., strain-free, wurtzite crystals, free excitons should 

obey the selections in optical one-photon processes; Γ5 and Γ1 are allowed transitions 

with E ⊥ c and E║c polarizations, respectively, but the Γ6 and Γ2 are not allowed. In this 

work, a-oriented ZnO and c-oriented ZnO epitaxial films were studied at 4.5 K to 
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investigate the absorption for E ⊥ c and E║c polarizations respectively. It was found that 

A and B exciton absorption dominate the E ⊥ c case, where as the C exciton dominates 

the E║c case, which is consistent with absorption [147] or reflection spectra [145, 148, 

149] in other publications. 

 

Figure 2-11. Absorption spectra of c-plane and a-plane ZnO on sapphire measured at 4.5 K. 

The optical absorption spectra of a ~ 400 nm thick a-plane ZnO and a ~150 nm 

thick c-plane ZnO films on sapphires substrates at 4.5 K are plotted in Figure 2-11. In the 

absorption spectrum of c-plane ZnO, the two peaks at ~ 3.3805 eV and ~ 3.3901 eV are 

the ground state resonance peaks of free A and B excitons, which are partially merged 

due to the crystalline quality and instrumentation broadening. The spin-orbit splitting 

between A and B valence band of ZnO is extracted to be ~9.6 meV. The LO phonon 

energy at 4.5 K is also measured from the distance between the free exciton absorption 

peaks and their first order phonon replica in the same spectrum as ~ 74 meV. There are 

two weaker peaks on the slope of the absorption edge at ~ 3.3685 eV (D0
1XA) and ~ 

3.3630 eV (D0
2XA). These peaks are tentatively assigned to two stronger neutral donor 

bound excitons (DBE) by comparing with the low temperature PL spectra published by 

other authors [148, 150-152]. The localization energies of these donor bound excitons are 

~ 12 meV and ~ 17.5 meV respectively. According to H. Alves [151] and B.K. Meyer’s 
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[153] study, they may correspond to hydrogen (H) and gallium (Ga) respectively, which 

are two common donor-types of impurities in ZnO. The spectrum of a-plane is used to 

obtain the free C exciton absorption energy, which in our case is ~ 3.4279 eV.  

Table 2-1. Free and neutrl donor bound exction peak positions of ZnO extracted from absorption 
measurement at 4.5 K. The results from other works are also listed for comparison. 

 FXA
n=1 FXB

n=1 FXC
n=1 D0

1XA D0
2XA 

Present work 3.3805 3.3901 3.4279 3.3685 3.3630 

Teke et al. [148] 3.3771 3.3898  3.3650 3.3605 

Reynolds et. al. [145, 150] 3.3773 3.3895  3.3652 3.3602 

Makino el. al. [130] 3.377 3.384    

Hamby et. al. [154] 3.378 3.385    

Park et. al. [155] 3.3931 3.4331 3.4696   

Thomas [149] 3.3768 3.3828 3.4208   

Liang and Yoffe [147] 3.3781 3.3856 3.4264   

Alves et. al. [151]    3.364 3.361 

Thonke et. al. [152]    3.364 3.3606 

Boemare et. al. [156]    3.3653  
 

The extracted free and bound exciton peak energies of ZnO epitaxial film samples 

on sapphire substrates are listed in Table 2-1, along with other researcher’s results for 

comparison. The transition energies of the intrinsic and extrinsic excitons have been 

measured by employing low-temperature absorption [36, 130, 147, 155], reflectance [145, 

148-150, 155], photoreflectance [157, 158], and photoluminescence (PL) [145, 148-154, 

156] spectroscopy techniques. Although absorption method is less used due to the 

difficulty in high-quality sample preparation (namely thin platelets or films) and the 

complexity in peak identification through absorption spectroscopy, it can give us 

comprehensive information about both the excitons and the absorption edge, and 

therefore is found to be advantageous in this study, especially when we are interested in 

making electroabsorption modulators based on ZnO.  

The ZnO samples used in others’ measurements on peak energy values of free and 

bound excitons listed in Table 2.1 are somewhat different than our sample in the present 

work. They are either bulk single crystals (including substrates) [145, 148, 150-156, 158] 
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and thin plates [147, 149, 155] grown by vapor transport method, or epitaxial films 

grown by laser-enhanced molecular bean expitaxy (L-MBE) on lattice-matched 

ScAlMgO4 (SCAM) substrates, partly because these samples usually have a higher 

optical quality [130, 157].  One common characteristics of these samples is that they are 

either strain-free or the in-grown strain can be relieved by subsequent annealing [159]. 

On the other hand, the c-plane samples in our study are deposited by PLD method on 

lattice-mismatched (~18%) sapphire (0001) substrates, also using a buffer technique. It is 

known that the internal strain in ZnO thin films can shift the exciton resonance energies 

by an amount of as much as a few meV [159, 160]. This gives us one possible 

explanation that why there exists a slight parallel shift in peak energies by ~ 2 meV in our 

measurements, although the spacing between each free or bound exciton peaks are in 

good agreement with other publications. 

 

Figure 2-12. Optical absorption spectra of c-plane ZnO thin film sample evolved with increasing 
temperature from 4.5 K to 300K. 

Figure 2-12 shows the absorption spectra of a ZnO thin film sample for selected 

temperatures between 4.5 K and 300 K. These spectra illustrate that: 1) the fundamental 

absorption edge of ZnO shifts to the lower energy with increasing temperature, following 
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the basic Varshni’s rule [25]; 2) the exciton resonance peaks become broader and merged 

at higher temperatures; and 3) as the temperature increases the neutral donor bound 

exciton (DBE) D0
1XA and D0

2XA become weaker in intensity relative to the free exciton 

and LO phonon-assisted exciton peaks. The bound exciton absorption peaks appear to be 

thermally quenched above approximate 160 K when the thermal perturbation energy gets 

close to the localization energy of these bound excitons. 

 

Figure 2-13. Energy positions of free exciton A and it first LO phonon replica versus temperature. 
The square and triangle marks are extracted spectral peak positions for free and photo-assisted 
exciton peak energies, respectively. The fitting curves are calculated using Bose-Einstein-type of 
fitting formula. 

The variation of the free A exciton (squares) and the first LO phonon-assisted 

(triangle) peak positions versus temperature are plotted in Figure 2-13. Since the coupling 

of broadened A and B exciton peaked significantly limits the analysis of peak positions at 

higher temperatures, the A exciton position is calculated in these cases from the position 

of merged peak and the spin-orbit splitting between A and B exciton at 4.5 K. This 

analysis is based on a reasonable assumption that the temperature variation of the 

splitting is negligible relative to the shift of the A exciton peak, because the latter is 

usually on the order of tens of meV. The extracted exciton peak energies are fit using a 

Bose-Einstein-type expression [161]: 
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where )0,( AFXE  is an exciton energy at T = 0 K, ωh  is the effective phonon energy and 

λ is a proportional coefficient representing the strength of the electron(exciton)-phonon 

interaction. 

 

 

Figure 2-14. Same data as Figure 2-13 but fit with Varshini-type formula. The square and triangle 
marks are extracted measurement data and the solid curves are the fitting results. 

The same data have also been fit to Varshni’s semiempirical relationship [25]:  

T
TFXETFXE AA +

−=
β
α 2

)0,(),( ,    (2.33) 

with the results shown in Figure 2-14. The resulting fit parameters are listed in Table 2-2 

with those of ZnO, GaN, ZnSe and CdSe for comparison. Note that the table is not a 

complete summarization, even for ZnO, because the fit results from different sources 

usually vary substantially [130, 156, 157, 162-164]. This phenomenon is particularly 

prominent for Varshni-type of fitting, since the mathematical nature of this semi-

empirical formula usually requires measurements over a large range of temperature, 

especially at those much higher than room temperature. 
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Table 2-2. Values of the Bose-Einstein-type and Varshni-type fit parameters for ZnO, GaN, ZnSe 
and CdSe. The former two parameters are deduced from Eq. (2.32), whereas the latter two are 
deduced from Eq. (2.33).  

Material λ (meV) ωh  (meV) α   (meV/K) β (K) 

ZnO 90 ± 5 27.3 ± 0.8 1.1 ± 0.2 1740 ± 60 

 90 ± 2 a 20.6 ± 0.4 a 0.82 ± 0.03 a 700 ± 30 a 

 20.9 b 11.44 b 0.72 ± 0.04 c 1077  ± 44 c 

GaN 121 ± 0.005 d 27.3 ± 0.7 d 1.18 e 1414 e 

ZnSe 73 ± 4 f 22.4 ± 0.9 f 0.73 ± 0.04 f 295 ± 35 f 

CdSe 36 ± 5 g 15.4 ± 3.4 g 0.424 ± 0.02 g 118 ± 40 g 
a Ref. [162],  b Ref. [130],  c Ref. [163],  d Ref. [165], 
e Ref. [126],  f Ref. [166],  g Ref. [128]. 
 

The temperature dependence of LO phonon energy is also shown in Figure 2-13 

and Figure 2-14. The energy separation between the free exciton and the first order LO 

phonon peak versus temperature is usually given by TkpE BLO )2/1( +−=∆ ωh . Since 

no reference on this expression is found based on absorption, we refer to the temperature 

dependent PL spectra. Hamby et. al. [154] and Teke et. al. [148] studied this relationship 

and gave a expression of TkE BLO 2
3

−=∆ ωh , where p = 1. Wang et. al. [162] argued 

that the value of p can vary from 0 to 1, and thus fit their experiment results with p = 0.5. 

From the absorption measurements, we find the p value as zero. 

2.4.3 Instrumentation Broadening Measurements and Analysis  

 The Acton Research SpectroPro-500 spectrograph used in this experiment has 

been either calibrated or checked before each series of measurements to ensure that the 

nominal wavelength error is within ± 0.02 nm. The wavelength calibration uses the 

365.015, 365.484, and 366.328 nm triplet lines of a low-pressure mercury lamp (Model #: 

Analamp 80-1025-01). 

In order to determine the actual spectral resolution of the spectrometer, the 325 

nm and 442 nm laser lines of a Liconix 3310I HeCd laser system, as well as the 365 nm 

lines of the mercury lamp are measured using the 2400 l/mm grating setup, as shown in 

Figure 2-15. In this figure, the 442 nm line locates at 441.5 nm due to the grating 
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dispersion error caused since wavelength is initially calibrated at 325 nm. The linewidth 

(Full Width at Half Maximum, FWHM) of HeCd 325 nm, mercury 365.015 nm and 

HeCd 442 nm lines are read as 0.25, 0.22 and 0.19 nm, respectively. 
 

 

Figure 2-15. HeCd laser and Mercury lamp lines measured by the Acton Research SpectroPro-500 
spectrograph for the study of instrumentation broadening. The ~ 0.5 nm shift of the HeCd 442 nm 
line   

The standard isotope HeCd laser has a laser bandwidth (BW) of 3GHz, which 

corresponding to a linewidth of 1.057 and 1.954 pm, for 325 and 422 nm laser lines 

respectively. There is no linewidth information available from the manufacturer of our 

mercury spectral calibration lamp. Since the vapor pressure of the mercury lamp is only 

70 – 80 mmHg, it is also reasonable to estimate its collisional linewidth to be much 

narrower than what has been measured. Therefore, the linewidths shown in Figure 2-15 

are mainly spectrometer limited. Another evidence is that the measured linewidth of 0.25, 

0.22 and 0.19 nm are in good agreement with the spectral resolution for grating angles 

23.54°, 26.66° and 31.24° of 325, 365 and 442 nm center wavelengths in these 

measurements, which further proves that they are limited by the instrument. Based on 

these analyses, we estimated the instrumentation broadening of our temperature 
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dependence absorption measurements of ZnO to be approximately 0.2 nm, which is 1.9 

meV in FWHM. 

§2.5 Thermal Broadening Linewidths Model 

As we mentioned in §2.1.9, the theorists and experimentalists tend to take two 

distinct routes when it comes to the issues on thermal broadening linewidths in 

absorption or emission spectra of semiconductors. In this section, we propose a modified 

model, which is the combination of these two routes, and hope to bring some new 

perspectives to this problem. 

The previous section described the experimental details and results of the 

absorption spectra measurements from 4.5 to 300 K. These spectra are fit in this section 

using the first principle calculation based on Dow and Redfield theory. A series of 

Lorentzian and Gaussian lineshapes with generalized linewidths (FWHM) is used to 

model the thermal broadening effects. The term “generalized” refers to the idea that these 

linewidths remain constant to the first order from one sample to another sample of the 

same kind, regardless of the film quality difference. Rudin’s expression for the 

temperature dependent linewidth [132] is modified and fit with the measurements. This 

modified expression contains only three material parameters that can be extracted from 

experiments. They describes the coupling strength of exciton-acoustic phonon interaction 

and exciton-LO-phonon interaction, as well as the LO phonon energy of a certain 

semiconductor, respectively. 

2.5.1 Electric Microfields in Solids 

In most of the discussions about the electroabsorption problem, one would 

consider the concept of “electric field” as a uniform external field applied on a 

semiconductor to change its absorption properties [33, 74, 75]. In fact, besides the 

external field, there are always internal microfields that naturally occur near the charged 

defects or surfaces in a solid [80]. Such charged defects may be points (impurities or 

lattice defects), lines (dislocations), or planes (surfaces or junctions). The effect of 

charged defects on the absorption edge is similar to that of an external electric field [81]. 

The most useful way to express the desired results is to write down the probability 
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density function W(F) of finding a field of magnitude F. In another word, W(F)dF 

denotes the volume fraction of a crystal occupied by fields in the range from F to F+dF. 

Borrowing the quasi-static approximation for the calculation of electric field distributions 

in weakly ionized plasmas, one may consider this probability at any point in a crystal 

neglecting all contributions except that due to the Coulomb field of the nearest charge 

and obtain:  

dF
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in terms of the “normal field” F0. Assuming N defects arranged in a cubic array with unit 

volume, the “normal distance” 0r  can be easily expressed and so does the “normal field”: 

3/22
00 )/(6.2/ NereF εε =≡ ,     (2.35) 

where ε is the static dielectric constant, e is magnitude of the electronic charge. 

For semiconductors, this simple model needs to be modified by including the 

screening effect of free electrons or holes. In this case, the intensity distribution of the 

microfields W(F) varies with the ratio of the “normal distance” r0 to the Debye length λ, 

with the concept of “normal field” as a scale factor representing the magnitudes of the 

microfields. Since these charged-defect-induced microfields were found to be responsible 

for the shape of exponential absorption edge below band gap [79, 167], the effective field 

intensity extracted from a very low temperature optical absorption spectrum using DR 

model can be a metric of sample quality or defect density. In this application, the 

relationship of eq. (2.35) is used backward to obtain the charged defect concentration N, 

assuming that the normal field is closed to the extracted effective microfield.  

For ultra thin films, electric fields exist within the space-charge region near a 

charged surface are also able to alter the fundamental optical absorption edge and exciton 

peaks [133]. This effect can be reduced by increasing the film thickness, i.e. reduce the 

portion of surface absorption compared to the bulk absorption.  

We need to mention at this point that Dow and Redfield’s unified microfield 

theory for Urbach tail [78, 79] has not been applied to the modeling of absorption edge in 

this study. As discussed in §2.1.6, their derivation starts with the expression of the 

probability distribution function W(F) in terms of a temperature dependent root-mean-
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square field Frms. The overall absorption is then obtained by calculating the product of the 

absorption coefficient in a uniform field F and the probability function W(F) of finding 

such a field strength F, and then summing the results over all possible field magnitudes, 

as shown in the following weighted integration: 

∫
∞

=
0

);()()( dFFEFWE rmsαα .    (2.36) 

In another word, this is an approximate calculation in which the non-uniform microfields 

are replaced by a statistical distribution of uniform microfields. With the origin of these 

microfields attributed to LO-phonon fields in ionic solid and to impurity fields in 

covalent semiconductors, the physical mechanism causing the exponential edge shape is 

unified. The reproduction of a realistic absorption spectrum at a certain temperature 

becomes a challenge of finding the expressions of the statistical distribution of 

microfields for a specific semiconductor.  

However, since the mathematical expressions for the LO-phonon fields [78] and 

the impurity fields [168] are still very different, the theory works better for the modeling 

of a absorption spectrum in the case when one of the microfield types dominates in a 

semiconductor. For the realistic sample, such as the ZnO thin film describe in §2.4, it 

contains a certain amount of impurities, as is evidenced by the neutral donor absorption 

peaks. The phonons, especially the short-wavelength phonons, will also have a significant 

influence on the absorption spectral shape of ZnO at higher temperatures due to the 

strong electron-LO-phonon interaction in polar semiconductors. Application of the 

unified microfield theory is therefore technically complicated, especially when the 

relationship between the field distribution function and the resulting spectrum is not so 

intuitive. It would be better if a more intuitive method can be used to model the 

absorption coefficients. 

In this study, by cooling the ZnO sample down to 4.5 K, the effect of impurities 

can be isolated from the phonon broadenings since the broadening linewidth due to 

phonons is very small compared to the instrumentation and impurity fields broadening 

[169]. Therefore, by fitting the calculated spectrum to the measurement, it is possible to 

find a “lumped” phenomenological parameter called “effective microfield intensity”, 

which can be related to the point charged impurity concentration through eq. (2.35). The 
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phonon broadening at higher temperatures is then taken care of by a series of temperature 

dependent broadening linewidth, given by a modified Rudin’s formula [132]. The 

disadvantage of this phenomenological approach is that the effective microfield intensity 

would deviate from the “normal field” in (2.35) due to the skipping of probability 

weighted average like (2.36). As a result, the impurity concentration extracted from this 

field intensity may have an error. 

In order to distinguish the internal electric fields in a crystal for our problem 

(especially for electroabsorption modulation) from the atomic-scale electric field, the 

macroscopic field, and the local field, the term “microfield’ is borrowed from plasma 

physics [170] where it used to describe electric fields (averaged over atomic volumes) 

whose spatial variation occurs over distances large compare with atomic sizes by small 

compared with macroscopic dimensions (i.e., 0.1 nm < FF ∇
r

 << 100 nm). The vector 

average over the ensemble of these microfields is zero, but the scalar average of their 

magnitude is not. Therefore, the effects of all the microfields intensity on the exciton 

resonance and absorption edge is considered using the uniform electric field model, as 

described in §2.3. Note that the reorientation of these microfields when an additional 

external field is applied to a semiconductor is not included in our calculation. This effect 

is treated as a scalar supposition of the effective microfield intensity and the applied field 

strength for simplicity. In the device characterization sections of this thesis, the simple 

approximation is proved to be able to model the realistic modulator operation self-

consistently including the charge screening effect of the modulator within one order of 

magnitude, which is a very good agreement given the fact that in reality even the simple 

conversion of real field strengths to their unitless counterpart may be varied by one of 

magnitude [33].  

2.5.2 General Rules for Curve Fitting 

Before going into details of curve fitting, some ground rules must be laid out to 

guide the process so that it does not involve many arbitrary parameters that are physically 

unreasonable. These ground rules are semi-empirical based on the previous experiment 

observations at changing temperatures, especially those for ZnO [36, 130, 145, 148, 150, 

151, 153, 154, 162]. Since the spin-orbit splitting for ZnO is well know [145] and thermal 
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broadening of the absorption spectrum at 4.5 K is very small compared to the 

instrumentation broadening [130, 147], the absorption curve contributed by free exciton 

A and B usually have only one possible form as long as the effective microfield intensity 

is found. What we need to regulate here is how to fit the spectral components contributed 

by bound excitons and phonon-assisted absorption.  

For bound excitons, it is observed in PL spectroscopy [148, 153, 154] that with 

the increasing temperature the free exciton and LO phonon-assisted exciton peaks 

become stronger in intensity relative the neutral donor bound exciton peaks due to the 

thermal dissociation of the DBE into a free exciton and a neutral donor, whereas the DBE 

peak positions remain unchanged. Thermal quenching of bound excitons usually happens 

when the thermal energy is close to the localization energy of the DBE, which is around 

150 ~ 200 K in the case of ZnO [154]. The same phenomenon has also been observed in 

the present work on optical absorption, which needs to be reflected in the temperature 

dependent oscillator strengths of the bound excitons D0
1XA and D0

2XA. 

Strictly speaking, since phonon assisted absorption or emission in a 

semiconductor belongs to the indirect transition case, zero-temperature absorption 

coefficients of this type of absorption is different than those calculated in  §2.3. However, 

due to the large optical phonon energy in wide band gap semiconductors, phonon-assisted 

absorption happens at energies away from the absorption edge and free exciton resonance 

region which is the focus of this work. Especially when the fundamental absorption edge 

is very sharp in high quality samples at low temperatures, the phonon assisted absorption 

peaks are less important and contribute less to the final results. Beside, the major 

difference of the fundamental absorption and phonon assisted spectrum lies mainly in the 

high energy region, which is even further away into the continuum band [82, 83]. Hence, 

the phonon absorption band is modeled using the same calculation in  §2.3 with an 

additional broadening as an approximation. 

Following these ground rules, the contribution of different type of exciton to the 

absorption spectrum are calculated and sum together. The crucial parameters in the curve 

fitting to the measured spectra can be narrowed down to two variables: one is the 

effective microfield intensity and the other is the temperature dependent thermal 

broadening linewidth. 
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2.5.3 Lorentzian or Gaussian? 

With the fitting rules decided, the question left in the process is what lineshape 

should be adopted to thermally broaden the spectrum by convolution. Two singly peaked 

functions commonly used in this problem are Lorentzian and Gaussian functions, whose 

functional expressions are: 
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respectively. The difference between Lorentzian and Gaussian lineshapes can be 

visualized in Figure 2-16, where the two curves are similar in the peak region but 

Gaussian decays much faster at the tail. 

 

Figure 2-16. An Illustration of the difference of Lorentzian and Gaussian lineshapes. Note that the 
central part of these two lineshapes are similar, whereas Gaussian decays faster in the tail region.  

The most simple approach in investigating the broadening effects and their 

temperature dependence is to assume Lorentzian lineshape with temperature dependent 

broadening parameter Γ(T). Lorentzian broadening of exciton peaks has been widely used 
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in many experimental studies, particular for low temperature PL [128, 129, 161, 169] and 

absorption [35, 36, 126, 130] when the free exciton absorption or emission peaks is the 

major concern. Because of the similarity of the Lorentzian and Gaussian function shapes 

in the peak region, both lineshapes may achieve good fitting of the exciton peak, whereas 

Lorentzian broadening fits slightly better due to the oscillator nature of free exciton 

resonance [169].  

However, as pointed out by Toyozawa and co-workers [134-137] the lineshape of 

an excitonic absorption spectrum is Lorentzian in the central part only under certain 

specific conditions, i.e., the potential fluctuation due to lattice vibration is very small 

compared to the kinetic energy of exciton. Depending on the temperature and certain 

material parameters determining strength of exciton–phonon coupling, such as Fröhlich 

constant, the lineshape can be pure Lorentzian, a mixture of Lorentzian and Gaussian, or 

pure Gaussian. Moreover, it is pointed out that the lineshape of bound excitons (where 

the kinetic energy of exciton is zero) is Gaussian and that of Urbach’s [56, 171] tail is 

even more complicated  [137].  

Taking Fröhlich interaction as an example, let us examine the material parameters 

of ZnO. It is well know that the Fröhlich constant can be expressed as [172]: 
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where 0ε , ∞ε  and *ε  are static, optical and effective polaron dielectric constants. When 

the polarization of incident light is perpendicular to it c-axis, the static and optical 

dielectric constants of ZnO are measured as 7.46 and 3.67 for thin films respectively 

[173]. As a results, its effective polaron dielectric constant is as low as 7.22, which is 12 

times smaller than that of GaAs [79], indicating a strong Fröhlich interaction. This 

analysis shows that in the ZnO (and usually other wide band gap semiconductor), the 

potential fluctuation caused by phonons is large. Therefore, it is questionable to only 

consider Lorentzian broadening for ZnO, especially when the fitting of the absorption 

edge and the exciton peaks are equally important as well as the temperature is high. 
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Figure 2-17. Temperature dependent ZnO absorption data from 4.5 K to 300 K, fit with the 
convolution of the first principle calculated spectrum (f=0.37) and a Lorentzian lineshape with 
various full widths. The marks are data. 

 

Figure 2-18. Same experimental data as Figure 2-17, fit with the convolution of the first principle 
calculated spectrum (f=0.38) and a Gaussian lineshape with various full widths. The marks are data. 
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Figure 2-17 and Figure 2-18 are fitting results using Lorentzian and Gaussian 

broadening at selected temperatures from 4.5K to 300 K, following the constraints stated 

in §2.5.2. Both lineshapes appear to fit the low temperature absorption spectra decently. 

However, at temperatures above 200 K when LO phonon population density increases 

dramatically, Lorentzian broadening tends to overestimate the absorption coefficients 

below band gap. This is mathematically caused by slow decay rate of Lorentzian function 

at its two tails. The same problem has also been observed elsewhere [174] and the poor 

agreement between calculation and measurements has been attributed to the use of 

Lorentzian broadening. An adjustable broadening concept [175], whose functional 

representation can closely mimic Gaussian line  shape with an adjustable damping 

parameter, has been introduced to achieve better fitting in Ref [176].  

In the present work, application of the calculation to device modeling requires 

simulation of both absorption edge and exciton peaks at room temperature (RT). Based 

on the discussions in this section, Gaussian broadening model appears to be a more 

suitable choice than Lorentzian lineshape for this application. 

2.5.4 Generalized Linewidths Extraction and Its Application 

The effective microfield intensities extracted in the previous section using 

Lorentzian and Gaussian broadening are f = 0.37 and 0.38, respectively. Assuming an 

exciton Rydberg energy of 59 meV and Bohr radius of 1.7 nm for ZnO, the unitless field 

strength is converted to 1.28×105 and 1.32×105 kV/cm in natural unit. Using taking this 

field intensity as the “normal field” described in §2.5.1 and assuming that the microfields 

in this ZnO sample are originated from charged point defects, the impurity concentration 

of this sample is calculated as approximately ~ 1017 cm-3 from eq. (2.35) [80]. Apparently, 

the assumption of “charged point defects only” is over-restrictive and the dislocations, 

grains and surface charges could all contribute and complicate the problem in reality. 

This calculation is trying to give the reader an idea of the film quality we studied in this 

work, and to qualitative compare to another sample that will be shown later. 
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Figure 2-19. Extracted temperature dependent linewidth from Lorentzian-type fitting. The square 
marks are extracted parameters, where as the line is the fitting curve. 

 

Figure 2-20. Extracted temperature dependent linewidth from Gaussian-type fitting. The square 
marks are extracted parameters, where as the line is the fitting curve. 
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The close values of extracted microfield intensities from Lorentzian and Gaussian 

broadening show that at very low temperature (4.5 K) the broadening lineshapes, or even 

the linewidths, has little effect on fitting of the absorption spectrum. This further 

indicates that there’s only one possible zero-temperature absorption spectrum for each 

ZnO sample and the extraction of broadening linewidths from the temperature variation 

of absorption coefficients is a reliable and repeatable process.  

The extracted linewidths are summarized in Figure 2-19 and Figure 2-20 

Lorentzian and Gaussian broadening respectively, with the instrumentation broadening in 

§2.4.3 subtracted out. These two curves are qualitatively similar, with the main feature of 

linearity at low temperatures and nonlinearly above ~ 160 K. The nonlinear component is 

attributed to contribution of LO phonon to the linewidth above ~ 160 K due to the 

dramatically increasing LO phonon population density after this temperature (determined 

by LO phonon energy). Note that around 160 K is also the temperature when Lorentzian 

broadening starts to overestimate the low energy tail of absorption edge, indicating that 

electron-LO-phonon interaction is a error source for Lorentzian type of broadening.    

In order to understand the linewidth curves in Figure 2-19 and Figure 2-20, we 

need to find an expression to describe the temperature dependence of the broadening 

linewidth. Rudin [132] derived some expressions using Green’s function approach for 

temperature dependent linewidths due to interactions with LO phonons (Fröhlich 

interactions) and interactions with acoustic phonons (deformation potential and 

piezoelectric interactions). Based on this theory, the linewidth total Γ(T) can be expressed 

as [169]: 
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where LOωh  is the LO phonon energy, impΓ  is zero temperature broadening parameter 

which related to the crystalline quality of each sample, phγ  is the coupling strength of an 

exciton-acoustic phonon interaction (long range)  whose intensity is proportional to the 

lattice temperature,  and LOΓ  is a parameter describing exciton-LO-phonon interaction 

(short range) which is related to the LO phonon population density (following Bose-

Einstein distribution). The latter two should be material-related parameters and keep 
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unvaried from sample to sample of the same specie. From the functional form of eq. 

(2.40), it is obvious that acoustic phonon dominates thermal broadening in the low 

temperature region and optical phonon dominates the high temperatures. 

As we mentioned previously, the broadening due to the impurities can be 

reflected by the introduction of effective microfield strength in our model, which is a 

more realistic picture than a Lorentzian lineshape with FWHM impΓ , especially for the 

absorption edge. Therefore, the broadening linewidths expression is simplified to:  
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Note that since all the parameters in the eq. (2.41) are material-related, the linewidth 

function )(TΓ  is a generalized expression for certain kind of semiconductor, regardless 

of sample properties. 

Table 2-3. Values of the parameters describing the temperature dependent thermal broadening:   
responsible for the exciton-acoustic phonon interaction and   responsible for the exciton-LO-phonon 
interaction. The parameters from other author’s publication are also listed for reference, although 
different approach has been taken in these works.  

Material phγ  (µeV/K) LOΓ  (meV) 

ZnO (Lorentzian) 54 ± 2 390 ± 10 

ZnO (Gaussian) 79.6 ± 3 242 ± 10 

ZnO (A) 11.3 ± 1.3 a 876.1 ± 113.7 a 

ZnO (B) 26.5 ± 2.1 a 783.3 ± 50.5 a 

GaN 15.3 b 208 b 

GaN 15 c 375 c 

ZnSe 11 d 80 d 

GaAs 7 e 8.2 e 

 4.6 f 14 f 
a Ref. [130],  b Ref. [165],  c Ref. [126],  d Ref. [177], 
e Ref. [125],  f Ref. [178]. 
 

The broadening linewidths in Figure 2-19 and Figure 2-20 are fit with (2.35) and 

the resulting phγ  and LOΓ  are listed in Table 2.3. The table also summarizes some results 

for ZnO and some other compound semiconductors just for reference, since these 

linewidths are obtained by direct curve fitting based on Lorentzian lineshapes. An 
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interesting observation is that the exciton-LO-phonon coupling parameter of ZnO is 

much larger that of GaAs, which support the analysis in §2.5.3 about the large Fröhlich 

constant in ZnO and consequently support the use of Gaussian lineshape for thermal 

broadening of ZnO absorption. 

 

Figure 2-21. Absorption data of another ZnO film from 78 K to 300 K. The fitting uses the same set 
of Gaussian broadening parameters summarized in Figure 2-20. As a result, the field strength in this 
case is extracted to be 0.65.  

In order to check if the extracted linewidths is sample-independent or 

“generalized”, the linewidths for Gaussian broadening have been applied to the curve 

fitting of temperature dependent absorption spectra of another ZnO thin film sample with 

lower optical quality. The fit curves are in good agreement with the measured spectra and 

the unitless effective microfield intensity for this sample is obtained as 0.65, which is 

2.26×105 kV/cm. Again assuming point defects only, this field corresponds to a point 

impurity concentration of ~ 2.5×1017 cm-3.  

We would like to point out that although the calculated concentration may not be 

accurate, the concept of “effective microfield intensity” could still be used as a metric to 

characterize the optical quality of a semiconductor thin film sample. Unlike other metrics, 

such as absorption edge steepness, the techniques described in this chapter enable us to 

separate the effect of impurities (or other kinds of defects) and the effect of temperature 
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on the absorption edge of a semiconductor to the first order. In another word, with the 

generalized linewidth at room temperature, one could easily deconvolve a measured data 

and obtain a zero temperature absorption spectra and the corresponding effective 

microfield intensity. This can be used to quantify the film quality without having to 

measure it at low temperatures. This is another potential application of the calculations in 

this chapter, although the major application of this theoretical work is to model and 

explain ZnO modulator devices. For example, x-ray rocking curve scans was performed 

on the two samples in this study with the calculated effective microfield intensity as 

1.3×105 and 2.26×105 kV/cm. Their rocking curve FWHMs are ~ 0.25º and ~ 0.42º, 

where are the Hall motilities are ~76.7 and ~15 cm2/V-s, respectively.   

 So far, we discussed a useful theoretical tool for simulating the absorption edge 

and exciton peaks. The following chapters will shift to the experimental part of this thesis, 

namely the fabrication, testing and modeling of a ZnO based electroabsorption optical 

modulator. 
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Chapter 3 Experiment Techniques 

The following chapters will shift to the experiments, focusing on the design, 

fabrication and testing of ZnO electroabsorption (EA) optical modulators. This chapter 

discusses the experiment techniques and methods, which are divided in to three major 

parts, including: 

• PLD method for ZnO based thin film growths, and the related material 
characterization methods; 

• ZnO optical modulator fabrication; 
• DC and AC testing system for EA optical modulators. 

Each of the following sections in this chapter describes one catalogue of these 

experiment techniques.   

§3.1 Material Growth and related Characterization 

Growth and characterization of ZnO related thin films are the foundations for the 

entire experimental study. Having high quality ZnO materials is of great significance for 

the success of modulator devices. In the present work, Pulsed Laser Deposition (PLD) 

technique was used to deposit ZnO and related ternary alloys MgxZn1-xO. In a typical 

PLD system, a high energy pulsed laser beam is focused onto the surface of a solid target, 

so that the strong laser absorption by the solid surface leads to rapid evaporation and 

deposition of the target materials. The resulting films were then examined by various 

characterization method, including optical absorption, cathodoluminescence (CL), x-ray 

diffraction (XRD) etc.. 

3.1.1 Target Preparation 

Thin films of ZnO in this study were grown through the ablation of a commercial 

pure polycrystalline ZnO target [179]. For the ternary alloys, namely MgxZn1-xO and Al-

doped MgxZn1-xO, some sintered polycrystalline target with various Mg and/or Al 

concentration were used. The preparation of these sintered targets need high purity, small 

particle size powders, such as ZnO, MgO and Al2O3. Impurities in the target material are 
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the most significant source of contamination for the process, so the purity of powders is 

normally at least 99.995%.  

In the formation of an alloy, target powders need to be mixed. For MgxZn1-xO, 

ZnO powders is mixed by a certain amount of MgO powders depending the desired Mg 

concentration x. If the alloy needs to be further doped by aluminum, 2% wt. of Al2O3 is 

generally added. This mixing can usually be done by pouring the powders into a beaker, 

and then adding alcohol, and a magnetic stirrer. The mixture should then be stirred while 

it is drying in a chemical hood.  

After the powders have had sufficient time to dry, it is ready to press. The die 

used for pressing the target should be properly cleaned and lubricated with a very small 

amount of oleic acid. Oleic acid works best, because it is carbon-based, and the carbon 

impurities will have the least negative effect on the resulting target. 

After about 10 to 15 grams of powder are poured into the die, the powder can be 

pressed. The amount of pressure is typically around 5000 PSI. When a mass of pressed 

powder is removed from the die, it will have a small amount of oleic acid on its surface. 

Very gently rubbing it on a Kim-wipe will remove a small amount of material from the 

target, as it removes the oleic acid. 

A clean alumina crucible is typically used to sinter the target. Typical sintering 

temperatures are around two-thirds the melting point of the material [180]. This is, of 

course, assuming one of the constituent materials doesn’t have a sublimation point below 

its melting point. Otherwise, the sintered target may have a very different chemical 

composition than the original recipe. Temperatures for sintering MgxZn1-xO is usually 

from ~ 1200 ºC to ~ 1600 ºC, for about 6 to 12 hours. The sintering condition depends on 

the mole ratio of  MgO to ZnO in the mixed powders, since the melting point of MgO is 

higher than that of ZnO. The resulting target (MgZnO, MgZnO:Al) should be greenish, or 

white, in appearance, and very hard. It is a good idea to polish the resulting target before 

the first use, and after each successive use.  

3.1.2 PLD Growths 

Laser is a powerful tool in many applications. It is especially useful in material 

processing. Due to the narrow frequency bandwidth, coherence and high power density of 
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this instrument, the light beam from a high power laser is often intense enough to 

vaporize the hardest and most heat resistant materials. Hence, polycomponent materials 

can be ablated and deposited onto substrate to form stoichiometric thin films. This 

procedure is called Pulsed Laser Deposition (PLD) [181]. 

In general, the method of pulsed laser deposition is simple. Only a few parameters 

need to be controlled during the process. The substrate temperature and chamber pressure 

is two major parameters for a PLD growth. By controlling the number of pulses as well 

as the laser pulse energy, a fine control of film thickness can be achieved. A fast response 

in exploiting new material system is a unique feature of PLD among other deposition 

methods. The most important feature of PLD is that the stoichiometry of the target can be 

retained in the deposited films, since the extremely high heating rate of the target surface 

due to high energy laser pulses leads to congruent evaporation of the target irrespective to 

the evaporating point of the constituent elements or compounds of the target. The high 

energy of the vaporized atoms in the laser plume is advantageous because the kinetic 

energy of the impinging atoms is transferred to the growing film resulting in high surface 

atom mobility for incorporating into the crystal structure. For this reason, laser deposition 

of crystalline film demands a somewhat lower temperature than other techniques. If the 

film needs to be deposited on some device structures, PLD can protect the underlying 

devices or circuits from thermal degradation. 

In spite of mentioned advantages of PLD, some shortcomings have been 

identified in use of this deposition technique. One of the major problems is the splashing 

or the particulates deposition on the film. The physical mechanisms leading to splashing 

include the surface boiling, expulsion of the liquid layer by shock wave recoil pressure 

and exfoliation. The size of particulates may be as large as a few microns. Such 

particulates will greatly affect the growth of the subsequent layers as well as the electrical 

properties of the film and should be eliminated. Another problem is the narrow angular 

distribution of the ablated species, which is generated by the adiabatic expansion of laser 

produced plasma plume and the pitting of the target surface. These features limit the use 

of PLD in producing a large area uniform thin film. Recently remedial measures, such as 

off axis PLD and inserting a shadow mask to block off the particulates, and rotating both 
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target and substrate in order to produce a larger uniform film, have been developed to 

minimize some of the PLD problems. 

High quality ZnO single crystal films have been prepared by several growth 

techniques, including rf magnetron sputtering [182], molecular beam expitaxy (MBE) 

[183], metal organic chemical vapor deposition (MOCVD) [184], hydride or halide vapor 

phase expitaxy (HVPE) [185, 186], and pulsed laser deposition (PLD) [187]. Among 

these techniques, PLD have been demonstrated to be a relative simple and very flexible 

growth technique to yield single crystal ZnO films. Since the stoichiometry of the target 

material tends to be retained in the deposited film, PLD is also a reasonable choice for 

growing MgxZn1-xO or even Al-doped MgxZn1-xO. 

 
Figure 3-1. A schematic of a pulsed laser deposition chamber.[179] 

A basic schematic of the pulsed laser deposition chamber used in the present 

study is shown in Figure 3-1. The PLD chamber consists of a target and heated substrate 

facing each other in high vacuum. Pulses, about 25 ns in duration, of high-powered light, 

between 150 and 300 milijoules, are generated by an external KrF excimer laser, and 

focused onto the target in the chamber though a UV laser window. A small amount of the 

target ablates resulting in a plume of material impinge on the substrate, where they are 

reabsorbed as a film. 

If the application of ZnO or MgxZn1-xO films is for absorption study, sapphire is 

typically chosen as a substrate material, because of its excellent transparency into the 
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deep UV. Small pieces of double side polished c-axis (0001) oriented sapphire, 

approximately 1 cm on the edge, with front side epi-polished and back side optical 

polished are prepared in boiling acetone and methanol, each for 5 min.  Samples and 

target are loaded into a PLD chamber which is then pumped down to a base pressure of ~ 

2×10-7 Torr. The substrates can be gradually heated up to the growth temperature, which 

is controllable from room temperature to 950 °C. The target is usually pre-cleaned with 

500 pulses at 5Hz and 500 pulses at 10Hz repetition rate, when the sample is masked 

with a shutter to avoid undesired deposition. The repetition rate and energy level of laser 

pulses are kept at 10 Hz and 160 ~ 200 mJ in this study. During pulsed laser depositions, 

the target is rotated and rastered for the laser to access it uniformly. The substrate holder 

is also rotated during the growth for film uniformity. A partial pressure of oxygen of 

between 10-6 and 10-1 Torr is typically maintained in the chamber, with optimum 

pressures depending on growth temperature[188]. In these conditions, a typical growth 

rate of ZnO film growth is around 300 ~ 400 nm per hour. The samples are usually 

cooled in an oxygen atmosphere to prevent desorption of oxygen at higher temperatures 

and to give the crystal time to relax dislocations induced by different coefficients of 

thermal expansion in ZnO compared to sapphire.  

Post-growth thermal annealing is sometimes carried out in a programmable quartz 

tube furnace to improve the crystalline quality of the films. The annealing is performed in 

a constant flow of air by letting one end of the tube open to the air and the other 

connected to the exhaust. In a typical annealing experiment, the temperature of the 

furnace is programmed increase to 800 ~ 1000 ºC with a rate of 15 ºC/min, and is held for 

2 ~ 4 hours, before finally slowly cooling back down to room temperature. Note that an 

annealing time long than six hours is usually harmful to the films.  

3.1.3 Buffer-assisted Technique  

A buffer layer can be inserted at the initial phase of a ZnO growth to improve its 

crystalline quality. This buffer-assisted growth technique work particularly well when the 

film is deposited on a lattice-mismatched substrate, such as silicon or sapphire. Many 

types of buffer materials, such as GaN [189], ZnS [190] and MgO [191], have been 

studied for the growth of ZnO. Beside these materials, a buffer can also be the same ZnO, 
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but grown at a different condition than the bulk film, which is called a homogeneous 

buffer. The improvement mechanism of this homogenous buffer has been attributes to a 

nucleation layer forming at initial buffer phase, which produces a high-quality 

crystallographic template for subsequent growth [188].  

In the case of PLD, the initial buffer ZnO is generally deposited at a growth 

condition different than the bulk film in terms of either pressure [188], temperature [192], 

or both [193]. The buffer thickness is also a critical parameter for this type of deposition 

[192]. An interesting observation is that the buffer growth conditions for optimizing the 

structural, electrical and optical properties of certain ZnO films are not always the same. 

The focus of the present work is the effect of buffers on the optical properties, especially 

optical absorption, of ZnO films. Also, the buffer technique has been extended to the 

growth of MgxZn1-xO in our study. 

At the initial stage of a buffer assisted ZnO growth, the buffer condition is set 

after the pre-clean of the target. Three types of buffer conditions have been investigated, 

which are low temperature (LT) buffer, low pressure (LP) buffer and low-temperature 

low pressure buffer (LP-LT). “Low temperature” refers to a substrate temperature of 500 

ºC and “low pressure” means that the chamber maintained at 10-6 Torr without any 

oxygen flow. When the system reaches a certain buffer condition, a small number of 

pulses (1000 ~ 3000) are deposited. The deposition is then pause and the growth 

condition is changed to 700 ºC of substrate temperature and 35 mTorr of oxygen pressure 

for bulk film growth. The pressure and temperature adjustment normally takes 10 ~ 20 

minutes. 

3.1.4 X-Ray Diffractometry (XRD) 

X-ray diffractometry (XRD) is a traditional approach to determine the phase 

content in many minerals and materials. It is used as an adjunct to chemical analysis in 

the identification of the constituents of mixtures of crystalline phases, e.g., in minerals, 

cements and alloys. In modern electronics, XRD is applied to the measurements of the 

lattice parameters of artificially produced structures such as the epitaxial thin film 

materials.  
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X-rays primarily interact with electrons in atoms. When x-ray photons collide 

with electrons, some photons from the incident beam will be deflected away from the 

direction where they original travel, as shown in Figure 3-2. If the scattering process is 

elastic, meaning that x-ray photons did not lose any energy, these photons will carry 

information about the electron distribution in materials. The diffracted waves from 

different atoms can interfere with each other and the resulting intensity distribution is 

strongly modulated by this interaction. In a crystal or crystalline film where the atoms are 

arranged in a periodic fashion, the diffracted waves will consist of sharp interference 

maxima (peaks) with the same symmetry as in the distribution of atoms. Measuring the 

diffraction pattern therefore allows us to deduce the distribution of atoms in a material.  

 

 
Figure 3-2. The basic principles of x-ray diffractometry (XRD) and Bragg’s law. 

The peaks in an x-ray diffraction pattern are directly related to the atomic spacing, 

following the famous Bragg’s law: 

λθ nd =sin2 ,      (3.1) 

by which the lattice constant d can be calculated from the measured scattering angle θ, if 

the wavelength of the x-ray and the order of diffraction peak n is known.  

Generally speaking thin film diffraction refers not to a specific technique but 

rather a collection of XRD techniques for characterization of thin film samples grown on 

substrates. Two of these techniques are used in this study. One is the θ-2θ scans, which 

provide information about lattice mismatch between the film and the substrate and 

therefore is indicative of strain and stress. The other is the ω-rocking curve measurements 
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made by doing a θ scan at a fixed 2θ angle, the width of which is inversely proportionally 

to the dislocation density in the film and is therefore used as a gauge of the quality of the 

film. 

Most of the x-ray diffraction (XRD) experiments for this study were carried out 

on a Rigaku diffractometer equipped with a CuKα source and a graphite monochromator. 

This is a single-crystal diffractometer with resolution high enough for θ-2θ chemical 

analysis, but not high enough for high-resolution rocking curve measurements. For some 

of the samples, rocking curve measurements were carried out in a different machine.  

Samples are mounted to the sample holder with modeling clay to ensure good 

adhesion and to allow for the sample to settle into a position flush with the 0º position of 

the instrument. After the CuKα source is turned on, the experiment is started using the 

computer interface. Typically, scans are performed from 15º to 95º with 0.1º increments, 

and 1 second counting time between measurements. Fine scans were usually performed 

with 0.01º increments. Although the accuracy of linewidths in these fine measurements is 

not justified by the resolution of the instrument, the peak positions were used with a 

careful angular calibration again the sapphire substrate peaks as an indication of stain or 

stress difference. 

ω-rocking curve measurements in the present work were performed in a Phillips 

double crystal x-ray diffraction system. The first crystal used in these rocking curve scans 

is a high quality GaN single crystal. The x-ray system is capable of scanning from  

– 10,000 to + 10,000 arc sec with an angular resolution of at least 5 arc sec, which is 

sufficient for the study of the crystalline quality of our ZnO films. 

3.1.5 Atomic Force Microscopy (AFM) 

Atomic Force Microscope (AFM) images of ZnO and MgxZn1-xO thin films on 

sapphire substrates were taken to study the rms (root-mean-square) surface roughness of 

PLD grown films at various oxygen partial pressures. These measurements were carried 

out on a Digital Instruments AFM working in tapping mode. 

AFM operates by measuring attractive or repulsive forces between a nano-scale 

abrupt tip and the surface of the sample. In its repulsive “contact” mode, the instrument 

tip is brought into atomically close proximity to the sample at the end of a leaf spring or 
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“cantilever” to the sample. As a piezo-driven raster-scan drags the tip over the sample, a 

sensitive detection apparatus measures the vertical deflection of the cantilever, which 

indicates the local sample height. To achieve this, most AFMs today use the optical lever, 

a device that achieves resolution comparable to an interferometer. Thus, in contact mode 

the AFM measures hard-sphere repulsion forces between the tip and sample as it scanned 

with nanoscale resolution across the surface. The optical lever operates by reflecting a 

laser beam off the cantilever. Angular deflection of the cantilever causes a two-fold 

angular deflection of the laser beam. The reflected laser beam strikes a position-sensitive 

photodetector consisting of two side-by-side photodiodes. The difference between the 

two photodiode signals indicates the position of the laser spot on the detector and thus the 

angular deflection of the cantilever.[194] 

In the non-contact or “tapping” mode, the cantilever is externally oscillated at or 

close to its resonance frequency. The oscillation amplitude, phase and resonance 

frequency are modified by tip-sample interaction forces; these changes in oscillation with 

respect to the external reference oscillation provide information about the sample's 

characteristics. Schemes for tapping mode operation include frequency modulation and 

the more common amplitude modulation. In frequency modulation, changes in the 

oscillation frequency provide information about tip-sample interactions. Frequency can 

be measured with very high sensitivity and thus the frequency modulation mode allows 

for the use of very stiff cantilevers. In amplitude modulation, changes in the oscillation 

amplitude or phase provide the feedback signal for imaging. Amplitude modulation can 

be operated either in the non-contact or in the intermittent contact regime. 

3.1.6 Scanning Electron Microscopy (SEM) and Cathodoluminescence (CL) 

In scanning electron microscopy (SEM), a beam of electrons is generated, 

accelerated and scanned across the surface of a sample. The beam sample interaction 

produces x-rays, electron-hole pairs, Auger electrons, backscattered and secondary 

electrons, and Bremsstrahlung radiation. Each of these signals can be used for a variety of 

imaging and analysis techniques. Secondary electron microscopy uses the secondary 

electrons that eject from the sample surface and collected at a positively biased 

grid/detector assembly. The secondary electron intensity is a measure of the topography 
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of the sample. Secondary electrons are emitted from the first few monolayers of the 

sample. The topographical differences in the sample give rise to different levels of 

secondary emission and further signal amplification of this secondary electron output 

contrast provides a measure of the morphology of the sample. 

Cathodoluminescence (CL) detects the light emitted by the electron-hole pair 

recombination in the sample as a result of electron beam interaction. The emitted light 

after the EHP recombination is reflected into an elliptical mirror that diverts this light into 

a detector system. In monochromatic mode an additional mirror deflects the light to a fine 

grating which disperses the light spatially corresponding to each wavelength. In 

panchromatic mode all wavelengths are directed to a detector. The output signal detected 

therefore is a measure of the light emission from the sample surface.  

The SEM used in the present work is a JEOL JSM-6400 scanning electron 

microscope equipped with an Oxford Instruments MonoCL2 CL system suitable for the 

ultraviolet-visible (160 - 930 nm) range luminescence detection. The MonoCL2 system 

consists of a high sensitivity photomultiplier tube (PMT) and a 0.3-meter monochromator 

with 1200 lines/mm plane grating. The incident electron beam condition for standard CL 

measurements is 5 kV, 600 pA with ~100 um by ~80 um excitation area. The 

luminescence collection system has spectral resolution of 0.5 nm and wavelength 

accuracy of ± 0.2 nm under normal measurement conditions. 

3.1.7 Optical Absorption 

The principles of optical absorption have been discussed extensively in Chapter 2. 

Some of optical absorption measurements in this study were performed on a dual-beam 

Perkin-Elmer Lambda 9 (UV-VIS-NIR) absorption spectrophotometer. Other absorption 

data were taken using an Acton Research SpectroPro-500 spectrograph. A Janis-8DT 

cryostat was used for temperature dependent absorption measurements, with the technical 

details described in §2.4. 

The first spectrophotometer is a dual-beam and double monochromator Perkin-

Elemer Lambda 9 UV-VIS-NIR absorption spectrophotometer. The spectrophotometer 

has a deuterium lamp and a tungsten-halogen lamp as the light sources, as well as a PbS 

detector for NIR range optical detection. The two monochromator with UV/VIS gratings 
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of 1440 line/mm and NIR gratings of 360 lines/mm are capable of operating at 

wavelengths from 185 to 3200 nm. The nominal slit width and the scan speed of the 

instrument are set as 1 nm and 120 nm/min or 0.5 nm and 7.5 nm/min depending on the 

required spectral resolution. 

The spectrograph used in this work is an Acton Research SpectroPro-500 triple-

grating spectrograph/monochromator with 500 mm focal length. Two of the three 

gratings in this spectrograph, a 600 l/mm one for rough scans and a 2400 l/mm one for 

fine scans, are used in the measurements. The detector of the spectrograph is a RY-1024 

CCD array, which has 1024 horizontal CCD pixels with pixel size 24.9 µm by 2.5 mm. 

3.1.8 Four-Point Probe and Transfer Length Method (TLM)  

The four-point probe technique is the most common method for measuring the 

semiconductor resistivity, where two of the four probes carry the current and the other 

two sense the voltage. The use of four probes has an important advantage over two 

probes by separating the current carrying and voltage sensing probes. In this method, the 

voltage is measured either with a potentiometer, which draws no current at all, or with a 

high impedance voltmeter, which draws very little current. The parasitic probe, contact 

and spreading resistances are negligible in either case because the voltage drops across 

them are negligibly small due to the very small current across the voltage sensing probes. 

For a thin sample and neglecting the correction factor, its resistivity can be calculated as: 

t
I
V

×= 532.4ρ ,      (3.2) 

where t is the film thickness. 

The TLM (transfer length method) test structure looks like Figure 3-3, in which 

the total resistance is measured for various contact spacings d. A typical plot of the total 

resistance RT as function of d is also shown in the same figure. Three parameters can be 

extracted from such a plot. The slope ∆(RT)/ ∆(d) = Sρ /Z leads to the sheet resistance 

with the contact width Z independently measured. The intercept at d = 0 RT = 2Rc giving 

the contact resistance. The intercept at RT = 0 gives –d = 2LT, which in turn can be used 

to calculate the specific contact resistivity with Sρ  known from the slope of the plot. The 
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transfer length method gives a complete characterization of the contact by providing the 

sheet resistance, the contact resistance and the specific contact resistivity. 

 
Figure 3-3. A TLM test structure and a typical plot of total resistance as a function of contact spacing, 
d. [17] 

3.1.9 ATO/ITO/glass Substrate 

The growth of ZnO has been demonstrated on various kinds of substrates, including 

Si [195, 196], ScAlMgO4 [197], GaAs [198], sapphire (Al2O3) [199] and glass [200-203]. 

One of the major advantages of PLD over other growth techniques is its versatility of 

depositing ZnO on lattice mismatched or even amorphous substrates, such as fused glass 

[200-203]. In the present work, a new type of substrate, ATO/ITO/glass, is studied as the 

substrate material for ZnO deposition. 

Corning 7059 glass substrates, 0.04 inch thick, coated with 200 nm indium tin 

oxide (ITO, 90 wt% In2O3 + 10 wt% of Sn2O3) and then 220 nm aluminum titanium 

oxide (ATO, Al2O3/TiO2), were supplied by Planar Systems as one of our substrate 

materials. The transparent conducting ITO layer is sputter deposited [204]. The dielectric 

layer of ATO was deposited using atomic layer deposition (ALD) to ensure a good 

insulating quality. The ITO is crystalline in nature whereas the ATO is amorphous [205].  

Since ATO/ITO/glass is going to be used as substrates for PLD growth, it is 

necessary to know the highest temperature it can tolerate. This is mainly determined by 

the Corning 7059 borosilicate glass layer. Corning 7059 glass has a softening temperature 
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of about 600 ºC so rapid thermal annealing below 650 ºC is possible but anything higher 

will deform the substrate. Smaller samples, up to 2 inches square, may be annealed up to 

850 ºC for short times [206]. For device applications, especially device modeling, another 

key parameter we need to identify is the static dielectric constant of ATO. It has been 

estimated as ~ 14 from the charge density-voltage (Q-V) measurements [207]. 

§3.2 Device Processing 

As the materials for making a ZnO modulator become available and their basic 

information are collected, the remaining task is to design and fabricate the ZnO 

modulator. This section focuses on the device processing issues, with emphasis on the 

general architecture considerations, mask and process flow design. Some unique 

processes, such as the wet etching of ZnO material and the spin-on glass process, are also 

briefly introduced.   

3.2.1 Design Considerations  

The first question needs to be answered in the design of an electroabsorption (EA) 

modulator is what architecture the device should take. In the design of GaAs [208] and 

ZnSe [18] multiple quantum wells (MQWs) modulators, the electric field across the 

active MQWs layer is generally applied through the reverse bias of a heterostructure P-I-

N junction, as illustrated in Figure 3-4. This reverse bias enables the application of a 

large electric field with minimum leakage current before junction breaks down. Also, 

since the junction always works between zero bias and a reverse bias, the diffusion 

capacitance associated with majority carrier storage is very small, which means that the 

structure may operate in a very fast speed. 

However, such architecture cannot be applied to the ZnO EA modulators for a 

couple of practical reasons. The fundamental difficulty is p-type doping of ZnO. 

Acceptors in ZnO may be compensated by low-energy defect, such as interstitial zinc 

atoms or oxygen vacancies [209], or background impurities (H). Low solubility of the 

dopant in the host material is also another possible explanation for poor p-doping quality 

of ZnO [210]. The second reason is related to the first one. Since the undoped ZnO active 

region is often n-type, when a reversed bias is applied, the depletion of this region causes 
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a gradient in electric field according to Poisson’s law. This non-uniformity of field may 

degrade the device operation. 

 

 
Figure 3-4. An example of GaAs Quantum well modulator [30]. A reversed bias is applied between 
the substrate and p-top contact. An etching of substrate is generally necessary to allow maximum 
light transmission. 

In our ZnO modulator, a structure with the ZnO active layer “sandwiched” 

between two insulators is used. The device consists of five layers, which are: 

• Top electrode 
• Top insulator 
• Active ZnO 
• Bottom insulator 
• Bottom Electrode 

Provided that leakage current is negligible, the modulator operates like three 

parallel plate capacitors in series. The electric field is applied across all the three 

dielectric in the middle. 

The five layers in our design should satisfy some basic requirements to guarantee 

the correct device operation. Obviously, the insulators should have low leakage to avoid 

unexpected joule heating of the device. Optically, all the insulators and conductors should 

be transparent for the interesting wavelength, at which the modulator is designed to 

operate. For the active ZnO layer, a sharp absorption edge and a strong exciton resonance 

is preferred for both improving the mount of modulation as well as facilitating the 

comparison between theory and experiments.  
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Another requirement on the structural properties of these film materials is 

particularly associated with PLD growth technique. As we mentioned in the §3.1.2, PLD 

may produce micro-sized particulates in the film. In the five-layer modulator structure, 

the particulates in ZnO can create direct electrical connection from the top conductor to 

the active layer, which means that two of the three serial capacitors are shorted and little 

electric field is across the active layer. This has been observed in the I-V characteristics 

of some failed devices. It is also found that the application of spin-on glass as the top 

insulator can mitigate the problem. 

After the basic device architecture is decided, the remaining questions are what 

material to be used for the five layers. The most critical step in the fabrication of our 

modulators is the growth of the ZnO layer. This is because the growth requires high 

temperature and the optical quality of ZnO has to be good enough for electroabsorption 

modulation. Therefore, the choice of the materials fabricated before ZnO active layer, i.e. 

the bottom conductor and bottom insulator, are of great significance. In this work, two 

sets of candidates are considered and experimented. One of them is Al-doped MgxZn1-xO 

as the bottom conductor and MgyZn1-yO as the bottom insulator, with preferably x < y to 

create an energy barrier for electron at the heterojunction of insulator and conductor to 

further block the leakage. The other one is the ATO/ITO/glass substrates introduced in 

§3.1.9. A comparison of these two schemes needs various experimental data, which are 

included in Chapter 4. The final devices adopt the ATO/ITO/glass structure.  

The top insulator in our device is spin-on glass. Spin-on glass has its unique 

advantage in this process, namely the ability of filling gap and offering better coverage 

over ZnO. Two kinds of top conductors, ~ 5 nm of semi-transparent Nickel (Ni) and ~ 

100 nm of amorphous indium gallium zinc oxide (InGaZnO, IGZO) were tried in the 

modulators. Each of the two electrodes has its pros and cons. From a device engineering 

point of view, IGZO-coated device reduces the insertion optical loss of the EA modulator 

and therefore is better. 

3.2.2 Modulator Mask 

A three-level mask set was designed for the processing of ZnO electroabsorption 

modulators. The three mask levels are the mesa mask, the top contact mask and the 



 80

bottom contact mask. Ni-coated and IGZO-coated modulators both used the same mask 

set, but with different process flow. Test structures, such as TLM structure, were also 

incorporated onto the mask as well as the complete devices in order to provide fabrication 

control. 

The layout of a ZnO modulator is shown in Figure 3-5 as an example. Three sizes 

of device were drawn in the same mask set, with the critical dimensions are listed in 

Table 3-1. 

 
Figure 3-5. The layout of a large size ZnO modulator, which consisting of bottom ring contact mask 
(outer ring), top ring contact mask (inner ring) and mesa mask (rectangular area). 

Table 3-1. Summary of three kinds of device dimensions for ZnO modulators. 

Mesa Window Clearance Device 
Size Length 

(µm) 
Width 
(µm) 

Length 
(µm) 

Width 
(µm) 

Top to 
Mesa (µm) 

Bottom to 
Mesa (µm)

Small 270 190 130 130 10 20 

Medium 250 200 150 150 10 10 

Large 450 370 290 290 20 20 
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3.2.3 Process Flow 

The process flows for making the Ni-coated and IGZO-coated device are the same 

until they reach the step of top contact deposition. Starting with a blank ATO/ITO/glass 

substrate, it was first degreased in boiling acetone and methanol for 5 minutes each. The 

clean substrate was loaded in the PLD chamber, along with the commercial ZnO target. A 

typical deposition condition is 600 °C substrate temperature and 35 mTorr oxygen 

pressure. The laser energy should be kept at a moderate level, for example from 160 to 

200 mJ/pulses, because high laser power tends to produce more particulates. Usually the 

active ZnO layer is about 150 ~ 200 nm thick, corresponding to 12,000 ~ 18,000 pulses. 

Once the growth is done, it is recommended to stop heating up the substrates to prevent 

the high temperature from changing the I-V characteristics of the ATO insulator.     

The next step is mesa definition process, where standard positive 

photolithography procedure was performed to define the mesa area. Off-mesa ZnO was 

then completely etched using acids. Diluted phosphoric acid (H3PO4, ~ 0.1% v/v) work 

nicely for ZnO due to its well controllable etch rate. Since phosphoric acid won’t attack 

the ATO substrate, a little over-etching is acceptable, as long as the etching in horizontal 

direction does not change the mesa size too much. 

Once the photoresist were removed, the height of mesa was measured using a 

Dektek profiler and recorded. It is also recommended that at this point the mesas should 

be inspected carefully under the optical microscope and the defective mesas should be 

documented. This information is found to be quite valuable for finding the best devices 

during the testing step.  

Two different processes, Plasma Enhanced Chemical Vapor Depostion (PECVD) 

SiO2 and Spin-On Glass (SOG), have been experimented as the top insulator of the 

device. SOG process turns out to be better, both in terms of reliability and simplicity. The 

details about SOG are covered in §3.2.4. 

Up to this point, the process flow for Ni-coated and IGZO coated devices are 

identical. If a semi-transparent Ni layer was about to be put down as the top electrode, the 

mesa mask was used again. The difference is that this time the photolithography pattern 

was defined by a standard negative resist process, namely the mesa areas were left as 

windows. A 4 ~ 6 nm thick layer of nickel was deposited using an electron beam thermal 
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evaporator. After the deposition, the samples were placed in acetone for photoresist lift-

off, leaving the off-mesa nickel behind. The similar process is repeated once again for the 

ring contact, only this time the top ring contact mask is used and the thickness of Ni ring 

contact is ~ 200 nm since transparency is not required. Another suggestion is that the 

deposition of transparent electrodes (~5 nm Ni) and ring contacts (~200nm Ni) can be 

switched in order. The advantage of do this is the mask alignment during 

photolithography is much easier in such processing sequence.  

For the IGZO-coated modulators, ring contacts are not necessary. The same photo 

step as transparent electrode (TE) deposition was carried out. The patterned sample was 

loaded again into the PLD chamber. IGZO thin film of ~ 100 nm thickness was then 

deposited at room temperature and 5 mTorr oxygen pressure, and subsequently lift off.  

The bottom electrodes of these devices were made by contacting the ITO 

conducting layer in the substrate using indium pads. A diamond scribe was used to 

scratch the substrate all the way to the glass substrate. Once the electrical connection 

through the ITO layer was confirmed from resistance measurement by a multimeter, 

indium were soldered on the substrate as bottom electrode pad. It also needs to be 

mentioned that ZnO is chemically very active. During the process of ZnO modulators, the 

usage of strong acid and base should really be eliminated.  

3.2.4 Wet Etching and Spin-on Glass 

ZnO is readily etched in many acid solutions, including HNO3/HCl and HF [211-

213]. In the present work, hydrochloric acid (HCl) and phosphoric acid (H3PO4) were 

investigated as the acid solutions for wet chemical etching of ZnO. As a relative weak 

acid, etch rate of H3PO4 on ZnO is over 100 times slower than that of HCl with the same 

concentration, and therefore much easier to control. Even for H3PO4, a diluted solution is 

necessary. The etch rate of ZnO by ~ 0.1 % phosphoric acid is approximately 2 nm/s. 

Spin-on Glass (SOG) is widely used in the silicon integrated circuit industry as an 

interlevel dielectric material. The chemical composition of SOG is normally silicon-

based polymer materials (eg. methyl-siloxane) existing in liquid form at room 

temperature. Once heated up to 300 ~ 400 ºC, the liquid turns to solid form and stick on 

the surface of wafer. The spin-on glass used in our ZnO modulator is Honeywell 512B 
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with a dielectric constant ~ 3.2, lower than ~ 3.9 of silicon dioxide. One of major features 

of SOG is its excellent capability to fill gaps (down to ~ 100 nm for 512B series) and 

planarize the chip surface. This is found in great favor during the fabrication of ZnO 

optical modulators. As we mentioned in the previous section, particulates of ZnO from 

the PLD growth can short the active layer and the top electrode. When a conformal 

process such as PECVD is used to cover the particle, high electric field often exist around 

these micron-size particles and can potentially cause pre-mature dielectric breakdown. 

On the other hand, since SOG tends to palanarize the surface as in its liquid form, and 

therefore can offer better insulation [214].    

§3.3 Device Testing 

DC and AC operation of the final ZnO modulators were measured on a 

customized optical test bench. I-V testing structures have also been fabricated to study 

the leakage of the various insulators used in the final device.  

3.3.1 I-V testing structures 

I-V characteristics in this study were measured by a Tektronix 370 curve tracer in 

DC leakage mode. For the final devices, their I-V curves can be directly monitored on the 

optical bench during the modulation testing. If the insulation of SOG and ATO layers 

need to be examined separately, I-V testing structures become necessary.  

The test structures for SOG are fabricated by put down SOG on top of a 

conducting silicon piece with ~ 2 x 2 cm size. The same Si piece was also used to 

monitor the thickness of SOG. The wafer was patterned using the mesa mask. A ~ 200 

nm thick layer of Ni was then deposited by e-beam evaporation and lift-off in acetone to 

form some Ni pads as one electrode. The corners of the sample were then scratched and 

indium pads were soldered to contact the silicon wafer as the other electrode. The test 

structures for ATO were made by simply depositing the Ni pads on top of 

ATO/ITO/glass substrate and contacting the ITO layer. 
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3.3.2 DC Testing System 

Electroabsorption (EA) spectra of ZnO modulators were collected using an optical 

system like Figure 3-6. Ultraviolet (UV) light from the deuterium lamp focuses through 

the ZnO modulator sample with a 20x microscope objective. The modulated light is then 

collected with two fused silica lenses and coupled into a USB 2000 fiber CCD 

spectrometer. A DC modulation voltage is generated by a Tektronix 370 curve tracer. 

The advantage of using this curve tracer is that the I-V curve of the modulator can be 

monitor at the same time.   

 
Figure 3-6. Basic setup for testing DC optical modulation. UV light from the deuterium lamp is 
focused through the ZnO modulator sample and the modulated light is then collected with two fused 
silica lenses into a USB 2000 spectrometer. The DC driving signal is generated by a curve tracer. 

The UV light source is an Oriel Instruments 63164 30W high irradiance ozone 

free Deuterium arc lamp. The lamp has an arc diameter of 0.5 mm and output wavelength 

down to 180 nm. An Oriel 68840 adjustable current power supply is used to power up the 

D2 lamp. The USB2000 fiber CCD spectrometer accepts light energy transmitted through 

single-strand optical fiber and disperses it via a fixed grating across the linear CCD array 

detector, which is responsive from 200-1100 nm. The nominal spectral resolution of this 

spectrometer is ~ 0.8 nm/pixel. The actual resolution of the instrument is measured to be 

approximately 1.4 nm according to the wavelength calibration using a low-pressure 

mercury lamp. 
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3.3.3 AC Testing System 

Figure 3-7 is a schematic of the AC testing system to measure the frequency 

response of ZnO modulators. The AC setup is built on the basis of the DC system in 

Figure 3-6. In this setup, a AC signal from an Agilent 33210A 15 MHz arbitrary function 

generator is amplified by home-mode high-speed high-voltage (HV) driver circuit based 

on MSK 610 op-amp. The circuit is capable of generating 0 ~ 110 V driving signal with 

maximum frequency 2 ~ 4 MHz. The output signal from the driver is also fed into a high-

speed oscilloscope through a 10x attenuator, so that the driving amplitude can be 

monitored during the measurements.   

 
Figure 3-7. A testing system for AC operation of ZnO modulator, which is built on the basis of the 
DC system in Figure 3-6. A lock-in amplifier is used in this system to pick up the modulated signal. 

Since the deuterium lamp is a wide band source, the modulated light should be 

filtered so that only the light with interesting wavelengths is detected by the Hamamatsu 

photomultiplier tube (PMT). This can be achieved by either a UV filter or a 

monochromator. The center wavelength is flexible if a monochromator is in the system, 

but the insertion loss in this case is going to be much higher than the case that only a 

filter is used.  
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An EG&G lock-in amplifier is used in conjunction with a PMT on the detection 

side of this system. The input signal to the HV driver is taken as the reference of the lock-

in amplified, because if the modulator works, the modulated light should be synchronous 

with the driving signal. The effect of the driving voltage on a ZnO modulator is 

analogous to an optical chopper that “chops” the light in common lock-in applications. 

Only in this case the chopping is electrical rather than mechanical, and at a much higher 

speed. Based on this concept, both the modulation amplitude and phase can be measured 

in the system. The phase of modulation means that how close the modulated optical 

signal can follow the modulating electrical signal. If phase is defined as the delay being 

added by the lock-in amplifier to the input signal to match the reference, a positive phase 

then means lagging of the modulated light, whereas a negative phase means leading. No 

matter what the definition is, zero degree phase normally indicates that the modulated 

signal increases with the driving signal, and 180º indicates the reverse trend.  

 
Figure 3-8. Circuit Schematic of the HV driver used in the AC testing setup [215]: (a) basic amplifier, 
(b) protection circuit. 

Since the driver circuit is home made and no manual is available, it is useful to 

mention some tips about how to operate this circuit. The schematic of the driver is shown 

in Figure 3-8 and the application note for the HV op-amp 610 is detailed in Ref. [215]. 

The most important consideration here is the power dissipation of the MSK 610 

HV op-amp, which can be estimated as the product of output current (the total current 
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delivered from the power supply subtracted by the quiescent current) and the voltage 

difference between output and power rail. Since the voltage normally swings from 0 to 

100 V and the output current is tens of mA for a large load, the power dissipation on the 

chip can easily be several watts. Therefore, a good heat sink is absolutely necessary. 

Another useful trick is always keeping the supply rail voltage just 10 ~ 15 V above the 

peak output to minimized the voltage drop on the output transistors inside the MSK 610 

op-amp. A digital temperature controller is used to monitor the chip case temperature. In 

our system, a peltier cooler and a ThermalTake AMD K8 CPU cooling fan are installed 

together to cool the MSK-610 op-amp. Normally in this configuration, the chip 

temperature should be controlled below 50 ºC.  

The second consideration is about the protection circuit. The current limit of this 

circuit is decided as 0.6 V divided by the value of Rsc in Figure 3-8 (b). The value of Rsc 

is now set as 10 ohms in the driver, corresponding to a maximum output current of 60 

mA. If higher output is required, this resistor value should be scale down accordingly. In 

order to stop some high frequency current spike from falsely turning on the protection, a 

capacitor Csc is connected in parallel with Rsc. The manual value for this capacitor is 1 

nF, but in fact it is really decided by the power consumption and the temperature of the 

bipolar transistors Q2 ad Q4 in normal operation. In our case, Csc is set as 0.1 µF to stop 

the heating of Q2. 
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Chapter 4 Results and Discussions 

The techniques used for the growth and characterization of ZnO-based thin film 

materials and the testing of ZnO electroabsorption (EA) modulator devices are detail in 

the previous chapter. This chapter discusses the experimental results, including the 

characteristics of PLD grown films, as well as DC and AC operation of ZnO EA 

modulators. A three-layer dielectric model with the consideration of charge screening 

effect in the ZnO active layer is used to calculate the electric field across the modulator. 

On the other hand, the strength of applied field is also extracted by comparing the 

electroabsorption data with the theory discussed in Chapter 2. A good agreement is 

achieved on the electric field intensity obtained by the two approaches.     

§4.1 Characterization ZnO-Based Thin Films 

As mentioned in Chapter 3, a ZnO based electroabsorption optical modulator 

should have a top and a bottom transplant electrode, a top and a bottom insulator (current 

blocker) and a functional ZnO active layer with good excitonic absorption property. The 

term “transparent” refers to high transmission of the films at the operating wavelength of 

the device. This implies that if possible the fundamental absorption edge for the 

electrodes and current blocking layers should be at a shorter wavelength than the active 

ZnO layer. If a transparent metal electrode is going to be used as the top conductor, its 

absorption should be minimized by choosing the metal and it thickness appropriately. For 

example, the metal film should be thick enough to be continuous, and metals with a 

surface plasma resonance at the operating wavelength should be avoided. Besides, the 

leakage current through the insulator should also be minimized so that undesired joule 

heating and thermal modulation can be eliminated.  

To understand the modulator device the following properties were characterized: 

• Optical Properties: Absorption and Emission 
• Structure Properties: Growth orientation, Surface morphology and 

Rocking curve FWHM 
• Electrical Properties: Resistivity and Contact Resistivity 
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To develop a suitable excitonic active layer, the following materials were grown 

and characterized. 

• Undoped ZnO on sapphire 
• Undoped MgxZn1-xO on sapphire 
• Al-doped MgxZn1-xO on sapphire 
• Buffer-assisted ZnO and MgxZn1-xO 
• Bilayer ZnO on top of Al-doped MgxZn1-xO 
• ZnO on ATO/ITO/glass substrate  

4.1.1 Optical Properties -- Absorption Spectroscopy 

The optical absorption is the most important property of a thin film for the design 

and fabrication electroabsorption  modulators. This is valid not only for the excitonic 

ZnO but also for the electrodes and insulators. A sharp absorption edge of the functional 

ZnO layer makes possible larger percentage modulation for resulting devices and allows 

high transparency for the electrodes and insulators at the interesting wavelengths. Strong 

exciton peaks of the ZnO thin films are also desirable. 

4.1.1.1 Concept of the Reciprocal Slope of Absorption Edge 

The bulk part of a fundamental absorption edge in a semiconductor can be 

described empirically as: 
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for hν < Eg, where E0 is defined as the reciprocal slope of absorption edge in a semilog 

plot and has the unit of energy per decade. This is essentially the same expression as eq. 

(2.8) for Urbach’s tail in semiconductors, with E0 = 1/g. The reciprocal slope E0 is 

generally linked to the impurity and/or defect concentration of a sample, with smaller E0 

corresponding to higher crystalline quality and lower defect concentration. Since the 

shape of absorption edge can be altered by different types of defects, such as impurities, 

defects, dislocations and junctions, E0 is a lumped parameter that encompasses the 

influence of all possible imperfection factors. 

Experimentally, Pankove [60] found in 1965 that the reciprocal slope of 

absorption edge E0 acquired rises rapidly with both n-type and p-type doping in GaAs. 

Since then, such concept of absorption edge slope has been applied to various direct band 



 90

gap semiconductors, such as ZnS [216], GaN [217], AlN [218], InP [219], GaSe [220], 

CdZnO [221] and ZnO [222-225], to characterize the optical quality of these materials. In 

particular for the case of ZnO, it is reported that PLD grown [222] or sol-gel method 

prepared [223] ZnO samples without any post-annealing often give an E0 value of around 

60 meV. This value can be brought down to ~ 35 meV by annealing the films with a 

proper condition [222], and will rise to as high as ~100 meV after doping the PLD films 

with gallium [223] or aluminum [224] up to 4%. The reciprocal slope of an as-grown 

ZnO film on fused silica substrate is ~148 meV [222] and that of an MOCVD deposited 

sample is ~254 meV [225]. 

We must emphasize that even empirically, eq. (4.1) is an over-simplified 

description of the optical edge. The actual absorption edge of a semiconductor may 

contains a few linear segments in the semilog plot, for example a “intrinsic edge” and a 

“low energy tail” [216], and better be described by a piece-wise function [114]. However, 

in the material growth part, our goal is to improve the optical quality of ZnO thin films.  

This needs the comparison between the absorption qualities of our films and those in 

other references. Since the reciprocal slope concept of absorption edge (E0) is widely 

used [216-225], it is adopted in this study. As long as the extraction method of the 

reciprocal slope is consistent, i.e. only extracting the slope from the intrinsic edge, it 

should serve our purpose well enough.  

4.1.1.2 Undoped ZnO  

Undoped ZnO films have been deposited by PLD on c-oriented sapphire substrate. 

The substrate temperature is varied from 650 to 750 ºC, whereas the oxygen partial 

pressure is varied from 1 to 100 mTorr. We observed little dependence of optical 

absorption on substrate temperature and oxygen pressure within this range of growth 

condition. The details on the PLD growth condition of ZnO on c-sapphire are discussed 

in Hugh Porter’s dissertation [179]. A typical growth condition used in this work for ZnO 

is 700 ºC substrate temperature and 35 mTorr oxygen pressure after comprehensive 

consideration of optical, electrical and structural properties of the resulting films.  

Figure 4-1 shows the effect of post-annealing on the room-temperature (300 K) 

and low temperature (78 K) optical absorbance of ZnO thin films. The two samples are 

the results of the same PLD growth at our standard condition of 700 ºC and 35 mTorr. 
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One of them was then annealed at 800 ºC in one atmosphere of air. In this figure, the 

post-annealing appears to improve the optical quality of ZnO substantially by sharpen the 

fundamental absorption edge and strengthen the exciton resonance peaks. For the 

annealed sample, three exciton peaks, including the free exciton peak as well as the first 

and second phonon-assisted peaks are resolved at 78 K. 

 

Figure 4-1. Absorbance spectra of ZnO thin films with and without post annealing at 78 K and 300 K 
respectively. The solid curve is the annealed sample, whereas the dashed curve is the unannealed one. 

4.1.1.3 Ternary Alloys 

The ternary alloys of ZnO, including MgxZn1-xO and Al-doped MgxZn1-xO, have 

been deposited by PLD on sapphire and studied by absorption spectroscopy. Figure 4-2 

shows the absorption spectra of undoped MgxZn1-xO alloy with various Mg mole 

fractions. With proper growth conditions, although the increasing Mg concentration 

softens the slope of the absorption, the exciton absorption peak remains present at room 

temperature. It is reported that the exciton peak is resolvable up to x=0.36 in MgxZn1-xO 

samples [226]. In the case of Al-doped MgxZn1-xO, the exciton peak is further broadened 

by the Al dopants and become indistinguishable, as shown in Figure 4-3.  
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Figure 4-2. Absorbance spectra of ZnO and MgxZnO1-x with Mg mole fraction x = 0.05 and 0.15 
respectively. The increasing Mg concentration softens the slope of the absorption and broadens the 
exciton peaks. 

 

Figure 4-3. Absorbance spectra of ZnO and MgxZnO1-x:Al with x = 0.05, 0.09, 0.12 and 0.2 
respectively. The Al concentration is approximately 2% wt. ( ~ 5% at.) .   
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4.1.1.4 Buffer-assisted Growth 

In order to improve the optical quality of ZnO films grown on sapphire substrates, 

thin buffers deposited at various conditions have been introduced before the bulk growths 

and the absorbance spectra of these films are plotted in Figure 4-4. The term “LP’ in this 

graph means “low chamber pressure” (10-6 Torr), where as “LT” refers to “low substrate 

temperature” (500 ºC). The bulk part of the samples was deposited at our standard growth 

condition of 700 ºC and 35 mTorr. It is observed that all three kinds buffers, i.e. LP, LT 

and LP-LT buffers, can improve the optical quality of ZnO films by strengthen the 

absorption edge and exciton resonance. Compared to the low temperature sample, the two 

low-pressure (LP and LP, LT) films appear to be even better. 

 
Figure 4-4. Absorbance spectra of ZnO thin films grown with different types of buffer. "LP" refers 
to low pressure (10-6 Torr), whereas "LT" refers to low temperature (500 ºC). The actual films were 
deposited at the standard condition of 35 mTorr and 700 ºC. The spectra are shifted for clarity. 
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Figure 4-5. Absorbance spectra of ZnO thin films grown with low pressure and low temperature 
buffers with various thickness of a) 8 nm, b) 11 nm and c) 3 nm. The actual films were deposited at 
the standard condition of 35 mTorr and 700 ºC. 

 
Figure 4-6. The effect of buffer on the optical absorption of Mg0.05Zn0.95O. By inserting a low 
temperature and low pressure buffer at the initial phase of MgZnO growth, the sharpening of 
absorption edge and exciton peaks has also been observed.  
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Another important variable for the buffer assisted growths is the thickness of 

buffer. The effect of buffer thickness on optical absorption is shown in Figure 4-5. The 

optimal buffer thickness is determined as ~ 8 nm. We need to mention that the ZnO thin 

film sample grown with ~ 8 nm LP-LT buffer in Figure 4-5 is the same one used in the 

low temperature absorption measurements discussed in Chapter 2, where details in the 

absorption spectra is resolved at low temperatures. The buffer technique enables us to 

grow ZnO thin films with high optical and structural quality by PLD on sapphire. 

The buffer technique has also been applied to the deposition of MgxZn1-xO. Figure 

4-6 compares the absorption properties of a single step grown and a buffer assisted 

Mg0.05Zn0.95O film. The buffer technique appears to help the optical quality of MgxZn1-xO 

too. A sharper absorption edge and a stronger exciton peak have also been achieved by 

inserting the buffer in the initial phase of growth.  

4.1.1.5 ZnO-based Bilayer Stacks 

 
Figure 4-7. Absorption spectra of ZnO grown on top of Mg0.2Zn0.8O:Al. The dashed curves are the 
spectra of ZnO and Mg0.2Zn0.8O:Al alone on c-sapphire. The bilayer absorption seems to be the 
superposition of the two single layers, as expected. 

Growing a binary semiconductor layer on top of its conductive ternary alloy is 

sometimes useful for fabrication of EA modulator devices [18, 21, 227]. Therefore, 

undoped ZnO layers have been deposited on a conductive ternary MgxZn1-xO:Al layer. A 

typical example of bilayer ZnO/Mg0.2Zn0.8O:Al is shown in Figure 4-7. For comparison, 
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the solid curve is the absorbance spectrum of ~ 80 nm of ZnO on top of ~ 200 nm of 

Mg0.2Zn0.8O, and the dashed curve are ZnO and Mg0.2Zn0.8O:Al grown on sapphire 

substrates alone, respectively. In this graph, the bilayer absorbance seems to be a good 

superposition of the top and bottom layers deposited separately, indicating that the 

growth of ZnO on Mg0.2Zn0.8O:Al is successful and useful for device application in terms 

of optical qualities. However, its electrical and structural properties are not as attractive, 

which will be illustrated in the remaining parts of this section. 

4.1.1.6 ZnO on ATO/ITO Substrates 

As we mentioned before, a promising choice for the fabrication of ZnO-based EA 

modulators is to deposit ZnO using PLD directly on a commercial ATO/ITO/glass 

substrate. Since the substrate used in a modulator needs to be transparent at the operating 

wavelength of the device, transmission of the ATO/ITO/glass substrate is studied before 

the ZnO growth. Note that from the transmission spectrum of ATO/ITO/glass in Figure 

4-8, the substrate transmission is still near 70% at 350 nm, while the designed operating 

wavelength of the modulator device is around 370 ~ 390 nm. 

 
Figure 4-8. Transmission data of a commercial ATO/ITO/glass substrate. The absorption edge of the 
substrate is around 300 ~ 340 nm, which is shorter than our designed operating wavelength of 370 ~ 
390 nm. 
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Figure 4-9. Absorption spectra of ZnO thin films deposited at 600 degree and 35 mTorr on various 
substrates, such as c-sapphire, glass, and ATO/ITO/glass. The ZnO films deposited at this 
temperature on various substrates show similar absorption quality.  

 
Figure 4-10. The effect of growth temperature on the absorption spectra of ZnO thin films deposited 
ATO/ITO/glass substrates. The optical quality of ZnO on ATO/ITO substrate increases with 
increasing growth temperature.  

Figure 4-9 shows the comparison of absorption spectra of ZnO films grown on 

sapphire, borosilicate glass and ATO/ITO/glass at substrate temperature of 600 ºC and 



 98

oxygen pressure of 35 mTorr. The absorption quality of ZnO films deposited at this 

temperature on various substrates seems comparable. The effect of substrate temperature 

on ZnO deposition on top of ATO/ITO/glass has also been investigated, with the results 

shown in Figure 4-10. With the increasing temperature, an improvement on absorption 

quality is observed as expected. 

4.1.1.7 Summary of Absorption Quality versus Growth Conditions 

In the previous part of this section, optical absorption spectra of ZnO grown by 

PLD with various growth conditions and on different substrates are illustrated. In order to 

comparison the effects of these growth techniques and substrates, the quality of the 

reciprocal slope of absorption edge is extracted for each spectra. As we mentioned in the 

beginning, the reciprocal slope E0 is not the most accurate way to describe the optical 

quality of a film due to the complexity of the shape of absorption. However, it can be 

used to qualitatively compare the samples, given that the approach for extracting the 

slope is kept the same, namely extracting the slope only from the first linear part of the 

edge (“intrinsic edge”) in semilog plot.  

Table 4.1 summarizes the optical quality of ZnO in terms of the reciprocal slope 

of absorption edge versus different growth conditions and substrates. The two most 

obvious conclusions one may draw according to this table are: 1) the buffer technique can 

greatly improve the optical absorption quality of ZnO; 2) ZnO films on ATO/ITO/glass 

substrates can achieve comparable absorption quality as those grown on sapphire without 

buffer assistance and post-annealing, especially the films grown on top of MgxZnO1-x:Al 

and MgxZnO1-x, which are the other candidate material for making modulator devices. 
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Table 4-1. Summary of the reciprocal slope versus growth conditions and substrates. 

Growth Condition 

Substrate Type 
Substrate 

Temperature (°C) 
Buffer 
Type 

Thickness 
(nm) 

Reciprocal Slope 
E0 

(meV/decade) 

Sapphire 700 (unannealed) No N/A 140 

Sapphire 700 (annealed) No N/A 87 

Sapphire 700 LT 11 51 

Sapphire 700 LP 11 32 

Sapphire 700 LP , LT 11 30 

Sapphire 700 LP , LT 3 30 

Sapphire 700 LP , LT 8 22 

Sapphire 600 No N/A 134 

Glass 600 No N/A 120 

ATO/ITO 600 No N/A 124 

ATO/ITO 700 No N/A 114 

ATO/ITO 500 No N/A 140 

Mg0.2Zn0.8O:Al 700 No N/A 142 
 

4.1.2 Optical Properties -- Emission Spectroscopy 

Room temperature (RT) cathodoluminescence (CL) has been used as a 

supplementary technique for the characterization of ZnO thin film sample. The emission 

spectra of ZnO thin films are basically consistent with the results from absorption 

spectroscopy. The CL spectra of an unannealed and an annealed ZnO sample are 

compared in Figure 4-11, where the solid and dashed curves are the CL spectra for 

annealed and unannealed samples, respectively. The FWHM of the band edge excitonic 

emission peak for the unannealed sample is measured as ~ 146 meV. This width is 

reduced to ~ 112 meV by performing 800 ºC 4 hour post annealing in air. 
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Figure 4-11.  Room temperature (RT) CL spectra of ZnO before and after annealing. The dashed 
curve is the unannealed sample with peak FWHM ~ 146 meV. And the solid curve is the annealed 
film (800 ºC 4 hour in air) with FWHM ~ 112 meV. The emission peak ~ 1.79 eV is from Ruby 
florescence. 

 
Figure 4-12. Room temperature (RT) CL spectrum of a buffer-assisted ZnO thin film. The right side 
peak is the excitonic emission, where as the left side hump is the green band luminescence (scaled 
x100) arising from impurities. 
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CL offers an additional advantage of investigating the green luminescence (GL) 

band of ZnO. The nature of the GL band, appear at about 2.5 eV in undoped ZnO as 

shown in, remained controversial for decades. Although in early studies it was 

unambiguously attributed to copper impurities, strong evidence was later presented in 

favor of the oxygen vacancy as the defect responsible for the GL band [146]. For the 

sample in Figure 4-12, the band edge excitonic emission is nearly three orders of 

magnitude stronger than the GL band at RT, indicating a high crystalline quality. 

The optical quality of ZnO thin film grown on ATO/ITO/glass substrates has also 

been characterized by CL. A typical RT CL spectrum of such a sample deposited at  

700 ºC substrate temperature is shown in Figure 4-13. The ~ 110 meV FWHM of the 

band edge emission peak indicates a similar emission quality as the annealed ZnO films 

on sapphire. 

 
Figure 4-13. The RT CL spectrum of a typical ZnO thin film grown on ATO/ITO/Glass substrate at 
700 ºC. The FWHM of the band edge emission peak is around 110 meV, which is similar to the 
optical quality of annealed ZnO on sapphire. 
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4.1.3 Structural Properties   

4.1.3.1 X-Ray Diffractometry (XRD)  

X-ray Diffractometry of ZnO powders and thin films have already been studied 

extensively [228-231]. In the present work, we employed x-ray θ-2θ scans as well as ω-

rocking curve scans in order to gather the information about the crystal orientation and 

crystalline quality of our ZnO thin film samples. The x-ray diffraction angles in each 

XRD spectrum is calibrated against the 2θ angle of sapphire (0001) peak before the scan, 

if a sapphire wafer is used as the substrate. Typical θ-2θ diffraction data of single step 

grown ZnO and Mg0.05Zn0.95O:Al films are shown in Figure 4-14 and Figure 4-15, 

respectively. C-plane oriented growth is confirmed in both cases and also generally for all 

the PLD films in this study. 

 

Figure 4-14. X-ray theta-2theta scan of a typical ZnO film on sapphire. The major ZnO (0002) peak 
locates at 2-theta angle of 34.4 degrees. 
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Figure 4-15. X-ray theta-2theta scan of a typical Mg0.05ZnO0.95:Al film on c-sapphire. 

 

Figure 4-16. Comparison of (0002) peaks of ZnO, Mg0.05Zn0.95O and Mg0.15Zn0.85O by theta-
2theta scans. The 2θ angle in these samples appears to shift to large angle side with increasing Mg 
concentration, suggesting a rising of lattice constants. 
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Figure 4-16 compares the (0002) peaks of buffer assisted undoped ZnO, 

Mg0.05Zn0.95O and Mg0.15Zn0.85O samples. The 2θ angle in these samples appears to shift 

to large angle side with increasing Mg concentration, which suggests a rising of lattice 

constants [232]. Besides, the (0002) peak of buffer-assisted ZnO film locates at ~ 34.45°, 

which is slightly different than the peak location of ~ 34.4° for the single step sample, 

indicating a possible strain difference resulting from the two growth conditions [160].  

The θ-2θ scan result of ZnO grown on top of r-plane sapphire by molecular beam 

epitaxy is also plotted and labeled in Figure 4-17. The peak angle of 56.6° confirms a-

plane growth of ZnO on r-plane sapphire. 

Figure 4-18 (a) is the x-ray diffraction curve of a ZnO thin film deposited on 

ATO/ITO/glass substrate, whereas Figure 4-18 (b) is the scan of substrate before the 

deposition. Multiple ITO peaks are resolvable in the data both before and after the 

deposition [204, 233]. No information about ATO can be collected because of its 

amorphous nature. Only one ZnO peak (0002) is observed in Figure 4-18 (a), suggesting 

a highly c-oriented growth. 

 

Figure 4-17. X-ray theta-2theta scan of ZnO on r-plane sapphire, which confirms a-plane growth. 
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Figure 4-18. X-ray diffraction of ZnO on ATO/ITO/glass substrate a) before and b) after the growth. 
The peaks from the crystalline ITO are resolved. No peak corresponds to ATO since it is amorphous.   

 

Figure 4-19. X-ray omega rocking curve scan of ZnO (0002) peak, with FWHM ~ 0.25 degrees. The 
resolution of the x-ray machine is at least ~ 5 arc sec. 

A typical ω-rocking curve of ZnO deposited on sapphire using the buffer 

technique is shown in Figure 4-19. The peak width of this highly crystalline sample is 
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measured as ~0.25º FWHM, suggesting a highly crystalline sample. The rocking curve 

FWHMs of ZnO films deposited at some typical growth conditions are listed in Table 4-2.  

Table 4-2. Typical rocking curve FWHMs of ZnO for various growth types. 

Growth Type ω-rocking curve FWMH (deg.) 

Without post-annealing ~ 1.8 

With post-annealing ~ 1.1 

With low-pressure buffer of 11 nm ~ 0.42 

With low-pressure, low temperature 
buffer of 8 nm ~ 0.25 

 

4.1.3.2 Surface Roughness by AFM 

The surface roughness of undoped ZnO, Al-doped MgxZn1-xO and related bilayers 

on sapphire was studied by Atomic Force Microscope (AFM). The typical AFM images 

for each type, eg. ZnO, MgZnO:Al and bilayer films, are shown in Figure 4-20, Figure 

4-21 and Figure 4-22.  

 
Figure 4-20. AFM image of surface morphology of a typical ZnO film. The rms roughness is 
measured as ~1.6 nm for this sample. 
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Figure 4-21. AFM image of surface morphology of a typical Mg0.05Zn0.95O:Al film. The rms 
roughness is measured as ~ 4 nm for this sample. 

 
Figure 4-22. AFM image of surface morphology of a typical bilayer ZnO on top of 
Mg0.05Zn0.95O:Al film. The rms roughness is measured as ~ 6.4 nm for this sample. 
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The resulting rms roughness versus the oxygen partial pressure is summarized in 

Table 4-3. It is found that surface roughness increases with oxygen partial pressure, as 

reported elsewhere [188]. Another observation is that surface roughness the top ZnO 

layer in a typical bilayer tends to follow that of the bottom MgxZn1-xO:Al. 

4.1.4  Electrical Properties 

Four point probe method was used to measure the sheet resistance and resistivity 

of ZnO and Al-doped Mg0.05Zn0.95O:Al films grown at various oxygen partial pressure, 

with results summarized in Table 4-3 along with the surface roughness. The resistivity 

rises with the increasing oxygen pressure. One possible explanation is that more oxygen 

during the growth helps the preservation of sample stoichiometry and reduces the oxygen 

vacancies normally found in undoped ZnO [234-236]. With an oxygen pressure of 35 

mTorr, the resistivity usually falls into the range of 103 ~ 104 Ω·cm, which further 

indicates a good film. 

Table 4-3. Summary of oxygen partial pressure versus surface roughness and resistivity. 

 ZnO Mg0.05Zn0.95O:Al 

Oxygen 
Pressure 
(mTorr) 

Surface RMS 
Roughness 

(nm) 

Resistivity 
(Ω·cm) 

Surface RMS 
Roughness 

(nm) 

Resistivity 
(Ω·cm) 

1 1.02 100 1.7 10-2 

20 1.2 101 5.2 100 

35 1.15 5×103 4 5×10-1 

100 1.46 103 3.8 100 
 

However, the resistivity of ZnO layer on top of MgZnO:Al appears to be only 

around 0.1 – 1 Ω·cm. This is probably due to the diffusion of Mg or Al from MgxZn1-

xO:Al into ZnO across the interface [237]. A low temperature (500 °C) ZnO growth on 

high temperature (500 °C) deposited MgZnO:Al appears to help the situation but not 

completely stop the diffusion. 
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Figure 4-23. TLM measurements of the Ti/Au contacts on Mg0.2ZnO0.8:Al before and after rapid 
thermal annealing (RTA). The dashed and solid lines are the linear curve fitting of experimental data 
before (circles) and after (squares) RTA, respectively. The extracted resistivity of Mg0.2ZnO0.8:Al is ~ 
1 Ω·cm. The RTA process reduces the specific contact resistivity of Ti/Au on Mg0.2ZnO0.8:Al from  ~ 
1.2× 10-1 Ω·cm2 to ~ 4×10-2 Ω·cm2 

The contact resistivity of Ti/Au (50 nm/150 nm) contact on a ~ 150 nm thick 

Mg0.2ZnO0.8:Al film is obtained by using a TLM structure with 50 x 100 µm contact pads 

and pad spacing 1, 3, 10, 20 and 50 µm. The measured resistance versus pad spacing is 

plotted in Figure 4-23 and fit linearly. One minute rapid thermal annealing (RTA) at 300 

°C is carried out on the Mg0.2ZnO0.8:Al sample. The circle marks and dashed curve are 

the data and fitting curve before RTA, whereas the squares and solid line are those after 

the RTA. The sheet resistance and contact resistivity can be calculated from the slopes 

and intercepts in Figure 4-23 through the following formula [238]: 

C
S

T R
Z

d
R 2+=

ρ
      (4.2) 

where RT is the measured resistance between contact pads, Z is the width of each pad, Rc 

is the contact resistance and Sρ  is the sheet resistance. In another word, the slopes in 

Figure 4-23 are Sρ /Z and the intercepts are 2Rc. Further converting sheet resistance to 

resistivity, we get the resistivity of Al-doped Mg0.2ZnO0.8 as ~ 1 Ω·cm, which is in good 

agreement with the results listed in Table 4.3.  The as-deposited Ti/Au contact has a 
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contact resistivity of ~ 1.2×10-1 Ω·cm2 and RTA can reduce it to about 4×10-2 Ω·cm2. 

These contact resistivities are larger than the reported [239] value of 2×10-2 Ω·cm2 (as 

deposited) and 2×10-4 Ω·cm2 (after RTA) of Ti/Au on Al-doped ZnO, possibly because 

of the larger band gap of Mg0.2ZnO0.8:Al compared to ZnO:Al. 

4.1.5 What is the Optimal Condition? 

When it comes to the question that what is the optimal condition for depositing 

ZnO and its ternary alloy films, the answer would depend on the application of the 

material. In this thesis, ZnO thin films are mainly used for two purposes. The first one is 

to study the basic physics of exciton by absorption spectroscopy, where the most 

significant property of ZnO is its absorption quality and the buffer assisted ZnO samples 

on sapphire are therefore adopted. The second application of ZnO in the present work is 

to fabricate EA modulators, for which the optical, structural and electrical properties are 

all crucial due to different reasons. In this case, the choice is more complicated because 

of the necessity of comprehensive comparison between the samples.  

The final device employs a practical structure of ZnO/ATO/ITO/glass, rather than 

ZnO/MgyZn1-yO/MgxZn1-xO:Al analogous to GaN optical modulator [21] for the 

following reasons: 

• ZnO on top of ATO/ITO/glass has excellent electrical properties, 

including good conduction of the ITO bottom conductor and good current 

blocking offered by the ATO insulator. The excellent I-V characteristics 

of the final device completely eliminate the undesirable thermal modulator 

due to the device leakage current. 

• The optical absorption quality of ZnO/ATO/ITO is comparable with the 

bilayer ZnO/ MgxZn1-xO:Al on sapphire, as evidenced in 
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Table 4-1.  

• Depositing ZnO directly on ATO/ITO substrates can reduce the surface 

roughness and more importantly, the number micro-size “chucks” to 

improve the device yield. 

• The acid etching of ZnO on ATO/ITO is easier to control due to the 

etching selectivity of ZnO over ATO by acids. 

• The ATO/ITO/glass substrate is transparent enough at the operating 

wavelength of the modulator.  

§4.2 Device Testing 

With a ZnO/ATO/ITO/glass structure as the starting material for ZnO based EA 

modulator, we now have three layers available out of the five-layer device discussed in 

§3.2.1. The five layers are: 

• Bottom Conductor (ITO) 
• Bottom Insulator (ATO) 
• Active Exciton Layer (ZnO) 
• Top Insulator 
• Top Conductor 

For the top insulator, silicon dioxide is used based on an analysis on the trade-off 

between transparency, reliability and leakage. Two types of top conductors are used in 

our device: one is them is a 5 nm semi-transparent nickel (Ni) film, and the other is a 

conducting indium gallium zinc oxide (InGaZnO or IGZO) layer. 

Since the device processing issues have already been covered in Chapter 3, this 

section goes directly into the discussion on the testing results of ZnO EA modulators, 

including the current-voltage (I-V) characteristics, as well as DC and AC optical 

modulation. The applied voltages are converted to electric field strengths using a device 

model based on a three-layer dielectric stack structure with screening charges. The field 

strengths are also obtain independently from fitting the electroabsorption data with the 

theory in Chapter 2. The two results are in good agreement. 
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4.2.1 DC Current-Voltage (I-V) Characteristics  

Optical absorption of a semiconductor can be altered by various mechanisms, 

such as carrier injection, temperature variation and electric field etc.. For high-speed 

optical modulators, the modulation caused by temperature change should be minimized 

due to the slow response time of thermal effects. This undesired modulation in EA 

modulators will not only consumes extra power but also result in unexpected device 

operation by shifting the absorption edge towards the longer wavelength end [25]. For 

this reason, the I-V characteristics of the top and bottom insulators (i.e. SOG and ATO) 

are examined in test structures. 

 
Figure 4-24. I-V characteristics of a test structure: spin-on glass on silicon. The electric field is 
calculated based on the spin-on glass thickness of 540 nm. 
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Figure 4-25. I-V characteristics of ATO/ITO/glass substrates: the dashed curve is a fresh substrate, 
whereas the solid curve is a substrate heated at 600 degrees for half an hour. The electric field is 
calculated based on the ATO thickness of 250 nm. A slight degradation is observed for high fields 
after heating up the substrate. 

 
Figure 4-26. I-V characteristics of a typical device with SOG/ZnO/ATO/ITO/glass structure. The 
SOG and ZnO thickness are ~ 540 and ~ 150 nm, respectively. 

The test structure for measuring spin-on glass (SOG) was fabricated on a 

conducting silicon wafer, with some 450 µm by 370 µm Ni pads as the top electrode and 
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an indium pad used as the bottom electrode. The I-V testing result of spin-on glass (SOG) 

is shown in Figure 4-24, in which the electric field intensity is calculated based on a 

thickness of ~ 540 nm. At 1.6 MV/cm, the leakage current of spin-on glass is only 500 

nA. Given that the static dielectric constant of active ZnO layer is around ~ 8.5, this I-V 

of SOG allows at least 5×105 V/cm field to be applied across the active ZnO layer 

without causing too much leakage. 

The test structure for ATO was made by simply depositing the Ni pads on top 

ATO/ITO/glass substrate and then contacting the ITO layer. Precautions need to be taken 

here in that the ATO substrates have been heated up to at least 600 °C for ZnO deposition 

in each device. The I-V characteristics of a fresh substrate and a heated one are compared 

in Figure 4-25. A degradation of I-V did happen after the heating but only for electric 

field greater than 3 MV/cm. In our devices, the field strength required for good 

modulation is much smaller this value. Besides, the heating only doubles the leakage at 

even high field intensity.  

The final devices use ~ 540 nm thick SOG and ~ 250 nm ATO as the top and 

bottom insulators, respectively. Figure 4-26 shows the I-V curve of a typical ZnO 

modulator with active layer thickness around ~ 150 nm, from which one may notice that 

the leakage is quite low. For normal operation range below 150 V, the leakage can be 

successfully controlled within tens of nanoamperes. 

4.2.2 DC Optical Modulation Testing 

The structure of a ZnO electroabsorption modulator is illustrated in the schematic 

of Figure 4-27. In this figure, the top electrode is drawn as a semi-transparent Ni layer of 

~ 5 nm thickness. An alternative choice for this top electrode is ~ 100 nm of InGaZnO 

(IGZO) film. The IGZO layer is deposited by PLD at room temperature and 5 mTorr 

oxygen pressure in order to make the film conducting. Although ~ 5 nm Ni is often fairly 

transparent (with 50 ~ 70 % transmission depending on Ni thickness), the IGZO layer has 

an even lower absorption so that it can be used to decrese the insertion loss of the device. 

Figure 4-28 is an optical microscope image for a single ZnO modulator with Ni 

top electrode. A “ring” shape contact is deposited on top of the ultra-thin Ni electrode for 

reliable probing. The mesa dimension, which determines the device parameters such 
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parasitic capacitance, is 450 µm ×  370 µm, whereas the window size is 290 µm ×  290 

µm. The common ground contact is near the corner of the chip.  

Transmission spectra in Figure 4-29 depict the operation of a typical ZnO 

modulator with Ni electrode. With increasing bias, both a decrease of the absorption edge 

slope and a broadening of exciton peak can be observed. In order to reflect the true shape 

of these transmission spectra, a reference sample is made by putting down ~ 540 nm of 

spin-on glass (SOG) directly on ATO/ITO/glass substrate and used in these 

measurements. Since the spectral response of the optical loss caused by an ultra-thin Ni 

layer is “flat” in the interesting wavelength range, approximately speaking, transmission 

spectra in Figure 4-29 or the corresponding absorption data can be converted to the 

spectra of ZnO alone by only performing a baseline correction. This also means that the 

transmission of the entire device (including the substrates and SOG back) is lower than 

what is shown in this figure. 

 
Figure 4-27. A device schematic for the cross-section of a typical ZnO modulator device. As an 
example, a semi-transparent Ni layer is used as the top electrode in this case. The alternative 
structure is replacing the Ni by a layer of IGZO. 
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Figure 4-28. An optical microscope image of a Large Ni-coated ZnO modulator with 450 x 370 um 
mesa size and 290 x 290 um window size. The top semi-transparent Ni is about 5 nm thick. 

 
Figure 4-29. Transmission spectra of a ZnO modulator with Ni electrode at different applied voltage. 
The 0V (squares) and 60 V (solid) overlap with each other. Note that a SOG/ATO/ITO/glass sample 
is used as the reference in order to reflect the actual shape of the spectra. 

For all of the ZnO modulators in this study, there always exists a threshold 

voltage, which is also reported for GaN EA modulators [21]. In these devices, optical 

modulation only happens when applied voltage is greater than the threshold. In Figure 
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4-29, the threshold is estimated as ~ 60 V. The origin of this threshold is attributed to be 

screening charges in the next part. 

 
Figure 4-30. Percentage modulation rate versus wavelength of a device with Ni electrode. The 
modulation rate is measured at a) 80 V, b) 100 V and c) 140 V. Note that the increased noise at 
shorter wavelengths is due to less light availble through the structure 

In order to evaluate the DC performance of our ZnO modulators, their percentage 

modulation rates are calculated using the following definition: 
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This modulation rate represents that when a voltage is applied across a modulator, 

how much difference in optical power at a single wavelength it would make, assuming 

the input light is ideally monochromic. The modulation rate for a Ni-coated device at 140 

V can be over 40 % at 370 nm and ~ 20% around 390 nm, as shown in Figure 4-30. 

Compared to GaN modulators [21], the ZnO EA devices can achieve a higher modulation 

rate at a lower operating voltage, most likely due to the good dielectric property of the 

two insulators. Obviously an ideally monochromic source does not exist, so the actual 

amount of modulation for the Ni-coated ZnO device in real-world application is an 

average and therefore less than Figure 4-30. 
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Figure 4-31. An optical microscope image of a large IGZO-coated ZnO modulator with 450 x 370 um 
mesa and window size. The top IGZO is ~ 100 nm thick. 

Figure 4-31 is the optical microscope photon of a IGZO-coated modulator with 

the same structure as the Ni-coated device whose image is shown in Figure 4-28, except 

that the Ni top electrode has been replaced by ~ 100 nm of IGZO layer. The DC 

modulation result of such an IGZO-coated device look like Figure 4-32. Comparing 

Figure 4-32 and Figure 4-29, one would notice that the insertion loss of the modulator is 

reduced by almost ~ 50% when the IGZO contact is applied. The same 

SOG/ATO/ITO/glass reference is also used in the measurements for IGZO-coated 

devices. However, since IGZO has its own transmission spectrum, the spectra in Figure 

4-32 actually contain the information of both the ZnO active layer and the IGZO 

electrode, which complicates the comparison of data with theory. The threshold voltage 

for this device is about ~ 80 V and its maximum modulation rate is also over 40 % as 

shown in Figure 4-33. 

In terms of insertion loss, in addition to the reduction due to the low absorption of 

IGZO, the IGZO contact also make the whole mesa useful for optical modulation, where 

in the case of Ni-coated devices, part of the mesa occupied (blocked) by the ring contact 
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does not have contribution to the light modulation, but only add the parasitic capacitance 

of this device. 

 
Figure 4-32. Transmission spectra of a ZnO modulator with IGZO electrode at different applied 
voltage. The 0V (squares) and 80 V (solid) overlap with each other. A SOG/ATO/ITO/glass sample is 
also used as the reference. 

 

 
Figure 4-33. Percentage modulation rate versus wavelength of a IGZO-coated modulator. The 
modulation rate is measured at a) 100 V, b) 120 V and c) 140 V. 
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4.2.3 Device Model and Theoretical Fitting 

Carrier screening has been investigated in multiple-quantum-well (MQW) EA 

modulators to model optical power-handling capability of a device [240, 241]. When the 

input optical power is low, photo-generated carriers in a QW usually can be “swept” out 

of the device by the applied electric field. However, with increasing illumination, the 

generation rate eventually exceeds the sweeping capability (or sweeping speed) of the 

device and these carriers will “pile up” in the QW, resulting in saturation phenomenon 

due to charge screening [242, 243]. The heavy hole is mainly responsible for the 

saturation due to their large effective mass.  

The same idea can be extended to the case of ZnO EA modulators. As is well 

known, undoped ZnO material often shows n-type conductivity due to the oxygen 

vacancies or hydrogen background doping [146]. When an electric field is applied across 

such a ZnO layer “sandwiched” between two insulators, the electrons would be attracted 

to one of the interface, trapped in the interfacial states, and therefore caused charge 

screening, as shown in Figure 4-34. In our case, the photo-generated carriers are not 

considered because of the relatively low input optical power. This assumption is 

supported by the observation that the threshold voltage remains unchanged within ~ 20% 

to ~ 120% of the normal optical power used in the DC measurements. Since no junctions 

and QWs are used in the ZnO modulators, the carrier transport of these devices is also 

straightforward compared to other MQWs EA modulators. 
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Figure 4-34.  The schematic of the three-layer dielectric model for ZnO optical modulators. A layer 
of screening charges (electrons) with sheet charge density -σ (Coulomb per cm2) are considered at the 
interface of SOG and ZnO. 

Another possible explanation for the threshold voltage is the internal field 

associated with spontaneous and piezoelectric polarizations in ZnO [244, 245]. However, 

the origin of threshold cannot be explained by polarizations alone for two reasons: 1) 

polarizations are not as strong in ZnO as in the III-Nitride materials [246]; 2) if only the 

internal polarization field is responsible for the threshold, the threshold should disappear 

when polarity of applied voltage is switched, which is not supported by the experiments. 

A straightforward calculation is carried out based on the double insulator structure 

and material parameters illustrated in Figure 4-34. Without considering the charge 

screening effect and dielectric breakdown, this structure is a perfect parallel plate 

capacitor, to which the basic electrostatic laws apply. Therefore, the electric field E1, E2 

and E3 in the three dielectrics are obtained by solving the following equations: 

332211 dEdEdEV tot
app ++= ,    (4.4) 

332211 EEE εεε == .     (4.5) 
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The first equation is just the definition of electrostatic potential, whereas the 

second one describes the two boundary conditions of continuous normal electric 

displacement at the two interfaces between active layer and insulators. If a thin layer of 

electrons has been attracted to at the interface between the top insulator and the active 

layer (“top interface”) under a positive bias, the charges will create a discontinuity in the 

electric displacement at that interface according to Gauss’s Law: 

0
332232 ˆ)(

ε
σεε −

=−=⋅− EEnDD
,    (4.6) 

where σ refers to the sheet charge density at the top interface, and  n̂ is the direction of 

the applied electric field pointing downward in Figure 4-34. Similarly, the equation for 

the other interface with the same amount of positive charges can also be easily written.  

Note that this picture is based on high field cases, where the positive charge 

distribution inside the active ZnO layer (donor distribution) can be simplified as another 

sheet charge layer on the bottom interface. In another word, a uniform electric field is 

assumed across the ZnO layer. In reality, the mechanism behind the threshold behavior 

can be complicated. For example, although the polarization effect is not the only reason 

for the threshold phenomenon, it may play a role by changing the threshold voltage. Due 

to the lack of information on the polarity of ZnO film on top of ATO/ITO/glass substrate, 

device modeling with the consideration of polarization fields is technically difficult. 

However, the idea of this device model is to take the threshold out of the field 

calculation. The present model is capable of finding out the reasonable field strength 

regardless of the threshold mechanism, especially when the higher applied voltage 

dominates the threshold. Considering 140 V corresponds to 80 V in an ideal layered 

dielectric structure given the threshold is ~ 60 V, the calculated electric field strengths are 

the same as the present model. 

On the other hand, fitting the electroabsorption spectra, for example the DC 

modulation data plotted in Figure 4-35, with the theory discussed in Chapter 2 will also 

give us the electric field strength across the active ZnO layer. Based on the broadening 

linewidth model extracted in §2.5, a Gaussian broadening with room-temperature line 

width is applied to extract the unitless field strength for this modulator at various biases. 

Note that an additional broadening of 15 meV is added in order to take the 
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instrumentation effect of the USB2000 spectrometer into account. The transmission 

spectra at 0 V (or 60 V), 100 V and 140 V bias are converted to absorbance spectra. Since 

absorptions of ATO/ITO/glass substrate and SOG have already been subtracted by taking 

the reference, only a baseline correction is performed to acquire the real spectra behavior 

of ZnO. Figure 4-35 shows the results of curve fitting, through which unitless field 

strengths of 1.2, 1.7 and 2.2 are determined for 0 V and 100 V and 140 V bias cases. 

Recalling the equation (2.35) in §2.5 about the relationship between the “normal field” 

and point defect density, a unitless field strength of 1.2 corresponds to point defect 

density of ~ 7 ×1017 cm-3. Again as we mentioned in Chapter 2, this quantity is more of a 

metric for sample quality than a true defect density, due to the variety of defect type, size 

and charge in a realistic material.  

 
Figure 4-35.  The electroabsorption spectra of a ZnO optical modulator and the theoretical 
calculation to fit the experimental curves. The unitless field strengths is the fitting results, whereas 
the voltages are the actual measurement conditions. 

Plugging material parameters and assuming an sheet charge density of 

approximately ~ 1.8×1012 cm-2 in the ZnO layer, a series of electric field intensities are 

calculated from the dielectric device model and compared with the theoretical fitting 

results in Table 4-4. Note that in this picture the sheet charge density at ZnO/SOG 

interface is only a fitting parameter based on the measured ~ 60 V threshold voltage. 
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However, this interfacial sheet charge density and the defect density obtained from the 

theory and eq. (2.35) are consistent within one order of magnitude, indicating that this 

assumption is somewhat close to the real situation.  

Table 4-4. Calculated field strengths from the device model and the electroabsorption theory. 

Device Model Electroabsorption Theory 
Applied 
Voltage (V) Field strength 

(kV/cm) 
Unitless field 
strength 

Overall field 
strength  

External field 
strength  

0 0 0 1.2 0 

60 4.7 0.03 1.2 0 

100 229 0.65 1.7 0.5 

140 453 1.3 2.2 1 
 

Despite a proportional factor of ~1.3, the electric field strength calculated from 

the two models are in good agreement. The results are also good verification of theory. 

Concerning the proportional factor, it possibly comes from two major sources, one from 

theory and the other from experiments. The theoretical source lies in the conversion from 

real field strength to the unitless field. Both the exciton Rydberg energy and Borh radius 

are used in this conversion, which means that the dielectric constants and the electron and 

hole effective masses are implicitly involved. Any deviation or error in these parameters 

may cause an error in the final unitless field strength. Actually according to Dow and 

Redfield, this discrepancy between unit and unitless field intensities could be as large as 

10 times[33], although this cannot be our case. On the other hand, experiment variation, 

including process and growth variations, would result in an inaccurate estimation of layer 

thickness and static dielectric constant in the device model. In particular, the parameters 

of the spin-on glass layer have a significant influence on the calculation of field strength, 

and any process variation can easily cause the error.   

4.2.4 AC Optical Modulation Testing 

The AC operation of ZnO EA modulators has also been evaluated. The frequency 

responses in Figure 4-36 and Figure 4-37 are measured by filtering the modulated output 

light near 390 nm and 369 nm, which are the two peak wavelengths observed in the DC 
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results shown in §4.2.2. Both filters have a bandwidth around ~ 10 nm, and therefore the 

amount of AC modulation is a weighted average of DC modulations at each single 

wavelength. Note that the AC modulation phase is ~ 0 º near 369 nm and ~ 180 º near 

390 nm. By looking at DC modulation in Figure 4-29, one may notice that the output 

light intensity at 369 nm increases with an increasing positive bias, whereas at 390 nm 

wavelength the trend is reversed. This corresponds to the 0 º and 180 º phase shift in these 

two figures for the AC modulation, respectively.  

 
Figure 4-36. Frequency response of relative modulation amplitude and phase. The curve is measured 
with a UV filter centered at 390 nm wavelength. The driving signal is a sinusoidal wave with Vpp ~ 
80 V. 

Generally speaking, if an EA modulator is leaky (eg. ~ µA range), the leakage 

current could cause significant joule heating, which raises the device temperature and 

shift the band edge to longer wavelengths. This kind of thermal modulation often has a 

slow response time and shows a cut-off at ~ 1kHz in the frequency response, as 

illustrated in Figure 1-3 for the relatively leaky GaN modulator. In the ZnO modulators, 

since the leakage is well controlled, no thermal modulation is observed and the frequency 

response appears “flat” over a large range of frequency. 
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Figure 4-37. Frequency response of relative modulation amplitude and phase. The curve is measured 
with a monochromator centered at 369 nm wavelength. The driving signal is a sinusoidal wave with 
Vpp ~ 60 V. 

At frequencies higher than 30 kHz, the modulation around 390 nm drops while 

the modulation near 369 nm rises. This is a fairly intriguing behavior. A natural thought 

would be the modulator is experiencing some sort of “cut-off” at these frequencies. 

However, this thought directly contradicts to the fact that the output phase still follows 

the input signal nicely. A more reasonable explanation is that this behavior is actually 

caused by the shape change of electroabsorption spectra at higher frequencies. Since 

neither lagging nor leading in phase is observed at 100 kHz, we estimate that the 

operating frequency of the device can be at least up to MHz range. 

Figure 4-38 plots the AC modulation amplitude versus applied voltage at both low 

frequency (10Hz) and high frequency (10kHz). The good linearity of the two curves in 

this figure further confirms that that no leakage-induced thermal modulation exists in our 

ZnO modulators over the entire frequency range. The reason is that if joule heating is the 

cause of modulation, the same kind of curve should be quadratic or at lease non-linear 

due to the relationship that the AC thermal modulation is proportional to the input joule 

power (P=V2/R).  
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Figure 4-38. Relative modulation amplitude versus driving voltage at low frequency (100 Hz) and 
high frequency (10 kHz). The curves are measured with a monochromator centered at 387 nm 
wavelength.   



 128

Chapter 5 Conclusions and Future Work 

§5.1 Conclusions 

The basic physics of electroabsorption and its application to ZnO optical 

modulator were presented. The goal of comparing the theoretical calculation to the 

experimental electroabsorption spectra based on a device structure was achieved in good 

agreement. 

First principle calculations based on WTK spectral density theorem and Dow and 

Redfield model were performed. These calculations were used as a basis of a model to fit 

experimental electroabsorption data. Absorption measurements were taken from 4.5 K to 

300 K on a c-plane ZnO thin film sample with a high-resolution spectrometer to obtain 

the temperature broadening linewidth. Several excitons peaks were identified and 

assigned, including the free A (3.3805 eV) and B (3.3901 eV) exciton peaks, the first and 

second phonon assisted peaks, and two major neutral donor bound excitons (3.3685 and 

3.3630 eV). The low temperature absorption spectrum at 4.5 K of a-plane ZnO on r-plane 

sapphire was also measured, from which C exciton was resolved at 3.4279 eV. These 

results are consistent with other publications. A ~ 2 meV parallel shift is noticed and 

attributed to the different strain conditions, since most of other works for comparison 

were performed on ZnO single crystal. The exciton peak energy versus temperature was 

also fit by Bose-Einstein as well as Varshni model. 

The calculated zero temperature electroabsorption spectrum from Dow and 

Redfield theory was convolved with Lorentzian and Gaussian temperature dependent 

linewidth to model these absorption spectra at various temperatures. It is found that 

Gaussian lineshape works better for ZnO as a polar material with strong electron-LO-

phonon interaction, especially at higher temperatures. Gaussian broadening parameters 

are then extracted and expressed as a function of temperature. There are two coefficients 

in the expression of broadening linewidths: exciton-acoustic-phonon interaction strength 

phγ  = 79.6 ± 3 µeV/K and exciton-LO-phonon interaction strength LOΓ = 242 ± 10 meV. 

Compared with other absorption studies, the contribution of this work is that our 

broadening linewidth expression is independent of sample qualities, or is “generalized” to 
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accommodate the exciton band edge. While this result is generalized for ZnO, but can be 

applied to other excitonic semiconductors such as GaN. 

The effect of sample qualities is described in the present model by a concept 

called “effective microfield intensity”. Since the Gaussian broadening linewidth at very 

low temperature, such as 4.5 K, is small, the zero temperature absorption spectra can be 

deduced and compared to the electroabsorption calculation. The comparison leads to a 

field strength responsible for exciton broadening and absorption edge shape at 0 K. This 

field intensity, or so-called “effective microfield intensity” was linked to the charge 

defects and “normal field” strength based on Redfield’s microfield theory in 

semiconductors. Two ZnO samples with rocking curve FWHMs ~ 0.25º and ~ 0.42º were 

analyzed this way. The calculated effective microfield intensities for the two samples are 

~ 1.3×105 and ~ 2.26×105 kV/cm respectively, and the corresponding charged defect 

concentration are ~1.1×1017 and 2.5×1017 cm-3. The limitations of this method were also 

discussed. 

Experimentally, PLD growth of ZnO thin films were carried out on sapphire and 

ATO/ITO/glass substrates. Buffer-assisted growth technique was applied to improve the 

quality of ZnO on sapphire, with the optimal buffer condition of 8 nm thickness, 500 ºC 

temperature and 35 mTorr pressure. The same technique was used to improve the optical 

quality of MgxZn1-xO. ZnO thin films were also deposited on ATO/ITO/glass substrate at 

various temperatures from 500 to 700 K, with higher temperature producing better films. 

XRD of these samples show highly c-oriented ZnO growth on the amorphous ATO 

substrate. TLM measurements shows that the contact resistivity of Ti/Au (50/150 nm) on 

Al-doped MgxZn1-xO is reduced by rapid thermal annealing (RTA) from ~ 1.2×10-1 

Ω·cm2 to 4×10-2 Ω·cm2.  

ZnO electroabsorption (EA) optical modulators were fabricated based on 

ZnO/ATO/ITO/glass structure. Spin-on glass was used as the top insulator. Two types of 

top electrodes, Ni semi-transparent electrode (TE) and conducting indium gallium zinc 

oxide (IGZO) were deposited. In both device, I-V characteristics shows leakage less than 

20 nA within the device operation voltage range. The DC percentage modulation of these 

devices have two peaks, over 40% near ~ 370 nm and around 20% near ~ 385 nm at 140 

V bias. The advantage of IGZO-coated modulators over Ni-coated devices is that the 
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transparent IGZO reduces the insertion loss of the modulator by ~ 50 %. AC modulation 

was also measure for ZnO EA modulators. The result confirms that purely field 

modulation is achieved. No evident of frequency cut-off is observed up to 100 kHz. 

A simple device model is proposed to explain the threshold voltage observed in 

all of the ZnO devices. The model attribute the threshold to the charge screening caused 

by the free electrons in the ZnO layer. Applied voltage is converted to electric field based 

on this model. The EA spectra of ZnO modulators were also fit using the first principle 

calculation in conjunction with the Gaussian broadening linewidth expression. The field 

strengths obtained from the two approaches is consistent, with only a small proportional 

discrepancy of ~ 30%. 

§5.2 Future Work 

Some future improvements to the present work are proposed in this section. In 

terms of the theory, WTK theorem is a neat and promising mathematical approach to 

bridge the continuous absorption band and discrete exciton states of an absorption 

spectrum. The challenge is to extend the theorem to 3D and still maintain its simplicity in 

math. The other topic is how to improve the accuracy of this method in solving 

wavefunction inside the Coulomb potential. 

Applying the uniform microfield theory to ZnO will bring our calculations one 

step further toward first principle physics. This relies on finding a good expression of the 

microfields distribution function for ZnO and has a better understanding on the material 

parameters. 

Concerning the numerical calculations, taking the optical dispersion effects and 

phonon-assisted absorption into consideration could lead to improvements. Using the 

modern computation skills for band structure calculation, the unique realistic band 

structure of wide band gap semiconductors can be incorporate into the electroabsorption 

problem. Modeling of bound excitons with a different broadening function is another 

interesting direction. 

From a device engineering point of view, reducing the operation voltages of the 

ZnO EA modulators will be a great improvement. A practical approach is to reduce the 

thickness of spin-on glass or to replace the spin on glass with high-k dielectric. However, 
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this may affect the device yields since the particulates can cause more failed devices. 

Therefore, the challenge here is really to grow smooth and particulate-free ZnO films by 

PLD. 

Another potentially interesting device structure is to fabricate ZnO membranes 

from ZnO single crystal substrates and make electrode on the two sides of the membrane. 

Since ZnO is readily etched by many acids, wet chemical etching can be applied here. 

The EA modulators based on this structure may potentially have very strong exciton 

peaks and very sharp absorption edges. It is even possible to resolve multiple excitons. 

Electroabsorption spectra taken from this structure may give us better understanding on 

the EA behaviors of ZnO.  
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Appendix A : WTK Program in C++ 

The computer program for WTK spectra density calculation (discussed in §2.2) 

was written in C++. In order to make the codes readable and maintainable by future users, 

a brief user instruction on the program is included here. Since the technical details about 

the codes have already been documented carefully by the comment lines within the codes, 

this appendix mainly focuses on the architecture level and user interface issues.    

The C++ program consists of two files, one header file (complex.h) and one cpp 

file (spectra.cpp). The two files need to be put in the same directory while building the 

executable program. The header file deals only with the addition, subtraction, 

multiplication and division of complex numbers. The cpp file is the one in charge of the 

calculation for spectral density function “rho” over a certain energy range.  

 
Figure A-1. Flow chart of main() in “spectra.cpp”. 
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Figure A-2. Flow chart of the other two major function in "spectra.cpp": Get_m(...) is used for 
finding the m-values, whereas dsolve(...) is the numerical integration of SE by numerov's method. 

There are six C++ functions in “spectra.cpp” file: 

• main: the main function responsible for program flow and I/O control, as well as data 

storage. The flow chart of this main() function is shown in Figure A-1. 

• Get_M: a subroutine used to obtain the two convergent m-values for a certain 

complex energy ( ελ iE += ), with one for each tunneling direction to positive and 

negative infinities. This is done by integrating the SE outward for a certain distance 

each time and getting an m-value. The relative difference between the new m-value 
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and the old one is compared with a user-input variable called “pre_err”(preset error). 

If the difference is within the preset error, convergence is deemed reached; 

• dsolve: a subroutine for the implementation of the Numerov’s integration of 

Schrödinger’s equation (SE) with complex energy. The initial conditions and 

integration direction can be specified when calling this subroutine, the flow chart of 

this function and Get_M(…) is shown in Figure A-2; 

• Get_fileName: a subroutine to verify the legitimacy of the file name, i.e. a non-empty 

string without suffix; 

• f:  a function defining the Airy-like asymptotic form of the wavefunction;  

• V:  a function defining the Coulomb potential with artificial bottom. 

 
Figure A-3. Screenshot when the program is loaded. A series of parameter needs to be input first. 

The executable file is designed to run in command line mode. When loaded, it 

will prompt the user to define a series of parameters for the simulation, as shown in 

Figure A-3. The parameters include: 

• Filename for storing calculated data; 
• Unitless field strength F;  
• Epsilon (artificial dampen parameter or line width); 
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• Step length for Numerov’s integration;  
• Convergence criteria for M (i.e. pre_err); 
• Range and resolution of spectra in terms of energy. 

The program requires that filename given by users does not have an extension 

(file type). The data are stored in plain text format with Tab spacing, so a “.txt” extension 

is automatically added to the user input string as the final filename. The calculation 

parameters are also stored in the output file. Figure A-4 is a screenshot when the 

computation is over. 

  
Figure A-4. Screenshot when the computation is over. The calculated spectrum is store in a plain text 
file, along with the calculation parameters. 
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Appendix B : Dow and Redfield Model 
Program in MATLAB 

The electroabsorption calculations based on Dow and Redfield (DR) model were 

carried out in MATLAB environment. The calculation speed by MATLAB is generally 

faster than other mathematical tools, such as Maple. On the other hand, programming in 

MATLAB is much easier compared to other languages such as C++ and FORTRAN. For 

calculations with intermediate speed requirement like the electroabsorption problem, 

MATLAB is a highly recommended choice. 

The basic numerical procedure to calculate absorption coefficients at zero 

temperature has already been detailed in §2.3.2. There are two major tasks for the 

computer program: 1) find an nth order bound solution to the first SE (2.21), where 

n=0,1,2… for ground state (n=0) and higher order excitons; 2) normalize the unbound 

solution to the second SE (2.22) based on it asymptotic form. Unlike obtaining an 

eigenenergy En representing the nth order bound state in a quantum well, in our case the 

incident energy E is fixed so the challenge is to calculate a separation parameter or 

parabolic eigenvalue t, which denotes how the original SE is separated in parabolic 

coordinate. Each t value corresponds to one bound solution inside the Coulomb potential.  

Concerning the second major task of normalization, it is straightforward to 

normalize the bound part of the original wavefunction. For the unbound part, after a 

converged nth order separation parameter tn is acquired, it is possible to integrate the 

second SE (which is decided by tn) and compare the unbound solution to the asymptotic 

form of the original wavefunction. Therefore, obtaining a converged tn value is indeed the 

key step in the calculation.  

A number of iterations are often necessary before convergence can be reached. 

The t is corrected by examining the continuity of the bound solution and the new value is 

plugged into the next iteration. Since finding converged tn is the basic loop of this 

program, it is very important to reduce the number of iterations to boost the computation 

speed. A formula based on Newton Raphson method is used to calculate the appropriate 
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amount of correction “DE” (variable name) for achieving fast convergence. A good 

initial estimation of t value is also crucial to the efficiency of computation. 

Numerically, all the integrations in this program use Numerov’s method. That is, 

three adjacent points of the numerical solution to a SE like (2.21) or (2.22) follow the 

relationship: 
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where P is the solution point and V is the potential defined in (2.23) or (2.24). Eq. (2.26) 

and (2.27) are used to calculate the initial conditions near the origin. For the first SE, the 

initial condition at infinity is: 
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where r is the position. Note that since the numerical solution to the first SE grows 

exponentially toward the origin, the starting position of this integration should not be too 

far away to avoid overflow. In case overflow still happens, the solution should then be 

scaled down properly. 

 After the initial conditions are set, an estimation of t value is made and used to 

numerically integrate the first SE both from origin outward and from infinity inward. 

When the two curves met at position m, their slope at the joining point is compared. A 

correction factor DE to the t value is calculated by: 
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A missing step in the previous procedure is how the get the initial estimation of t. 

A reasonable initial guess on t may reduce the number of iterations. At the joining 

position m, slopes of the outward and inward integrated curves should match, i.e. DE 

should be zero. Figure B-1 shows a DE versus t curve, where the correction DE(t) 

increase from negative infinity and then exhibit a oscillatory behavior around zero. 

Apparently this curve crosses the x-axis only at the parabolic eigenvalues t0,1,2,3 etc.. 
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Therefore, a graph like this is usually first generated by the program and the initial t value 

is guessed accordingly.  

 
Figure B-1. A typical DE(t) versus t curve for E = -2 and f = 0.5: t0,1,2,,3 are the parabolic eigenvalues. 
This curve is often used to make the initial guess of t value.  

The final MATLAB program consists of several m-files, named as Ka_E.m, Ka.m, 

Convg_Nu1.m, autoDE_t.m, Numerov1.m, Numerov2.m. Each m-file contains exactly 

one MATLAB function (like subroutine in ANSI C). In case the user want to run these 

MATLAB functions separately, a brief description and the syntax for each of these 

functions are listed in Table B-1. 

Table B-1. A summary of the syntax and description for each MATLAB function used in the 
electroabsorption calculation program. 

FUNCTION SYNTAX FUNCTION DESCRIPTION 

Ka_E (Ei, dE, Ef, f, max_n) Main function for I/O control, data storage and 
calculation of absorption coefficients Ka at field strength 
f from Ei to Ef with dE interval; max_n is the highest 
order bound state consider in the calculation. 

Ka (E, f, max_n) Calculate a single absorption coefficient Ka at certain 
energy E. 

autoDE_t (dt, max_n, E, f, 
mabs, h1, Nmax1) 

Find the relationship between DE and t with interval dt. 
This is important information for a good initial 
estimation of the t value.  
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Convg_Nu1 (Int_t, esp_t, E, f, 
mabs, h1, Nmax1) 

Starting with an initial guess of parabolic eigenvalue t 
(Int_t), find a converged final t value within the 
tolerance of eps_t for the nth order bound solution.  

Numerov1 (t, E, f, mabs, h1, 
Nmax1) 

Numerov integration of the first SE. h1 and Nmax1 are 
the step length and range, respectively. mabs = 0 (s 
states). 

Numerov2 (t_n, E, f, mabs, 
h2) 

Numerov integration of the second SE. h2 is the step 
length. t_n is the nth order parabolic eigenvalue t. 
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Appendix C : High Voltage Driver Circuit 

A high voltage (HV) driver circuit with ~ 110 V output voltage capability and ~ 4 

MHz maximum operating frequency is used in the modulator testing system to generate 

an AC driving signal. The core component of this driver is a wide bandwidth high voltage 

operational amplifier (op-amp) MSK-610. This op-amp employs a circuit topology 

known as "feed forward". This inverting configuration allows the user to realize the 

excellent D.C. input characteristics of a differential amplifier without losing system 

bandwidth. Internal compensation for gains of -5V/V or greater keeps the MSK 610 

stable in this range. The MSK 610 is packaged in a space efficient, hermetically sealed, 

12 pin power dual in line package that has a high thermal conductivity for efficient 

device cooling. The equivalent circuit of MSK-610 is shown in Figure C-1. 

 
Figure C-1. The equivalent circuit of MSK-610. 

The power supply pins in MSK-610 are: 

• Pin 2:  + VCC 
• Pin 3:  GROUND 
• Pin 7:  - VCC 
• Pin 8:  - VSC 
• Pin 9:  CASE/GROUND 
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• Pin 11: + VSC 
• Pin 12: + VHV 

In order to understand how to power up the system, especially with the short 

current protection scheme shown in Figure 3-8 (b), the equivalent circuit of MSK-610 

like Figure C-1 needs to be examined. The true power rails for MSK-610 are actually pin 

2, 7 and 12, which should be connected to +15 V, -15 V and an adjustable HV power 

supply from 50 V to 130 V in normal operation. The operation of the output protection 

circuit relies on two sensor resistors in the output current branch, one connected between 

pin 12 and pin 11, and the other between pin 7 and pin 8. When the output current causes 

a voltage drop greater than 0.6 V on these resistors (with resistance RSC), this voltage 

drop will turn on two corresponding transistor Q1 and Q3 and the excessive current will 

go directly from +VHV to –VCC though the resistor RBASE. Hence, the output current is 

limited within SCRV /6.0≈ . Also RBASE must be large enough to avoid too much power 

consumption on this resistor. If the current though RBASE is set to be 4 mA, the value of 

RBASE is calculated by: 
mA

VVCCVHVbaseR
4

2.1)(_ −−−+
= . In case short circuit 

protection is not necessary, pin 12 and pin 11 can be tight together, so does pin 7 and pin 

8.   

Most of the component values have already been labeled in Figure 3-8 (a). 

Apparently, most of the capacitor values in this figure don’t need to be accurate since 

they are just low-pass filters to stop ripple and noise coupling through power rails. MSK-

610 is internal compensated for larger gains. If the gain is –10V/V, an external feedback 

capacitor of 0.5 ~ 2 pF is recommended to further compensate the device. Some key 

component values in our HV driver circuit are listed in Table C-1. The broad layout is 

shown in Figure C-2. 

Table C-1. Recommended component value for MSK-610 HV driver 

Name Value Name Value 

Rin 300 RS 50 

Rf 6.2K RT N/A or > 1M 

CF N/A RBASE 36K 

RSC 10 CSC 0.1µ 
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Figure C-2. Board layout of the high voltage driver circuit based on MSK610 used in the 

modulator AC testing system. 




