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ABSTRACT 

SHG SPECTROSCOPY OF GALLIUM NITRIDE THIN FILMS ON SAPPHIRE 

WITH ULTRASHORT PULSES 

William E. Angerer 

Arjun G. Yodh 

\Ve present results of ultrafast second-harmonic generation spectroscopy of 

GaN / Ah03 samples. We develop a formalism to calculate the nonlinear response 

of thin nonlinear films excited by an ultrashort laser source (Ti:AI20 3 ). and we use 

this formalism to extract X~;!x(w = 2wo) and X~}x(w = 2wo) from our SHG mea

surements over a two photon energy range of 2.6-3.4 eV. By comparing spectra from 

several samples, we find a weak sub-band gap enhancement of X~;!x(w = 2wo) at a 

two photon energy of 2.80 eV that is not present in x~2Jx(w = 2wo). This enhance

ment is independent of the carrier concentration, intentional doping, and presence 

of the "yellow luminescence band" defects. This feature may result from a three 

photon process involving a midgap defect state. We analyze three photon processes 

that include a defect state with group theory and demonstrate that several processes 

contribute to X~;!x(w = 2wo) but not to x~2Jx(w = 2wo). In addition, we determined 

sample orientational miscuts by rotational SHG, and we found that these miscuts do 

not generate strain induced interface states. We determined a Sellmeier dispersion 

relationship for the index of refraction of GaN by a novel light transmission method, 

vii 
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and we report on photoluminescence of our GaN / A120 3 samples. 

In a second project we have designed and built a nonlinear optical microscope. vVe 

have used the new tool to perform preliminary investigations of the nonlinear optical 

properties of carbon nanoropes. We suggest that nonlinear optical microscopy is a 

potentially useful technique for analyzing carbon nanotube symmetry, as well as in 

studies of other heterogeneities. Finally, we place an upper limit on the dominant 

second order hyperpolarizability, a~;~, of carbon nanotubes based on our nonlinear 

optical microscopy measurements. 
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Chapter 1 

Introduction 

~onlinear optical spectroscopy has a rich history as a probe of condensed matter sys

tems. Our understanding of factors that influence the nonlinear optical properties of 

materials has continued to evolve in studies of bulk materials, surfaces, and solid and 

liquid interfaces. One of the first experiments to address these areas was performed 

by Chang, Duncan, and Bloembergen. They measured second-harmonic generation 

from several zincblende semiconductors and determined the dispersion of the second

order susceptibility of these semiconductors [1]. Their investigations demonstrated 

a correlation between the second-order nonlinear susceptibility and semiconductor 

band structure. 

More recently, nonlinear optical spectroscopy has focussed on three areas: the ob

servation of the electronic and optical properties of solid/solid interfaces [2, 3, .1, 5], 

the determination of symmetry of condensed matter structures [6, 7, 8, 9]. and the 

detection of defect states [10, 11, 12]. The application of nonlinear optical spectro-

1 
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scopies as a probe of these features stems from its high sensitivity to symmetry. The 

symmetry of a material determines its unique nonzero second-order susceptibility ele

ments, whose amplitude and transformation properties in turn determine the sample 

second-harmonic emission properties. 

In this thesis, we are concerned with the optical properties of solid/solid inter

faces, the determination of material symmetry, the observation of defect states, and 

bulk nonlinear optical spectroscopy. Experimentally, we have performed ultrafast 

nonlinear optical spectroscopy of GaN, and we have constructed a nonlinear optical 

microscope. The ultrafast nonlinear optical spectroscopy represents the majority of 

our effort and has produced a thorough investigation of the linear and nonlinear op

tical properties of GaN. In addition, we have designed and constructed a nonlinear 

optical microscope to examine the nonlinear optical properties of a variety of systems 

including carbon nanotubes. The latter area is an ongoing experiment that may lead 

to the comparison of carbon nanotube second-order susceptibility elements and the 

examination of nanotube symmetry. vVe briefly summarize each project. 

Our nonlinear optical experiments of GaN were motivated by the recent investi

gations of the optical, electrical, structural, and defect properties of GaN [13. 1·1. 15. 

16. 17]. These investigations stem from GaN's attractiveness as a material for electro

optic devices [18, 19]. Previous measurements of the nonlinear optical properties of 

GaN have been limited to a single fundamental wavelength of 1064 nm [20, 2L 22. 23] 
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and to nonlinear optical spectroscopy with a two photon energy greater than the band 

gap energy [241. However, none of these measurements have probed the second-order 

susceptibility as a function of wavelength at energies less than the direct band gap. 

Here, defect states, such as those associated with yellow band luminescence, may 

contribute to the nonlinear optical properties of GaN. In addition, interface states 

may result from the unique structural and electronic properties of the CaN / Ah03 

interface, and are more easily detected against the spectrally fiat bulk response at 

energies below the band gap. 

Our ultrafast nonlinear optical investigations of CaN required a series of linear 

optical experiments and the development of a theory of ultrafast nonlinear pulse 

propagation for spectroscopic purposes. We determined a Sellmeier dispersion re

lationship for the index of refraction of CaN by measuring the index of refraction 

over 22 wavelengths from 370 to 900 nm. We incorporated the Sellmeier equation 

into our theory of the nonlinear optical response of CaN. In addition. we measured 

the photoluminescence properties of CaN. Our nonlinear spectra were independent 

of photoluminescent features, and were compared with theory [251. 

Nonlinear optical microscopy was first developed by Robert Hellwarth and Paul 

Christensen in 1974 [26, 27], but has remained a relatively unexplored field. Our 

interest in nonlinear optical microscopy stems from its ability to spatially resolve 

the nonlinear optical response of materials. This is potentially valuable when com'en-
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tionallinear microscopy is unable to resolve structural inhomogeneities. For example. 

linear microscopy has serious limitations in samples such as polycrystalline films that 

have a uniform index of refraction. In contrast, nonlinear optical processes are highly 

sensitive to material symmetry, and therefore a greater variety of spatial inhomo

geneities. Nonlinear optical microscopy is also well suited to discriminate between 

nonlinear and linear materials. 'rVe are attempting to exploit this sensitivity in order 

to probe the nonlinear optical properties of carbon nanotubes on glass. 

The synthesis of carbon nanotubes by Iijima [28] in 1991 has nurtured an exciting 

field of research. One of the most interesting properties of carbon nanotubes is their 

unique structure. Carbon nanotubes are fullerene related structures that consist of a 

graphene cylinder closed at each end with a cap. A (10,10) nanotube has a diameter 

of 1.-1 nm and may have a length of a few microns. The nanotubes are packaged 

together to form carbon nanoropes, and the raw synthesized material consists of 

tangled carbon nanoropes and other carbonaceous materials. Typically, the tubes 

and ropes are produced by a current discharge between carbon electrodes [29]. \Vhile 

intensive experimental effort has been directed toward the growth of nanotubes and 

the characterization of the structural and electrical properties of carbon nanotubes. 

the linear and nonlinear optical properties of carbon nanotubes have been largely 

unexplored. 

Our nonlinear optical microscopy of carbon nanotubes was motivated to under-
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stand not only the nonlinear optical properties of carbon nanotubes, but also to dis

tinguish nanotube symmetry. Several nanotube symmetries and morphologies have 

been postulated [30, 31, 32]. ~anotubes may be characterized by examining the 

allowed second-order susceptibility elements. The nonlinear optical microscope has 

high spatial sensitivity and can, in principle, examine the nonlinear optical properties 

of a single nanorope. In contrast, isolation of a single second-order nonlinear suscep

tibility from a collection of randomly oriented tubes is impossible. Our efforts so far 

have been directed toward the detection of carbon nanotubes, the imaging of carbon 

nanoropes, and the eventual symmetry characterization of a single carbon nanotube. 

This thesis is organized as follows. Chapter 2 describes the theoretical basis for 

nonlinear optical spectroscopy. We review the physical origin of nonlinear optics 

and the relationship of the second-order susceptibility to symmetry. We also develop 

a theory of the propagation of ultrafast second-harmonic fields through a nonlin

ear medium. Because our fundamental light generating source, the Ti:Ab03 laser. 

produces "V 100 fs pulses, this theory is essential to describe the propagation of SH 

light through our quartz normalization slab and through the samples themselves. In 

contrast to the traditional monochromatic theory of nonlinear field propagation. our 

theory includes the group velocity of the nonlinear fields. vVe show that nonlinear 

optical interference is damped by group velocity mismatch between the bound and 

free waves. Finally, we suggest and show how the suppression of nonlinear optical 
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interference by group velocity mismatch may be used to easily measure ultrafast laser 

pulse durations. 

Chapter 3 describes our experimental apparatus for nonlinear optical investiga

tions of GaN. We highlight the characteristics of the Ti:AI20 3 laser and describe 

techniques for its operation. 

Chapter 4 investigates the linear optical properties of GaN. The propagation of 

second-harmonic light is highly dependent on linear optical properties. We discuss 

techniques for measuring thin film thicknesses of GaN films deposited on a transparent 

sapphire substrates. A dispersion relationship for the index of refraction of GaN is 

determined by a novel transmission method. Finally, we distinguish our GaN samples 

by photoluminescence measurements. Our samples are characterized by the presence 

or absence of a yellow luminescence band at 2.2 eV. 

The properties of GaN are described in Chapter 5. Emphasis is placed on the 

electronic and optical properties of GaN. We also discuss the defect structure of Ga;\". 

In addition, we introduce group theory techniques to determine optical selection rules. 

vVe use these techniques to calculate contributions to the three unique second-order 

susceptibility elements of GaN, x~;)z, x~7jx' and x1~x' that are resonantly enhanced 

when the second-harmonic photon energy is approximately equal to the band gap 

energy of GaN. 

Chapter 6 presents our nonlinear optical experiments in GaN. We demonstrate 
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that SHG is highly sensitive to the miscut angle between the GaN z-axis and the 

normal to the GaN/Ah03 surface. We calculate the SHG light transmitted through 

GaN /.-\120 3. This theory includes ultrafast techniques described in Chapter 2. 

Second-harmonic generation of GaN in the s-in/p-out polarization reveals a slight 

resonant enhancement in X~~x at a two photon energy of 2.80 eV. In contrast. SHG 

from GaN in the p-in/p-out polarization reveals that this feature is absent in \~2}x' 

The feature at a two photon energy of 2.80 eV is independent of yellow band defects. 

and may result from an intrinsic midgap defect state. We also estimate the mag

nitude of the second-order hyperpolarizability and density of this defect. Csing the 

group theory methods introduced in Chapter 5, we show that several three photon 

processes exist that contribute to x~7jx but not to X~~x. Finally, we perform a series of 

rotational SHG measurements to measure the effect of the Ga~ miscut on interface 

states. ~o interface states were observed in our measurements. 

In Chapter 7 we discuss our ongoing nonlinear optical microscopy experiments 

of carbon nanotubes. The nonlinear optical microscope and techniques of nonlinear 

optical microscopy are described. In addition, we present our calculations of the SHG 

signal from carbon nanotubes. 



Reproduced with permission of the copyright owner.  Further reproduction prohibited without permission.

Chapter 2 

Introduction to Nonlinear Optics: Applications to Ultrafast 

Second-Harmonic Generation 

In 1961, P. Franken et at. demonstrated second-harmonic generation of a ruby laser 

pulse in a quartz crystal [33]. This marked the birth of nonlinear optics as a new 

field of study. This chapter serves as an introduction to nonlinear optical phenomena 

with an emphasis on factors that affect second-harmonic generation as a probe of 

condensed matter systems. These factors include origin of nonlinearities, properties 

of the second-order susceptibility, the relationship between symmetry and the second

order susceptibility tensor, and the propagation of nonlinear optical fields through 

linear and nonlinear media. 

8 
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2.1 Origin of the Second-Order-Nonlinear Susceptibility 

In conventional linear optics, the polarization of a medium. Pi(k. w), induced by a 

light field, E) (k, w) are related as 

(2.1 ) 

In equation (2.1)' k is the wavevector of light, w is the angular frequency of light. and 

xU) (k, w), called the linear susceptibility, is a second rank tensor that describes that 

material's response to the light field. This equation describes a local response between 

Pi and E j , i.e. Pi is a function of E j and not derivatives of E j • Unless otherwise in

dicated. we assume that the all susceptibilities are independent of k. Physically. the 

susceptibility's independence of k means the media is homogeneous. The susceptibil

ity is related to the dielectric constant, €(k,w), and the index of refraction. n(k.w) 

as 

(2.2) 

vVe use cgs units to express equation (2.2) and all other equations in this thesis. The 

linear relationship expressed in equation (2.1) is invalid in the weak perturbation 

limit. In other words, it is valid when the applied field is much weaker than the 

atomic electric fields. 

vVhen a material is exposed to a strong pulsed laser source, equation (2.1) IS no 

longer valid. Instead, the induced polarization may be expressed as a power series in 
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the electric fields as 

In this thesis, we are concerned principally with second-harmonic generation 

(SHG), which is mediated by the second term in equation (2.3) with w = 2wo• i.e. 

(2.-1) 

Since dipole allowed nonlinearities occur in GaN, the local field approximation is 

valid. 

Once the second-order nonlinear polarization is determined from the second-order 

susceptibility and the incident fields, the nonlinear fields generated within the medium 

are determined from boundary conditions and the nonlinear wave equation 

€(w) 82 47r 82 
2 

'V x 'V x E(w} + --E(w} = ----p( }(w). 
c2 8t2 c2 8t2 

(.) -) _ .. J 

Solutions to equation (2.5) must also satisfy 

'V. D(w) = 0 (2.6) 
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for materials with no free charge. This implies 

V'. E(w) = _ 47rV' . P(2)(W). 
€(w) 

(2.7) 

2.2 Properties of X~~k(w = 2wo) 

A full expression for the second-order susceptibility element that describes second-

harmonic generation is 

+ (1Ir,ln)(nlr.lm)(mlrk II) 
[(W-Wmn )+hmn][(Wo+Wnl )-hnl J 

+ (1Ir,ln)(nlr;lm)(mlrkll) 
[(W+Wnm )-hnm ][(wo -Wml )+hml J 

+ (1Ir,ln)(nlrklm)(mlr.II») (? 8) 
[(w+wmd-t"fmd[(wo+wnd+hnd . _. 

Equation (2.8) can be derived from first principles using quantum statistical me-

chanics with the proper choice of the interaction Hamiltonian [34]. In equation (2.8) 

It), 1m), andln) are quantum mechanical states of the system; pf?) is the unperturbed 

density of the state It), i.e. p(O) is the equilibrium population distribution: -eri is 

the dipole moment operator along direction i; liwnm is the energy difference between 

states In) and 1m); and 'Ynm is a dephasing term. The different terms in equation 

(2.8) correspond to different time ordering of the photons. This is discussed further 

in section 5.-1.1. 

There are a few salient features of equation (2.8) that bear discussion. First. 
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SHG is a virtual process, Le. there is no population transfer, even for lossy ma

terials. Population transfer occurs under a variety of circumstances including two 

common mechanisms: one photon absorption and two photon absorption. In one 

photon absorption, the absorption of a single photon excites a material. This process 

is mediated by the imaginary part of the linear susceptibility, X(l). Two photon ab

sorption is a process in which a material absorbs two photons simultaneously. This 

process is mediated through the imaginary part of the of the third-order nonlinear 

susceptibility, X(3). The existence of one and two photon channels in a material does 

not alter the form of equation (2.8), but influences the propagation of the fundamental 

and SHe fields. 

Second, X;~k(w = 2wo) is nonzero only if the initial state Ii) is occupied. This 

restriction has been exploited by J. Qi et at. to distinguish between nonlinear optical 

process that originate from a midgap state as opposed to the valence band [10j. 

Third, the second-order susceptibility is enhanced when the energy of the incident 

or second-harmonic photons, nwo and 2nwo respectively, match an energy difference 

between two states in the medium. This phenomena forms the basis for nonlinear 

spectroscopy: an increase in measured SHG signal can be correlated with an electronic 

or vibrational excitation in the material. Often one uses SHG to probe systems that 

are inaccessible when using conventional linear optics or competing spectroscopic tech

niques. The measurement of electronic states at the interface between two materials 
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is an example of such an experiment. 

Fourth, the process is symmetric in the last two indices, i.e. xUL(w = 2wo) = 

x~~~(w = 2wo). This is true for SHG but is not true in general for other second-order 

nonlinear processes, such as sum frequency generation (SFG) and difference frequency 

generation (DFG). 

Fifth, x~~L(w = 2wo) is zero for any media with inversion symmetry. This is 

obvious if one considers the following simple argument [35]. .-\ssume a fieid E(wo) 

induces a nonlinear polarization, p(2) (2wo ), in a medium with inversion symmetry. 

Due to inversion symmetry, an applied field - E(wo) induces a polarization - P(2)(2wo)' 

However, since the nonlinear polarization results from a quadratic field, E(wo ) and 

- E(wo) must induce the same polarization. Therefore, P(2)(2wo) and x~~L(w = 2wo) 

are zero for any media with inversion symmetry. The effect that the symmetry of the 

medium has on x~~L(w = 2wo) is discussed further in the following section. 

The magnitude of X~n(w = 2wo) depends on the energy of the incident laser 

pulse (an experimentally controllable parameter), and the dipole moments between 

states, which can be controlled to some extent by light polarization. Thus. although 

a nonlinear interaction may be enhanced by judicious choices of the laser energy and 

polarization, the matrL,,{ elements in equation (2.8) will limit the magnitude of the 

signal for fixed input energy. 
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2.3 (2) 
Xijk and Symmetry 

In general Xm(w = 2wo) has 18 unique elements. Group theory can be used to reduce 

this complexity further by determining relationships among the nonzero elements. 

The present discussion focuses on the nonlinear susceptibility elements of Ga:\". but 

the general application of group theory to determine relationships among the elements 

of a general response function follows similarly. 

The strength of group theory for determination of the relationships among the 

susceptibility elements arises from Neumann's principle. Neumann's principle states 

that any macroscopic physical property has at least the symmetry of the point group 

of the space group of that medium [36]. By applying the symmetry operators of the 

appropriate point group to X~~k, which transforms as a three component Cartesian 

tensor. relationships among the symmetry elements are determined. 

GaN has C6v or 6mm symmetry, which is the symmetry of a regular hexagon. The 

generators of this group are 

(2.9) 

Definitions of these symbols are found in reference [36]. Note, C6v contains only 

symmetry operators in a plane. Therefore for GaN [0001], which is the cut of our 

samples, the surface and interface have the same nonzero nonlinear susceptibility 

elements as the GaN bulk. Because far fewer atoms participate in a nonlinear process 
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Figure 2.1: Symmetry and generators of C6v ' (Tvl is a mirror plane that bisects the 
vertices of the regular hexagon. (T dl is a mirror plane that bisects the line segments 
of the regular hexagon. Additional mirror planes and rotation operators define the 
full symmetry of the hexagon. 

that originates from the surface or interface as compared with bulk. bulk nonlinearities 

dominate second-harmonic generation spectroscopy of GaN. 

Fig. 2.9 shows C6v and two generators of this group. Cnder the operator (Tvl the 

coordinates transform as 

x -+ +x (2.10) 

y -+-y 

z -+ +z. 

Similarly, (Tdl transforms the coordinates as 

x -+-x (2.11) 
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X(2) = v(2) 
zxx ,\.zyy 

X
(2) = v(2) = X(2) = X(2) 
xzx AXXZ yzy 'yyz 

Table 2.1: Nonzero second-order susceptibility elements for Ga0i 

y~+y 

z~+z. 

Since the second-order susceptibility transforms as the product of three vectors. it is 

clear that under the application of auL 

(2) (2) 
Xzzx --+ -Xzzx • (2.12) 

However, ~eumann's principle requires that any macroscopic property must be in-

variant under the application of a generator of a point group. Therefore, X~~~ = o. By 

similar application of the other generators of C6u one can calculate the relationships 

shown in Table 2.1. Once the nonzero susceptibility elements are determined. the 

second-harmonic generated intensity as a function of crystal orientation and second-

harmonic and linear light polarizations can be determined. Experimental data and 

calculations for GaN are presented in section 6.2. 
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2.4 Interference in Nonlinear Optical Measurements: The Maker Fringe 

Problem 

In section 2.4.1 we develop techniques to analyze nonlinear optical signals from a 

model system. In particular we consider the second-harmonic light generated by a 

monochromatic laser beam propagating through a quartz slab at normal incidence. 

This analysis introduces the concepts of interference in nonlinear optical measure

ments, which can have a rather significant effect on the measured intensity. We then 

generalize this problem to include the second-harmonic response of a quartz wedge 

excited by the ultrafast light pulses used in all of our experiments. The section also 

introduces the nomenclature that is used through out this thesis to describe second

harmonic signals. 

2.4.1 Excitation with a Monochromatic Light Source 

In 1962 P. D. Maker and coworkers experimentally demonstrated phase matching 

of SHG in a quartz plate [37]. In this phenomena, now called NIaker fringes. the 

measured intensity of SHG light oscillates strongly as a function of the orientation 

of the quartz plate with respect to the incident beam propagation direction. The 

observed alternating maxima and minima in the transmitted intensity of SHG light is 

strongly dependent on the wavelength of the fundamental light, the index of refraction 

of quartz, and the thickness of the quartz slab. In order to accurately measure 
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X~}k(W = 2wo) of our GaN samples, a full understanding of interference in these 

samples is required. 

M. S. Yeganeh [38] developed techniques to analyze nonlinear interference in stacks 

of thin slabs using some of the early work of Bloembergen and Pershan [39]. Here 

we review the theory for the second-harmonic generated signal transmitted through 

a quartz slab at normal incidence. 

Fig. 2.2 schematically displays the geometry of second-harmonic generation from 

a quartz slab and labels all of the nonlinear fields. The geometry consists of two 

semi-infinite linear media, labeled a and 2, separated by a nonlinear slab, labeled 1. 

The linear field propagates from the vacuum to the nonlinear quartz crystal, at y = O. 

where it generates a second-harmonic field. This field propagates through the crystal 

to the second crystal/vacuum interface at y = -d. :\ second-harmonic field is trans

mitted through this interface and has a magnitude that depends on the boundary 

conditions. Generally the simple Maker fringe model assumes that multiple reflec

tions of the second-harmonic waves and fundamental waves in the quartz crystal are 

unimportant. Even without incorporating these effects in the calculation. the model 

captures the oscillation in the SHG intensity from a nonlinear slab. In our model. we 

include the effects of a reflected free wave from the quartz/vacuum interface. 

\Ve used y-cut quartz as a normalization material in our experiments (for more 

detail see section 3.5). In this geometry, the fundamental field couples to the dominant 
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I 

Figure 2.2: Schematic of second-harmonic fields generated in a quartz slab. The fields 
are labeled as in the text. The dashed line corresponds to the fundamental field. ::\ote 
all fields, except the incident linear field, have an angular frequency of 2w. 
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nonlinear element of quartz, X~~x{w = 2wo) = 2.2xlO-9 esu [40]. There are two 

solutions to the nonlinear wave equation (equation (2.5)) : a homogeneous solution 

and a particular solution. vVe refer to the particular solution as the "bound wave·' 

solution; the bound wave solution exists only in the nonlinear optical crystal. This 

field is bound to the linear field and propagates with a wavevector twice that of the 

linear field. This field may be written as 

E - x~E ei (kbl·r--2wot) 
b1 - b1 . (2.13 ) 

The subscript b designates a bound wave solution. The bound wavevector. kbl , is 

(2.1.,1) 

The magnitude of this field is calculated directly from equation (2.5) and has a value 

of 

47rp(2) 
Ebl = --

Ebl - Ef1 
(2.15) 

(2.16) 

where tOl (wo ) is the Fresnel transmission coefficient for light with angular frequency 

;,va which propagates from vacuum into quartz. The homogeneous solution to the 

wave equation is 

E - x~E ei(k/l·r--2wo t) /1 - f1 • (2.17) 
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The free wavevector, k/l, is determined from the homogeneous solution to the non-

linear wave equation and has a value of 

k 
_ 2n(2wo)wo 

11 - . 
c 

(2.18) 

The magnitude of this wave is determined by continuity of the tangential components 

of the electric and magnetic fields, Etan and Htan respectively, at both interfaces. 

These boundary conditions (at y = 0 and y = -d) imply the following equations: 

(2.19) 

kl EI e ikfl ·d + k E eikfrl·d + k E eikbl·d - k E eikf2·d l~ 1 frl~ Irl bl~ bl - 12~ 12 . 

These boundary conditions ignore multiple reflections of the nonlinear and linear 

fields. ~Iultiple reflections of the nonlinear (linear) fields modify the transmitted 

SHG intensity by approximately 4% (0.2%). This is a minor effect when compared 

to :\-Iaker fringes, for which the transmitted intensity is modified by 100%. 

In equation (2.19), kb1y = kbl cos (}. Since our system is vacuum/quartz/vacuum. 

klo = k12 . Also note koiy = kOi' where Q = b or f and i = 0, 1, or 2, since the beams 

propagate at normal incidence to the quartz crystal. This more general notation is 

introduced for consistency with the calculations of the second-harmonic fields gener-

ated from GaN/AI20 3 films. The solution to equation (2.19) yields the magnitude of 



Reproduced with permission of the copyright owner.  Further reproduction prohibited without permission.

22 

the transmitted wave, E:t'°, 

The measured signal, I:t'° is 

(2.21) 

where 

(2.22) 

vVe observed Maker fringes by measuring the SHG intensity from a quartz wedge 

excited by aNd: YAG pumped dye laser. By translating the quartz wedge through 

the dye laser light, the phase difference between the bound and free waves changes 

as the quartz thickness changes. Fig. 2.3 demonstrates the simplified experimental 

geometry used to observe Maker fringes [411. Fig. 2.4 displays the Maker fringe data 

and a fit to the data using equation (2.21). The salient feature of this fitting function 

is that the intensity oscillates as a function of the phase velocity mismatch, (kbl - k /1), 

times the crystal thickness, d. 

2.4.2 Excitation with a Ultrafast Light Source 

In linear optics, propagation of ultrafast laser pulses in dispersive media depends in 

part on group velocity dispersion (GVD). In this phenomena, an ultrafast laser pulse 

is broadened as it traverses a dispersive media. The pulse broadens more rapidly when 
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Nd:YAG laser 

Figure 2.3: Experimental set up for observing Maker fringes with a monochromatic 
light source. The quartz wedge is mounted on a translation stage that has a direction 
of travel perpendicular to the laser light. The inset shows the miscut angle of the 
quartz wedge, Q = 1.0 0 • 
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Figure 2.4: ~Iaker fringe data for a monochromatic light source. The figure and data 
are adapted from reference [41]. 
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the medium dispersion increases and/or when the initial temporal width of the pulse 

decreases. This phenomena occurs because the higher frequency spectral components 

of the pulse have smaller group velocities than the lower frequency spectral compo

nents. In most frequency ranges, materials are normally dispersive and have an index 

of refraction that increases with increasing spectral frequency. This accounts for the 

decrease in group velocity that occurs as the spectral frequency is increased. After 

propagating through the medium, the lower frequency spectral components arise at 

the beginning of the pulse and the higher frequency spectral components arise at the 

rear of the pulse. 

Cltrafast nonlinear pulse propagation in a dispersive media is also dependent on 

GVD. The phenomena that dramatically alters the propagation of ultrafast nonlinear 

fields is called group velocity mismatch. In section 2.4.1, we observed that the ~Iaker 

fringes in the SHG intensity from a quartz slab depend on the interference of the 

free and bound waves (wavevector mismatch). In this section, we calculate the SHG 

intensity from a quartz slab excited by a ultrafast laser pulse. vVe demonstrate that 

the intensity depends on both wavevector mismatch and group velocity mismatch 

between the free and bound waves. This difference in group velocity produces an 

incomplete overlap of the free and bound waves, and hence an incomplete interference 

between the waves. The interference of the bound and free waves for a monochromatic 

and an ultrafast source is displayed schematically in Figs. 2.5 and 2.6. 
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Quartz 

fundamental 

Figure 2.5: Interference of the bound and free waves excited by a monochromatic 
light source. The real component of the bound (free) wave is represented by the thick 
(thin) line. At the end of the crystal, a phase difference exists between the two waves 
because of the dispersion of the crystal. 
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Quartz 

fundamental 

Figure 2.6: Interference of the bound and free waves excited by an ultrafast light 
source. The real component of the bound (free) wave is represented by the thick 
(thin) line. At the end of the crystal, a phase difference exists between the two waves 
because of the dispersion of the crystal. In addition, the free wave lags behind the 
bound wave because its group velocity is lower. 
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The bound wave, which propagates as a pulse with twice the wavevector of the 

fundamental pulse, kb = 2won(wo)/c, propagates through the crystal and arrives at 

the crystal/quartz interface before the free wave, which propagates with a wavevector 

kf = 2won(2wo}/c. 

There have been several theoretical investigations of ultrafast nonlinear pulse prop

agation [42, 43, 44, 45]. The focus of these papers is to calculate conversion efficiencies 

for nonlinear optical crystals. In general, the papers include the effects of group ve

locity mismatch and GVD. Comly and Garmire [43] solve the problem of ultrafast 

nonlinear pulse propagation by summing over a series of discrete plane wave modes. 

vVe develop our theory from first principles to calculate the nonlinear pulse propaga

tion for any geometry. Our goal is to develop a theory that accurately predicts the 

response of nonlinear materials to an ultrafast excitation in the low conversion limit. 

This theory is useful for interpretation of our nonlinear optical spectroscopic data. 

The remainder of this section is organized as follows. First we calculate the 

nonlinear polarization induced by an ultrafast fundamental field. Next, we calculate 

the bound wave field from the nonlinear polarization. The free wave field generated 

from an ultrafast fundamental pulse is then calculated. Finally, the transmitted 

second harmonic field is calculated. 
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2.4.3 Determination of p(2)(W) 

'vVe calculate the nonlinear polarization induced in a material by an ultrafast laser 

source. 'vVe again use quartz as our modeL We assume without a loss of generality 

that the fundamental beam propagates in the y direction normal to the quartz surface 

(8 = 0). We also assume the incident fundamental field is x polarized and couples to 

X~~X. This theory is generalized for other geometries in section 6.3. 

For bookkeeping purposes, we assume that our fundamental fields are labeled 1 

and 2. This notation is used to explicitly exhibit the mi.xing of different frequency 

components of the same pulse in the SHG process. The form of the fundamental 

fields in frequency space is 

(2.23) 

and 

(2.24) 

The coefficient of the field strength is represented by E. The form of the spectral 

envelope function was determined experimentally by measuring the wavelength dis-

tribution of the modelocked pulse from our Ti:Ah03 laser. The measured spectral 

intensity was Gaussian, i.e. 

(2.25 ) 

where Ao is the center wavelength and ~A is the full width at which the intensity is 
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1/e2 its ma.'{imum value. This distribution can be converted to the angular frequency 

distribution 

l2.26) 

through the vacuum dispersion relationship w = kc = 2rrc/ A. The angular frequency 

bandwidth varied as the pulse duration changed. Typically, ~w ranged from 0.021 

to 0.053 fs- 1 over the spectral range of the Ti:Ah03 laser. 

Also note. the wavevectors are expressed explicitly as a function of the angular 

frequency, k(wd, in order to exhibit the dispersive nature of the medium. vVe can 

simplify equations (2.23) and (2.24) and facilitate the calculation of the nonlinear 

polarization induced by an ultrafast fundamental source by expanding the wavevector 

k(wd to first-order as a power series in (WI - wo ), i.e. 

( 'J ·r) -.-1 

In Appendix A. the expansion up to first-order is rigorously justified for the systems 

of interest. The second-order expansion term accounts for the broadening of the 

fundamental pulse. vVe calculate that for our quartz sample thicknesses, the pulse is 

broadened less than 0.3%. For the GaN samples, the broadening is even less. Hence. 

a first-order expansion is valid. The symbols in equation (2.27) have their usual 

meanings; n(wo) is the index of refraction at frequency Wo and c is the speed of light. 
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\Ve further simplify the notation so that 

(2.28) 

with 

(2.29) 

Physically, vY1 is the group velocity of the pulse with angular frequency Wt. This is 

the speed at which the pulse propagates through the dispersive medium (quartz or 

GaN). 

\Vith this simplification, the nonlinear polarization is calculated from the funda-

mental fields through the relationship 

Equation (2.30) is the frequency space representation of second-order nonlinear re-

sponse function. This equation is derived in Appendbc B. Performing the first inte-

gration over ;..,'t, we generate an expression for pp)(r, w), i.e. 

(2.31) 

with 

C = ei2ki'YE2X(2) (w = 2w ) xxx 0 • (2.32) 
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Here, x~;!Aw = 2wo) is a constant for quartz over a wide range of frequencies. 

X~;!x(w = 2wo) for quartz varies by less than 0.4% over the bandwidth of the Ti:AI20 3 

laser. 

Integration over W2 yields 

( )
2 

. -2 w - 2wo 
p(2)(r w) = P. elkb(W)Yexp( ) 
x' 0 ~W2· 

(2.33 ) 

with 

P. = fi LlwE2 v(2) (w = 2w ) 
o 2V2 "-xxx 0 

(2.34) 

Note the use of the symbol kb (w) in the phase pP). This symbol denotes that kb (w ) 

is the bound wavevector. This is clear from the functional form of kb(w), i.e. 

(2.35 ) 

which is simply twice the wavevector of the fundamental field (equation (2.28)). This 

is the same result as for the the monochromatic case: the nonlinear polarization 

is coupled or bound to the fundamental wave and propagates with a wavevector 

twice that of the fundamental wave. As a final note, the subscripts 1 and 2 are 

no longer necessary because we integrated over the angular frequency spectrum of 

the fundamental fields. Notation used henceforth is absent of these subscripts. To 

summarize this section, we have calculated the nonlinear polarization generated from 

an ultrafast, or broadband, fundamental light source using a first-order expansion in 

the wavevectors of the fundamental fields. 
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2.4.4 Calculation of the Bound Wave From the Nonlinear Wave Equation 

Once the nonlinear polarization is determined from the fundamental fields, the non-

linear waves may calculated from the nonlinear wave equation and boundary condi-

tions. This section outlines the calculation of the nonlinear bound wave from the 

wave equation and the nonlinear polarization. 

The nonlinear wave equation in frequency space is [461 

(2.36) 

The particular solution to the nonlinear wave equation must oscillate with the same 

phase as the nonlinear polarization (equation (2.33)), i.e. eikb(w)y. Since, kb is the 

bound wavevector, we subscript the particular solution of the wave equation with 

·'b" to denote it is the bound wave field. This solution has the form 

(2.37) 

Thus, the wave equation for Ebx is 

(2.38) 

vVe further simplify this expression by making a zeroth-order approximation for the 

coefficients in equation (2.38). We assume that w = 2wo• In other words. we assume 

that the angular frequency is identically equal to the center frequency of the Gaussian 

for the coefficients in equation (2.38). This approximation leads to the following 
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simplifications 

(2.39) 

and 

(2.40) 

with Cb == c(wo ) and cf = c(2wo ). Therefore, equation (2.38) reduces to 

(2.4 1) 

vVe calculated the effect of this substitution on the measured intensity for Gal'i and 

quartz (see Appendix C). Note, Ebx has exactly the same functional form as the 

bound wave generated from a monochromatic light source (equation (2.15}). \Ve 

found this approximation leads to at most a 0.2% (0.04%) error in the magnitude of 

the measured SHG intensity from GaN (quartz). 

2.4.5 Calculation of the Free Wave from Boundary Conditions 

To review, we have calculated the bound wave field from the nonlinear wave equation 

and the incident field. Although Eb(r, w) satisfies the nonlinear wave equation (equa-

tion (2.36)), the addition of a homogeneous solution of the nonlinear wave equation 

is required to satisfy boundary conditions. This homogeneous solution is of the form 

(2A2) 
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Solution of the homogeneous wave equation determines k 11 as 

(2.43) 

~ote, we use the same notation for this calculation as we did for the monochromatic 

case; nonlinear fields reflected off of the front surface of the quartz are subscripted 

with 0, nonlinear fields in the quartz are subscripted with 1, and nonlinear fields 

transmitted through the quartz are subscripted with 2. 

The model for SHG generated by an ultrafast fundamental source and transmitted 

through a quartz slab is the same for the SHG generated by a monochromatic source. 

The fundamental field is transmitted through the quartz slab without reflection. This 

field generates a bound wave, Eb(r,w), and free wave, E/l(r,w'), that propagate 

through the crystal and a free wave that is reflected off of the front surface of the 

quartz. E/o(r,w). A free wave, ElrI(r,w), is also reflected from the second quartz/air 

interface. The reflected waves have functional forms similar to E /1 (r, w) except they 

propagate in the opposite direction, i.e. 

(2.44) 

and 

(2.45 ) 

The transmitted free wave is denoted E /2 (r, w). See Fig. 2.2 for a schematic of the 
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nonlinear waves. This model assumes no multiple reflections of the free waves. Multi

ple reflections affect the transmitted intensity by 4%, and are therefore insignificant. 

We apply the continuity of E tan and H tan at both quartz/air interfaces (y = 0 and 

y = -d) to determine the free wave fields (see section 2.4.1). Here we repeat this 

calculation to determine the angular frequency envelopes of the free waves, «(.....:) , and 

hence the free waves. Ultimately, we want to calculate the intensity of the transmitted 

second-harmonic field, E f2 (r, t), and compare this with the SH intensity generated 

from a monochromatic source. 

Matching boundary conditions for an ultrafast pulse is complicated by the spread 

in frequencies, and hence wavevectors. This dilemma is solved by selecting a specific 

..J, which forces the vacuum k to be w/c. In other words, the boundary conditions hold 

for each angular frequency of the pulse. vVith this in mind, the continuity equations 

at y = 0 are 

(fl(W) + (bl(W) = (fo(w) 

kfl (w)(/l (w) + kbl(W)(bl(W) = -kfo(w)(fQCw). 

(2..16) 

(2..17) 

Propagating the fields to y = -d and applying the continuity of the tangential com

ponents of the fields yields 
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and 

This leads to the following solution for the envelope function of the transmitted field 

(bl (W) [_ 2k/l (w) (kbl (W) + k fO(W)) e1(k/dw)-k/o(o.J)d 
k/l(w) + kfo{w) kf1{w) + kfo(w) 

+(kb1(W) + k/l(W))ei(kb1(W)-k/O(W))dj. (2.50) 

In a zeroth-order approximation. the relationships between the coefficients k and ...; 

are 

(2.51) 

with 

( 'J -.J) _.;)-

Equation (2.50) can be rewritten as 

(2.53) 

with 

(2.54) 

Note that ex and /3 do not depend on w. This determines the angular frequency 

representation of the transmitted SHG field. Ef2(r, t) is determined by applying the 



Reproduced with permission of the copyright owner.  Further reproduction prohibited without permission.

38 

Fourier transform to E /2 (r, w) as 

(? --) _.;:Kl 

vVhen k/ is used as a coefficient, (2.51) is the appropriate equation. .-\ first-order 

expansion, 

(2.56) 

, is required for any k / which appears in a phase. The second term in equation (2.56) 

contains an expression for the free wave group velocity in the quartz crystaL 

8kl 
8w 2w

o 

1 
(? --) _.;) I 

The functional form of (bl (w) is determined by the calculations in section 2..!..! as 

(2.58) 

with Po is defined by equation (2.34). Csing equations (2.27), (2.50), (2.54), (2.55). 

(2.56), and (2.58), the a part of the frequency space representation of the transmitted 

nonlinear field can be Fourier transformed to the time domain in the following steps. 

The a integral can be expressed as 

(2.59) 

Integration of equation (2.59) with respect to w yields 

(2.60) 



Reproduced with permission of the copyright owner.  Further reproduction prohibited without permission.

39 

with 

(2.61) 

The transmitted field is 

(2.62) 

with <P2 defined as <PI with nb replacing nf. Finally, the intensity can be expressed 

in notation similar to equation (2.21) as 

(2.63) 

with 

(2.6-1) 

and 

(2.65) 

Experimentally, the Gaussian shape of the laser pulse is not observed because it 

occurs on a time scale which is much shorter than the response time of the detector 

electronics. Therefore, the detector effectively integrates equation (2.63) as 

(2.66) 

\Ne attempted to measure Maker fringes using the Ti:AI20 3 laser and lock-in 

detection with an optical set up as in Fig. 2.3. Fig. 2.7 displays the SHG intensity 

from a quartz wedge. The fit to the data is equation (2.66) with a quartz thickness of 
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3 mm and with the parameters displayed in Table 2.2. Remarkably, the data is free of 

~raker fringes that characterize excitation of a quartz wedge with a monochromatic 

light source (see Fig. 2.4.) In addition, equation (2.66) is plotted in Fig. 2.8 as a 

function of crystal length. After ",,200 J.Lm, the oscillations are damped to half of their 

value for the thin film, i.e. a film in which the bound and free waves are temporally 

overlapped. 

Physically, the fundamental light pulse generates both a free and a bound wave 

pulse at the first vacuum/quartz interface. The bound wave is coupled to the free 

wave and propagates through the quartz wedge with a group velocity characteristic of 

the fundamental pulse, Vb. In contrast, the free wave propagates through the quartz 

wedge with a group velocity characteristic of a pulse of twice the frequency of the 

fundamental pulse, vf. If the quartz wedge is thick enough. the bound wave arrives 

before the free wave at the second vacuum/quartz interface, and interference does not 

occur. 

In section section 2.4.1, we discussed the phenomena of Maker fringes generated 

from a monochromatic laser source, which are directly related to the phase velocity 

mismatch of the nonlinear bound and free wave fields in the crystal. In contrast. 

excitation of a dispersive medium with an ultrafast laser source produces a nonlinear 

signal that depends on both phase and group velocity mismatches. The effect of 

group velocity becomes more significant as the interaction length of SHG increases. 
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Figure 2. 7: ~Jaker fringe data for a broad band, ultrashort light source. The quartz 
wedge was translated perpendicularly to the Ti:Ah03 beam. The experimental appa
ratus for measuring the Maker fringe data from a quartz wedge excited by an ultrafast 
Ti:AI2 0 3 laser is similar to the apparatus displayed in Fig. 2.3. The free and bound 
waves do not interfere to produce oscillations. 
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Figure 2.8: Calculated ~laker fringes with a broadband source as a function of quartz 
thickness. The light generating source is a Ti:AI20 3 laser. The ~laker fringes damp 
out as the quartz slab gets thicker. 

the material becomes more dispersive. or the pulse duration of the laser decreases. 

i.e. the bandwidth increases. 

;..iote. the index of refraction and the group velocity were derived from the Laurent 

expression for the ordinary index of refraction of quartz 

(2.67) 

The parameters for equation (2.67) are displayed in Table 2.3. 
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parameter symbol value 

speed of light c 0.3 pm/fs 

wavelength of light A 0.800 pm 

angular frequency of Wo 2.35 fs- l 

fundamental light 

angular frequency bandwidth .6.w .053 fs- l 

of fundamental light 

pulse width r 80 fs 

index of refraction nb 1.5384 

for fundamental light 

index of refraction nf 1.5577 

for second-harmonic light 

group velocity for Vb 0.19300 pm/fs 

fundamental light 

group velocity for vI 0.18089 J.lm/fs 

for second-harmonic light 

Table 2.2: Parameters used for ultrafast Maker fringe calculation. :'-iote the use of 
"ultrafast units." 
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parameter value 

Bl 2.35728 

B2 -0.01170000 J.lm-2 

B3 0.01054000 J.Lm2 

C1 1.34143 x 10-4 J.Lm4 

C2 -4.45368 x 10-7 J.Lm6 

C3 5.92362x 10-8 J.Lm8 

Table 2.3: Laurent series parameters for the ordinary index of quartz [.ri]. 

2.5 Novel Technique and Apparatus to Measure Ultrafast Pulses 

The analysis in the previous section suggests a technique to measure the spectral 

bandwidth of ultrafast laser pulses. Typically pulse lengths are measured by an 

autocorrelation technique (see section 3.4.) The autocorrelator method measures the 

pulse duration by a nonlinear interferometric technique [48]. The disadvantage of this 

technique is that it requires the interfering light pulses to be overlapped in both time 

and space, which is somewhat difficult to achieve in practice. If instead one measured 

the SHG response of a ",300 J.lm quartz wedge excited by a Ti:AI2 0 3 ultrafast laser 

pulse, the damped Maker fringes could be observed. A "damping factor" may be 
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[max - [min 
TJ-

- [max + [min' 
(2.68) 

where [max is the SHG intensity from a Maker fringe peak and [min is the SHG 

intensity from a NIaker fringe valley. This ratio is defined in terms of the ultrafast 

coefficients (equations (2.64) and (2.65)) as 

(2.69) 

By comparing the calculated TJ with the experimentally observed TJ, one can de-

termine ~w of the pulse. This comparison proceeds as follows. First, the thickness of 

the quartz wedge, typically 250 pm at the thinnest edge, and the angle of the quartz 

wedge, typically 10
, are determined. Note that the wedge angle is directed along the 

x a.'Cis of the crystal. Second, the wedge is positioned at normal incidence to the 

Ti:AI20 3 beam. The Ti:AI20 3 beam is focussed on the quartz wedge to a beam size 

of less than 100 pm. If the beam has a large spatial extent. i.e. greater than 1 mm. 

each section ofthe beam travels a different path length, and the transmitted intensity 

from each section of the beam is different. This latter effect also suppresses ~Iaker 

fringes [38]. Therefore, a small beam diameter is required to ensure that the damped 

Maker fringes result from ultrafast effects and not from finite beam effects. Third, 

the quartz wedge is translated perpendicularly across the Ti:AI20 3 pulse. Note that 

the direction of translation is such that the beam traverses a different quartz thick-

ness during the translation. The second-harmonic intensity from the quartz wedge 
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is measured as a function of translation distance. For a quartz wedge with a 10 an-

gle excited by an 800 nm Ti:AI2 0 3 pulse, the damped Maker fringe has a period of 

2.4 mm. In other words, translating the quartz wedge by 2.4 mm results in one ~Iaker 

fringe. Fourth, a value for ~w is assumed and the Maker fringe damping parameter, 

17, is calculated from the measured SHG intensity as a function of position, the quartz 

thickness, the wavelength of the incident light, and the quartz wedge angle. Fifth. 

the measured 17 is compared with the calculated 17. If the measured T/ is greater than 

the calculated 17, then T/ is recalculated assuming a smaller ~w. Conversely. if the 

measured 17 is smaller than the calculated T/, then 17 is recalculated assuming a larger 

~w. This procedure is repeated until the calculated T/ equals the measured 17. This 

procedure determines ~w. 

vVe define ~w as full width at which the intensity of the pulse falls to 1/ e2 of 

its max:imum value. Assuming the pulse is Fourier transform limited, the angular 

frequency bandwidth is related to the time width of the pulse as 

8 
(2.70) TFWI = ---

~ ~WFW 1 
~ 

Conventionally, pulse widths are reported in terms of the full width at half ma.'dmum. 

TFW H AI rather than T FW!:r. These quantities are related as 
e 

ln2 
TFWHM = -TFW 1 

2 ~ 
(2.71) 

vVe discuss typical values of TFWHM and ~w for our Ti:Ah03 laser system in section 

3.9. 
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Maker fringe autocorrelation 

technique single beam SHG non-collinear two beam SHG 

advantages ease of use observe tails of pulse 

portability 

disadvantages no direct information regarding difficult to align 

temporal pulse shape (no frequency information) 

use commercial Ti:Ah03 laser systems homemade laser systems 

regenerative amplifiers 

Table 2.4: Comparison of ultrafast pulse measurement techniques. Higher order corre
lations, e.g. non-collinear four wave mixing, provide additional information including 
asymmetry in the pulse. These measurements are correspondingly more difficult to 
align. 

Table 2.-1 compares the damped Maker fringe and autocorrelation techniques for 

measuring ultrafast laser pulse duration. One could construct a stand alone de\'ice 

to measure ultrafast pulse durations by damped Maker fringes. A schematic of this 

device is displayed in Fig. 2.10. This device would operate in a manner described by 

the flow chart displayed in Fig. 2.9. 
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from 11 and A. 

\11 

output t 

Figure 2.9: Flow chart for measuring pulse lengths with damped Maker fringe tech
nique. 
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Figure 2.10: Device for measuring ultrafast pulse using damped );Iaker fringe tech
nique. 



Reproduced with permission of the copyright owner.  Further reproduction prohibited without permission.

50 

2.6 Conclusion 

In this brief section we relate the theoretical results derived in this chapter to the 

nonlinear optical properties of GaN, which are presented in the subsequent chapters. 

In section 2.2, we discuss the properties of the second-order nonlinear suscepti

bility, x;}L(w = 2wo). vVe suggest which states lead to a resonant enhancement of 

x~~L(w = 2wo) for both GaN bulk and defect states in sections 5.-1.1 and 6.5, re

spectively. The determination of the states that contribute to the nonlinear optical 

response follows directly from the application of group theory to equation 2.8. 

In section 2.3 we discuss the relationship between material symmetry and second

order susceptibility elements. Using symmetry, we determined the unique nonzero 

susceptibility elements for GaN. These elements, combined with experimental geom

etry. influence nonlinear optical transmittance spectra of GaN (see chapter 6). 

Finally, the majority of this introductory nonlinear optics chapter is concerned 

with a detailed investigation of nonlinear optical interference, i.e. Maker fringes. vVe 

contrast nonlinear optical interference for monochromatic and ultrafast laser sources. 

\Ve demonstrated that nonlinear optical interference, which is due to wavevector 

mismatch, is damped by group velocity mismatch. We apply this ultrafast analysis to 

determine the second-order susceptibility elements from the nonlinear optical spectra 

of GaN in sections 6.3 and 6.4. 
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Chapter 3 

Experimental Ultrafast Nonlinear Optical Spectroscopy 

In this chapter we discuss the nonlinear optical spectroscopy experimental setup. A 

further discussion of our spectra normalization and the effects of an ultrafast laser 

pulse on our measured second-harmonic generation signals (see also section 2.4.2) is 

given. In addition, the characteristics of the fundamental light generating source. the 

Ti:AI20 3 laser, are discussed at length. 

3.1 Optical Setup 

Fig. 3.1 displays a schematic of the nonlinear optical setup. This setup is somewhat 

similar to the one used by M. S. Yeganeh and J. Qi [49, 41J, but with a different 

fundamental light source. The fundamental light source with frequency ....: was a 

Ti:AI20 3 laser, the details of which will be more thoroughly discussed in section 3.3. 

Briefly, the Ti:AI20 3 laser produces ultrashort near IR laser pulses (",,700-1000 nm) 

at rate of 76 MHz. The individual ultrashort pulses have sufficiently high peak pow

ers (",,50 kvV) to produce measurable nonlinear optical effects. Polarization of both 

51 
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S-polarized 

P-polarized 

Figure 3.2: Prism pair to rotate p-polarized light to s-polarized light. 

the fundamental and second-harmonic beams constrains the second-order suscepti

bility elements probed. The fundamental output from a Ti:Ah03 laser is p-polarized 

(horizontally polarized). vVe used a simple combination of prisms [38] to rotate the 

p-polarized beam by 90° for the fundamental s-polarized measurements. As indicated 

by Fig. 3.2. the prism pair lowered the height of the fundamental beam. The original 

beam height was restored using a combination of gold coated mirrors. Although this 

optical setup is not the most elegant solution for converting a p-polarized beam into 

an s-polarized beam, it avoided the problem associated with using a half wave plate 

over a broad spectral range. In the latter case, for wavelengths far from the central 

operating wavelength of the half wave plate, the waveplate is unable to introduce a 

relative phase shift of IT between polarization components of the wave, and is therefore 

unable to rotate one linear polarization into another. 
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After polarization, the beam was amplitude modulated with a standard optical 

chopper (1 kHz) and a sequence of optics were used to direct the beam to a beam 

splitter which transmitted ,,-,90% of the fundamental light to the sample. The re

maining 10% of the Ti:Ah03 pulse was reflected and propagated along an identical 

optical line containing a quartz wedge. This line was used to normalize the nonlinear 

optical signal, which will be described in greater detail in a following paragraphs. The 

sample was placed at the focal point of an fj 4.0 achromatic lens which focused the 

4 mm beam to 100 J.Lm spot. The achromatic lens has a Rayleigh range of 4 mm which 

ensured that the spot size of the beam did not vary significantly as the wavelength 

of the fundamental beam was scanned. Any second-harmonic signal generated along 

the beam path prior to the sample was removed with a low pass optical filter. 

Interaction of the ultrafast Ti:Ah03 laser pulse with the sample or quartz pro

duced a second-harmonic generation pulse with angular frequency 2w. The SHG 

pulse was separated from the fundamental pulse by high pass filters and a Jarrel Ash 

:\Ionospec 18 monochrometer with entrance and exit slit widths of 2 mm. This slit 

configuration has a top hat transmission function with a full width wavelength band

width of ~,,\ = 10 nm. The monochrometer grating was blazed at 500 nm to maximize 

sensitivity to near IR frequency doubled light. In addition, the SHG signal was po

l::trized to probe various second-order susceptibility elements. The SHG signal was 

detected by a Hamamatsu R943-02 photomultiplier tube. The R943-02 is a high 
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gain, low noise, head-on photomultiplier tube. The photocathode is made of GaAs. 

which has a quantum efficiency of "V 14% over the range of our SHG spectroscopic 

measurements l. 

3.2 Data Acquisition 

The signals from the sample and reference photomultiplier tubes were sent directly 

to a pair of Stanford Research Systems SR530 lock-in amplifiers. The data from the 

lock-in amplifiers were transfered through a GPIB cable to a National Instruments 

AT-GPIB/TNT GPIB board in a 100 MHz Dell computer with a Pentium processor. 

I wrote a Quick Basic 4.5 program to graphically display, analyze, and store the 

data. All experiments in this thesis, with the exception of the photoluminescence 

experiment. acquire data in the same manner as the nonlinear spectroscopy data 

acquisition scheme. 

Prior to measuring the signals from the sample and quartz, a background mea-

surement from both the sample and reference lines was made with the laser blocked. 

The appropriate background measurements were subtracted from the sample and ref-

erence signals, and a normalized signal was reported as the ratio of the sample to 

reference signals. In a typical nonlinear spectroscopic measurement, the lock-in am-

plifiers were set to a 300 ms time constant and data was acquired every second for 

I The R943-02 has a quantum efficiency of '" 15% at 350 nm which monotonically decreases to 

'" 13% at 500 nm. 
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HR !l o 
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BP 

Figure 3.3: Schematic of Ti:AI2 0 3 laser. HR is the high reflector, BP is the Brewster 
prism, Ti:sapp is the laser rod, BRF is the birefringent filter, PO are the pump beam 
optics, and SG is the starter galvo. The pump beam (thin line) is vertically polarized 
(out of the page) and the Ti:AI20 3 beam (thick line) is horizontally polarized (in the 
plane of the page). 

1-25 seconds depending on the magnitude of the signal. For a 200 m'vV p-polarized 

fundamental beam, a typical measured SHG signal from the GaN/AI20 3 sample was 

2 X 105 photons/so 

3.3 Ti:Ah03 Laser 

The fundamental light generating source in our experiments is a Coherent Ti:AI20 3 

laser model Mira 900B. A Coherent Innova 310 Ar ion laser pumps the Ti:AI20 3 in 

a multiline configuration with 8 W. A schematic of the laser is displayed in Fig. 3.3. 

Table 3.1 displays some of the properties of our Ti:Ah03 laser. 
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characteristic value 

pump source 8W Ar ion laser 

wavelength range 700-1000 nm 

peak power (cw) 1.5 W at 800 nm 

peak power (modelocked) 800 m \V at 800 nm 

typical pulse length 80-150 fs 

pulse peak power 50 k\V 

repetition rate 76 MHz 

bandwidth of modelocked pulse 10 meV 

Table 3.1: Characteristics of Ti:Ah03 Laser 
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Figure 3.4: Energy band diagram for Ti:Ah03 . Straight lines correspond to optical 
transitions. The crystal relaxes by emission of phonons (wavy lines). This process is 
the crystalline analog of the Franck-Condon principle [50]. 

There are two essential characteristics of the fundamental light generating source 

for a nonlinear spectroscopy experiment: tunability of the fundamental wavelength 

and generation of high peak power laser pulses. The tunability of the Ti:AI20 3 laser 

is directly related to the coupling of the active medium (Ti ion) to the host crystal 

(AI203)· This coupling is represented in Fig. 3.4. A birefringent filter is used to 

select the wavelength of the laser. Fig. 3.5 displays the experimentally determined 

tuning curve for birefringent filter. 
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Figure 3.5: Ti:AI20 3 wavelength as a function of birefringent filter position. Data is 
for the mid wavelength (MW) optics set. 
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The production of ultrafast, high peak power pulses in the Ti:Ah03 laser occurs 

through a passive modelocking process called Kerr-lens modelocking. The cw laser 

light in the laser cavity is composed of a spectrum of frequencies. The width of 

this spectrum is determined by the active medium and the optics in the laser cavity. 

These frequencies, or longitudinal modes, are discrete as a result of the boundary 

conditions at the high reflector and output coupler mirrors. The modes are separated 

by a frequency '!rei L, where L is the length of the cavity. vVhen the laser is operating 

in cw mode, the phases between the modes are random. vVe can add a mechanism 

to the laser cavity that favors the propagation of a pulsed laser source as opposed to 

a cw source. The cw laser source will evolve to a pulsed laser source due to the gain 

differential between the two modes. This transformation from cw to pulsed mode 

occurs by fixing or locking the phase relationships between the modes to non-random 

values. In other words, by defining phase relationships, the longitudinal modes can 

add together to form a high intensity laser pulse. 

For the Ti:AI2 0 3 laser, the laser crystal not only functions as the acti\·e medium. 

but also as a Kerr lens, i.e. the active medium has an intensity dependent index of 

refraction that is exploited to produce ultrafast pulses. By placing a partially closed 

shutter in front of the output coupler, a loss is added to the cavity. If a noise spike. i.e. 

an intense pulse of light, is introduced into the cavity, the higher intensity of the spike 

will activate the Kerr lens modelocking and the light associated with the noise spike 
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Figure 3.6: Shutter configuration in the Ti:Ah03 laser. The high intensity of the 
pulsed laser activates the Kerr lensing action of the Ti:A120 3 crystal. This focuses 
the modelocked laser pulse (thick lines) through the shutter without loss. In contrast, 
the cw beam (thin lines) is not focused through the slit. The shutter mechanism is 
very similar to the saturable absorber method used to mode lock dye lasers. 

will be focused through the slit without attenuation (see Fig. 3.6). Thus, the noise 

spike proceeds through the cavity unattenuated and is amplified at the expense of the 

cw beam until it forms a femtosecond laser pulse with negligible cw background. ~ oise 

is introduced into the cavity through the starter galvo which rapidly oscillates with a 

small amplitude to slightly alter the cavity alignment. Modelocking was optimized by 

observing the laser signal with a fast silicon photodiode terminated by a 50 n resistor 

on an oscilloscope. Fig. 3.7 displays a typical modelocked power spectrum for the 

Ti:AI2 0 3 laser. Once the modelocking of the laser was optimized by adjusting the 

shutter position and width, the stater galvo was turned off. Typically, we modelocked 

the laser at the peak of its tuning curve, ",800 nm. It is advisable to modelock the 

laser at the peak of its tuning curve and then tune the birefringent filter to the desired 

wavelength rather than attempt to modelock the laser at the desired wavelength. 
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Figure 3. 7: ~Iodelocked power spectra of Ti:A120 3 laser. Data is for the mid wave-
length (MvV) optics set. 
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Figure 3.8: Pulse propagation through Brewster prisms. The red and blue compo
nents of the ultrafast pulse are not overlapped due to group velocity dispersion. This 
is compensated by the prism pairs shown. The red frequency components traverse 
more glass through the second Brewster prism than the blue frequency components. 
This overlaps the red and blue frequency components by negative group velocity 
dispersion. This figure is adapted from [51]. 

\Ve observed that the duration of the femtosecond pulse is strongly influenced by 

the position of the Brewster prism pair. The Brewster prisms counteract the tendency 

of the ultrafast pulse to spread out as it propagates through the cavity (see Fig. 3.8). 

This phenomena, known as group velocity dispersion, occurs because the ultrafast 

pulse is composed of a band of frequencies that have different group velocities. The 

cw power of the laser is relatively insensitive to the positions of the prisms, but the 

stability of the modelocking is highly sensitive to their positions. I found through trial 

and error that optimal modelocking stability is achieved when the Ti:Ah03 laser pulse 

is ,,-,2-3 mm from the front edge of BPI and ",,5-8 mm from the front edge of BP2. 

BP2 is mounted on a micrometer stage to allow adjustment during spectroscopic 
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measurements. Typically, I increased (decreased) the BP2 monochrometer setting by 

",2 mm for every 40 nm decrease (increase) in the wavelength of the laser. 

3.3.1 Techniques for Optimizing the Performance of the Ti:Ah03 Laser 

vVe conclude this section by listing some techniques for alignment of the Ti:Al2 0 3 

laser. Aligning the Ti:Al20 3 laser to lase is fairly easy, but aligning the Ti:Al20 3 to 

modelock and produce femtosecond pulse over a wide frequency range is somewhat 

difficult. The mode quality of the Argon pump laser is critical for optimal operation 

of the Ti:Ab03' The transverse mode of the Argon laser must be Gaussian. Higher 

order spatial modes, e.g. TEMOl and TEMIO, may be eliminated from the Argon beam 

by reducing the aperture setting of the laser. The smaller diameter of the aperture 

attenuates the higher order modes more than the Gaussian modes, and hence reduces 

the higher order modes relative to the Gaussian mode. (~ormally the aperture is set 

to 8, but I have occasionally pumped the Ti:Ah03 with an aperture setting of 6 or 7). 

Another common problem with the Argon laser is contamination of the Brewster 

window. The Brewster window is a quartz window that seals the Argon laser tube. 

The normal to the window is 45° from vertical. This window frequently picks up dust. 

which is almost immediately burned onto the window. The power and mode quality 

of the Argon laser diminishes significantly once the window has been contaminated. 

The contaminant may be observed by inspecting the Brewster window during laser 
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operation while wearing a pair of alignment goggles. Note that a beam is reflected 

off of the Brewster window. It is necessary to identify and avoid this beam prior 

to observing the Brewster window. Once the contaminant is identified. the window 

should be cleaned with HPLC grade methanol. I have found that cleaning a contami

nated Brewster window with methanol occasionally does not remove the contaminant. 

The contaminant may be removed by etching the window with Ammonium Bifloride 

(ABF). The .-\BF cleaning procedure may be obtained from Coherent Laser Group . 

. -\nother potential problem is the spatial mode of the pump beam, which may 

also be distorted by dust on the pump beam optics. These optics are extremely 

susceptible to picking up dust, and must be cleaned frequently (once a week). An 

additional technique to optimize the performance of the Ti:AI20 3 laser is to "walk" 

the Ti:.-\h03 beam to the center of every mirror in the laser cavity. This procedure. 

which is outlined in the manual. ma.ximizes the overlap of the Ti:AI2 0 3 beam with 

the pump beam, and hence maximizes the Ti:Ah03 power. In my experience. this 

procedure often produces an increase in power necessary for modelocked operation. 

It is equally important to center the Argon pump laser on the pump optics while 

simultaneously centering the pump beam on the Ti:AI20 3 crystal. The procedure for 

centering the beam on the crystal is not in the laser manual, but I have observed 

the Coherent field service engineers employ this method to increase the power of 

the Ti:Ah03 laser. The reader is referred to the laser manual to identify the optics 
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described below. Note that laser alignment goggles should be worn during this pro

cedure. The procedure is as follows. 

1. Reduce the power of the Argon laser to its lowest level. 

2. Remove the lens that focuses the A rgon beam on the crystal from the Ti:Al20 3 

laser cavity. 

3. Adjust the pump beam steering optics to their center position. 

4. Center the Argon beam on the first pump optic mirror (PI) by slightly adjusting 

the pump beam steering optics. 

5. A.djust the set screw that holds PI in place and adjust the position of PI to center 

the Argon beam on optic P2. Tighten the set screw. 

6. Adjust P2 to center the beam on P3 using a procedure similar to step 5. 

7. Adjust P3 to center the beam on P4 using a procedure similar to step 5. 

8. vVhen the beam is centered on P4, loosen the set screw that holds P4 in place 

and center the Argon beam on the Ti:Al20 3 crystal by adjusting the position of P4. 

Tighten the set screw. 

9. Replace the lens that focuses the Argon beam on the Ti:Al2 0 3 crystal. The pump 

beam should remain centered on the crystal. 

10. Adjust the pump steering controls to maximize the power of the Ti:Al20 3 laser. 

This should be a minor adjustment. 
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Figure 3.9: Schematic of the autocorrelator. BS is a beam 50/50 splitter. ~I is a 
mirror, KDP is the phased matched nonlinear crystal, I is an iris, and F is a short 
pass filter which filters out any residual fundamental light. 

3.4 Autocorrelation 

Cnlike a dye pumped Nd:YAG laser, the pulse length of the Ti:AI20 3 laser changes as 

a function of wavelength and the laser cavity alignment. In order to fully characterize 

the Ti:AI20 3 pulse and optimize laser operation, we built an autocorrelator to measure 

the sub-picosecond laser pulse. 

Fig. 3.9 displays the optical setup of the autocorrelator. The autocorrelator is es-
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sentiallya nonlinear optical interferometer, which functions as follows. The Ti:AI20 3 

pulse enters the autocorrelator and is split by a 50/50 beam splitter. The beams are 

reflected from pairs of mirrors mounted on a speaker and a translation stage. The 

beams are separated by '" 1 em when they reach a lens with a 100 mm focal length. 

which focuses the beams to a point inside a nonlinear crystal. vVe used a 0.-1 mm 

thick KDP crystal cut for type I phase matching, i.e. both of the non-collinear fun

damental beams have the same polarization, at 800 nm. The two beams are coupled 

in the KDP crystal to produce an SHG signal whose magnitude is proportional to 

the temporal overlap of the fundamental beams. Note, the geometry of this optical 

setup. non-collinear phase matching, is ideally suited for separating the SHG signal 

from the overlapped fundamental pulses from the SHG from the individual pulses. 

In "ultrafast units", the speed of light has a value of 0.3 J.Lm/fs. Therefore, in

creasing the path length of one of the interference arms by 50 J.Lm drastically changes 

the temporal overlap of the Ti:AI20 3 pulses in the KDP crystal. vVe can exploit 

this experimentally to measure the duration of the Ti:AI2 0 3 pulse by oscillating the 

speaker mirrors at 60 Hz and detecting and analyzing the SHG signal intensity from 

the overlap of the ultrafast pulses with a PMT and an oscilloscope. 

The measurement of the pulse duration is as follows. First, with the time constant 

of the oscilloscope set to 5 ms, the pulse width is measured. The pulse corresponds 

to the envelope function of the temporal overlap of the individual pulses. Second. 
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the translation stage with the reflecting mirrors is moved ""50 /-Lm. This changes the 

round trip distance for the translation stage arm by 100 pm, corresponding to 300 fs. 

and shifts the position of the envelope function on the oscilloscope by a few ms. Thus. 

a relationship is established between the 300 fs round trip time change and the change 

in the position of the envelope pulse. The width of the Ti:Ah03 pulse is 

(3.1) 

where L is the mirror translation distance, ~tposition is the time shift of the envelope 

pulse, and ~twidth is the width of the envelope pulse. A typical autocorrelation 

measurement of the Ti:AI20 3 pulse length as a function of wavelength is displayed 

in Fig. 3.10. This figure also displays the inverse bandwidth of the pulse, Le. 1/ ~uJ, 

which roughly follows the pulse width. This parameter is essential to determine the 

damping of the :\Iaker fringes. 

The autocorrelator is somewhat difficult to align because the fundamental beams 

must be overlapped both spatially and temporally. I briefly describe some techniques 

to align the device. During a spectroscopic measurement, a small fraction of light 

(less than 5%) is reflected into the autocorrelator from a glass slide. However, during 

alignment I place a mirror directly behind and in contact with the glass slide. This 

reflects the entire beam into the autocorrelator, which produces an SHG signal much 

greater than the one generated when only the glass slide is used. During the align-

ment, I overlap the two beam from the different arms of the interferometer slightly 
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Figure 3.10: ~Ieasured pulse length of the Ti:AI20 3 pulse as a function of wavelength. 
o (0) is the data for the pulse length (inverse bandwidth). The discontinuity in the 
data results from adjusting BP2, which altered the GVD of the laser cavity, and hence 
altered the pulse duration. Data is for the mid wavelength (~rW) optics. 
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before their focal point. This facilitates overlapping of the beams. The nonlinear crys

tal is centered on the overlap of the two beams. I rotate the crystal about the normal 

to its face to max:imize the SHG from each individual beam. This procedure aligns 

the beams' polarizations in the proper plane for type I phase matching. I adjust the 

angle of incidence between the fundamental beams and the crystal normal to produce 

an equal amount of SHG from each of the fundamental beams; this can be verified 

visually. This ensures maximum SHG from the overlap of the beams. Finally, I place 

the PMT directly between the SHG from the fundamental beams. Phase matching 

ensures that the SHG from the overlap of the fundamental beams will propagate in 

this direction. The fundamental beams may be approximately temporally overlapped 

by constructing the arms of the interferometer to have equal distances. The overlap 

of the fundamental pulses is detected by observing the signal from the P~IT on an 

oscilloscope while the speaker is on. 

3.5 Normalization 

There are three components required of any properly normalized spectral measure

ment: elimination of the effects of the temporal fluctuations of the source. compen

sation for the spectral variations of the source, and compensation or elimination of 

the inherent spectral response of the detection system. This section discusses the 

experimental techniques that address these issues. 
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Unlike the linear spectroscopic measurements presented in chapter 4. nonlinear 

optical spectra are highly sensitive to a number of factors including 

• pulse duration 

• beam polarization 

• beam spot size or diameter 

• beam spatial profile 

• pulse energy 

During a spectral scan, the pulse duration may vary from 80-150 fs and the cw 

power may vary from 500-800 m W due to the position of the Brewster prisms and 

shutter and the frequency dependence of the Ti:Ah03 crystal. The influence of the 

uncertainties and variations in these parameters on the nonlinear response of our 

samples is eliminated by simultaneously measuring the nonlinear response of a y-cut 

quartz slab. Quartz has well measured linear optical properties as well as a second

order susceptibility, Xxxx(2w = wo), that is spectrally flat [52]. vVe chose y-cut quartz 

because it is free of optical activity [41], which would confuse the interpretation of a 

polarized measurement. 

vVhile comparison of the nonlinear response of quartz to that of a sample elim

inates the signal's dependence on the characteristics of the Ti:Ah03 pulse and any 

temporal fluctuations of the source, it does not eliminate any discrepancy in the 

spectral response of the detection apparatus. We minimized this discrepancy by us-
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ing identical optical components in the sample and reference arms. The potentially 

greatest cause of discrepancy is the beam splitter. Our beam splitter was optically 

engineered to reflect 10% of a p-polarized incident beam at an angle of incidence 

of 45°. I tested the relative spectral responses of the two arms by measuring the 

SHG signal with y-cut quartz in both the sample and reference arm. For both the 

p-polarized and s-polarized input Ti:AI20 3 pulses, the relative response of the sample 

arm to the reference arm varied repeatedly and predictably by less than 15%. 

In order to fully eliminate both effects of the Ti:Ah03 pulse's characteristics 

and the inherent spectral response of the detection system, nonlinear signals of 

GaN / Ah03 are reported as 

[ reported ( - 2 )
GaN W - Wo -

[ s&mple( -'l ) SAN w-~o 
[r"'rence(w=2w ) 

quartz 0 

[ s&mple ( -2w ) • 
quartz w- 0 

/reference(w=2w ) 
quartz 0 

(3.2) 

\"ote that I!:;:"/!le(w = 2wo) refers to the measured second-harmonic intensity of Ga.\" 

in the sample arm. The first measurement in equation (3.2). 

(3.3) 

measures a relative value of the signal from GaN that is free of the spectral character-

istics of the laser source and fluctuations in the laser power. The second measurement. 

I sample( 2) 
quartz W = Wo 

[reference (W - 2w )' 
quartz - 0 

(3..!) 

is also free of the spectral characteristics of the laser and fluctuations in laser power. In 

addition, this measurement determines the response of the detection system. There-
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fore, the ratio of these two quantities, equation (3.3) to equation (3.4), is an absolute 

measurement of the SHG signal from GaN referenced to the nonlinear response of 

quartz and is totally free of systematic errors in the detection scheme or any charac

teristics or temporal fluctuations of the fundamental source. An additional benefit of 

reporting our measurements in this manner is that an absolute value for the nonlinear 

susceptibility of GaN may be determined if the linear optical properties of Ga~ and 

quartz are known. 
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Chapter 4 

Linear Optical Measurements 

Investigation of the optical properties of a material naturally begins with a mea

surement of its dielectric constants. The dielectric constants, €{w} = €t(u.:) + i€2(;"'':). 

determine the transmission, reflection, and absorption coefficients of light from mat

ter. Along with the thickness of the medium, these coefficients precisely specify the 

propagation of light through a medium. Since the second-harmonic fields generated 

in our nonlinear materials are strongly dependent on the linear optical properties 

of the media, precise knowledge of linear optical properties is required to extract 

x~JL(w' = 2wo} from our nonlinear optical spectroscopic data. 

Previous measurements of Gal'J had not measured the dielectric constant near the 

band gap [22. 13. 53]. In order to fully characterize the linear optical properties of 

our GaN / A120 3 films, we performed a series of linear spectroscopic measurements. 

which are described in the following sections. 

\Ve have described the sample preparation in section 5.5. Briefly, a 0.050 J.Lm layer 

75 
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of :UN is deposited on the Ah03 substrate prior to deposition of GaN. The Al~ film 

serves as a buffer layer and facilitates nucleation of GaN on the substrate. All of our 

calculations of linear and nonlinear optical transmission and reflection approximate 

the GaN/AIN/Ah03 sample as a GaN/AI2 0 3 sample. Using the reported values for 

the index of refraction of AIN [54] and the nonlinear susceptibility of AIN [55], we 

calculated that this simplified two film model introduces an error of less than l.-1o/c 

(6%) in the linear (nonlinear) transmission measurements as compared with the three 

slab model. Therefore, we are justified in ignoring the contribution of the thin .-\1,:\ 

buffer layer in our calculations, and adopt the simpler model. 

4.1 Linear Measurement of Film Thicknesses 

Because linear spectroscopic measurements inherently encompass multiple interfer

ence. knowledge of the thin film thickness is required to determine the optical con

stants. In this section, I describe the theory and experimental techniques we used to 

determine the thickness of thin films grown on transparent substrates. 

4.1.1 Experimental Techniques 

The experimental apparatus used to measure thin film thickness is displayed in 

Fig. 4.1. The experiment consisted of measuring the reflection coefficient as a func

tion of the angle between the GaN / Al20 3 surface normal and the incident beam. The 
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sample was mounted on a goniometer, which had an accuracy of 0.010 in the angle 

of incidence. A laser beam was aligned with the center of the goniometer, optically 

chopped at 2kHz, and p-polarized with a Newport Glan-Thompson calcite polarizer 

model 10GT04AR.14. The reflected light was detected by a Thor Labs silicon photo

diode model FDSIOO and measured by a Stanford Research Systems lock-in amplifier 

model 530. The absolute reflection coefficient was determined by measuring the light 

transmitted through the optical system without the sample, mounting the sample on 

the goniometer, measuring the light reflected from the sample as a function of angle. 

and calculating the ratio of the reflected light to transmitted light. ~ote, the effect of 

temporal fluctuations on the intensity of reflected light was removed by measuring a 

fraction of the incident beam and the light reflected from the sample simultaneously. 

The angular spectrum was then renormalized to remove temporal fluctuations. 

There are two experimental difficulties in measuring the thickness of a ,...., 1 pm 

GaN film grown on a sapphire substrate. First, the effective film thickness. nd. where 

n is the index of refraction and d is the film thickness, is several times the incident 

wavelength. In theory, a reflection measurement can unambiguously determine a film 

thickness only if the effective thickness is less than the wavelength of incident light. 

The measured intensity is produced by the interference of a wave that is reflected off of 

the front surface and a wave that is transmitted into the thin film where it undergoes 

a series of reflections and is partially transmitted out of the film. If the effective 
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Figure 4.1: Linear reflection experimental setup 
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thickness of the film is greater than the wavelength of light, the phase difference. (/), 

between the wave reflected from the surface and the wave reflected off of back surface 

of the film is 

( .. 1. 1) 

where 0 :::; cPo < 27r and m is an integer. Since the interference of these waves 

depends only on rPo, a fit to the reflection data yields a series of thicknesses if the 

effective thickness is greater than the wavelength of light (m > 0). vVe removed this 

uncertainty in the reflection measurement by performing film thickness measurements 

with a HeNe laser (). = 632.8 nm) and the 488 nm line of an Ar laser. Fits to both sets 

of reflection data produced two sets of possible film thicknesses. The film thickness 

that appeared in both sets of data was the correct thickness . 

. -\ second experimental difficulty is the transparent sapphire substrate. Reflection 

from the back surface of the substrate can contribute to the measured signal. \\"e 

suppressed this contribution by putting a thin layer of index matching fluid between 

the back surface of the sapphire substrate and a glass slide. The other surface of the 

glass slide was sand blasted to suppress specular reflections. Although the indices 

of the index fluid and glass slide (nrv1.5) do not match that of sapphire (n"-'1.76). 

this technique effectively suppressed nearly all of the reflected light from the sapphire 

back surface. This was experimentally verified by accurately fitting the reflected light 

from a sapphire slab/index fluid/glass slide with a semi-infinite slab theory. 
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Figure 4.2: Schematic of the GaN sample with index matching fluid and glass slab. 
This experimental setup suppressed reflected light from the back sapphire surface. 

The reflection data from the GaN/sapphire/index fluid/glass slab matched the 

calculated reflection from a GaN film on a semi-infinite slab of sapphire more closely 

than theoretically predicted. vVe define the average normalized error introduced by 

the glass substrate as 

(j= ( 4.2) 

where I;apphire represents the theoretically predicted reflection coefficient at an angle 

of incidence of i degrees from a GaN film on a sapphire semi-infinite substrate. Iflass 

represents the refiection from GaN grown on sapphire followed by a semi-infinite glass 

slab. N is the total number of points at which (j was evaluated, i.e. .V = 15. \Ve 

calculated (j = .094 but measured (j = .016. Possible explanations for this discrepancy 

include a nonuniform thickness of the sapphire substrate and the finite divergence of 

the ReNe beam. Both of these effects damp the oscillations from the interference of 

the light multiply reflected from the GaN film and the sapphire substrate. 
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Ai ).~ 
t 

1 1.023798 0.00377588 J-Lm2 

2 1.058264 0.01222544 J-Lm2 

3 5.280792 321.3616 J-Lm2 

Table 4.1: Constants for sapphire Sell meier equation 

4.1.2 Theory and Analysis 

vVe developed a simple theory to analyze the reflected light from a thin dielectric film 

on a semi-infinite slab. We used the standard Sellmeier equation for the ordinary 

index of refraction for sapphire [561 

(4.3) 

The parameters for the Sell meier equation are displayed in Table 4.1. The extraor-

dinary index of refraction, tabulated in [57], is "'-'.01 less than the ordinary index of 

refraction. Since the sapphire index of refraction only affects Fresnel coefficients and 

not phases, our assumption of an isotropic index of refraction is valid. vVe initially 

assumed the value for the index of refraction of CaN found in the literature [581 in 

order to determine a first guess about the film thickness. The film thickness and 

index of refraction for CaN were then determined iteratively. 

Fig. 4.3 displays reflected and transmitted fields in the CaN thin film. The re-
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Figure 4.3: Coordinate system for linear reflectivity. A single reflection in the Ga~ 
film is displayed. The phase difference between the wave reflected from the surface 
and the wave that is transmitted from the GaN film is 6. 

fleeted electric field, Er , is expressed in terms of the incident electric field. Ei , as 

(4.4) 

In equation (4.4), rij refers to the Fresnel reflection coefficient for p-polarized light 

incident from medium i and reflected from medium j, tij is the Fresnel transmis-

sion coefficient for p-polarized light incident from medium i and transmitted through 

medium j, and 6 is the phase difference between the beams that are reflected from 

the front and back surfaces of the medium 1 and can be expressed as 

( 4.5) 
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Figure ·1.4: Linear reflectivity of CaN / Al20 3 as a function of angle. The measure
ments were made at 488 nm (0) and 632.8 nm (0). The fit to the 488 nm data yields 
a CaN film thickness of 1.022 J.lm and the fit to 632 nm data yields 1.018 J.lm. 

Equation (4.4) may be written in a simplified form as 

(4.6) 

Fig. 4.4 displays the normalized reflection data and best fits for the HeNe and .-\r ion 

measurements. The data were fitted by a X2 fit to the theoretical and experimental 

data with the film thickness as the only free parameter. 
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4.2 Measurement of Indices of Refraction and Absorption Coefficient 

We measured the index of refraction and absorption coefficient for GaN over an energy 

range from the VV to the IR. These measurements are essential for an accurate 

determination of X~Jk(w = 2wo). 

4.2.1 Experimental Techniques 

We measured the real and imaginary parts of the dielectric function with the appara

tus shown in Fig. 4.5. The light source was an Oriel 450 W Xe lamp with an f/1.0 CV 

enhanced lens. The spectral range of this lamp is 200-2500 nm. The wavelength was 

selected by a Jarrel Ash Monospec 25 monochrometer with a 1200 grooves/mm grat

ing. The wavelength of the monochrometer was selected by a computer controlled 

stepper motor. The light from the monochrometer was p-polarized and a fraction 

was used to remove temporal fluctuations as in section 4.1.1. The sample was ro

tated by a stepper motor to change the angle of incidence. By measuring transmitted 

light intensity as a function of the angle of incidence, the dielectric constant can be 

accurately determined. 

4.2.2 Calculations of Dielectric Constants 

'vVe formulate a description of the transmission of light through a multilayer film by 

matrix methods [56, 59]. The technique relates the tangential electric and magnetic 
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Figure 4.5: Experimental set-up for transmission measurements 
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fields at the lh interface to the known tangential electric and magnetic fields at the 

adjacent (j_l)th interface. In general. optical properties are described by a complex 

index of refraction, ii = n + i/'i,. However. our CaN thin films are characterized by 

a real index of refraction over the spectral range probed in our experiments. Thus. 

we derive our transmission theory assuming a real index of refraction of Ca~. The 

more general transmission theory with complex indices of refraction, which describes 

transmission and reflection including effects of absorption, is discussed in Appendix D. 

\Ve first describe the method for the transmission of p-polarized light through a single 

layer. \Ve then generalize the theory to multiple layers and apply it to our case of 

light transmission through the CaN / Al20 3 sample. 

Fig. 4.6 displays the geometry of light incident on a single thin film. By applying 

boundary conditions at each interface, a relationship is developed between the tan

gential components of the fields on each side of the interface. In addition. fields at 

different locations within the same layer are related to one another via a phase factor. 

From these relationships, the transmission coefficient of the thin film is calculated. 

In the following analysis, we use bold faced letters, e.g. E, to denote total fields. and 

script letters, e.g. £, to denote tangential fields. 

:\. single thin film consists of three layers: the incident layer. the thin film layer. 

and the substrate layer. In layer 1, the electric field consists of a positive and negative 
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Figure -1.6: Coordinate system for linear transmission through a single slab. 
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traveling wave, i.e. 

(-1.7) 

where the wavevectors are 

The subscript labels the layer in which the variables are defined. Angles in other 

layers are derived from Snell's law. Henceforth, we omit the w dependence of the 

wave. Note that equation (4.7) is the general solution to YIa.xwell's equations in each 

layer assuming a plane \"ave incident on the film stack with a well defined wavevector. 

The formulation of the transmission coefficient is somewhat complicated because 

the boundary conditions are expressed in terms of the total tangential field. e.g. £1. 

while the propagation of the field from one boundary to another in the same layer is 

expressed in terms of the positive and negative going tangential fields. e.g. £~ and 

£1. The calculation may be summarized in six steps as follows. First, the tangential 

fields across boundary b are related to one another by boundary conditions. Second, 

the boundary conditions at interface b are expressed in terms of the positive and 

negative going tangential fields in layer 1. Third, the positive and negative going 

fields at boundary b are related to the positive and negative going fields in layer 1 

at boundary a. Fourth, the positive and negative going waves at boundary a are 

expressed in terms of the total tangential fields, and boundary conditions are applied 
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at this interface. :'-rote that "total tangential fields at boundary a" refers to the 

tangential fields in both layer 0 and layer 1 at boundary a, i.e. boundary conditions 

require the equality of the tangential fields on both sides of the interface. Fifth. 

the reflection coefficient of the thin slab is determined from the tangential fields at 

boundary a. Si.xth, the transmission coefficient of the thin film is determined from 

the reflection coefficient of the slab. 

Step 1 - Apply boundary conditions at boundary b. 

Our calculation determines the transmission of p-polarized light through a single 

thin film. Therefore, the tangential electric field is related to the total electric field 

as 

(·t9) 

where i = 0, 1, or 2, which denotes the incident region, the thin film, and the substrate. 

respectively. For p-polarized light the tangential component of the magnetic field is 

identically equal to the total magnetic field, i.e. 

(-1.10) 

Therefore. boundary conditions at boundary b imply 

(4.11 ) 

and 

(4.12) 
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Note that the additional subscript, b. denotes that the tangential fields are defined at 

boundary b. 

Step 2 - Rewrite the boundary conditions at boundary b in terms of the positive and 

negative going tangential fields. 

In the substrate region. Le. layer 2, only a positive going wave exists. Also note 

that boundary b is defined at z = O. Therefore, the boundary conditions at boundary 

b may be rewritten as 

(-1.13) 

and 

(-1.1-1) 

From 'V x E = _~aa~ we can write equation {4.14} as 

(·Llo) 

where TJi = ~f) • Equation (4.15) is derived in Appendi.x D. cos. 

Step 3 - Determine the positive and negative going waves at boundary a from the 

positive and negative going waves at boundary b in the same layer (layer I). 

Boundary a is located at z = -d. Following equation (4. 7), the positive and 

negative going tangential fields at boundary a are defined in terms of the positive and 

negative going waves at boundary b as 

C'- _ C'- -iOt 
"la - "lbe , 

'1.1+ _ '1.1+ eiOt 
rLla - Tl.lb , d '1.J- '1.1- -iOt an Tl.la = rLlbe (4.16) 
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Step 4 - Express the tangential positive (c~) and negative (c~) going fields at bound-

ary a in layer 1 in terms of the total tangential fields (CIa) at boundary a. 

From equations (4.13), (4.14), and (4.16), the equations that define the tangential 

fields at boundary a are 

(4.17) 

(4.18) 

(4.19) 

and 1i1a ( 4.20) 

:"iote that equations (4.17), (4.18), and (4.19) express the continuity of the tangential 

electric field at boundary a, while equation (4.20) expresses the continuity of the tan-

gential magnetic field at boundary a. Using equations (4.14) and (4.15), the positive 

and negative going tangential fields are expressed in terms of the total tangential 

fields (on either side of the interface) as 

(z x c~) ~ (~lb + (z X Cb») 

(z x cib) ~ (- 1ib + (z x Cb») 
2 1]1 

1 ~ 
-2(1ib + 1]l(Z x Cb» 

1 ~ - 2 ( -1ib + 1]1 (z X Cb». (4.21) 

Equation (4.21) is derived in Appendix D. Note that the total tangential fields. e.g. 
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£b, are defined only at the interface, e.g. b, and not by the layer, e.g. 1 or 2. By 

definition, the tangential fields at the interface are continuous, e.g. tb = t1b = £2b. 

and thus the layer subscript is unnecessary. Combining equations (4.19) and (-1.20) 

with equation (40.21) yields 

(40.22) 

and 

(4.23 ) 

Equations (-1.22) and (40.23) may be written in a matrix form as 

(-1.24) 

with 

.i.. sin 61 ) '11 

cos 81 

(4.25 ) 

A .. useful form of equation (40.24) is obtained by normalizing the field (.: x tb) at 

the output interface (interface b). In this case we obtain 

(4.26) 

with 

(40.27) 
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and 

(-1.28) 

Note that equation (4.26) follows from 

(-1.29) 

Step 5 - Determine the reflection coefficient at boundary a. 

Steps 1 - -1 determine the tangential fields at boundary a in terms of the tangential 

fields at boundary b. \Ve can write the transmission coefficient, T, in terms of the 

reflection coefficient, R. R is calculated from the boundary conditions at interface a. 

which are 

(2 x Eta) + (2 x Eo~) = (2 x E~) + (z x E~) (-1.30 ) 

and 

"lJ + "lJ - _ "lJ + "lJ -
rLOa + rLOa - rLla + rLla ' (-1.31) 

Equation (-1.31) may be rewritten as 

(-1.32) 

\Ve solve equations (4.30) and (4.32) to determine Eo~' setting £:]b = £2' It is thus 

assumed that only a positive going wave exists in the substrate region, and therefore 

the tangential electric field defined at boundary b, i.e. £2 = Eib is explicitly related 

to the reflection coefficient. 
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Equations (4.30) and (4.32) are combined with equations (4.27) and (4.28) to 

determine the reflection amplitude as 

(z x £~) Eo TloB - C 
r=. + =~= . 

(z x £Oa) Eo TloB + C 
(4.33) 

Equation (4.33) is derived in Appendix D. The reflection coefficient is 

( 4.34) 

Step 6 - Calculate the transmission coefficient. 

The transmission coefficient of the thin film is calculated from the reflection coef-

ficient as 

T = 1- R. (4.35) 

Equation (4.35) assumes that the layers have real indices of refraction, i.e. the layers 

do not absorb light. From equations (4.33) and (4.35), we express the transmission 

coefficient as 

T = 2T1o(BC· + B*C) 
(TloB + C)(TloB + C)* 

( 4.36) 

The real part of the product BC· is easily determined by performing the matrix 

multiplication in equation (4.26) and using the fact that Afl (equation (4.25)) has a 

determinant equal to 1, and noting that TIl is real (this is true only for a real index 

of refraction). The derivation of the transmission coefficient for a complex TIl, i.e. a 
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complex index of refraction, is presented is Appendi.x D. For a real index of refraction, 

the expression for the real part of BC· is 

Real(BC") = '12. 

Thus, combining equations (4.36) and (4.37) determines T as 

where 

T = TJ2 tt* 
TJo 

2TJo 
t = ----'-

TJoB + C 

For an l layer stack, the equations (4.26) and (4.38) are modified as 

and 

T = TJI+l tt*, 
TJo 

( 4.37) 

( ·1.38) 

( 4.39) 

(4.40) 

(4.41) 

where Ali is defined as equation (4.25) with its characteristic thickness, di , and angle 

of incidence of the fields, ()i. Note, the layers are labeled from 1, which is the layer 

adjacent to the incident medium, to l, which is the layer adjacent to the substrate 

material. 

In contrast to the HeNe and Ar ion lasers used in the thin film thickness measure-

ments, the Xe lamp has a non-negligible bandwidth that must be accounted for in 
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the calculation of the transmitted intensity. The spectral characteristics of our light 

source may be approximated by a function of the form 

(.1.-12) 

where ~A = 4 nm is the light source wavelength bandwidth and Ao is the central 

wavelength. In practice, the interference of light with a broadband spectral intensity 

distribution of equation (4.42) exhibits dramatically different behavior in thin and 

thick films. Thin films are characterized by a thickness d that satisfies d < < :;~~. 

where n for GaN ranges from 2.32 to 2.68 over our measurement. The transmission 

of light through a thin film is highly sensitive to the film's index of refraction and 

thickness due to the interference of multiply reflected waves in the film. Conversely, 

in thick films. where d > > :;~:, both constructive and destructive interference of the 

multiply reflected light occur in the film. Thus, the light transmitted through the 

thick film is relatively insensitive to the film thickness and is only mildly sensitive to 

the index of refraction due to Fresnel coefficients. For our system, GaN is a thin film 

(d~':;'\ < 0.2), while sapphire is a thick film (d~':;'\ '"V 10). This is the ideal combination 

for measuring the index of refraction of GaN because the transmitted intensity is 

highly sensitive to the index of refraction of GaN but is relatively insensitive to the 

optical properties of sapphire. 

Calculations of the transmission coefficient incorporated the finite bandwidth ef-

fects by summing over a series of monochromatic transmission coefficients weighted 
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Sellmeier constant value 

Al 4.081 

Al 0.16980 

A2 0.1361 

A2 .3453 

Table 4.2: Empirical constant for GaN Sell meier equation. The Ai parameters are 
expressed in J.tm. 

by a normalized Gaussian frequency distribution, i.e. equation (4.-12). \Ve performed 

a least squares fit to the data with the index of refraction as the only free parameter. 

Appendix F discusses our optimization methods. This method is used for all data 

fitting in this thesis. 

Fig. 4.7 displays transmission data and calculations for a 1.020 J.tm Ga);' film on 

A12 0 3 . This measurement was repeated in ",0.1 eV increments from A = 370-900 nm. 

vVe fitted the observed dispersion in the GaN index of refraction with a two term 

Sellmeier equation 

n{A) = (4.43) 

The empirically determined constants for the Sell meier equation are displayed in 

Table 4,2. This dispersion relationship holds for all of our GaN samples. 

GaN, like sapphire, is a birefringent material. However, all calculations of the 
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Figure 4.7: Optical transmission data for GaN / Ah03 with a film thickness of 1.021 
J.lrn. Transmission spectra are for)' = 777 nm (0) and), = 549 nm (D). The solid 
(dashed) line is the best fit to the). = 777 (549) nrn data. 
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linear and nonlinear properties in this thesis assume that GaN is isotropic. The jus-

tification of this assumption follows. All samples investigated in this work are grown 

with the c axis, or the extraordinary axis, normal to the surface. The extraordinary 

index is related to the ordinary index by ne - no ~ 0.02 [58]. Assuming the inci-

dent wave is polarized in the plane containing the extraordinary a.xis, the index of 

refraction for light propagating with an angle () to the in the extraordinary axis is 

[60] 

(-lA-l ) 

In all of our linear and nonlinear experiments, the angle of between the incident 

beam and the surface normal is less than 75° . The light transmitted into the Ga~ 

sample refracts such that the angle between extraordinary axis and the direction of 

propagation is reduced to less than 24° . Using equation (4.44), we estimated that 

our optical experiments always probe an effective index of refraction that is within 

0.15% of the ordinary index. This correction alters the phase of light traversing a 

GaN film by at most 2° . 

c"sing the transmission measurement, we also determined the absorption constant 

for GaN in the vicinity of the band gap (",3.4 eV). Absorption can be included 

in the matrix-transmission theory by multiplying the transmission coefficient, T. in 

equation (4.6) bye-ad. The coefficient Q is related to the imaginary part of the index 
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Figure 4.8: GaN absorption coefficient near the band gap. 

of refraction, K., as 

(4.-!.)) 

Fig. 4.8 displays the absorption data. This experiment measured a larger value for 

Q than the Zhang et at. measurement [13]. Finally, the fitted Sellmeier parameters 

accurately reproduce the linear spectral behavior of the GaN/Ah03 film (see Fig. 4.9). 
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4.3 Photoluminescence of GaN 

To characterize the defect structure of GaN we measured the photoluminescence spec

tra of several GaN samples. The optical layout for the photoluminescence measure

ment is displayed in Fig. 4.10. A 10 mvV 356 nm beam from a Spectra-Physics model 

2025-11 CvV Krypton-Ion laser optically excited electrons from the GaN valence band 

to the conduction band. The photoluminescent light from the GaN sample was col

lected using a lens and then focused on the entrance sli~ of a ISA model HR320 single 

pass monochrometer with a 1200 grooves/mm grating. The light was detected with 

a Hamamatsu PMT and measured with a lock-in amplifier. The monochrometer slits 

were set to 0.25 mm to resolve the spectrum to ",.5 nm. A computer recorded and 

analyzed the data and automatically positioned the monochrometer with a stepper 

motor. In order to remove the spectral sensitivity of the optical system, we calibrated 

the system by recording the spectrum from a lamp with a known power spectrum. 

The calibration lamp is a Optronics model 245C, 45 W tungsten-halogen coiled fila

ment powered by an Optronics model 65DS constant current source. The spectrum 

recorded from the tungsten lamp was compared with the known spectral irradiance 

of the lamp to determine the spectral response of the photoluminescence system. 

The raw data from the GaN photoluminescence spectra was then corrected using the 

measured spectral response of the system to yield the real photoluminescence spectra. 

vVe measured the photoluminescence at room temperature and at 82 K. The sam-
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Figure 4.10: Experimental setup for photoluminescence from GaNj.-\'1203 

pIe was placed in a Janis Research Company dewar model8DT Supervaritemp. ),;"ote. 

the GaN sample was mounted in the dewar for both the 293 K and 82 K photolu

minescence measurements. This dewar consists of an inner jacket, which was filled 

with liquid nitrogen to a level just below the sample during the low temperature 

measurement, and an outer jacket, which was filled with liquid nitrogen to the top 

of the dewar during the low temperature measurement. The sample was mounted in 

the optical fin of the dewar, which consists of four glass windows through which light 

can propagate. Prior to cooling the dewar with liquid nitrogen, we purged the inner 

jacket with gaseous nitrogen for ",,10 minutes to remove any moisture in the inner 

jacket. This process was a necessary step in the experimental process to prevent water 

vapor from freezing on the GaN sample and clouding the optical fin, thus impeding 
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a photoluminescence measurement. 

The temperature of the GaN film was measured by a Lake Shore Cryotronic, 

Inc. carbon-glass resistor model CGR-1-2000. This device was developed for use 

with a Lake Shore temperature monitor device as an extremely accurate temperature 

sensor over a wide temperature range. We did not have access to a commercial 

temperature system. We built the system displayed in Fig. 4.11 to monitor the 

temperature. The resistance of the carbon-glass resistor is a function of temperature. 

By measuring the voltage drop across the carbon-glass resistor for a fixed current 

input, the resistance and, hence, temperature are measured. While this system is 

much less accurate than the commercial systems, the photoluminescence spectra of 

GaN at ",,80 K is insensitive to temperature change on the order of a few K. Our 

system has the necessary temperature resolution to this level. 

Figs. 4.12 and 4.13 display the photoluminescence for an undoped GaN /Ah03 

sample. The data shows weak structure from ",,390-410 nm (3.02-3.18 eV) at 293 K 

and a much stronger signal at 378.5 nm (3.276 e V). The difference in scale of the pho

toluminescence data indicates that the photoluminescence intensity is much stronger 

at lower temperatures. This data is consistent with shallow donor acceptor recombi

nation. Lowering the temperature of the GaN/Ah03 sample increases the population 

in these states and, thus, facilitates photoluminescence. 

Figs. 4.14 and 4.15 display photoluminescence spectra for an n-doped Ga.\" sam-
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Figure -1.11: Device to measure temperature of GaN during low temperature photo
luminescence. The thick wires represent the four leads (two current, two voltage) to 
the carbon-glass resistor. 

pIe. In the region near the band gap, ,...., 400 nm, the doped samples exhibit a similar 

behavior as the undoped sample. Again this is attributed to donor-acceptor reCOffi-

bination. C'nIike the spectra from the undoped sample, the doped sample spectra 

display a wide feature at ",2.2 eV. In contrast to the DA recombination feature. this 

feature is insensitive to temperature. This yellow band luminescence is ubiquitous in 

GaN samples. The oscillations in the yellow band are due to a micro cavity formed 

by the front and back surfaces of the GaN film [61]. 
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Chapter 5 

Properties of GaN 

In recent years. the electronic, optical. and structural properties of the II 1-V nitrides 

have been thoroughly investigated. Alloys with different atoms such as In, Ga. and .-\1 

with N produce semiconductor materials with band gaps ranging from 1.9 to 6.2 e V. 

The most significant motivation for these studies is the potential of II 1-V nitrides for 

short-wavelength laser diode applications. 

Commercial applications of short-wavelength laser diodes include optical storage. 

laser printing, and display technologies. As an example of their superiority. we com

pare digital video disks (DVD) systems with conventional long-wavelength diodes to 

systems with short-wavelength diodes [62]. Short wavelength diodes are focused to a 

smaller spot size than long-wavelength diodes. Present DVD-RO~l technology uses 

diode lasers that emit between 635 and 650 nm and read 0.4 J-Lm pits separated by 

0.74 J-Lm tracks. Storage for these disks is 4.7 Gbyte. By comparison, GaN" laser diode 

based DVD systems (operating at wavelengths of 400 to 430 nm) are projected to 

110 
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read 0.2 /-Lm pit lengths on a 0.4 /-Lm track. The predicted storage density is 15 Cbyte. 

Despite predictions of the commercially available short-wavelength laser diodes. 

the development of CaN based electro-optic devices has been hindered by a num

ber of factors; these factors include lack of suitable substrates, difficulty in p-doping 

the nitrides, presence of large background electron concentrations, and lack of mod

ern crystal growth techniques [63]. Only recently have advances by Nakamura and 

coworkers [19J in CaN laser diode lifetimes suggested that the goal of commercially 

available short-wavelength laser diodes by 2000 is within reach . 

. -\lthough the commercial potential for CaN based laser diodes is enormous. we are 

concerned with the fundamental optical properties of GaN. Theoretical and experi

mental investigations have elucidated the structure of defects levels in CaN and have 

contributed to our understanding of self-compensation in GaN. Because a thorough 

understanding of material properties is essential for the interpretation of our spec

troscopic data, in this chapter we briefly review the properties of GaN. The chapter 

is organized as follows. First we discuss the structural and electronic properties of 

GaN with an emphasis on the electronic properties near the valence band maximum 

and conduction band minimum. We then summarize the experimental and theoret

ical investigations of defects in GaN. Finally, we apply group theory to calculate all 

resonantly enhanced second-order nonlinear optical process in GaN. 
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5.1 Crystal Structure 

:\ crucial obstacle impeding the growth of high quality, defect free GaN films is the 

lack of a suitable substrate. Traditionally, GaN has grown on the [0001] face of 

sapphire, despite the large lattice mismatch and thermal incompatibility [64]. In 

general, GaN crystallizes in the wurzite phase when grown on a hexagonal substrate 

and the zincblende phase when grown on cubic substrates (except for the [Ill] face 

of cubic substrates). Examples of substrates for wurzite GaN include :\120 3 [0001] 

[65], Ah03 [1120] [15], Al2 0 3 [0110] [66], SiC 6H [67, 68, 69] and Ga:\s [111] [70]. 

Zincblende GaN has been grown on GaAs [001], 3C SiC [71], MgO [66], and Si [001] 

[72. 73] For the remainder of this thesis, we will confine ourselves to wurzite Ga.\" 

grown on :\12 0 3 [0001]. All of our GaN samples have this structure. which is the 

most common structure for GaN. 

Before discussing the physical structure of GaN, a few definitions are required. 

Cnlike cubic systems, the structure of GaN and Al20 3 are referred to using a four 

index label. The convention for hexagonal systems is a four axis system, e.g. [hkil] 

where the h, k, and i refer to the reciprocal of the intercept of the ~Iiller plane with 

the lattice vector in the hexagonal plane [74]. The three indices are related to one 

another according to 

i = -(h + k). (,5.1 ) 

The fourth index, 1, corresponds to the reciprocal of the Miller plane with the crystal 
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axis perpendicular to the hexagonal plane. The [0001] face of A120 3 is referred to as 

the Q face, the c-face, or the basal plane. 

Structurally, wurzite (see Fig. 5.1) and zincblende crystals are very similar. 

VVurzite is formed by stacking planes of Ga and N atom in an ABAB ... sequence 

along the (0001) direction, while zincblende is formed from an ABCABC ... sequence 

along the (111) direction. The similarity of these structures results in equivalent 

nearest neighbors for both the wurzite and zincblende lattices. However, next nearest 

neighbors are inequivalent. The actual positions of the Ga and N atoms are deter-

mined by its space group, p63mc. The Ga atoms are located at (0, 0, 0) and (2/3. 

1/2, 1/3). while the N atoms are located at (0, 0, u) and (2/3, 1/3, 1/2+u). Table .S.l 

displays some of the physical properties of GaN 1. Note, u refers to the displacement 

of the Ga sublattice with respect to the N sublattice and has an ideal value of O.375c. 

5.2 Band Structure and Electronic Properties of GaN 

In this section we discuss spectroscopic structure in the band gap region and we 

describe the measured electronic properties of GaN. 

lThe point groups are listed in the Schoenflies and international notation respectively. The space 
groups are listed in notation of International Tables for X-ray Crystallography [75]. 
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Figure 5.1: \Vurzite crystal structure. The white spheres represent Ga atoms and the 
gray spheres represent ~ atoms. 

parameter value 

a lattice constant 0.3189 nm [76] 

c lattice constant 0.5185 nm [76] 

point group C6v or 6mrn 

space group p63mc (No. 186) 

Table 5.1: Crystal Properties of GaN [0001]. 
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5.2.1 Band Gap Physics 

GaN is a direct band gap semiconductor with a band gap of 3.4 e V. Because a 

medium's response to an incident light field is enhanced when the photon has an 

energy nearly equal to an energy state of the system, the properties of the conduction 

band minimum and valence band maximum strongly influence the optical charac

teristics of GaN in the near band gap region. Therefore. in this section we focus 

mainly on the characteristics of the valence band maximum and the conduction band 

minimum. This section includes some discussion of group theory, which will be more 

thoroughly explained in section 5.4. Fig. 5.2 displays the calculated band structure 

of GaN. The band gap sits at the r point of the Brillouin zone (see Fig. 5.3). The 

valence band maximum is built (principally) of the N 2p states. In the absence of 

spin orbit splitting, the valence band maximum consists of r 6 and r l bands that are 

split by the hexagonal crystal field by ~cr = 22 meV [78]. \Vhen spin is included. 

the r 6 band splits into r 9 and r 7 bands, separated by the spin-orbit energy of ~so = 

11 meV [78]. Inclusion of spin also transforms the r l band to r 7 . Because spin orbit 

splitting is so small, matrix elements may be calculated from the representation of 

the point group without spin. 

The conduction band minimum is built (principally) of the Ga and ~ s-states. 

Without spin, the state is labeled as r l , and with the inclusion of spin, the band 

transforms as r 7. The valence and conduction bands are separated by 3.4 eV at room 
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Figure 5.2: Calculated GaN band structure. The method of calculation is the empir
ical pseudopotential method. This figure is adapted from [77]. 
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Figure 5.3: Brillouin zone of the hexagonal lattice 
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Parameter Symbol Value 

electron mobility f..le 350 cm-2
/ Vs [65J 

electron concentration (undoped) ne '" 1017 cm-3 [81J 

electron concentration (doped) ne '" 1019 cm-3 [82J 

hole mobility f..lh 20 em -2 IV s [83J 

hole concentration nh 4.5xl017 cm-3 

Table 5.2: GaN electrical properties 

temperature. 

5.2.2 Electronic Properties 

Control of the electrical properties of GaN is one of the largest obstacles to improving 

GaN electro-optical device properties. U ndoped GaN displays high electron concen

trations (see Table .5.2.) These high electron concentrations may result from the 

formation of native donors that introduce electrons with energies near the valence 

band [79]. These donors act as an efficient compensation mechanism that hinders 

p-doping of GaN. For example, incorporation of '" 6 x 1019 cm-3 Mg acceptors into 

the GaN lattice results in a hole concentration of"-' 5 x 1017 cm-3 [80J. An overview 

of defects in GaN in presented in section 5.3. 
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5.3 Defects in GaN 

Recently, intense experimental and theoretical effort has been applied to understand 

the nature of defect states in GaN. The goals of this effort include the identification 

of the prevalent defect species, determination of the growth conditions that lead to 

defects, and elimination of defect states to optimize GaN electro-optic performance 

characteristics. Defect states adversely affect the electrical characteristics of semicon

ductors by trapping carriers. This trapping degrades the mobility of the conducting 

material. Defect states also offer both radiative and nonradiative electron-hole re

combination routes that compete with the preferred radiation channel, i.e. the defect 

states degrade the preferred luminescent properties of the material. We briefly review 

some of the experimental and theoretical work on this subject for two reasons. First, 

defect states are present in GaN regardless of growth technique or doping. Second, 

our study was motivated in part to elucidate the role of defect states on the nonlinear 

optical properties of GaN. 

Perhaps the most commonly postulated defect state in GaN is the nitrogen va

cancy, Vv [53, 76, 84, 85, 86]. The ubiquitous high n-type conductivity of Ga~ 

suggests that the conduction electrons are due to a native defect, as opposed to a 

contaminant which has lower concentrations than the conduction electrons. Using ab 

initio molecular dynamics calculations, Boguslawski and coworkers identified \iN and 

the gallium interstitial, I(Ga), as defect states most likely to be responsible for the 
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high intrinsic electron concentrations in GaN. However, other researchers ~eugebauer 

and Van de vValle do not believe this mechanism for the n conductivity, i.e. V,y [87]. 

They instead suggest that the dominant defect in n-type GaN is VCa and in p-type 

GaN is \IN, 

Table 5.3 summarizes some of the experimental work in this field2
. ~o consensus 

as to the nature of defects states in GaN has been reached. and this area remains a 

rich field for research. 

5.4 Application of Group Theory to Optical Process 

In this section. we analyze the relationship between the nonlinear optical properties of 

Ga~ and its band structure. This analysis is formulated in terms of group theory and 

selection rules. This section assumes the reader has some familiarity with abstract 

group theory. specifically character tables, irreducible representations, and group mul-

tiplication tables. The reader is referred to [36, 91, 92] for excellent discussions of 

abstract group theory and its application to solid state systems. 

The general question we want to answer is: given the band structure of Ga~. 

how can we determine which bands contribute to the nonlinear optical spectrum. 

The quantum mechanical expression for the second-order nonlinear susceptibility. 

21n Table 5.3 "?" refers to an unidentified defect, cb refers to the conduction band level. and \·b 
refers to the valence band level. 
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ref. sample defect energy method 

[88] undoped VCa vb + 1.0 eV photocapacitance and optical 

current deep level transient 

spectroscopy 

[80] p-type I(Ga) or I(N) vb +1.8 eV deep level transient spectroscopy 

? vb + .45 eV spectroscopy and photoemission 

? vb + .30 eV capacitance spectroscopy 

? vb + .21 eV 

[53] n-type ~:v cb + .8 eV very high pressure optical 

absorption. transmission, 

luminescence and Raman 

scattering 

[89J undoped ? vb + .72 eV photothermal deflection 

? vb + .22 eV spectroscopy and constant 

photothermal current method 

[90] undoped ? cb-.042 eV photoluminescence and 

and doped ? cb - 1.0 eV optically detected 

? vb + .19 eV magnetic resonance 

p-doped ? vb + .5 eV 

Table 5.3: Defects in GaN 
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equation (5.2), is represented using matrix elements of the form (mlrili) as 

(5.2) 

+ (1Ir,ln)(nlrilm)(mlrkll) 
[(W-Wmn )+hmn J[(Wo-rWnl) -hnl J 

+ (1Ir,ln){n1r,lm)(m1rkll).. 
[(W+Wnm )-l1'nm J[(Wo-Wml )+17ml! 

+ (1Ir,ln)(nlrk Im)(mlr.ll) ) 
[(w+wmil-hmd[(wo+wnil+I"Ynd • 

In equation (5.2), Ii), 1m), and In) are the quantum mechanical states of the system: 

pf?) is the unperturbed density of the state Ii); -eri is the dipole moment operator 

along the direction i; hWnm is the energy difference between states In), and 1m): 

and ~/nm is a dephasing term. Determination of nonzero matrix elements is greatly 

simplified through group theory. Group theory assigns symmetries to states based on 

the underlying symmetry of the crystal. 

The power of group theory to determine band symmetries becomes clear when 

we examine the relationship between the Hamiltonian, H, the symmetry operations 

of the crystaL P(Xd, and the eigenstates of the Hamiltonian. wnJo Note the index 

n corresponds to the an eigenstate of energy En and j labels the I-fold degenerate 

states. In general, P(Xd are all of the symmetry operations of the crystal including 

translations and point operations of the crystaL vVe will state without proof the 

following theorem. 

If H is invariant under the group G of P(Xd then the eigenfunctions belonging to the 

same energy level, l/JnJ' form a basis of the representation of G. 
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Let us examine this statement from a different view point. Since all of the symmetry 

operations of the crystal P(Xd commute with H. the operation P(Xd on 1/Jnk produces 

another function with energy En. This function must be a linear combination of the 

degenerate functions l/Jnj, 

I 

P(XdWnk = L r n(}(djk1fJnj' (5.3) 
j=l 

By applying equation (5.3) to all symmetry operations Xl' a set of matrices, r n, are 

generated that form an irreducible representation of H. Thus the eigenstateslpnj of En 

transform as r n' This leads naturally to selection rules and splitting of states under 

external perturbations. vVe will be concerned primarily with the former, specifically 

to determine contributions from various valence and conduction band states to the 

resonant components of x~JL(2w = wo). Tables 5.4 and 5.5 are the character table and 

multiplication table for C6v symmetry, respectively. 

5.4.1 Second-Order Nonlinear Optical Processes at k = 0 

\Ve will now explicitly calculate nonzero contributions to x~JL(w = 2wo) at k=O. 

In general, the nonlinear susceptibility depends on all possible direct three photon 

processes in GaN. As stated in section 5.2.1, it is sufficient to use the point group 

representations of the band symmetries without spin; since spin orbit splitting is so 

small in GaN, it does not alter the symmetries of the bands significantly. 

For spectroscopic measurements of GaN with a two photon energy near the band 
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C6v E E £l. 2C3 2C3 2C6 2C6 ~ 
3u Basis Functions 

C2 3Ud 3uf 

Ai fl 1 1 1 1 1 1 1 1 1 R or z 

A2 f2 1 1 1 1 1 1 1 -1 -1 S;: 

8 1 f3 1 1 -1 1 1 -1 -1 1 1 x3_3xy2 

8 2 f.j 1 1 -1 1 1 1 1 -1 1 
3 oJ y -3yx-

El f5 2 2 -2 -1 -1 1 1 0 0 x or y 

E2 f6 2 2 2 -1 -1 -1 -1 0 0 f3 x f5 

f7 2 -2 0 1 -1 J3 -J3 0 0 'e l)e -1) (/) 2' 2 ' (/) 2' T 

f8 2 -2 0 1 -1 -J3 v'3 0 0 f7 x f3 

f9 2 -2 0 -2 2 0 a a a o e -3) (3 3) 
(/) 2' T ' (/) 2' ~ 

Table 5.4: Character table for C6v 

Adapted from [92]. Spin is contained in the f 7, r 8, and f 9 representations. 
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fl f2 f3 f4 f5 r6 r7 f8 r9 

fl f2 f3 r 4 f5 r6 r7 f8 f9 [1 

fl r 4 f3 f5 r6 r7 f8 f9 [2 

r 1 f2 [6 r5 r8 I;'7 [9 [3 

fl f6 r5 r8 f7 f9 [4 

fl + r 2 r3 + r 4 r7 + f9 r8 + r9 r7 + f8 f5 

+ f6 + r5 

r 1 + r 2 r8 + f9 f7 + f9 r7 + f8 f6 

+ r6 

fl + f2 f3 + [4 r,5 + f6 [-
I 

+ r5 + f6 

fl + r 2 f5 + [6 [8 

+ [5 

r3 + [4 r9 

Table 5.5: Multiplication Table for C6v 

Adapted from [92J. 
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gap, the nonlinear susceptibility is enhanced by processes that originate at the valence 

band maximum (the r point in the Brillouin zone.) A general matrL-x: element UIHli) 

with initial state i that transforms at r i , final state f that transforms as r f, and 

operator H that transforms as r H, transforms as 

(5'-!) 

This matrix is nonzero if the direct product r H ® r i contains r f. The matrix element 

is zero otherwise. 

Using the above rule, it is quite clear how to determine selection rules. Let us 

calculate nonlinear process at the r point for X~;~. The dipole operator along the z 

direction. E II c, transforms as r 1. A simple allowed three photon process is shown 

in Fig. 5.-!. This process consists of the following matrix elements that transform as 

Using Table 5.5 it is clear that all three matrix elements are nonzero. This three 

photon process contributes to the second-order nonlinear susceptibility as 

(5.6) 

This process is resonant for hw ~ IiWrtr~ = Eg where Eg is the bad gap energy. 

For nonlinear process such as x~~x, we need to distinguish between the dipole 

operators. The dipole operator for an electric field perpendicular to the c axis. E .1 c. 
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11 -ez 

r:b 

i 1 

11 I1 
Eg EF 

! La 
6 

q 
Figure 5.4: Allowed three photon process for X~~z(w = 2wo) of Ga[l;'. The dipole 
moment operator, -ez, transforms as r 1. EF is the Fermi level and Eg is the band 
gap. 

has r 5 symmetry. Table 5.6 displays all of the allowed three photon processes at the 

r point that originate from the top of the valence band and are resonant when the 

second harmonic field has energy approximately equal to the band gap energy. This 

calculation assumes that the bands below the gap are completely full and the bands 

above the gap are completely empty. The three photon process shown in Fig. 5.-1 

corresponds to the first entry in the table. The states I, m, and n are the same as in 

equation (5.2). Note. the band notation in Table 5.6 is derived from Fig. 5.5. 

Also note. Table 5.6 lists the Feynman diagrams that correspond to the resonant 

three photon process. The two relevant Feynman diagrams are displayed in Fig. 5.6. 

In this figure, time is represented vertically. Photons are represented by wavy lines. 

The intersection of the photon with the straight line representing the ket or bra space 

corresponds to an interaction (emission or absorption) of the photon with the medium. 
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rrb 
10.0 eV -------- 5 
9.0 eV r:c 

1 

aOeV Cb 

6 

r;b 
4.0 eV --------- 3 
3.4 eV r:b 

1 

EF 
r a 0.0 eV _________ 16 

-.022 eV r: a 
1 

-1.75 eV r a 
--------- 15 

-7.5 eV r; a 
----------- 3 

Figure 5.5: Band symmetries for GaN and the f point. The superscript is my notation 
to more clearly distinguish the bands. The approximate band energies are adapted 
from [77]. A. three photon process is resonantly enhanced when the two photon energy 
is approximately equal to the band gap energy. These resonant interactions start from 
either f6 or rt· 
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susceptibility element m n Feynman diagram 

(2) 
X;:zz r a 

1 r b 
1 r b 

1 A 

Pi r c 
1 r b 

1 A 

r~ r b 
1 r a 

1 B 

(2) r a r~ r b A Xzxx 1 :I 1 

X~~x 

Table .5.6: Resonant three photon processes for X~~z(w = 2wo), X~~x(w = 2wo). and 
x1~x(w = 2wo) at the r point. The table contains all three photon process in which 
the last time ordered photon is the 2wo photon corresponding to a virtual transition 
from the GaN conduction band to the valence band. 

Thus. the Feynman diagrams graphically display the time ordering of photons in 

a three photon process and determine the structure of the energy denominator of 

. (- ?) equatlOn u._ . 

\Ve briefly describe Lee's and Gustafson's theory [93] of Feynman diagrams for 

second harmonic generation. The process is cast in terms of the perturbation of 

the density operator. The density operator is defined as the ensemble average over 

product of the ket and bra states 

p = Il/I)(¢I· (5.7) 

The p can be expanded in a perturbation series as 

p = p(O) + p(i) + p(2) + ... (5.8) 
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In> <nl 

1m> 1m> 

A B 
Figure 5.6: Feynman diagrams for the resonant SHG in GaN. The diagrams represent 
the time evolution of p(2). From these diagrams, the terms in equation (5.2) are 
generated. See [93] for the conventions used with these diagrams. 
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where p(O) is the density operator in thermal equilibrium, and p(i) represent the ith 

order perturbation to p(O). Once p is determined, the nonlinear polarization is calcu-

lated as 

(5.9) 

vVe simplify the rules for Feynman diagrams by observing that the three virtual 

transitions for second-harmonic generation leave the state unaltered. Although each 

photon process induces a phase shift in p(2), the net phase shift is zero for SHG. 

Therefore, we will disregard the net phase shift caused by each photon process. The 

rules for double sided Feynman diagrams are as follows. 

1. The state starts with Il)p~?)(ll. For SHG, the state also ends with Il)p}?l(ll. 

2. For the ket side, a vertex that brings the state from Il) to 1m) by absorption of a 

photon with angular frequency WI corresponds to the matrix element 

(ml - erjE(wdll) 
iii 

(5.10) 

where -erj is the dipole moment operator along the direction i and E(;.;d is the 

electric field. For an emission process, the matrbc element is 

(ml - eriE*(wdll) 
iii 

(5.11) 

Similarly, the matrix element that represents absorption of a photon on the bra side 

is 

-(ll - eriE(wdlm) 
iii 

(5.12) 
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Emission of a photon on the bra side is represented by 

-([I - eTiE*(wdlm) 
in (5.13) 

Fig. 5.7 displays the diagrams representing the emission and absorption of a photon 

on both the ket and bra side. 

3. A propagator takes the state from one vertex to the next and corresponds to an 

energy denominator in equation (5.2). Second-harmonic generation involves three 

photon interactions (vertices) and therefore two propagators. If the propagator takes 

the state from the jth vertex to the {j+1)th vertex when the state is Im)(ll. the 

propagator has the form 

j 

IT j = ±[2)Wi - Wml + irmdr! (5.1.1) 
i=! 

where '-'.Ji is positive for absorption of a photon on the ket side or emission of a photon 

on the bra side. Conversely, Wi is negative for emission of a photon on the ket side or 

absorption of a photon on the bra side. The plus (minus) in front of the propagator 

corresponds to a {j+ 1 )th vertex on the ket (bra) side. 

4. The product of all of the matrix elements and the propagators yields a term in 

equation (5.2). In general, there are eight unique ways to arrange the photons in the 

Feynman diagrams for a three photon process. For second-harmonic generation. there 

are only four unique ways since the two of the photons are indistinguishable. The four 

unique photon time orderings correspond to the four unique terms the second-order 

susceptibility for SHG. 
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1m> 1m> 

A B 

<ml OJ <ml 
OJ 

c D 

Figure 5.7: Graphical representation of photon emission and absorption. Diagram A 
(8) corresponds to absorption (emission) of a photon which alters the state from II) 
to 1m). Diagram C (D) corresponds to absorption (emission) of a photon which alters 
the state from (ml to (II. 
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5.5 MOCVD Growth of GaN 

Our GaN on A120 3 [0001] samples were grown by AsifKhan and C. J. Sun at APA Op

tics by the procedures described in references [65,94]. Here we review the growth tech

niques for high quality single crystal films of GaN on sapphire. A 1.25 cm x 1.25 em 

basal plane sapphire substrate was degreased and etched in hot H3PO-l:H2SO-l to re

move surface defects and contaminants. A clean substrate is essential for ~I'IOCVD 

growth because surface impurities can physically block the deposition of a coating 

and affect the mode and amount of nucleation of the depositing material [95]. After 

placing the sapphire substrates onto a silicon carbide coated graphite susceptor in the 

reactor chamber. a 0.050 11m buffer layer of AIN was deposited by low pressure met

alorganic chemical vapor deposition (LPMOCVD) at 10000 C. The All" buffer layer 

helped initiate growth of the GaN film. GaN was then deposited at a temperature 

of 8500 C and pressure of 76 Torr. Ga and N sources were triethylgallium (TEG) 

and ammonia, respectively. The TEG flux was 13 11m/min and the ammonia flow 

was 1 sl/min. SiH-l was used as a source gas to intentionally n-dope some samples 

with Si. Fig. 5.8 illustrates the steps in the growth of GaN on Ah03 by LP~IOCVD. 

After growth, the GaN films were electrically characterized by van der Pau\\" and 

Hall measurements. The results of these measurements are displayed in Table .5.7. 

"Yellow band" refers to the presence of the yellow luminescence band measured by 

photoluminescence (see section 4.3.) 
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grow AIN buffer layer 
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and ammonia 
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B 

heat sample 

cleaning 
procedures 

850°C 

introduce gas 
pre cuss as 
to reaction chambers 

pre cuss as diffuse to 
sam pie and nucleate crt 
sample surface 

vent unreacted gases and 
byproducts through exhaust 
system 

Figure 5.8: Flow diagram for LPMOCVD growth of GaN on Ah03' Diagram A 
represents the general procedures for growth. Diagram B represents specific proce
dures involved in the growth of the AIN and GaN films. The box with the thick lines 
represents the steps in the nucleation of the film 
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# dopant thickness mobility carrier density yellow band 

G1984 none 1.021 J.Lm 20 cm2/V s 4.47xlO17 no 

G9273 none 4.885 J.Lm 346 cm2 /V s 8.52xlO17 yes 

G9213 Si 2.995 J.Lm 192 cm2/V s 2.13x 1018 yes 

Table 5.7: Electrical properties of GaN samples 
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Chapter 6 

Nonlinear Optical Spectroscopy of GaN 

In this chapter we present the results from our nonlinear optical spectroscopy of our 

GaN / A12 0 3 samples [96]. By measuring the azimuthal dependence of SHG from 

GaN/Ah03 we determined that our GaN films and sapphire substrates are miscut by 

0.800
• vVe performed SHG spectroscopy of our GaN/A120 3 samples in the s-in/p-out 

and p-in/p-out polarizations over a two photon energy range of 2.6 to 3.-1 eV. Our 

measurements reveal a slight enhancement of X~~x at a two photon energy of 2.80 e\". 

In contrast, X~~x is spectrally flat. The 2.80 e V feature is clearly independent of yel

low band luminescent defects, and we speculate that it may result from transitions 

involving an intrinsic midgap defect state. Finally, we probed the Ga~ j.-\h03 inter

face using SHG rotational symmetry techniques. No interface states were observed 

over a two photon energy range of 2.6 to 3.4 eV. 

137 
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6.1 Nonlinear Optical Spectroscopy as a Probe of Condensed Matter 

Systems 

Nonlinear optical spectroscopy is a unique probe of condensed matter systems as a 

result of its sensitivity to surfaces and interfaces, its long penetra.tion depth. and its 

non-destructive nature. One application of nonlinear optical spectroscopy has been 

the investigation of the symmetry and structure of surfaces and interfaces. This in

cludes the determination of the bonding angle of a molecule to a surface [6], the 

measurement of the pretilt angle of a liquid crystal [9], the observation of Angstrom 

scale roughness at the Si(100)/Si02 interface [97], and the observation ofSi-O bonding 

arrangements at kinks on vicinal Si(l11) surfaces [98]. Nonlinear optical spectroscopy 

has also been used to measure electronic properties at the interfaces between solid 

materials. Examples of these investigations include the spectral identification of anti

site defects in Au/GaAs [10], the measurement of new bonding states at the CaF 2/Si 

interface [3], the observation of an interface quantum well state in ZnSejGaAs [2]. 

and the observation of a strain induced two photon resonances from Si-Si02 interfaces 

[4]. Our nonlinear optical investigations reveal both structural and electronic features 

of bulk GaN thin films. In addition, we did not observe any strain induced interface 

states by second-harmonic rotational symmetry measurements. 
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6.2 Nonlinear Rotational Symmetry of GaN 

In section 2.3 we discussed the relationship between the allowed second-order sus-

ceptibility elements and the symmetry of the media. In this section we discuss our 

investigations of the symmetry of GaN by second-harmonic generation. By measuring 

second-harmonic intensity as a function of the angle between the incident beam and 

crystal a.'{es for a variety of polarizations, we probed the symmetry of our Ga.\" thin 

films. Fig. 6.1 displays the geometry of the sample and the fundamental and second-

harmonic beams. Because SHG is mediated by a third rank tensor, second-harmonic 

generation is a more sensitive probe of crystal symmetry than linear spectroscopies, 

which are mediated by second rank tensors. 

The second-harmonic response of GaN is determined by transforming the dipole 

allowed second-order nonlinearities in the crystal frame of reference to the lab frame 

of reference. i.e. 

(2),lab _ R(A.). R( '). R( .) (2),crystal 
Xijk - liJ 10 <p]!3 <P k-"X.o !3-, (6.1 ) 

where 

cos dJ sin ¢ a 

R = - sin ¢ cos ¢ a (6.2) 

a a 1 

The calculated azimuthal dependence of SHG from GaN [0001] is displayed in Ta-

ble 6.1. 
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y lab X)lSlaJ 

/ 2m 

Figure 6.1: Geometry of SHG from GaN/AI20 3 . () is the angle of incidence of the 
fundamental beam and ¢ is the angle between the laboratory a..xes and the crystal 
a..xes. Both the fundamental and second-harmonic fields are polarized in the plane of 
incidence (p-in/p-out polarization). 

Polarization p(2)(W = 2wo) 

p-in/s-out a 

s-in/s-out a 

Table 6.1: Azimuthal dependence of P(2)(w = 2wo) from GaN [0001] 
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Figure 6.2: Rotational symmetry of SHG from GaN/Ah03 [0001]. The angle of 
incidence is 15°. ¢ is the angle between the miscut direction and the plane of incidence. 
o (0) is the data from the p-in/p-out (s-in/p-out) polarized second-harmonic field. 
The solid (dashed) line is a fit to the p-in/p-out (s-in/p-out) data with the miscut 
angle as a free parameter. The fitted miscut angle, a, is 0.79° (0.82°) for the p-in/p
out (s-in/p-out) polarizations. 
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Fig. 6.2 displays the azimuthal dependence of SHG for GaN in the p-in/p-out 

and s-in/p-out polarizations at an angle of incidence of 15°. The p-in/p-out and s

in/p-out polarized SHG data exhibit a one-fold symmetric modulation. These data 

are inconsistent with misaligned polarizers, which would result in non-zero isotropic 

signals for both polarizations. On the other hand, a simple sample miscut model was 

applied successfully to interpret the data. A miscut between the normal to the surface 

and the z-a.xis of the crystal results in a precession of the z-a.xis about the surface 

normal during the azimuthal scan. This precession induces an azimuthally dependent 

coupling of the fundamental fields to generate the anisotropic second-harmonic signal. 

Assuming the angle between the surface normal and the z-a.xis of the crystal is o. 

X~~k,lab is related to x~2J~ystal by equation (6.1) but with equation (6.2) replaced by 

cos 1> sin</> 0 coso 0 -sino 

Rmiscut = - sin ¢> cos</> 0 0 0 1 (6.3) 

0 0 1 sin 0 0 cosa 

2\iote, equation (6.3) assumes the [0001] a.xis is miscut in the xz plane. Since the 

x- and y-a.xes of GaN are equivalent, this assumption simply produces a phase shift 

between the experimental and calculated data. Table 6.2 displays the calculated az

imuthal dependence of SHG from GaN [0001] with a small miscut angle, o. Note that 

higher order terms in the miscut, i.e. terms with miscut dependences of sin2 
0 and 

sin3 o, are not displayed. The best fits to the p-in/p-out and s-in/p-out data yield a 

sample miscut angle, 0, of 0.80° ± 0.05°. The data were fitted with a function that 
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Polarization p(2) (w = 2wo) 

p-in/p-out ((1 + cos 2Q)( cos ¢> sin a)x~~x + t( -1 + cos 2Q)(cos ¢> sin a);d?x 

+(cos3 a - ~(1 + cos2a) cos¢>sina)x~;~)Ez(wo)Ez(wo) 

p-in/s-out 

s-in/p-out 

s-in/s-out 

+( 2 (cos3 a cos2 ¢> + cos Q sin2 ¢> + cos 2a sin a cos ¢}X~~x 

+(1 + cos2Q)(X~~x - x~;~) cos ¢> sin a) Ex(wo)Ez(wo) 

+( - 2(cos2 a cos3 ¢> + cos ¢>sin2 ¢>)(sin a}x~~x 

- (cos2 Q cos3 ¢ sin Q + cos ¢> sin Q sin 2 ¢>) X~?x 

+(cos3 Q cos2 ¢ + cos Q sin2 ¢}X~?x)Ex(wo)Ex(wo) 

~ ((2 + 2 cos 2Q)X~2}x + (cos 2a - l)x~?x 

+(cos2Q - l}X~;~) sinasin</>Ez(wo}Ez(wo) 

+ ( 2 (1 - cos2 
Q )( cos2 ¢ )x~2}x 

-(cos2 Q cos2 ¢ + sin2 </»x~~x) sin Qsin ¢Ex(wo)Ex(wo) 

( 2 (cos2 Q - 1)( cos ¢> sin a sin 2 ¢} X~~x 

+ (cos2 Q sin 2 ¢ - cos2 ¢)( cos ¢ sin Q )x~~x 

+(cos Q cos2 ¢ + cos3 
Q sin ¢> )X~~x) Ey{wo)Ey(wo) 

( ( cos2 
Q sin 2 ¢ - cos2 ¢ ) (sin Q sin ¢ ) X~~x 

-(cos2 ¢ + cos2 
Q sin2 ¢)(sin Q sin ¢}X~?x) Ey(wo)Ey(wo} 

Table 6.2: Azimuthal dependence of p(2)(w = 2wo) from GaN [OOO1J with a small 
miscut angle, a 
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includes the effects of pulse propagation through the GaN film (see section 6.3). and 

uses the second-order susceptibility determined by equations (6.1) and (6.3). SHC ro

tational symmetry measurements in the p-in/s-out and s-in/s-out polarizations were 

complicated by the sapphire birefringence and were not performed. The relation

ship between the sapphire birefringence and SHG from GaN / Ah03 is discussed in 

Appendix E. 

Fig. 6.3 displays SHG data from our 1.020 /-Lm CaN / Ah03 sample as a function 

of the angle of incidence. The maximum transmitted SHG response of GaN occurs 

at an angle of incidence of f"'.J 50°. The SH response of GaN as a function of the 

angle of incidence depends on three factors: the coupling of the incident fields to 

the susceptibility elements: the generation of a bound wave, which has a magnitude 

that depends on the propagation direction of the fields in the CaN film; and the 

Fresnel coefficients. The SHG responses of all of our GaN/Ah03 samples are similar 

to Fig. 6.3. The film thickness affects the overall magnitude of SHG as a function 

of the angle of incidence, but does not alter the relative magnitude of the response. 

i.e. the ratio of the SHG response at two angles of incidence is independent of film 

thickness. This independence with respect to the film thickness arises because the 

interference of the bound and free waves is insensitive to the angle of incidence. 
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Figure 6.3: SHG as a function of angle of incidence from GaN / Al20 3 . The polar
ization configuration is p-in/p-out. The minimum of the curve is at ",,1° . which 
is consistent with the miscut angle determined from SHG rotational measurements. 
The anisotropy in the SHG response for positive and negative angles is due to the 
sample miscut [22J. 
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6.3 Theory of Nonlinear Optical Spectroscopy from GaN/ A120 3 

We performed SHG spectroscopy of GaN / Al20 3 over a two photon energy range of 

2.6 to 3.4 eV in the s-in/p-out and p-in/p-out polarizations. As Table 6.1 indicates. 

our SHG measurements of GaN / Al20 3 in the s-in/p-out polarization probe a single 

second-order susceptibility element, X~~. We also measured SHG from GaN/AI20 3 

in the p-in/p-out polarization at several angles of incidence. We fitted these spectra 

for x~2)x' but were unable to independently determine X~;)z. 

Determination of nonlinear optical susceptibilities from the SHG spectra requires 

precise knowledge of the linear optical properties, e.g. the index of refraction and 

sample thickness. The experiments in chapter 4 provide these numbers. Csing the 

linear optical properties of our GaN and sapphire samples, we developed a model 

for second-harmonic pulse propagation through GaN/AI20 3 • The model includes 

ultrafast nonlinear pulse propagation effects based on the methods developed in 2.-1.2. 

Accurate determination of the nonlinear susceptibility requires the inel usion of 

ultrafast effects for two reasons. First, although our GaN samples have thicknesses 

less than 5 /-Lm. the highly dispersive nature of GaN affects the interference of the 

bound and free waves. vVe quantify the significance of ultrafast effects by defining 

the error, (J, with respect to the calculated SHG intensity that neglects these effects 
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as 

(7= (6.4) 

In equation (6.4), [iono (Iiura ) is the calculated SHC intensity from CaN using the 

monochromatic (ultrafast) theory and i labels the wavelength at which [imono ([iultra
) 

is evaluated. For our 4.885 J-Lm CaN sample, (J = 0.35 over a fundamental wavelength 

range of 740 to 755 nm. The error between the monochromatic and ultrafast theories is 

especially large in this region due to the high dispersion of CaN at a second-harmonic 

wavelength of 370 to 378 nm. Second, the ultrafast analysis ensures compatibility of 

the calculated SHC signal from CaN with the calculated SHC from quartz. ~ote that 

the following calculations assume that both the CaN film and sapphire substrate are 

perfectly cut. Experimentally, we suppressed the effect of the miscut by measuring 

our nonlinear spectra at a crystal orientation of ¢> = 900
• 

Fig. 6.4 displays the geometry of our SHC from GaN/Al20 3 at a non-normal 

angle of incidence. The fundamental light with angular frequency ;..) propagates to 

the air/CaN interface and generates a reflected second-harmonic free wave (E frO). 

a second-harmonic bound wave that propagates through the CaN film (Ebd. and a 

second-harmonic free wave that propagates through the CaN film (Efl). The bound 

and free nonlinear fields propagate to the CaN/ Al20 3 interface where they generate 

a free wave reflected from the CaN/ Ah03 interface (E flr) and a free wave that is 

transmitted into the sapphire (Ef2 ). Table 6.3 summarizes the conventions for the 
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Figure 6.4: Geometry of nonlinear waves in GaN/AI20 3 . Notation is summarized in 
Table 6.3. 

nonzero nonlinear waves in air, GaN, and sapphire, and defines phase relationships 

between the waves. 

Our model includes all factors that affect the calculated second-harmonic signal 

by at least 10%. Thus, the model does not include the effect of bound wave re-

flection from the GaN / Al20 3 interface because the reflection coefficient is small. i.e. 

ITs12(w)12 :::::: 0.03 and ITp 12(W)12 :::::: 0.015, where Tsdw) is the Fresnel reflection coef-

ficient for s-polarized light with 1 (GaN) as the incident medium and 2 (sapphire) 

as the substrate medium. Tp12(W) is the Fresnel reflection coefficient for p-polarized 

light at the same interface. However, we include E,rl in our analysis, which is the 

nonlinear wave that is reflected from the GaN / Ah03 interface and undergoes one 
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Symbol Description 

Ebl bound wave in GaN 

Efl free wave in GaN 

Eflr free wave in GaN reflected from the GaN/AI20 3 interface 

E frO free wave in air reflected from air/GaN interface 

E f2 free wave in sapphire transmitted 

a round trip phase acquired by E frl 

~ phase acquired by E f2 during round trip of Efr1 

Table 6.3: Nonlinear waves and phases 

multiple reflection in the GaN film before transmission through the GaN / Al2 0 3 sub

strate. The fields generated at the air/GaN interface and E fr1 propagate from point 

.-\ to point C in Fig. 6.4. This field is related to Ef2' which is the nonlinear free waw 

initially transmitted through the GaN/Ah03 interface as IEfrtl ~ O.lIEnl. :\"'ote 

that the fields generated at the air/GaN interface and E f2 propagate from point .-\ 

to point B in Fig. 6.4. Contributions of nonlinear waves that undergo more than one 

set of reflections in the GaN film affect the total transmitted SHG intensity by less 

than ",,2% and are therefore not included in our theory. The interference of E f2 and 

E fr1 is computed by summing their respective contributions at points Band C. 

In our analysis, we express the nonlinear fields in terms of the wavevectors and 
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wavevector components. The free wavevectors are defined as 

kfi -
7rnfiW 

c 
(6.5 ) 

kfiz - - cos 8 fi k fi (6.6) 

kfix - sin 8 fi k fi, (6.7) 

where i is equal to 0, 1, 2 and denotes the air, GaN, and sapphire regions, respectively, 

and W is the angular frequency of the second-harmonic fields. The bound wavevectors 

are defined similarly with nbL substituted for nfi. The free (bound) wave angle of 

incidence in region i is 8fi (8bi) and is determined from 80 and nfi (nbi) by Snell's law. 

'-IVe now determine the nonlinear polarization induced in Ga0.' by the applied 

fundamental field. The p-polarized fundamental light field generates a nonlinear 

polarization of the form 

P (2) _ 2 2 ( ) (2) E E 
x - tpOL Wo Xxzx x z (6.8) 

and 

P (2) - t2 ( ) ( (2) E E (2) E E ) z - pOL Wo Xzxx x x + X;;zz ;; z . (6.9) 

Note that E is the incident fundamental field and tpoL(wo)E is the fundamental field 

transmitted into the GaN film. The nonlinear polarization generated by an s-polarized 

fundamental field is 

P (2) _ 2 ( ) (2) E E 
z - tsOL Wo Xz yy Y y. (6.10) 
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The bound wave fields are determined by the nonlinear polarization; the nonlinear 

wave equation, 

and the nonlinear version of Maxwell's equation, 

-47rV . p(2) 
V . Ebl = ----

tbl 

(6.11) 

(6.12) 

The bound wave is coupled to the nonlinear polarization and exists only in nonlinear 

media, e.g. Ga~. If we assume the bound wave field has the form 

E (-E -E) i(kb·r- wt ) bl = Z biz + X blx e , (6.13) 

then the bound wave components are 

E = 47r (P(2) (1 _ k~IX) _ kblxkblz P(2)) 
blx x k2 k2 :: 

tbl - t/I /1 /1 
(6.14) 

and 

E = 47r (P(2) (1 _ kllx) _ kblxkblz P(2)) 
biz :: k2 k2 X' 

tbl - t/l /1 /1 
(6.15) 

The relationships among the bound wave field, the free wave field, and the nonlinear 

polarization are displayed in Fig. 6.5. 

The three nonlinear free waves in this calculation are: the free wave generated 

at the air/GaN interface, E/I , which propagates with the bound wave: the free wave 

reflected from the GaN/AI20 3 interface, E/rl ; and the free wave generated at the 



Reproduced with permission of the copyright owner.  Further reproduction prohibited without permission.

152 

z 

y x 

E( ro) 
air 

GaN 

Figure 6.5: Polarization and propagation directions of the nonlinear fields and second 
order polarization in GaN. E( w) is the s-polarized fundamental field, E /l is the free 
wave, Eb is the bound wave, and p(2) is the second order nonlinear polarization. 
The polarization of the free wave is perpendicular to the direction of propagation 
of the free \'lave. Although the polarizations of the bound wave and second order 
polarization are not perpendicular to their direction of polarizations, the polarization 
of the bound wave is in a direction that ensures 'V . D = 'V. (Eb + 4ITP) = o. :'\ote 
that the refraction angles of the bound and free waves are approximately correct for 
the given angle of incidence. The polarization field has been offset from the bound 
and free wave electric fields to simplify the drawing (the polarization field is collinear 
with the bound wave electric field). Similar diagrams are found in [39]. 
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GaN/Ah03 interface, which propagates through the sapphire substrate. E f2 . The 

free nonlinear waves have the form 

with j = L rl, or 2. The amplitude of the free wave components are 

kfjz 
and E/ix = --k Efj. 

fj 

Matching boundary conditions at the air/CaN interface determines Ell as 

( 

k 2 k ) -1 (k2 ) 10 lIz 10 
Ell = k k - k/l (kbl.: - -k )EblX - kblxEblz . 

fOz /1 fOz 

(6.16) 

( 6.17) 

(6.18) 

Similarly, matching boundary conditions at the GaN/A.l20 3 interface determines Efrl 

and Ef2 as 

(
k2 k ) -1 ( k

2 
_ 12 lIz + k (k _ -.E..)E e-i(kbl=+kfl=Jd 

k k 11 bIz k blx 
12z 11 12z 

(6.19) 

-k E e-i(kb1=+kfl=Jd + (k _ kJ2k/lZ)E e-i2k/l=dJ) 
blx bIz 11 k k 11 

12z 11 

and 

(
k2 k )-l( k

2 
11 12z + k (k Ilr)E e-i(kbl-- k/2-Jd 12 bIz - -- blx - -

k /lz kf2 k/ lrz 
(6.20) 

-k E e- i(kbl=-k/ 2=)d+2k E e-i(k fl =-k/2=Jd) blx bIz 11 fl . 

The previous calculations determine the magnitude of the nonlinear waves. The 

measured SHG signal also requires inclusion of the phase relationships between the 
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various free waves and summing these waves appropriately. Therefore. the measured 

SHG field transmitted through GaN / Al20 3 is 

E t (r,2wo) - etp2o (2wo) (Ef2ei(kf2~-kf2=d) 

+rplO(2wo)tPl2(2Wo)Eflrei(kflO+kfl=d)) . 

Note, that the round trip distance traversed by E frl is 

<5 = 2d 
cos 0fl 

and the corresponding distance traversed by E f2 is 

6. = 2d tan 0 fl sin 0 fl . 

The measured intensity is 

(6.21) 

(6.22) 

(6.23) 

(6.2.,1) 

\Ve can express these equations to explicitly define the transmitted second-

harmonic field in terms of the nonlinear optical susceptibilities. the fundamental fields. 

and propagation effects. The second-harmonic field for the s-in/p-out geometry is 

(6.25) 

where 

(6.26) 
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and 

Ymn 

The coupling of the fields in the medium determines Ymn with 

(6.28 ) 

and 

C ( 
k~lZ) 

2= I-p- . 
/1 

(6.29) 

The above equations include Fresnel transmission and reflection coefficients of the 

fundamental and second-harmonic fields. For example, tsOl (wo ) is the Fresnel trans-

mission coefficient for s-polarized light from layer 0 to layer 1. The Fresnel reflection 

coefficient is denoted similarly with T substituted for t. Equation (6.25) explicitly dis-

plays the three factors on which the nonlinear response of the media depends. These 
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factors are: the nonlinearity of the media, X~~; the applied fundamental fields. Ey: 

and the propagation of the nonlinear fields, Y yy' Note that Y~ is a function only of 

the linear optical properties of the media and the GaN film thickness. 

The second-harmonic response of GaN in the p-injp-out geometry may be written 

similarly as 

(6.30 ) 

with 

(6.31 ) 

and 

(6.32 ) 

Equations (6.25) and (6.30) do not include the effect of the "walk-off' between 

the bound and free waves. "vValk-off" refers to the spatial separation of the bound 

and free waves that results from different directions of propagation of these wa\'es in 

the nonlinear crystal. "vValk-off" decreases the overlap of the bound and free waves. 

and hence modifies the interference of these waves. For an 800 nm beam with an 

angle of incidence, Bo, of 46.0°, the corresponding free and bound waves propagate 

in GaN with angles of B /1 = 16.4° and ObI = 18.0°, respectively. After propagating 

through 5 J.lm of GaN, the spatial separation of the center of the free and the bound 
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waves is 0.15 J1.m. Our Ti:Ah03 beams have a spot size of ",100 J1.m, and therefore 

"walk-off" is insignificant in our experiment. 

Ultrafast effects are incorporated into the theory by modifying the phases of the 

nonlinear waves to include the finite duration of the pulses. The transmitted SHG 

wave is composed of a sum of waves that propagate through the film stack with 

various phase velocities. For example, we can rewrite a transmitted second-harmonic 

wave, Esp (2wo ), to explicitly display its phase dependence as 

(6.33) 

Comparison of equation (6.33) with equations (6.25) - (6.29) reveals that the D coef-

ficients consist of X~;~, Ey , Fresnel coefficients, dielectric constants. and wavevectors 

in air, Ga?'J, and sapphire. D~B corresponds to the wave that propagates from point 

A to point B in Fig. 6.4 and has a phase that depends on the bound wavevectors in 

Ga?'J. The other D coefficients are defined similarly. The time required for the D~-\B 

and D~B waves to propagate to point B and the D~-\c and D~c waves to propagate 

to point C is contained in the phase of each wave (i.e. a group velocity is associated 

with each wavevector). For example, the time required for the D~B wave to propagate 

from point A to point B is 

~ d cos ()bl 
t=-+---

v /2 Vbl 
(6.34) 



Reproduced with permission of the copyright owner.  Further reproduction prohibited without permission.

158 

where v /2 is the group velocity of the free wave in the sapphire and Vbl is the group 

velocity of the bound wave in GaN. We calculated this time by replacing each wavevec-

tor with the inverse of its group velocity. This transformation follows directly from a 

first-order expansion with respect to angular frequency of the wavevectors that appear 

in phases (see section 2.4.2). Thus, ultrafast effects are included in the D~B wave by 

multiplying the phase by a Gaussian centered at the time required to propagate the 

wave from point:\. to point B, i.e. 

(6.35 ) 

where ~w is the angular frequency bandwidth of our Ti:AI20 3 laser. The ultrafast 

effects are incorporated into the other D waves by similar transformations. 

6.4 Second-Harmonic Generation Spectra from GaN / Ah03 

In this section we discuss our SHG spectra from GaN / :\.120 3 in the p-in/s-out and 

p-in/p-out polarizations. From these spectra we extract X~~x and :'(~~x' respectively. 

In addition, from our rotational symmetry measurements as a function of the angle 

of incidence, we determined that the sample miscut does not induce any symmetry 

r b'dd l' . . (2) (2) lor 1 en non meantles, e.g. Xzzx or Xxzx' 

In order to accurately calculate the effects of group velocity mismatch in our Ga0; 

films, we measured ~w at each wavelength by determining the wavelength distribution 

of the pulse with a monochrometer. In practice, group velocity mismatch is most 
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Figure 6.6: SHG spectrum of 1.020 J.lm GaN sample in the s-injp-out polarization. 
The angle of incidence is eo = 46° 

significant for our 4.885 J.lm sample below a fundamental wavelength of 750 nm. 

Figs. 6.6 and 6.7 display our s-in/p-out raw data from our undoped 1.020 J.lm and our 

n-type 4.885 J.lm GaN samples. The data are referenced to the measured SHG from 

quartz in the same polarization configuration. The discrepancy between the spectra 

is due entirely to nonlinear interference effects, and is not due to differences in the 

nonlinear susceptibility. 

using the techniques developed in the section 6.3 and our measured values for the 
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linear optical properties of GaN, we extracted X~;>x from the data. This parameter is 

displayed in Fig. 6.8. The magnitude of X~;>x is approximately 2.4x 10-8 esu, which 

is consistent with Miragliotta's average value of 2.45 x 10-8 esu measured at a single 

fundamental wavelength of 1064 nm [22]. This is lower than the other reported val-

ues for IX~~xl of9.25xlO-8 esu [20] and 3.92xlO-8 esu [23]. The data also exhibits 

a weak but distinct peak centered at a two photon energy of 2.80 e\". This feature 

is inconsistent with the expected spectral dependence based on Miller's rule [99]. 

For measurements in the p-in/p-out polarizations, SHG couples to X~?~: and :'(~2}x in 

addition to X~;>x. Therefore, we measured the SHG response of GaN at several an-

gles of incidence to fit the two unknown susceptibility elements (see Fig. 6.9). vVe 

observed that our spectra were very weakly dependent on X~~~. The insensitivity of 

our spectra to X~~);: results from the fact that our nonlinear signal is proportional to 

Ie;:x~~~e:;e:; 12 ~ .004Ix~~~12. Therefore, we assume the theoretically predicted rela-

. h· b (2) d (2)· (2) - -? (2) F· 6 8 h d tlOns lp etween Xx;:x an X;:zz' l.e. X;:;:z - -Xxzx . 19. . compares t e measure 

value of X~;>x to X~~)x averaged over all of our samples.. Although these elements 

are approximately equal, as predicted by the bound charge model [100], X~~x lacks a 

feature at a two photon energy of 2.80 eV. 

vVe compared our data with the calculated values of X~;>x and X~~x [25] in Fig. 6.8. 

Hughes and coworkers [25] calculated the second-order susceptibility elements with 

the full-potential linearized augmented plane-wave method within the local density 
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approximation. The agreement between the magnitudes of the calculated and exper-

imental second-order susceptibility elements is quite good. Note that the calculated 

data exhibits a larger dispersion in the second-order susceptibility elements than the 

experimental data. In addition, the calculated X~~x lacks a resonance at 2.80 e\". 

vVe speculate this feature may result from virtual transitions involving an intrinsic 

midgap defect state. Since, the calculation of the dispersion of X~~x includes only 

bulk band structures, the calculation cannot predict spectral features that couple to 

defect states. 

6.5 Possible Origin of the 2.80 eV Resonance 

By analyzing the nature of a resonance in Xl~k, the magnitude of this feature, and the 

symmetry of states that may participate in this resonance. we are able make some 

speculative suggestions about the nature of this feature. First, we consider possible 

origins of the feature at a two photon energy of 2.80 eV. The second order non lin-

ear susceptibility for second-harmonic generation is derived from quantum statistical 

mechanics as [46] 

(2) (, =? ) = _ jU e
3 

""' [ (ghln)(nlrjln')(n'lrklg) + 1 (0) (6 36) 
Xl}k W _Wo • v 2 ~ ( 'r ) ( .) . .. Pg .' 

h n n' W - W ng + Z ng Wo - Wn'g + zr n'g g, , 

where N is the number of electrons per unit volume: Ig), In), and In') are states of 

the system, hWng is the energy difference between states nand g; r ng is a dephasing 

term; p~O) is the equilibrium density of the initial state g; -erk is the dipole operator 
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along direction k; and the dots represent unique permutations of the states. The 

contribution of three photon processes to x~]L(w = 2wo) depends of several factors. 

First, resonant enhancement of X~~k(w = 2wo) occurs when w :::::: Wng (two photon 

resonance) or Wo :::::: Wn'g (one photon resonance). Second. contributions to '(~~k('''': = 

2wo) are constrained by the matrix: elements in the numerator of equation (6.36). In 

other words, the matrLx elements determine whether a process is allowed and influence 

the magnitude of allowed processes. Third, the occupancy of the states requires that 

the first virtual transition in the three photon process originates from an occupied 

state and connects to an unoccupied state. 

These constraints limit the type of process responsible for a two photon resonance 

with energy 2.80 eV in X~]k(w = 2wo). Because GaN is a direct band gap semiconduc

tor \vith a band gap energy of 3.4 eV, the two photon resonance cannot result from 

virtual transitions between valence and conduction band states only. In addition. 

the requirement that the process begin with a virtual transition between an occupied 

and an unoccupied state precludes any process that occurs only in the valence or 

conduction bands. Thus, it is unlikely that the 2.80 eV feature results purely from 

the band structure of GaN. On the other hand, it is well known that Ga~ contains 

a variety of defect states [63]. Thus, the spectral feature could result from a three 

photon process that involves both a defect state and the GaN bands. For example. 

a bulk defect state (or defect band) with energy 2.80 eV above the valence band (a 
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midgap state) could playa role in this resonance. 

'vVe present a simple analysis of the X~~x spectrum that can somewhat constrain 

the properties of the defect state within the simple model. vVe decompose the sus-

ceptibility into resonant and nonresonant terms [4] as 

where the symbols have the same meaning as in equation (6.36) and el<!J is a phase 

difference between the resonant and nonresonant components. The resonant term 

is attributed to a two photon resonance involving transitions to a midgap defect 

state and the nonresonant term is attributed to all other nonresonant bulk three 

photon transitions. This decomposition assumes that the only spectral dependence 

of x~7jx(w = 2wo) results from the denominator of the Lorentzian term. The other 

terms in equation (6.37) are expected to be slowly varying functions of "';0' Fitting 

this function to the data determines ¢ :::::: -I and X~~x,Tes = 3.8 X 10-9 esu at a two 

photon energy of 2.80 eV. If we assume the resonant component of X~~x results from 

defect states with a density of N "oJ 1020 cm -3, then the hyperpolarizability associated 

with these states is a;:xx "oJ 10-29 esu. This speculative analysis yields numbers that 

are large but not impossible. 

'vVe also determined possible three photon processes that contribute to x~7jx(;.J = 

2wo), but not to X~~x(w = 2wo), by analyzing the symmetry of the proposed mid gap 

defect state. Defects in GaN are frequently characterized by s-like or p-like symmetry 



Reproduced with permission of the copyright owner.  Further reproduction prohibited without permission.

167 

[101]. Our model assumes a defect state lies in the GaN band gap with s-like or p

like symmetry and that a three photon process originates at either the valence band 

ma.'<:imum or at the defect state. This analysis applies group theory [92] to calculate 

the nonzero matrix elements in equation (6.36). In this calculation, we used the band 

symmetries determined by Bloom et al [77]. Fig. 5.5 displays the symmetries of the 

GaN bands at the f point and their approximate energies. Assuming C6v symmetry. s

like states have Al (f d symmetry and p-like states have E2 (f 6) symmetry. Table 6.-1 

shows all nonzero resonant three photon processes for x~~Aw = 2wo) and X~2)x(w = 

2wo). All processes are at the f point of the Brillouin zone. In Table 6.4. f~efect 

refers to a defect state with f 6 (p-like) symmetry. The labels g, n, and n' refers to 

the states in equation (6.36). Of the cases examined, only the three photon process 

that originates from a p-like defect state is inconsistent with our observation of a 

2.80 eV resonance in x~7)x(w = 2wo) but not in x~21x(w = 2wo). Fig 6.10 displays three 

photon processes that may contribute to this resonance. 

vVe now draw several conclusions from our spectroscopic data and speculate about 

the nature of the defect state. First, the spectroscopic feature at a two photon energy 

of 2.80 eV is likely to be an intrinsic midgap defect not associated with yellow band 

defects. This conclusion results from the presence of the 2.80 eV feature in samples 

with and without yellow band luminescence. Second, the defect is likely to be a 

point defect and not a defect complex. Defect complexes could arrange themselves 
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Figure 6.10: Three photon processes in Ga~ involving a midgap defect state. In Fig. 
A, the resonant transition is a transition between the defect state and the Ga).;" valence 
band. In Fig. 8, the resonant transition is a transition between the conduction band 
and the defect state. The virtual transitions are labeled by symmetry and by energy. 
e.g. liw1. The process is resonant for W = WI + W2. 
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susceptibility defect symmetry origin 9 n n' 

(2) 
Xzxx s-like valence ra 

1 r b 
5 

rdefect 
1 

(2) s-like defect r~efect r~ rb 
Xzxx ;) 1 

(2) 
Xzxx p-like valence ra 

6 rb 
3 

r~efect 

ra 
6 r~ 

;) 

r~efect 

(2) 
Xzxx p-like defect 

(2) 
Xxzx s-like valence 

'(~~x s-like defect 

,«(2) 
xzx p-like valence 

(2) 
Xxzx p-like defect r~efect r b 

6 r b 
3 

Table 6.4: Possible contributions to X~~x(W = 2wo) and X~~x(w = 2wo) for a defect 
state in the band gap of GaN 
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in various bonding geometries within the lattice, and hence the hyperpolarizabilities 

of the individual complexes would tend to cancel in an assemble average. Third. 

there are several symmetries and energy positions within the band gap of the defect 

state that may contribute to X~~x but not X~~x. Fourth, the position of this state in 

the band gap region is unknown. Unfortunately, second-harmonic generation does not 

unambiguously determine one- or two-photon excitations. Fifth, the defect state must 

be a bulk defect state and not an interface defect state. Although inhomogeneities 

at the interface may form defect states with large nonlinearities, significantly fewer 

defect states are produced at the interface than in the bulk. The volume density of 

interface defect states. Ni , is related to the surface density of interface defects .. v1surface. 

as Ni = NFurfaced, where d is the number of defects perpendicular to the surface per 

cm. If we assume that the defect layer extends over 10 unit cells, one defect exists 

per unit cell. and the surface density of interface defect states is 101-1 em -2. then 

Ni = 10 15 cm -3. Thus, Ni is several orders of magnitude smaller than the estimated 

volume density of bulk defects, Nb = 1020 ern -3. 

6.6 Effect of Interface Strain 

Finally we consider the influence of the sample miscut on possible strain induced 

defect states in GaN. Observation of strain and disorder effects on second-harmonic 

generation from vicinal Si(1l1)/Si02 and Si(100)/Si3N-I interfaces [102] suggests that 
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strain induced defect states may be generated at or near the CaN / A120 3 interface. 

Strain is expected to couple most strongly to the components of the susceptibility 

elements that are perpendicular to the interface [11]. Thus, this effect may be most 

easily observed in X~~;strain and x~;~strain. Note that the film coordinate. the xz plane 

is a mirror plane. Therefore, susceptibility elements such as x~;~strain and x.~~)~stram 

are forbidden. )lote, these elements are defined to include only the effect of the strain 

induced nonlinearity and do not result from a coordinate transformation. 

vVe performed rotational symmetry measurements in the p-in/p-out polarizations 

to probe CaN for these elements. vVe simplified our analysis by assuming \~~~stram = 

x.~~/tram . Thus, the second-order susceptibility, including the sample miscut and 

strain, transforms as 

R( ') R( ) R(A.) (2),strain + qJ io ¢ j{3 ~ k..,Xoth . (6.38 ) 

I . (6 38) (2),crystal (2) (2) d (2) Rmiscut· h . n equatlOn . , Xijk represents X.zxx, X xzx , an X. zzz , IS t e matnx 

defined bv equation (63) v(2),strain represent v(2),strain and v(2),strain and R is the 
- • 'Al1k AXZZ '\.zzx· 

matrix defined by equation (6.2). We deduced the miscut angle of our films from 

the rotational symmetry data at an angle of incidence of 15° assuming x.~~~stram = O. 

vVe repeated our rotational measurement over a two photon spectral range of 2.6 

to 3.4 eV at an angle of incidence of 65° to fit for x~;~stTain with the miscut angle 

fixed from the 15° rotational scan. vVe were unable to detect any strain or miscut 
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Figure 6.11: 't~~~ of GaN determined by SHG azimuthal scans. vVe were unable 
to observe any strain induced nonlinearity. The magnitude of this effect may be 
compared with the magnitude of the bulk susceptibility elements by comparing this 
figure with Fig. 6.8 

induced nonlinearity within the limit of our measurement and determined 't~~~stram < 

O.005X~~x' Fig. 6.6 displays x~~~strain. 

Interface states that do not result from miscut induced strain are not observable by 

our rotational symmetry technique. These states could result from bonding between 

the substrate and the thin film [3]. Due to symmetry at the interface, these states most 

strongly affect X~;);:. Unfortunately, sample geometry precludes a direct measurement 
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of this second order susceptibility element. We express the influence of the interface 

states on X~~)= as 

(6.39 ) 

where X~~);bulk is the second-order susceptibility element due to the bulk band struc

ture and x~~;interface is the second-order susceptibility element due to interface states. 

vVe calculated the minimum magnitude of X~;~interface that is observable by SHG 

spectroscopy using our theory of SHG from GaN in the p-in/p-out geometry (equa

tion (6.30)). Our calculation assumed an angle of incidence of 88° to ma.'{imize cou

pling of the fields to X~;)=. The interface states are said to be observable if they 

influence the magnitude of the SHG signal by at least 10%. Our calculation de

termined the minimum observable X~~);interface in terms of the the bulk second-order 

susceptibility as X~;);interface = 0.35X~~);bulk. If we assume IX~;~bulkl ~ -t.8 x 10-8 esu 

and an interface defect volume density, Ni , of 1015 em -3, then the minimum ob

servable interface defect hyperpolarizability is a~~t:rface ~ 1.7 X 10-23 esu. This is a 

nonphysical (too large) second-order hyperpolarizability, and illustrates that interface 

defect states associated with X~;)z are not observable. Note that this analysis is not 

limited to GaN [0001]. The observation of X~;);interface is inhibited by the large index of 

refraction of GaN, which refracts the field polarization away from the z direction. and 

the other nonzero susceptibility elements, which provide a large signal background. 
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Chapter 7 

SHG Microscopy 

The majority of this thesis describes completed experiments on the linear and non

linear optical properties of GaN. This chapter details our ongoing work in a different 

field of study - nonlinear optical microscopy. vVe designed and constructed a nonlin

ear optical microscope to investigate the nonlinear optical properties of heterogeneous 

systems. In addition, we have begun investigations of the nonlinear optical properties 

of carbon nanotubes. vVhile we have not observed distinct second-harmonic responses 

from isolated carbon nanoropes, we have made significant progress and are continuing 

our work. 

Nonlinear optical microscopy differs substantially from our previous nonlinear 

studies. vVe briefly highlight the applications and limitations of this technique. Our 

studies of the nonlinear optical properties of GaN are characterized by highly de

tailed calculations and experimental techniques. Spectral features were determined 

from homogeneous films with an accuracy of "V 10%. In contrast, nonlinear optical 

174 
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microscopy attempts to correlate relatively large changes in the nonlinear response 

of a medium with local changes in electronic or structural properties. ~onli~c~r np

tical microscopy probes the local structure or symmetry of a medium by focusing 

the fundamental beam to ",3 pm. Ideally, one probes structural changes that cannot 

be observed by linear optical techniques. For example, because of its high spatial 

sensitivity, the nonlinear optical microscope appears well suited to investigate the 

nonlinear optical properties of carbon nanoropes. Measurements of a single carbon 

nanorope have the potential to provide a more accurate determination of nanotube 

nonlinear optical properties than measurements of a sample that consists of an en

semble of tubes or nanoropes. In contrast to SHG experiments from a sample of 

randomly oriented nanoropes, SHG microscopy may isolate susceptibility elements 

from a single nanorope, or a dilute collection of oriented nanotubes. 

This chapter is organized as follows. vVe first discuss the historical development 

of nonlinear optical microscopy. \Ve then describe our nonlinear optical microscope. 

This section includes a discussion on the detectability limits of the microscope and 

determines an upper bound on the nonlinearity of the carbon nanotubes from this 

limit. 
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7.1 Historical Context of Second-Harmonic Generation Microscopy 

In 1974 Robert Hellwarth and Paul Christensen imaged second-harmonic generation 

from a polycrystalline ZnSe film [26. 27]. Fig. 7.1 displays their experimental setup 

for SHG microscopy. The coupling of the fundamental light to the various orienta

tions of the polycrystalline crystal axes produced a quasi-phase matching condition 

for certain propagation directions. Fundamental light incident on a particular grain 

produced SHG along the quasi-phased matched direction. Since the fundamental 

laser light covered many grains, second-harmonic light was scattered in various direc

tions. These small beams of scattered SHG were called "beam lets" by Hellwarth and 

Christensen. By examining the distribution and intensity of these SHG beamlets. 

they determined the average size of the polycrystalline grains, the thickness of the 

grains, the preferred orientation of the normal to the grains, and the coverage of the 

grains. This experiment introduced techniques to probe local structure with second

harmonic generation. SHG microscopy has been used more recently to examine the 

local structure of Langmuir monolayers [103]; to probe the domain structure of mag

netic garnet films [104]' BaTi03 [105], and LiTa03 [105]; to measure concentration 

gradients of Sb on Ge (111) [106]; and to probe tissue [107]. 

The recent activity in nonlinear optical microscopy is probably a result. at least 

in part, of the success of conventional nonlinear optics as a probe of surfaces and 

interfaces. In addition, the introduction of Ti:Ah03 lasers into the nonlinear optical 
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Figure 7.1: Experimental setup for SHG microscopy of polycrystalline ZnSe. The 
sample is placed at the focus of Nd:YAG laser pulse. SHG is observed on a screen 
behind the sample. The figure is adapted from [26]. 

spectroscopy community has dramatically improved the simplicity and signal to noise 

ratio of these experiments. In general, Ti:Ah03 based experiments have higher signal 

to noise ratios than experiments that employ conventional laser systems. This higher 

signal to noise ratio is the result of the very high peak powers that are achieved 

with 100 fs pulses and the high repetition rate of the laser (76 MHz). Detection is 

further enhanced by lock-in detection, which is applicable to this system due to its 

high repetition rate. Therefore, the excellent SH generating capability of Ti:AI20 3 

systems may be applied to experimental regimes that were previously inaccessible. 

7.2 Nonlinear Microscope 

In this section we discuss our experimental design and the development of nonlinear 

optical microscopy. We designed our microscope to measure simultaneously both the 

linear and nonlinear reflectivity of our samples. These measurements provided us with 



Reproduced with permission of the copyright owner.  Further reproduction prohibited without permission.

178 

comPJter 

~ 
,- - - - - - - - - - - - - - - - - - -,- - - - - - - - - - - - - - - - -I , 

_, S1ep~r' 
_,-t , ~ _ _ _ mOtlr , 

I 
lod<·inamp 

r be OJ. - -

F.be _,I 
~b~ ~o'---

l1lotln coun1ler 

Il - - - !1lolDdiode 

-, 

delee.on 
aJ)I:8/'aIIJS 

Figure 7.2: Experimental setup for nonlinear optical microscopy. The thin lines 
represent the fundamental beam and the thick lines represent SHG. The dashed lines 
represent electrical connections. 

complimentary information about our samples and were a gauge of the effectiveness of 

nonlinear optical microscopy as a unique structural probe. This section also discusses 

techniques for accurately and reproducibly determining sample position. \Ve conclude 

this section with a discussion of the detection limits of our system and the nonlinearity 

of carbon nanoropes. 
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7.2.1 Optical Setup 

The optical path of the laser light in the microscope is shown in Fig. 7.2. A mode

locked 800 nm pulse from the Ti:Ah03 laser was collimated by a lens and enlarged 

by a telescope. The beam was then polarized and amplitude modulated by an optical 

chopper. A series of optics directed the fundamental beam to a 0.85 NA air coupled 

objective. Prior to this objective, a small fraction of the fundamental light was re

flected to a reference nonlinear line containing a plate of phased matched KDP and 

a photomultiplier tube. 

The objective focused the fundamental beam to a ",3 pm spot on a sample placed 

at the focal point of the objective (about 0.3 mm from the front of the objectiye). 

The intense fundamental light induced the emission of SH photons from the sample. 

The signal was emitted in reflection from the sample surface and was collected by the 

objective. The objective also collected the reflected fundamental light. Because the 

sample was positioned at the focal point of the objective, the reflected SHG light and 

the fundamental light propagated as collimated beams along the same path as the 

incident fundamental beam. 

After exiting the objective, the SHG beam was reflected by a harmonic beam

splitter, which was engineered to reflect light at a wavelength of 400 nm and transmit 

light at a wavelength of 800 nm. In practice, a small fraction of the fundamental 

light was also reflected from the harmonic beamsplitter and propagated with the 
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second-harmonic light towards the detection apparatus (see Fig. 7.2). The detection 

apparatus is discussed in section 7.2.2. 

'vVe are able to probe a variety of nonlinear susceptibility elements of our samples 

by altering the polarization and the angle of incidence of the fundamental beam. \Ve 

used a zeroth order half-wave plate to rotate the polarization of the fundamental 

beam from horizontal to vertical. The angle of incidence of the fundamental light 

was altered by positioning the beam center away from the microscope objective a..xis. 

Light in the image plane is related to light in the back aperture plane of the objective 

by a Fourier transform. Thus, translations in the back aperture plane became new 

incidence angles in the focal plane. This is illustrated schematically in Fig. 7.3. 

G nfortunately. a trade off exists between the angle of incidence and spot size in 

the focal plane. 'vVhen we operated the microscope at normal incidence. we filled the 

back aperture of the microscope objective to minimize the spot size in the focal plane. 

Translating the beam off the objective axis necessitated reducing the beam size in the 

back aperture plane. Thus, the beam was focused at a non-normal angle of incidence 

but had a spot size larger than the normal incidence spot size. This trade off between 

angle of incidence and spot size limited our measurements to an angle of incidence of 

,,-,300 with a corresponding spot size of 15 jl.m. 

Our highly focussed Ti:Ah03 beam cannot be adequately described by a plane 

wave representation. In particular, we observed a nonzero isotropic SH response 
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Figure 7.3: Diagram of Ti: .. \.l203 pulse incident on the microscope objective. Fig. :\ 
displays the Ti:.-\'1203 beam (thick lines) incident on the back aperture of the micro
scope objective in the on axis geometry. The beam is focused to 3 J-lm at normal 
incidence in the focal plane. Fig. 8 displays the Ti:AI2 0 3 beam incidence on the back 
aperture of the microscope objective in the off axis geometry. The beam is focused to 
15 J-lm at non-normal incidence in the focal plane. The back aperture, or exit pupil. 
of the microscope is also displayed. 
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Figure 7...1: SHG rotational symmetry of Si (100) and Si(l11) measured by the non
linear optical microscope. 0 is the experimental data from Si (100) and the solid 
line is an isotropic fit to the data. 0 is the experimental data from Si (111) and the 
dashed line is an isotropic fit to the data. 

from Si (111) and Si (100) (see Fig. 7.4). We used silicon as a reference material 

to test the alignment of the nonlinear optical microscope. Sipe and coworkers [108] 

have calculated the second-harmonic response for the (100), (111), and (110) faces 

of Si. They determined that second-harmonic generation from both the surface and 

the bulk is forbidden from Si (100) excited by a plane wave fundamental beam at 

normal incidence. Although a nonlinear polarization is generated in Si (100) excited 
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by a plane wave for both the surface and bulk, the polarization cannot radiate a 

second-harmonic wave in the vacuum. Note that SHG is forbidden from Si (100) in 

this geometry for the electric quadrupole and magnetic dipole contributions to the 

nonlinear polarization. 

The discrepancy between theory and experiment is resolved by incorporating a 

more sophisticated description of the fundamental beam in the focal plane. The 

electric field of a Gaussian beam in the focal plane (z = 0) has the form 

~ (X2 + y2) 
E(x, y, z = 0) = xEexp - w~ , (7.1) 

where Wo is the spot size or beam waist of the focused beam. Because silicon has 

inversion symmetry, its nonlinear polarization is related to the fundamental fields as 

(- .J) 1.-

Equation (7.2) is a nonlocal response of the nonlinear polarization to the fundamental 

fields. The nonlocal response is mediated by a fourth rank tensor, Cjkl, which includes 

electric quadrupole and magnetic dipole terms. A plane wave at normal incidence 

induces only a nonlinear polarization that has a component perpendicular to the 

silicon surface, i.e. the silicon surface is defined by the xy plane with z normal to the 

plane, and the only nonlinear polarization is directed along z. From equation (7.2), 

the second-order nonlinear polarization induced in Si (100) by an x polarized plane 
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wave at normal incidence is 

(7.3) 

where k is the wavevector of the fundamental field. The nonlinear polarization ex-

pressed in equation (7.3) cannot radiate a second-harmonic wave into the vacuum. 

In contrast, the transverse profile of the Gaussian wave varies appreciably in the 

focal plane, and the Gaussian wave induces a nonlinear polarization with compo-

nents parallel to the silicon surface, i.e. pP) and P~2). The nonlinear polarization 

induced in Si (100) excited by a x-polarized Gaussian wave at normal incidence, i.e. 

equation (7.1), is 

(7.-1) 

This nonlinear polarization has components along x and y, and can radiate a SH field 

into the vacuum. Thus, unlike our SHG spectroscopy of GaN, which is adequately 

described by plane waves, SHG microscopy requires a Gaussian waye description. 

An additional significant effect in nonlinear optical microscopy is the anomalous 

behavior of the polarization of a highly focussed beam. Carter [109. 1101 determined 

that tightly focused Gaussian beams consist of a longitudinal field in the focal plane. 

l.e. 

~ (X2 + y2) . _ x (X2 + y2 ) 
E(x, y, z = 0) = xEexp - 2 - zZ-k 2 Eexp - 2 . 

Wo Wo Wo 
( 7.5) 
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In particular, this effect could dominant nonlocal effects for samples with large non-

linear susceptibilities that have components perpendicular to a surface. An example 

of such a sample is a film of rod-like nonlinear molecules that lie nearly perpendicular 

to a substrate. 

It is instructive to analyze this effect on the nonlinear polarization generated in 

Si (100). A normally incident wave of the form of equation (7.5) induces a nonlinear 

polarization in Si (100) directed along the x direction due to the transverse gradient 

of the standard field polarized along the x direction and the anomalous field polarized 

along the z direction. We can compare the nonlinear polarization induced by each 

effect as 

p(2) ,standard 
x 

pJ2),anomaJous 

r ~E2exp( _ x
2 +l2

) 
xxxx Wo Wo 

(7.6) - r 2x3 E2 ( x 2 +,2 ) . 
x=x:: k2wg exp - Wo 

where Pl2).standard is the nonlinear polarization induced by the transverse gradient 

of the standard field, i.e. the first term in equation (7.5), and pp),anamalous is the 

nonlinear polarization induced by the transverse gradient of the anomalous field. i.e. 

the second term in equation (7.5). The SHG signal detected is simply the SHG 

intensity integrated over the area of the SHG beam. Therefore, the ratio of the 

intensities is 

I(2w)standard 16r2 
_..:.-,......:.....,.......,,...--,-- = xxxx (kw )-l 
I(2w) polarization 15r2 o· 

xzx= 
(7.7) 

If we assume r =x=x = r xxxx; the fundamental wavelength, A, is 800 nm: and the spot 

size, w o , is 3 f.lm, then this ratio is '" 3 X 105 • Therefore, the anomalous fundamental 
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polarization is negligible for Si (100) because it affects the nonlinear polarization by 

the same mechanism as the standard fundamental polarization, i.e. both effects are 

nonlocal effects, but the magnitude of the anomalous polarization is smaller than the 

magnitude of the standard polarization. The anomalous polarization is significant 

when it acts locally while the standard polarization acts nonlocally. e.g. nonlinear 

microscopy of GaN [0001] at normal incidence, or when it is applied to unusual 

geometries, e.g. rod-like nonlinear molecules at near normal incidence. 

7.2.2 Detection 

Due to the vast difference in the magnitudes of the linear and second-harmonic light. 

we used two detection schemes. (Typically, the ratio of second-harmonic photons to 

fundamental photons transmitted through the system was 1 to 10 12 .) Prior to the de

tection apparatus, a small fraction of the light was reflected from a glass slide to a Si 

photodiode. The output from the photodiode was measured by a Stanford Research 

Systems SR530 lock-in amplifier. The measurement recorded the light reflected lin

early from the sample. The light transmitted through the glass slide was polarized 

and the linear light was separated from the second-harmonic light by a short pass 

filter. A monochrometer set to pass light at -l00 nm removed almost all of the back

ground light, while transmitting the second-harmonic light to a cooled Hamamatsu 

side-on P~[T model R4220P. An image of the sample was formed by translating the 
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sample and measuring its local second-harmonic response. Although this technique 

lacks the speed of directly imaging the entire second-harmonic response with a large 

area excitation beam, it has a greater sensitivity to the nonlinearity of the sample. 

This increased sensitivity is due to the tighter focusing of the beam, and therefore 

higher intensity of the beam, as compared to a direct imaging method. 

Our detection apparatus was designed to measure extremely low light signals by 

photon counting. Photon counting requires a PMT with high gain, low noise, and 

a fast response time. Our PMT has a bialkali photocathode with a gain of 1.2 x 10' 

at a bias voltage of 1150 V, a rise time of 2.2 ns, and a quantum efficiency of ",-,20o/c 

at a wavelength of 400 nm. These characteristics ensure that a measured second

harmonic photon was converted into a current pulse with an amplitude substantially 

above the background electrical noise. The PMT was cooled to -200 C by a Products 

For Research liquid heat exchanged, thermoelectric cooled housing model TE177RF. 

Because photocathodes have low work functions, electrons are thermally excited and 

emitted from the photocathode. These thermally excited electrons constitute noise. 

Cooling the P~IT reduced the dark counts by decreasing the energy available to 

thermally excite electrons above the photocathode work function. A typical dark 

count rate for the cooled PMT was 1 to 2 counts per second. 

vVhi1.e the cooled PMT suppressed dark counts, optical noise was not eliminated. 

vVe accounted for the optical noise from our measurements by detecting the signal 



Reproduced with permission of the copyright owner.  Further reproduction prohibited without permission.

chopper 

AGate 

B Gate 

Signal 

Figure 7.5: Relationship between the optical chopper and photon counter gates. The 
count rate from the signal, which is detected only when the chopper is open. is much 
larger than the background count, which is always detected. 

from the P:\IT with a Stanford Research Systems gated photon counter model SR-lOO. 

The gated photon counter is an integrated photon counting system that consists of 

amplifiers. discriminators, gate generators, and counters. The dual channel photon 

counter has a variety of counting modes including synchronous detection ('-\-B count-

ing). In synchronous detection, an optical chopper modulates a light source. During 

the experiment, the reference output from the optical chopper triggered the gates of 

the photon counter. The A Gate of the photon counter was positioned to coincide 

with the open phase of the chopper. This is displayed in Fig. 7.5. Similarly. the 

B Gate of the photon counter was positioned to coincide with the closed phase of 
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the chopper. The photon counter counted the number of photons in both gates and 

reported the difference between the two gates, i.e. A-B. 

Although the A Gate and B Gate parameters may be set independently, accurate 

A-B counting requires that the gates have identical characteristics. In a typical mea

surement. we amplitude modulated the Ti:Al20 3 laser light at 1 kHz. Both the A 

Gate and B Gate widths were set to 400 J-lS and the gates were delayed 50 J-lS from the 

start of the open and closed positions of the chopper, respectively. By setting the gate 

durations less than the period of the open and closed chopper positions, we ensured 

that signal photons were always counted in A Gate. However, signal photons can be 

counted in the B Gate due the finite width of the Ti:Al20 3 beam. For a finite sized 

beam, the transmission of light through the chopper is not a series of step functions 

but rather is a series of step functions with tails. These tails represent the partially 

blocked beam. and the length of the tail is proportional to the size of the beam. Thus. 

a fraction of light is transmitted through the nonlinear optical microscope when the 

optical chopper has a closed phase. We eliminated this systematic error by placing 

the chopper at the focal point of the telescope lenses. 

vVe now discuss the photon generated current pulses and their relationship to the 

measured counts. The number of detected counts depends on two parameters: the 

discriminator level and the shape of the current pulse. Our PMT was ideally suited 

for photon counting because it generates high amplitude current pulses when a single 
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Figure 7.6: Distribution of pulse voltages from photon counting P:\'lT. The wrti
cal line represents the discriminator setting. The noise distribution is described by 
exponential distribution. 

photon is detected. Therefore, we set the discriminator level of the gated photon 

counter to a level above the noise but below the pulse amplitude. \Ve determined 

the ideal level by measuring the height distribution of the pulses from the P:\IT. :\. 

typical pulse height distribution for our PMT is displayed in Fig. 7.6. Thus. the 

experimentally determined ideal setting for the discriminator is -30 m \0 for a P:\IT 

bias of 1150 V. In addition, we modified the shape of the current pulse to suppress 

multiple counting of the same pulse. Typically, a PMT current pulse consisted of 
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PMT to photon counter 

snubber 

Figure 7.7: Snubber schematic to reduce current pulse ringing. A signal is reflected 
from the short coaxial cable and reshapes the current pulse from the P:\IT. The 
length of the cable determines the delay of the reflected pulse and the resistance of 
the variable resistor determines the magnitude of the reflected signal. We adjusted 
the variable resistor while observing the current pulse on an oscilloscope to minimize 
pulse ringing. This figure was adapted from reference [lllJ. 

a main pulse followed by several smaller pulses. If the height of these secondary 

oscillations had been above the discriminator level, the pulse was counted twice. By 

placing a variable resistor at a distance of 6 inches from the PMT and in parallel with 

the signal cable to the photon counter [lllJ, we introduced electrical feedback into 

the signal (see Fig. 7.7). This feedback reshaped the pulse and damped the pulse 

ringing. Hence, we ensured each signal pulse was counted only once. 

7.2.3 Registering and Positioning Samples 

In contrast to second-harmonic generation from a Si wafer, which is homogeneous. 

many applications of second-harmonic microscopy require accurate and reproducible 

control of the sample position. Reproducibility and accuracy of the sample position 
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depend on two components: a highly accurate translation stage and an optical de

tection scheme to correlate sample features with the focused Ti:Ah03 beam. Our 

translation staged consists of a Newport three axis translation stage model 462-XYZ

:\II. vVe positioned the stage with a long travel, high resolution, i.e. 0.25 J1.m, ~ewport 

micrometer model HR-l. The micrometers were attached to computer controlled 

stepper motors. vVe briefly summarize the unique features of our stepper motors. A 

more complete description of stepper motors is found in reference [1121. vVe operated 

our -i-phase stepper motors in the half step mode. This extended the number of steps 

per rotation from 200 to 400, which corresponds to a minimum step size of 1.25 J1.m. 

Since our beam size was 3 J1.m, the beam was overlapped with its previous position. 

Thus, complete scanning of the sample was ensured. During the experiment. we po

sitioned the sample at the focal point of the objective by adjusting the height of the 

sample to produce a collimated fundamental beam. VVe subsequently made a finer 

adjustment of the sample height to ma.ximize the SHG signal. 

Second-harmonic generation microscopy is most useful as a probe of heterogeneous 

systems. In particular, SHG microscopy enhances the visualization of and provides 

contrast to heterogeneous systems with similar linear optical properties. In addition, 

SHG microscopy can distinguish between linear and nonlinear regions. One such sys

tem consists of carbon nanotubes and carbon nanoropes deposited on glass. Although 

carbon nanotubes have symmetries that allow second-harmonic generation. the sam-



Reproduced with permission of the copyright owner.  Further reproduction prohibited without permission.

193 

pIes are usually dissolved in solution. Thus, the second-harmonic contributions from 

individual nanotubes or ropes average to zero. Therefore, nonlinear investigations of 

carbon nanotubes have been limited to third harmonic generation [113]. vVe suggest 

that second-order nonlinear effects in carbon nanotubes may be examined by isolating 

the response of a single tube or rope. Isolating the second-order nonlinear response of 

a single tube may be achieved by careful sample preparation and sample examinaticn 

with a nonlinear optical microscopy. 

vVe nmv briefly discuss our carbon nanorope sample preparation and highlight 

sample features relevant to our nonlinear microscope. The carbon nanorope samples 

and sample masks were prepared entirely by Radoslav Antonov in Prof. Alan John

son's laboratory. In addition, Radoslav Antonov examined our nanorope samples with 

atomic force microscopy (AFM). The nanorope sample was grown by Prof. Richard 

Smalley'S group at Rice University. The raw samples consisted of tangled nanoropes 

and carbonaceous materiaL These ropes had lengths on the order of a few microns 

and widths less than or equal to 100 nm. In order to isolate the effect of a single 

nanorope, the raw material was dissolved in dichloroethane and sonicated for 10 min

utes. This process separated the tangled nanoropes. The dissolved material was then 

deposited on a mask by spin coating at 1000 rpm or simply evaporating the solvent. 

This process deposited single nanoropes separated by several microns on the mask. 

The sample mask was designed to register a nanotube within a few microns. We 
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nanorope 

~ 

Figure 7.8: Carbon nanotube sample mask. 

used photolithography to etch several 25 J.1.m squares on a chromium film deposited 

on glass. The squares were positioned in an asymmetric pattern to facilitate identi-

fication of a single square. After depositing the carbon nanoropes on the mask. we 

examined the mask with a Zeiss Axiophot microscope using an air coupled 0.60 ~:\ 

differential interference contrast (DIC) objective. Typically we deposited the dilute 

carbon nanorope solution on 15 etched squares. On average, one or two carbon 

nanoropes were visible on the squares. Fig. 7.8 displays a diagram of the masks with 

deposited nanoropes. After identifying potential candidates using DIC optical mi-

croscopy, the samples were examined by AFM. AFM determined if any non-optically 

visible nanoropes or carbonaceous material were close to, i.e. within,..,,5 /-lm, our 
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Figure 7.9: Video microscopy apparatus to align sample. The thick lines represent 
light from the attenuated Ti:Ah03 beam and the thin lines represent light used to 
illuminate the sample. 

nanorope candidate for SHG microscopy. 

Once we identified a single isolated nanorope on the substrate mask, we positioned 

the mask in our nonlinear microscope using video microscopy. vVe imaged the sample 

using transmitted light placed behind the sample. Fig. 7.9 displays the experimental 

apparatus for viewing the sample position. To position the sample with respect to 

the incident Ti:A120 3 beam, we attenuated the Ti:Ah03 beam to ",0.1 mvV . .-\ 50/50 

cube beamsplitter was inserted into the optical path of the microscope. ~ote that 

this beamsplitter was removed prior to the measurement. Thus, approximately 50% 
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of light reflected from the sample was redirected along an optical line containing 

a video camera with a macro zoom lens focused to infinity. This camera collected 

and imaged the reflected light from the back aperture of the infinity conjugated 

microscope objective. vVe observed this image and identified the sample position on a 

video monitor. We then positioned the corner of the sample mask with the Ti:AI20 3 

beam using the computer controlled stepper motors. 

Fig. 7.10 displays an SHG micrograph of carbon nanoropes on our mask. The 

only detectable signal results from the metal surrounding the glass island. Signal 

from the glass/nanorope region is at the level of the noise. Note that glass is an ideal 

substrate on which to deposit the carbon nanoropes because it has no SHG response 

when excited by a normally incident fundamental beam. In a typical experiment, 

we scanned only over the glass/nanotube region. Our investigation of the nonlinear 

properties of carbon nanoropes consists of 30 SHG microscopy scans on 10 samples. 

vVe were unable to dearly identify SHG signal from the glass/nanotube region in any 

of these measurements. 

The high intensity generated by the focussed Ti:A1203 beam may potentially dam

age the nanorope sample. We used a 30 m W average power Ti:AI2 0 3 beam during our 

SHG microscopy scans. vVe examined the nanotube sample prior to and subsequent 

to the SHG microscopy scan by Ole microscopy. We did not observe any changes 

in the nanorope appearance. Thus, we do not believe that we exceeded the damage 
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Figure 7.10: SHG micrograph from mask with deposited carbon nanorope. The scale 
bar has units of counts per second. The high signal regions are SHG from the metal 
surrounding the glass island. 

threshold of the carbon nanoropes during our SHG microscopy scans. 

7.2.4 Detection Limits and Noise 

Detection is limited by optical noise, i.e. background photons, and photon statis-

tics. The distribution of detected photons in a time T is described by the Poisson 

distribution, which is 

-n n -Pn(T) = _, e-n. 
n. 

(7.8) 

The Poisson distribution determines the probability of detecting n photons in time 

T if the average number of photons detected in time T is n. The uncertainty, i.e. the 
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mean square deviation, of the photon number is 

tSn = V'ft. (7.9) 

vVe determined the uncertainty in the number of counts reported by the photon 

counter using Poisson statistics. Our detection system uses synchronous detection 

and reports a number of counts n as 

(7.10) 

where n.-t (nb) is the number of counts detected in the .-\ (B) Gate. nA includes 

both SHG photons from the sample and background counts, while nB includes only 

background counts, i.e. 

n.-t = nSHG + nback (7.11 ) 

and 

(7.12) 

Thus. the uncertainty in n is 

tSn = J2nback + nSHG. (7.13) 

Equation (7.13) assumes that the background is truly random, i.e. the background 

counts during the A Gate are uncorrelated with the background counts during the B 

Gate. vVe define a detected signal as 

nSHG > 2tSn. (7.14) 
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From this criteria, we determine the time required to satisfy this inequality. The 

count rate is expressed as 

(7.15) 

where i represents SHG or back. The critical detection time, Td is therefore 

(7.16) 

where Ide is the duty cycle ratio of the the gate, e.g. Ide = 0.4 for a 400 f.lS gate and 

a chopper frequency of 1 kHz. Equation (7.16) illustrates the importance of reducing 

the background count to the lowest possible value. For example if the SHG photon 

count rate is 100 Hz and the background count rate is 1000 Hz. then Td = 19 s. In 

contrast. lowering the background rate to 100 Hz with the same signal count rate 

reduces the detection time to 0.27 s. In practice, we were able so far to lower the 

background count rate to ",,15 Hz by placing the detection apparatus in a nearly light 

tight box and covering the entire apparatus with black cloth. 

During a typical measurement of the nonlinear response of carbon nanotubes. \ve 

scanned a 10 f.lm x 10 f.lm area of the sample mask at a rate of one pixel per 10 s. 

So far we have not been able to unambiguously detect the carbon nanotubes in our 

measurements. Using the above analysis, we determined that TSHG < 6 Hz. 
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7.3 Calculated SHG Signal from Carbon Nanoropes 

In this section, we present two calculations to estimate the limits or our nonlinear 

optical microscope as a probe of molecular systems. The first calculation uses the 

SHG signal upper limit from carbon nanotubes to determine the second-order hy-

perpolarizability of a single carbon nanotube. The second calculation determines the 

SHG signal from a surface film of aligned nonlinear molecules with the same area as 

our carbon nanotube sample. We chose p-nitrobenzoic acid (PNBA) as the nonlinear 

molecule in our calculation because its nonlinear optical properties have been thor-

oughly investigated [6]. This calculation demonstrates that SHG microscopy from a 

small collection of molecules is feasible. 

vVe calculate the ma.ximum nonlinearity of carbon nanotubes using a simple model 

that assumes the carbon nanotubes act as a nonlinear surface layer on the glass 

substrate. We assume that the carbon nanorope is composed of 100 nanotubes. We 

further assume that each nanotube has Csv symmetry [30] and that the dominant 

hyperpolarizability of each nanotube is Q~~~, i.e. the dominant hyperpolarizability is 

along the a.xis of the molecule. The surface second-order nonlinear susceptibility is 

related to the second-order hyperpolarizability by 

(2) 1 N ": ~ ": ~ ~ ~ (2) 
X.S,ijk = 4 L(z' (3)(J . ~()(k· tS)Q8-y6(n), 

• n=l 

(7.17) 

with N nanotubes lying in an area A. If we assume that a nanotube has equal proba-

bility of lying parallel to or anti parallel to the z a.xis, then on average there will be a 
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net alignment of,...., V100 = 10 nanotubes for a nanorope composed of 100 nanotubes. 

~ote that equation (7.17) assumes the nanotubes are non-interacting. Since our cal-

culation yields only an approximate value for the second order hyperpolarizability of 

carbon nanotubes, this is a reasonable assumption. 

Shen [46] has determined the nonlinear intensity reflected from a surface layer 

excited by a normally incident fundamental wave as 

(7.18) 

where ew = L(w) . ew • Note that ew denotes the unit polarization vector of the field 

at frequency ;.V and L(w) is a Fresnel factor dyadic with the relevant element 

(7.19) 

vVe can recast equation (7.18) as 

(2) 2 SshgA2r c3 1 
I XS,xxx I = U2Ae//f 327r3W 2 Lix(w)Lxx(2w) 

(7.20) 

The variables in equation (7.20) are defined with their corresponding values in Ta-

bles 7.1 and 7.2. Note that X~ljk is defined in a coordinate system with z normal 

to the substrate while o:~2~o is defined in a coordinate system with the nanotube axis 

aligned along z. Equation (7.20) determines the surface nonlinear susceptibility in 

terms of the energy of the SHG photons radiated in one second, SSHG, the Ti:AI20 3 

laser parameters, and the sample geometry. Note that our analysis assumes that 



Reproduced with permission of the copyright owner.  Further reproduction prohibited without permission.

202 

parameter symbol value 

laser repetition rate f 7.6 x107 S-1 

applied fundamental energy/pulse U 4 x 10-3 ergs 

applied CVV power P 3.0x 105 ergs S-1 

beam area A. 7 xlO-B cm2 

fundamental angular frequency w 2.35x 1015 S-1 

pulse duration T 10-13 s 

speed of light c 3xlO lO cmls 

fundamental wavelength ). 8.0xlO-5 cm 

Table 7.1: Ti:AI20 3 laser parameters for calculating SHG from carbon nanotubes and 
P~BA 

SSHG is related to the upper limit of photon count rate. TSHG, which we determined 

in section 7.2.4 based on our null detection: 

SSHG = nWTSHG, (7.21) 

where nw is the energy per photon. 

Equation (7.17) may be rewritten as 

(2) _ 'V (2) 
XS,xxx - 1 S(}ZZZl (- 'J?) 1.--

where Ns is the surface density of nanotubes. Note that Ns is the inverse of the 

area of a single nanotube. The calculation determines an upper limit of the hyper-
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parameter symbol value 

surface density Ns lAx 1011 cm-2 

effective beam area .-leI I 7 X 10- 11 cm2 

(area of nanotubes) 

SHG Signal Sshg 3xlO- 11 ergs 

fundamental susceptibility €(w) 3.93 + 3.62i [114] 

second-harmonic susceptibility f(2w) 3.57 + 3.07i [114] 

Table 7.2: Properties of carbon nanotubes for calculating SHG from carbon nanotubes 

polarizability of the nanotubes as Q~;).;: = 1.1 X 10-27 esu. Although this number is 

extremely large for conventional nonlinear molecules. e.g. 10-30 esu [6. 115, 116]. a 

0.5 J.Lm carbon nanotube is composed of approximately 10.000 atoms. and the length 

of the tube suggests that very high hyperpolarizabilities may be achieved . 

. -\. second calculation shows that local domains of nonlinear molecules are easily 

observable by SHG microscopy. vVe calculated the number of SHG photons emitted 

from a domain of aligned p-nitrobenzoic acid (PNBA) with the same area as our 

carbon nanotube sample. PNBA is an organic molecule that has a permanent dipole 

moment and lacks inversion symmetry. The IT-electrons contribute to the hyperpolar

izability along the molecular axis, Q~;~. Calculations show that Q~;~ typically exceeds 

other hyperpolarizability elements by at least one order of magnitude [115]. Thus. 
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parameter symbol value 

surface density Ns 4x 1014 cm-2 [6] 

hyperpolarizability oP) zzz 4 x 10-30 esu [6] 

effective beam area AeJJ 7 xlO- 11 cm2 

(area of nanotubes) 

fundamental Fresnel factor Lxx(w) 1 [6] 

second-harmonic Fresnel factor Lxx(2w) 1 [6] 

Table 7.3: Properties of PNBA for calculating SHG from a PNBA film 

we assume the second-harmonic signal from a film of aligned PNBA molecules results 

solely from Q~;~. 

The calculation of the nonlinear signal from a surface of aligned PNBA molecules 

includes the parameters in Tables 7.1 and 7.3. This calculation is nearly identical 

to the calculation of the hyperpolarizability of the carbon nanotubes. The distinc-

tion between the calculations is that the nanotube calculation uses an SHG signal to 

determine the hyperpolarizability, while the PNBA calculation assumes a hyperpolar-

izabiIity to determine the SHG signal. vVe determined that "-' 1.8 x 104 SH photons 

are generated from a PNBA film per second. This SHG response is substantially 

greater than the SHG upper limit from carbon nanotubes (6 photons per second). 

Thus! SHG microscopy can easily probe domains of nonlinear molecules. However. 
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imaging carbon nanoropes with the SHG microscope may require techniques to align 

several nanoropes together to increase the SHG signal. 
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Chapter 8 

Conclusion 

In this brief chapter. we summarize our experimental results and review our conclu

sions from these experiments. \Ve motivate our nonlinear optical experimental studies 

as a probe of GaN and describe the relationship between the various experimental 

techniques. Finally, we discuss the future of nonlinear optics as a probe of condensed 

matter systems and suggest further avenues for experimentation. 

The primary question that this thesis has attempted to answer is: what are the 

nonlinear optical spectroscopic properties of Ga~ and how are these properties related 

to the underlying physics of GaN? In other words, we were motivated to understand 

the electronic and optical properties of bulk GaN and its interfaces using nonlinear 

optical spectroscopy as a probe. Determination of these properties required both 

experimental and theoretical investigations. These investigations included linear op

tical spectroscopy, photoluminescence, nonlinear optical spectroscopy, and a theory 

of ultrafast nonlinear spectroscopy of GaN. 

206 
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Our nonlinear optical spectra and ultrafast nonlinear optical spectroscopy theory 

of GaN form the core of this thesis. The nonlinear optical spectroscopy theory re

quired the solution to the nonlinear wave equation for a thin film geometry. \Ve then 

incorporated ultrafast effects into the theory, which explicitly accounted for group ve

locity mismatch. We performed second-harmonic generation spectroscopy of Ga:\ in 

the s-in/p-out and p-in/p-out polarizations over a two photon energy of 2.6 to 3.-1 e V. 

\Ve observed a slight enhancement in x~7jx at a two photon energy of 2.80 e\". By con

trast. X~~x is spectrally flat. \Ve attributed the sub-band gap resonant enhancement 

to an intrinsic bulk defect state. This conclusion is derived from the magnitude of 

the effect and its presence in all of our GaN samples. \Ve further investigated the role 

of our sample miscut on the nonlinear optical properties of GaN. \Ve used rotational 

SHG to determine the sample miscut to be 0.80
• In addition, we were unable to 

observe any strain induced nonlinearity of GaN by rotational SHC; this effect could 

be produced by the sample miscut. 

\Vhile further investigations of the nonlinear optical properties of Ca.\" are cer

tainly of interest, our future investigations lie in nonlinear optical microscopy. \Ye 

have studied the spectra of CaN, and now must move on to other investigations. :\on

linear optical microscopy combines the strengths of nonlinear optical spectroscopy, 

e.g. sensitivity to symmetry, with the spatial sensitivity of optical microscopy. We 

suggest that this technique is well suited for the investigation the nonlinear optical 
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properties of carbon nanotubes. Such an investigation may lead to a technique to 

determine nanotube structure. In general, nonlinear optical microscopy is useful to 

investigate samples that have spatial inhomogeneity despite constant linear optical 

properties. Such systems include Langmuir Blodget films, polycrystalline films. and 

liquid crystals. 
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Appendix A 

Justification of First Order Expansion of the Phase 

In sections 2AA and 2.4.5, we truncated the expansion of k(w) to first order in 

(w - 2wo) for any k(w) which appeared in a phase. In this appendix, we justify this 

expansion by demonstrating that the second order term is negligible for the second 

harmonic pulse generated in quartz or GaN from a Ti:Ah03 fundamental source. The 

calculation follows the analysis developed by Silverstri et al [117]. 

The first order term in the expansion of k(w) about (w - 2wo) gives rise to the 

group velocity mismatch which damps the interference of the bound and free waves. 

The second order term in the expansion accounts for the broadening of the pulse 

in time. This effect, known as group velocity dispersion (GVD), occurs because the 

frequency components of the pulse do not have the same group velocity. The pulse 

broadening increases as the distance through which pulse propagates increases or the 

dispersion is increased. 

In equation (2.42) we defined the general form of the nonlinear ultrafast waves 

209 
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that propagate through quartz as 

(A.l) 

where the subscript m denotes either b or f for the bound or free waves. In the time 

domain, we can write the field at the beginning of the crystal (y = 0) as 

(A.2) 

with Tin as the F'VVHM of the pulse duration. The field acquires a phase dJ = k(;..))y 

as it traverses the crystal. This phase perturbs the shape of the pulse and leads to 

an increase in the width of the pulse at the end of the crystaL Taut, as 

aut = 1 + _0/_ To ~'f2 
Tin 482 . 

(A.3) 

In equation (.-\.3) dJ" is defined as the second derivative of the phase of the wave, 

k(uJ )d, with respect to w, i.e. 

with 

3 is defined as 

¢" = 8
2

¢ I 
8w2 

w 

dJ = k(w)d = n(w)wL. 
c 

2 
8 = Tin. 

8ln2 

It is easy to show that ¢" can be rewritten as 

(A.-1) 

(A.5) 

(.-\.6 ) 

(A.7) 
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vVe calculate the effect of GVD on our second harmonic pulse of the form equa-

tion (A.l) that propagates through a 3 mm piece of quartz. vVe used the dispersion 

relationship listed in equation (2.67) and Table 2.3. vVe assume the fundamental pulse 

has a pulse width of 130 fs. For the parameters stated above, the pulse broadens less 

than 2 x 10-6% for both the free and bound waves over a fundamental wavelength 

range of 740 nm to 1 J..lm for a film thickness of 3 mm. For GaN, the free wave pulse 

broadens by .43% and the bound wave pulse broadens by less than 10-6% for a film 

thickness of 5 J..lm over a wavelength range of 740 nm to 1 J..lm. These values were 

calculated using the Sell meier dispersion relation for GaN with the parameters listed 

in Table 4.2.2. This justifies our first order expansion of k with respect to..v. Xote. 

since the bound wave propagates with a wavevector twice that of the fundamental 

field. the broadening of the fundamental wave can be related to the broadening of the 

bound wave by 

fundamental"" 8rbound 
rout out . (A.8) 

Thus. the fundamental wave does not appreciably broaden during propagation 

through the Ga~ film or quartz crystal. 
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Appendix B 

Theory of Nonlinear Response Functions 

In this appendi.x, we formally derive the relationship between the nonlinear polar

ization. Pi(2'(w = WI + W2), the applied electric fields, Ej(wr) and Ek(W2). This 

relationship is applied to calculated SHG from the ultrafast Ti:Ah03 laser system. 

\Ve start with a generalized second order nonlinear response function in time [118] 

(B.1) 

p/2) (t) is the second order nonlinear polarization at time t resulting from the applica

tion of fields E j (Tr) and Ek ( T2) at all times before t. Since the system cannot respond 

before the electric fields are applied, 

(B.2) 

This condition is known as causality. 

\Ve wish to solve the nonlinear wave equation and calculate the nonlinear fields 

from the nonlinear polarization in angular frequency space. The angular frequency 

212 
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space representation allows the simplification of the nonlinear wave equation from 

a partial differential equation to an algebraic equation. Therefore. we must derive 

the generalized second order nonlinear response function in angular frequency space. 

This may be effected by Fourier transforming equation (B.1). The Fourier transforms 

are defined in the usual way as 

(B.3) 

and 

1 100 

E(w) = -. E(t)eiwtdt 
27r -00 

(B..1) 

with 

(B.5) 

The frequency space representation of X(2) (t - T1, t - T2) follows as 

y(2) (t _ T t _ To ) = 100 100 

y(2) (w ., )e-iW1(t-TI )e- iW2(t-T2)dl.J;' d' " 
''-Ilk 1, 2 ''-Ilk 1,w2 1 ""'1, 

-00 -00 

(B.6) 

Therefore. the time representation of the nonlinear polarization may be written ex-

plicitly as 

(B.7) 

Using the Fourier transform equations, equation (B.7) can be expressed as 
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Fourier transforming equation (8.8) from time to frequency yields 

Equation (8.9) represents a general expression that determines p?)(w) as a function 

of the incident fields. Ej{wd and Ek(W2). For monochromatic fields, i.e. 

E .( ) _ 6(Wl - wo ) 
J Wl - 27r ' (B.lO) 

Equation (8.9) reduces to the usual expression 

(8.11) 
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Appendix C 

Justification of Zeroth Order Expansion of the Coefficients in the 

Ultrafast Nonlinear Pulse Calculation 

In section 2.4.4, we used a zeroth order expansion of w about the central angular 

frequency of the pulse, 2wo , for all coefficients that appear in the wave equation. In 

this appendix, we restate the simplified form of the bound wave field and demonstrate 

that the simplification leads to a negligible correction to the SHG intensity. 

From equation (2.38), we derived the relationship between the bound wave. Eb r 

and the second order nonlinear polarization, PP) as 

(C.l) 

\Ve then simplified this relationship by assuming 

w = 2wo• (C.2) 

This leads to the approximations 

(C.3) 

215 



Reproduced with permission of the copyright owner.  Further reproduction prohibited without permission.

216 

and 

(CA) 

with f.b == t(.:.vo) and f./ == f.(2wo). These simplification lead to the relationship 

(C.5) 

vVe compare this to the relationship between Ebr and PP) without the zeroth 

order expansion, namely 

(C.6) 

The quantity that we measure is the SHG intensity averaged over all angular frequen-

des. :\"ote. this is obviously identical to the SHG intensity averaged over the pulse 

duration .. -\s stated previously, the SHG intensity depends on both the bound wave 

and free wave fields. The free wave is related to the bound wave by factors that are 

independent of w. Therefore, it is sufficient to compare the intensities of the bound 

waves with and without the zeroth order phase approximation to determine if the 

phase approximation is valid. For GaN (quartz), the discrepancy between the zeroth 

order approximation and the full approximation is less than .17% (.06%) over the 

fundamental wavelength range of 740 nm to 1 /-lm. Thus, the zeroth order expansion 

of w is valid for the coefficients of the bound wave field. 



Reproduced with permission of the copyright owner.  Further reproduction prohibited without permission.

Appendix D 

Derivation of Optical Transmission through a Thin Film Equations 

In this appendix, we derive several of the equations used in the calculation of light 

transmission through a thin film (see section 4.2.2). 

D.1 Derivation of equation (4.15) 

Equation (4.14) expresses the continuity of the tangential magnetic fields at boundary 

bas 

(0.1 ) 

The positive going electric and magnetic fields in layer i are related by V x E t = _ ~ a~, 

as 

(0.2) 

or 

(0.3) 
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The polarization, et, of the positive going field is determined by ~ . Ei = 0 and ~""!" 

(equation (4.8)) as 

and therefore 

E+ = e-+E:'-
1 1 1· 

Thus. equation (D.3) can be written as 

-E+ H+ niY i = i· 

(0.·1) 

(D.5) 

(0.6) 

Csing equations (4.9) and (D.4) we can express the positive going electric field in 

terms of the positive going tangential electric field as 

(0.7) 

Combining equations (0.6) and (D.7) leads to 

(0.8) 

with 

(0.9) 

A derivation for the negative going waves leads to an equation similar to equa-

tion (0.8), and thus to equation (4.15). 
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D.2 Derivation of equation (4.21) 

The boundary condition for the electric fields at boundary b (equation (4.13)) can be 

written as 

• co+ • co+ • co-
Z X C,2b = Z X C,lb + Z X C,lb· (0.10) 

The boundary condition for the magnetic fields at boundary b can be expressed using 

equations ( .. 1.14) and (4.15) as 

Hb • co+ - co-- = Z X C,lb - Z X C,lb. 
T/l 

(0.11) 

Combining equations (D.10) and (D.ll) determines the positive going tangential elec-

tric field in layer 1 at boundary b in terms of the tangential electric and magnetic 

fields at boundary b as 

(0.12) 

The other expressions in equation (4.21) are derived by a similar analysis. 

D.3 Derivation of equation (4.33) 

In this section, we derive the reflection amplitude from a thin film. The boundary 

conditions for the electric and magnetic fields at boundary a are 

(z x Eta) + (z x E~) = (z x £~) + (z x E~) (0.13) 
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and 

(0.1.,1) 

respectively. Equation (D.14) can be rewritten using equation (D.S) as 

(0.15) 

In equation (4.26), we normalized the output tangential electric field, and thus de-

termined the ratio of the tangential magnetic and electric fields at boundary a to 

be 

1ia C 
(z x ca ) - B' 

(0.16) 

where Band C are defined in equations (4.27) and (4.2S). respectively. ~o\v. equa-

tion (0.15) can be expressed in terms of equation (0.16) as 

(O.lT) 

ylultiplying equation (0.13) by ~ and subtracting equation (D.17) determines the 

reflection amplitude as 

(O.lS) 

DA Derivation of equation (D.23) for complex indices of refraction 

The transmission coefficient for the case of absorption, i.e. complex indices of refrac-

tion, can be derived by analyzing the Poynting vectors at boundaries a and b. In 
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generaL the time averaged value of the Poynting vector is 

s = 8: Real(EH")k (0.19) 

where k is a unit vector in the direction of the net propagation of the fields. At 

boundary b. the time averaged Poynting vector, is 

(0.20) 

where E2 is the total electric field in the substrate and U2 is the energy flux transmitted 

into region 2 per unit time. Similarly, the Poynting vector at boundary a is 

Sa = 8: Real(BC")Eik = (1 - R)uok (0.21) 

where Uo is the incident energy flux per unit time in region 0 transmitted through 

boundary a. Therefore, the transmission coefficient of the thin film is 

T = U2 = 172(1 - R) . 
Uo Real(BC") 

(0.22) 

Equation (0.22) can be rewritten using equation (0.18) and R = rr' as 

T = 172 tt' (0.23) 
110 

where 

t= 
2110 

(0.2-1) 
TJoB + C 
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Appendix E 

Effect of Sapphire Miscut on Nonlinear Optical Measurements 

In section 6.2 we stated that rotational symmetry measurements of GaN in the s-out 

polarization are not useful as probes of thin film symmetry. Difficulty in extract

ing GaN symmetry data from this measurement stems from the birefringence of the 

sapphire substrate. In this appendix we discuss the effect of the miscut sapphire 

substrate on the nonlinear optical symmetry measurements of GaN. 

Sapphire is a negative unia.xial crystal. For samples in which the extraordinary 

axis is miscut slightly from the normal to the sample, rotation of the sample about its 

normal causes the precession of the extraordinary axis. This results in transmission 

of p-polarized light, which depends on the rotation angle of the crystal. 

vVe can model this effect as follows. vVe define three coordinate systems: the 

coordinate system of the polarizer, the coordinate system in which the laser beam 

is incident on the GaN /sapphire sample, and the coordinate system of the sample. 

These will be denoted by superscripts as p (polarizer), I (lab), and c (crystal), respec-

222 
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GaN/sapphire 

Figure E.1: Coordinate system of transmission through GaN/Sapphire. p (I) denotes 
the polarizer and lab reference frames, respectively. The crystal frame is not shown. 

tively. This section uses the Jones vector and matrix notation, which is described in 

reference [119]. 

The field transmitted through the p-polarizer is 

1 

E p - X-EPeikz -11- II - o 

o 

(E.1) 

The subscript II denotes the p-polarized incident field. 'vVe can transform this field 

into the coordinate system of the angle of incidence of the GaN /sapphire substrate 

by 

(E.2) 



Reproduced with permission of the copyright owner.  Further reproduction prohibited without permission.

224 

with 

cosO 0 - sin (} 

o 1 o (E.3) 

sinO 0 cos (} 

The superscript lp represents a transformation to the lab system from the polarizer 

system. 

'vVe non-rigorously treat the effect of the birefringence. Birefringence introduces 

a phase difference between the components that couple to the ordinary axis and the 

extraordinary axis. This may be represented by the matrix 

o o 

<pC = o o (E..1) 

o o 

where ko and ke are the ordinary and extraordinary wave vectors, respectively. and 

d is an effective thickness of the crystal. This matrix represents the phase shift of 

the components in the crystal frame of reference. <pc may be transformed to the lab 

frame of reference by 

<pi _ Ric Ric <p 
ij - if3 j-y 8'"1 (E.5) 

with 

COfi.</> sin d> a cos a 0 - sina 

Ric = -sin</> cos</> a 0 1 a (E.6) 

0 0 1 sina 0 cos a 
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As usual, ¢ is the angle between the crystal x a..xis and the lab x a..xis and Q is the 

miscut angle of the sample. Thus, the phase shift induced by the birefringence of the 

film may be accounted for by 

(E. i) 

This is the wave that is transmitted through GaN/sapphire and is denoted by the 

subscript t. vVe can now project this onto the coordinate system of the polarizer by 

(E.S) 

where T denotes the transpose of the matrix. The field transmitted through the 

s-polarizer is 

Ei = P.LEf (E.g) 

with 

0 0 0 

P.L = 0 1 0 (E.I0) 

0 0 0 

This field may be expressed in terms of the incident field as 

(E.ll) 

Because Q is a small angle, this expression is dominated by sin ¢, as opposed to the 

more conventional dependence of sin 2¢. 
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Let us compare the light transmitted through a birefringent thin film with the s-

polarized SHG light from a GaN sample excited by a p-polarized fundamental beam. 

The nonlinear polarization is 

p~12) = 1 (2 (2) (2) (2) ') (2) 'J _ 2 Xxxz - X.:xx - Xzzz + -Xxxz COS_Q 

(E.12) 

to lowest order in Q. 

Equations (E.ll) and (E.12) have azimuthal dependences of sin cP. For p-polarized 

excitation, the GaN film generates second-harmonic light in the p-polarized direction 

and a small fraction of light in the s-polarized direction. which is due to the miscut. 

The birefringence of the sapphire film rotates '"'-'.5% of the p-polarized light into the 

s-direction. The SHG light that is generated in the p-polarized direction is rotated by 

the linear optical properties of sapphire and dominates the the CaN miscut induced 

SHC light. Because the azimuthal dependences are similar. the miscut of the Ga~ 

film cannot be accurately measured in the p-in/s-out geometry. This argument applies 

to the s-in/s-out measurements as well. Note that this effect is insignificant for both 

the p-in/p-out and s-in/p-out measurements. 
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Appendix F 

Code for Fitting Index of Refraction to Transmission Data 

The following is a listing of the code used to extract the index of refraction of Ga~ 

from the transmission data through GaN / Ah03 . This prograrr. is a variation of 

the amoeba. c simplex optimization program found in Numerical Recipes in C [120j. 

The program performs a least squares fit of the transmission data to the calculated 

transmission of of light through GaN /A120 3 (see section -1.2.2). I have used a variation 

of this program for all of the curve fitting and analysis in this thesis. I have found 

this routine to be very robust and have not had any problems with convergence to 

local minimum. as opposed to global minimum. I have verified this by changing the 

starting point of the fit and observing convergence to the same fitting value. 

The code is compiled as 

g++ fit_n.cpp ranO.c nrutil.c -1m -0 fit_n 

and the code is execut0d as 

unix_prompt> fit_n <transmission data file> <wavelength in microns> 

227 
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, ......................................................................... . 

tit.a..c: c;urve tittiq prosr_ 

tit • 

by B11l lD&oror 

"enion 1.2 10/1/98 

"ate: Thi. pro&ram i, aocl1tiact t'roca the onl in If RAlcip" to 

includ.e curve tlttiq to 4&ta. Th. pr0&rUl a1llim.1z •• 

• hut aquar •• tit batv •• a. the IIOdelliq tunctiOD and 

tb_ data. n. prosr_ p ..... tb. data (both in

depend.nt and. d..plndlat variabl •• ) and tb. a.UZlbar ot 

data point. to tb. lubroutin .. ot th_ prop-am . 

.......................................................................... / 

liD-elud. <m&th.b> 

'includ. <Itelio.b> 

'include <.tdlib.b> 

'includ.. <complex.b> 

'include <io.eream.b> 

'includ.e <maUoe.b> 

'include "arutil.h" 

'd.tina Pi 3 1415925 

Id.tina HIUI 3000 

'd.tin. HP 

.datine XP 1 

Id.d'in. FTOL .000001 

.d..tin. GET.Stn1 \ 

tor (j.l;J<"11I1im;J •• ) {\ 

,- =az I ot lUratioa.1 -/ 

/- numbar at .,.rtic.. ./ 

/- numbar at pUUlatara to tit -, 

tor C .... ·0.0.l·.;i<.,.p .. ;1 •• ) ..... opCiHj];\ 

p .... (j] •• "";} 

'd.ti". 5VlPCa.b) (ovap.Ca); Ca).Cb); Cb).owap;} 
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'toi4 uaoeba(double "p, doubl. yO. inc ncl.ila. double tcol. 

double C·tunk)(doable D, doable D, doableD, lAt, double). 

iDe eUuaJt. ctoubl. to. double vO. int a.ma, cloubl. 1.1: 

cioubl. ccocry(c!ouble •• P. cloubl. TO. double paUlllO. iDe: nelia, 

229 

doable C.tunk)(doable D, doable D, double D, lAt, doubl.). lAt 1M, 

cloubb rae:. cioubl. e10. double vl0. inc IlWill. double lUll); 

clcuble t •• tt'unc:(doubl. xO. double t2D. d.ouble v20. int num..2. d.oubl. lua); 

FILE -tp. -!p: 

int i. nt'uac.j .n4im: 

double ·xl •• ,1, •• pl; 

double -incl, -ct.p; 

int c:oUDt, count.lI&X; 

double etatal; 

inc n: 

IOD!: int I .. d; 

double lambcl&; 

c:out: « "type in ••• ct\n'·; 

CloD. » ' •• d; 

nclu-HP; 

:tt-d.vec:t.or(l.!lP) : 

yl-d.vector( t .HP) • 

pl·<Im&tri.cl.!IP ,l,lIP): 

ntUDC • OJ 

it (arsc!-3) ( 

.{ 

/- chi, 11 " •• d. ••• Itart:1nS point tor -, 

,- limplex .( 

/- value ot the function at the 'un.x -/ 

,- coord.inat •• ot .ach .... n.x .{ 

coue « "USAGE: &.out <datafil.> <vavelenatb in cic:ronl>\n": 

ez.it(O) ; 

{ .......... . OP!II TIlE DATA PILI! . ............ , 
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it ( (fp·top..,(arr (ll, M r "»·· 1ItILI.) { 

pr1n~t("UD.&b1e t:o open til. tor read.i.AaM': 

.zitCO) ; 

, .......... . GET OlTl POIIIT FIlllK PIU: 

count • 0; 

whiloC heontCfp, "lH",aclatal) ·.I!t]P) { 

coun'··; 

count _lUX-council; 

ind. • d,,,.ctor(t.count_IA&%): 

ct.p • d.,..ctorCl.coUDt_IUX): 

«windCfp) ; 

tor (coWlt-l.COUDt<acount_m&%; count •• ) 

heanfCtp, "lUlU", .ti,"iCeountl. td.p(eountJ); 

/ .......... . OIUW SIKPLU lIUlllllll TIlE BEST CUl!SS 

dOJ • 0.0; 

n • 1; 

while (xl(IJ < 2.2 II d(ll ) 2.7) 

prUl.tt'("iteractioa. number ld\a.'·. n); 

xlC1J • 1.25 • ranOCt ••• e1); 

tor (j-l:j<-HP:j++) { 

.t (i" (i.lll xHi] • xt(j] +.2oxt(j]; 

pl(iHJl • xlEjJ; 

yl[i]-t •• tt'unc(zl. hlCl. dep. count_lU.%. lambcla): 

230 

............. , 

......... , 

UIO.b.(pl.71.~dim.FTOL.t •• ttWlC. btWlC. incl, dep. cOWlt_Zll&X. laabct&); 

xl(IJ • plC1J (ll; 

n++: 
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prtJltt("valu .. aro XU\tUt".lt1(ll. xlC2l); 

print:tC"the aa&1ia1z.ed pu_ter. ar.\I1",: 

tor(j ol;j<ollP;j++) prllltt("XU\t" .p1[IJ (j]) ; 

pr1lltt("\J2lUZi:A1zoci valuo 10 XU" .),1[IJ); 

pr1ntt("\zmumber ot iterationa • '.Cd" .a.:tunc); 

fr •• _daatrlx(pl.1.KP .1.D) ; 

fr •• _d.,.ctor(r 1 . 1 .KP) ; 

~r •• _d..,.c:tor( xl.1 .") • 

tr •• _d..,.ctor(ind.l.caunt_=a%) ; 

t'r •• _d.,.ctor(dep .1. cOWlt_IIl&Z); 

tele •• Clp) ; 

returu 0; 

'l'oid aceba(double •• P. double TO. int aciim. double ft01, 

double (-funk) (doubl. D.d.oubl. D. double D. int. double). 

lilt -nfunk. double to. doubt. vD. lD.t ZlUlll. double lam) 

lnt 1. llli. 110. ulhi. j. a:pt •• ndim+l; 

double nolo .tUIl •• vap. 1'.'1 •. rr.ry.-Plum; 

p.um-d,.,.ctor{1.ndi=) ; 

-ntunkoO; 

GET_SUH 

'0 
110 • 1. 

lhi oy(I]')'(2] • (illhi02.1l , (illhio l.2); 

tor U ol;i<omph;i") { 

it (7(i]<oy(Uo]) 11oo i; 

it (7 (i] >y (illi]) 

illhioihi ; 

} oho it (y(U>y(illhi] at i'o illi) illh1 oi; 

231 
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nal-2.00 tab'(:r[ihi]-:r[ila] )/(tab.(:r[1hi] ) +tab.(:r[ila] »; 

it (nalcttal) { 

SlIAP(:r[l].:r[ila] ) 

torCi-l; i<-uctia; 1 •• ) 

SWAP(p[l] [i).p[ila] Ci]) 

priZlttC"NM.lX exc •• eled"); 

odt(O); 

cout: « OO\nsu ...... « -u.tunk; 

1t (ytryCoy[ila]) { 

~ry.UIOt:ry(P.7.P.um..I:uU ... tunlt.i.hi.2.0. t. v. nUll. 1 .. ); 

0100 1r (ytry>o:r[inhi]) 

f •• v.-,. [ihl.] ; 

:rtry-am.otry(p.,.paum.ndiA.tunk.Uu •. 5. t. V. DUIII.. lam); 

it (:rtry).y •• v.) ( 

for(i-l; 1<-=pt.; i++) 

it Ci! -110) ( 

tor (j-l;j<-ndi=;j •• ) 

p(iJ(j] -PI_[j] 00. 5 0 (p[i] [j].p [,10] (j]) ; 

y(i)-(-tunk)(paum. t. w. ZlWD.. lam); 

}ell. --(-a.tunk); 

} whilo (nal>ttal); 

cioubl. amotry(double "p. double yO. double pauaO. int nelia. 
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double (-funk) (doubl. o. double o. d.oubl. D. int. doubl.). int 1lU. 

double taco double ttD. double vl0. int IltZllll. double 1 .. U 
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111' j; 

double tacl. tac.2. rtry •• p~ry; 

ptry-d .... ct:or( 1 ,mUm) ; 

tacl-(1.0-tac)/a,4iz1: 

taa--tacl-tac; 

torO-l ;j<-II41m;J++) ptry(J]-po_(j] -tacl-p (iM] (j] -tac2; 

ytry-(-tUAk) (ptry.:l. vi, QWlI. bal); 

lt (ytry<y(illi]) 

y(1M] -ytry; 

tor (J-l;j<-ucU.m.;j •• ) 

po ... (j]+-ptry(J]-p(ihi] (j]; 

pCihi] (j]-ptry(j]; 

return ytry; 
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d.ouble t •• tfunc(doubl. :to. double t20. double v20. tnt 11\l1li. double 1-=2) 

tlou 1&1:1.0; II canter v.v.l.~h at lisht 

noat as. na; II 1I1111c •• of retraction 

float anSlaO, &:1&lel. &n&la2; II anal •• in air. Calf, and. Sapphira 

Cocplax E. 8; II .lactric cd zuptalc fi.ld.. 

Complex t; II tranGU •• 1on coefficient 

tloat d.eltq. dalt •• ; 

float .taO. atar;. at •• ; 

II ph... .hitt. in Calf &Dd •• pptlira 

II attactl •• indic •• at retrac:t:ioll 

int i.. J; II loop variabl •• 

float d, 1; II CaN and. •• pphire thiekD ••••• 

Uaat T; II intaDlity trannzi •• ioa. coafticient 

tloat hm; II vI ... ahD&'th 

float tuncvalue; II parazHter. u •• d in l ••• t .quare. 

" UtUq 

tloat normalize. calc_tamp; 

10110 - 1...:1; 

d • 1.020; 
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1 - 2500.0; 

III - xU]; 1/ ti. tor Cd 1Adox 

.... oqrc(1 • 1.023798-1...0-1..0/(1..0.1..0 - .00377588) 

• 1.0582&4-1...0-1..0/(1..0-1...0 - .0122544) 

• 5.280792·1..0.10 .. 0/(1..0.1 ... 0 - 321.3838»; 

c:&lc_~emp· 0.0; 

normalize • 0.0; 

t'uncvalu. • 0.0; 

UlIleO • 0.0; 

tor (1 • 1; iC- num; 1.+.) < 

""8100 - .2[i] ·Pi/lBO.O; 

""8101 - adl1(dl1(ansloO )/IlI); 

aa.s1e2 ••• inCainCans1eO)/I1I); 

... 0 - 1. O/coo (&11&100) ; 

etas· al/col(anSl.U; 

.~.. • rut cal (&D.&le2) ; 

234 

tor (j • -500; j (. 500; J++) 

lam • lamO •. 00075- j 1250. 0; 

II loop over bandvidth ot lip' 

dele.,; • 2-Pi-us:/lam-d-col(anslet): 

ct. It ••• 2-Pi-uI/1am.-t-col(ansle2); 

1/ pril1.f("U\,X:\I1". d.lt"!. dolt .. ); 

! • cOICd.leagl-caledalt •• ) - .t .... 1n(d..ltq) •• lnCd..lt •• )/.t.S • 

• taO- CCoz:pllx(O .1) -coled.h •• l -linCdelta,> 'It as • 

Coapl.xeO ,1) ·coI(d.1 tas) -linedelt •• "a' •• ) ; 

e • campt.xeo.1) •• t:aS-co.(dl1t •• )-Iia,(delta,> • 

Campl.xeO.l) •• t.'·COI (dllt&S) -.inCdalt •• ) • 

ItaO-CcoICd.elt.,>-coICdelt •• ) -

"-a-.ined.Lt_,) -.inCd.Ltu)/.ta.); 

t - 2-.taO/C.taO-! • :!); 

T - Ilona(t); 

calc_,amp+. T.oxp(-j-jl<?50.0.250.011; "voiSh •• ra ..... iol1 

II DY aau •• ian frequency 

II di.tribut1oa. 

nor.llalizo •• orp(-jojf(250.0.250.0»; 

calc_temp/-normalize; 

tuncvalu •• -Cv2(1] -calc_temp) aCv2(i]-calc_t.IIp): 
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c:&lc_t""'P • 0.0; 

nonLali: •• 0.0; 

reCU%"Il tuncvalu.; 
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