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Surface second harmonic generation (SSHG) has been applied to study the 

adsorption and photodesorption properties of rough and flat (001) as well as (110) 

surfaces of rutile TiO2 single crystals. The centrosymmetric rutile structure enables 

SSHG to provide surface-specific sensitivity under ultra high vacuum (UHV) and 

atmospheric environments. In a UHV environment, photodesorption of oxygen 

occurs via excitation at 266 nm and much less efficiently at 532 nm. The 

phenomenon can be explained as photo-ionization of surface 02- species which are 

Thermal reoxidation at 300 K of thecreated when 02 binds to Ti3+ surface defects. 

photoreduced surfaces is apparent at oxygen pressure above 10-6 torr. At oxygen 

pressure between 5 ton and 1 atm, 02 is physisorbed only on rough surfaces at 

300 K. The 266 nm photodesorption of these molecules has been observed, and the 

subsequent readsorption has been found to occur over several seconds at 100 ton. 

Optical damage thresholds have been measured and related to the observed 

photodynamics. Surface symmetry is discussed in terms of the surface second order 

susceptibility tensor elements. The ability of SSHG to span the UHV to atmospheric 

range provides a unique view of rutile TiO2 surfaces. 
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SECOND HARMONIC GENERATION STUDY OF PHOTODYNAMICS AND
 
ADSORPTION/DESORPTION ON RUTILE 1102 SURFACES
 

CHAPTER 1
 
INTRODUCTION
 

The two main purposes of this thesis are to explore the possibility of applying 

the newly developed surface technique of surface second harmonic generation to study 

the surface properties of dielectric materials and to qualitatively study the adsorption 

and desorption of gas molecules, mainly oxygen, on titanium dioxide surfaces. This 

chapter describes the initial motives of our research and gives an overview of the 

thesis. Specific references can be found in following chapters for each topic. 

Conventional techniques for surface studies rely on scattering or ejection of 

particles, mostly electrons, from the surface of interest. Surface information is 

obtained by analyzing the spatial distribution as well as energy distribution of the 

particles. Although these methods such as LEED (low energy electron diffraction), 

XPS (x-ray photoelectron spectroscopy), UPS (ultraviolet photoelectron spectroscopy) 

and Auger spectroscopy are very useful in analyzing surface stoichiometry, 

compositions and electronic states in high vacuum, generally they can not be applied 

in an environment with ambient pressure above 10-4 torr. As ambient pressure 

increases, the interaction between the probe particles and ambient gas is no longer 

negligible. The mean free path becomes so short that the incoming probe particles 

are disrupted before ever approaching the surface while the outgoing probe particles 

have lost the surface information before ever reaching the detector. In the real world 

gas molecules are unavoidable and conventional methods of surface study fail. It is 
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desirable to have a surface technique that can operate at all pressure range and even 

under hostile environments. 

Surface second harmonic generation (SSHG) has attracted great attention in the 

last two decades due to its potential use as a surface specific probe especially in 

situations beyond the capability of conventional techniques. Optical second harmonic 

generation is a second-order nonlinear process in which two photons with the same 

frequency are annihilated and one photon is created with twice the frequency. Second 

harmonic generation is a very popular scheme for extending the available laser 

spectrum by frequency-doubling the laser light in highly nonlinear crystals. The 

process is governed by a second-order nonlinear electric susceptibility which is 

characteristic of the physical properties of the material involved. Under the electric 

dipole approximation, second harmonic generation is forbidden in media with 

inversion symmetry because the second-order nonlinear susceptibility is zero in a 

centrosymmetric structure. On the surface of a medium, however, the symmetry is 

undoubtedly broken at least along the surface normal due to truncation of the bulk 

material. Second harmonic generation is therefore always allowed on the surface 

region. Due to this restricted response from the surface layers, surface second 

harmonic generation can be used as a surface specific probe on a medium of 

centrosymmetry. It is applicable to the study of solid or liquid surfaces as well as 

interfaces between two centrosymmetric media, so long as the material does not 

absorb light. Being an optical technique, second harmonic generation can be applied 

for in-situ surface studies as well as for surface studies in the open air. Surface 

second harmonic generation poses as an unconventional surface technique which not 

only provides quite a different view into conventional surface problems but also 
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serves as a new means of exploring surface phenomena that are beyond reach of 

conventional techniques. 

Titanium dioxide (Ti02) is of great interest to many researchers due both to its 

intriguing basic surface properties and its tremendous applications in industrial 

catalysis. Initial interest in this material was greatly aroused by the photoelectrolysis 

of water when illuminated with near ultraviolet light. Decomposition of water into 

hydrogen and oxygen on titanium dioxide electrode under illumination of light would 

provide a way of utilizing solar energy. Other applications of titanium dioxide 

include protective surface coatings, photo catalysis, high-damage-threshold dielectric 

optical coatings and pigment of white paint. Surface structure, composition, 

electronic states, adsorption and desorption and surface photochemistry are important 

issues in understanding the basic processes in these applications. Most earlier studies 

used powdered titanium dioxide in moderate vacuum environment. Electron spin 

resonance was the major way of determining the species of thermal adsorption and 

photodesorption of oxygen molecules on titanium dioxide powder. Charged 

molecular oxygen bound to defect sites was found to be the major adsorbed species 

which can be easily desorbed by illumination of photons with above-band-gap energy. 

Modem surface scientists work with single crystal surfaces in ultrahigh vacuum to 

reduce complications due to possible contaminations. Surface stoichiometry, defects, 

surface states as well as adsorption and desorption properties can be studied more 

easily. As single crystal surfaces are subjected to low exposure of oxygen (below 10-6 

ton), atomic oxygen ion is said to be the sole species existing on the near perfect 

single crystal surface mainly based on XPS spectra of titanium and oxygen ions on the 

surface region. Possible defects created by ion bombardment on these surfaces are 

mainly Ti3+ ions. Since titanium dioxide is photo active, it is natural to ask what 
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happens if a single crystal surface is exposed to intense laser light with above-band

gap energy. It is also very important to see what happens to the surface under 

relatively high oxygen pressure, a condition which has been left unexplored due to 

limitations of the available surface techniques. Rutile titanium dioxide is also a good 

candidate for surface second harmonic generation experiments because of its 

centrosymmetric structure. Using the unique properties of surface second harmonic 

generation, we are hoping that it will give a window to the answers of these 

questions. 

Formulated in chapter 2 is a phenomenological treatment of surface second 

harmonic generation for a reflection geometry based on the plane-parallel slab model 

originally described by Bloembergen and Pershan. Following a short history on 

second harmonic generation, the origin of surface second harmonic generation under 

electric dipole approximation is demonstrated with a simple symmetry argument. A 

general formula in terms of laser intensity and nonlinear susceptibility is derived for 

the intensity of surface second harmonic generation in a reflection geometry. The 

order of magnitude of electric dipole contribution is estimated to dominate that from 

electric quadrupole. The possibilities of applying surface second harmonic generation 

to monitor surface changes, surface structure and surface electronic states are 

discussed in terms of the surface second-order nonlinear susceptibility. For a given 

laser intensity, the strength of the surface harmonic signal for a typical nonlinear 

susceptibility is estimated. Basic components and a standard setup for a surface 

second harmonic generation experiment are laid out. 

A review of literature on the surface properties of titanium dioxide in the rutile 

structure is given in chapter 3. The bulk properties of rutile are also summarized 

briefly. The (001) and (110) are the surfaces reviewed. Pictorial structures of both 
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perfect single crystal surfaces are shown. Surface techniques used in the reviewed 

experimental work are mostly XPS, UPS, LEED and EELS (electron energy loss 

spectroscopy). Most emphasis is placed on the defect sites, surface states, adsorption 

and desorption on the surfaces and photo interaction of the surfaces under illumination 

of ultra violet light. 

Chapter 4 describes the laser systems and experimental devices used in our 

second harmonic generation experiments on titanium dioxide surfaces. Following a 

description of the Nd:YAG laser system, the methods of frequency-doubling in 

nonlinear crystals are presented. A description of two synchronously-pumped dye 

laser systems follows. A large section is devoted to the optical principle and the 

design of a one-meter monochromator which we constructed over the years. The 

vacuum system along with a hot-copper gas purifier is detailed last in the chapter. 

Experimental setup and sample preparation are given in chapter 5. Followed by 

data collection, manipulation of both probe and pump laser beams is detailed. 

Methods of measuring the laser spot size are also discussed. Experimental procedures 

and preparation and introduction of sampling gas molecules are described. The 

samples used are rutile single crystal prisms cut for (001) and (110) surfaces. Both 

surfaces are prepared in two ways: fine polishing and chemical etching. Chapter 6 

discusses the results of the second harmonic generation experiments on (001) and 

(110) surfaces of rutile titanium dioxide. Verification of SSHG signal is shown with 

the laser power dependence of the signal. The experimental results for (001) surface 

are presented first, followed by that for (110) surface. Photoreduction of both 

surfaces under UV 266 nm illumination is easily observed through the changes in the 

SSHG signal level. Evidence of inefficient photoreduction of the (001) surface with 

532 nm laser light is also presented. Adsorption of oxygen on the surfaces is also 
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apparent in the variation of SSHG signal when the surfaces are exposed to oxygen. 

An SSHG spectrum of surface defects and surface damage thresholds for (001) 

surface under vacuum and oxygen environments are presented. Conclusions and 

implications from the experiments are drawn in chapter 7. Future work is also 

discussed. 
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CHAPTER 2 
SECOND HARMONIC GENERATION AT SURFACES 

2.1 Second-order Nonlinear Optical Phenomena 

Nonlinear optical phenomena has comprised one of the most interesting fields of 

scientific research from which many innovative techniques have emerged, among 

them harmonic generation of the second order. Observation of nonlinear optical 

effects requires an electric field that is comparable to the magnitude of inter atomic 

electric field of 108 esu (1010 V/cm) which can not be achieved by regular light 

source. Optical second harmonic generation(SHG)1 in a quartz crystal was the first 

nonlinear optical phenomena to be experimentally observed soon after the ruby laser2 

was invented. SHG in nonlinear crystals fmds its application as frequency-converters 

for lasers, which greatly expands the spectrum of coherent light sources. Since SHG 

is a second order nonlinear process, it is only allowed in noncentrosymmetric material 

under the electric dipole approximation. Owing to the fact that symmetry is certainly 

broken on the surface of a medium or at the interface between two media, a second 

order process is always allowed at the boundaries. Bloembergen and Pershan3 are the 

first to formulate the explanation of second harmonic generation due to surface effects 

at the boundary of a medium. Following the theoretical work, surface second 

harmonic generation (SSHG) experiments4 were carried out on surfaces of material 

with inversion symmetry, and the sensitivity of SSHG to the interface between two 

centrosymmetric media was demonstrated by Brown et al.5 Using SSHG, detection of 

molecular adsorption on metal surfaces with submonolayer sensitivity were reported 

by Brown and Matsuoka6 and Chen et an From these pioneering works and the 

inspiration of surface enhanced Raman scatterings which was then newly discovered, 
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SSHG has evolved into a powerful surface technique that has wide applications 

nowadays. 

In the last decade, much theoretical and experimental literature9,10,11 has been 

published on developing SSHG as a surface analytical tool. It has been successfully 

demonstrated to be a unique tool for surface study under conditions which are 

intolerable by conventional surface probes. Unlike other optical techniques for 

surface study, SSHG not only has surface specificity and sensitivity but also the 

flexibility in environment which ranges from ultra high vacuum to high pressure 

situations where conventional surface analytical tools fail. It can be applied to study 

any surface or interface of materials of all phases which are accessible to light. 

Surface properties such as molecular adsorption and desorption, structure symmetry, 

molecular orientation, surface spectra and dynamics of reactions can be obtained. 

Possibilities of extracting more surface information from SSHG are being sought, and 

new applications being explored. 

2.2 Phenomenological Treatment of SSHG 

2.2.1 Basic Symmetry Argument of SSHG 

In the presence of a strong electromagnetic field, the nonlinear electric 

polarization is induced by the electric fields in a medium in addition to the regular 

linear response, assuming that the medium is nonmagnetic. It is the radiation of this 

nonlinear polarization which gives rise to interesting higher order optical phenomena. 

In the case of second harmonic generation, the induced nonlinear polarization 

radiates at twice the frequency of the input field, as pictured in Fig. 2.1. The 
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nonlinear response of the medium is characterized by the macroscopic second order 

susceptibility i (2) which is a third rank tensor. In the frequency domain, the dipolar 

nonlinear polarization vector is given by the equation 

Pm-s(2o3)= 5E(2)(2o);(0,o3):E.(co)-E.(0)) 

= [Nii(2)(20);(0 ,(0):E.(0)tm(0))](62°) ± 2)(6°) + 2)2 (2.1)
3 3

where co is the frequency of the input field and Em is the macroscopic field in the 

medium. 13(2) is the microscopic molecular polarizability tensor which is the 

microscopic counter part to i (2), and N is the molecular density. s 's are dielectric 

constants at respective frequencies. The terms in the last two parentheses are Lorentz 

local field factors. 

Since the susceptibility tensor i (2) characterizes the physical property of the 

medium, it should reflect the symmetry of the material structure. (2) is invariant in3c

a medium with inversion symmetry and therefore should vanish, because in a 

centrosymmetric medium, opposite directions are completely equivalent and the 

polarization must change sign as the electric field is reversed. This leads to the 

equation i) = -P, or P = 0 and 5-(, (2) = 0. This simple symmetry argument reveals the 

fact that, under the electric-dipole approximation, SHG is forbidden in media with 

inversion symmetry. 

IIIM10, 03 

CO mmtw 2(0 

Fig. 2.1 Second-order nonlinear process. 
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2.2.2 The Nonlinear Plane-parallel Slab Model of SSHG 

On surfaces SHG is always allowed because symmetry is broken at least along 

the surface normal direction due to truncation of the medium. The top few surface 

layers may contribute to the nonlinear polarization which gives rise to harmonic 

generation from the surface. All the electromagnetic waves involved are governed by 

Maxwell's equations and all the boundary conditions should be satisfied. Maxwell's 

equations in a lossless nonlinear dielectric medium can be written for each frequency 

component as the following 

Ivxt+at 
=-13 (2.2)c at 

ab 
(2.3)c at 

Vl5=-0 (2.4) 

V 13- = 0 (2.5) 

B and H are, respectively, the magnetic field and magnetic intensity. For the 

nonlinear process, the dielectric displacement is D = sE + PM'S c is the dielectric 

constant which contains the linear response. By combining the first two of 

Maxwell's equations, the inhomogeneous wave equation for the second harmonic field 

with nonlinear driving term is obtained: 

+ 1 a2(c2.E2.) 4n 02P'Vxvx c2 2 (2.6)at2 c at2 

Surface second harmonic generation was formulated by Bloembergen and 

Pershan3 with a thin slab model. A thin plate of nonlinear material with thickness d 

is sandwiched between two linear media, as shown in Fig. 2.2. Consider medium 1 

http:a2(c2.E2
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to be the vacuum, and that the nonlinear plate sits between z = 0 and -d, with z being 

the surface normal axis. The nonlinear plate and medium 2 are assumed to have the 

same linear response. The refractive index is n2. for the second harmonic wave. The 

incidence plane of wave co is the x-z plane. 

z 

linear medium 1
 
(vacuum)
 

z = 0
 
nonlinear plate
 

z = -d
 

linear medium 2 

Fig. 2.2 Nonlinear plane-parallel slab model of SSHG. The scattering plane is x-z. 

In solving the coupled wave equations3, some simplifying approximations are 

made, which include the slowly varying amplitude approximation, the infmite plane-

wave approximation and constant pump approximation. The boundary conditions 

then require that the tangential components of both E and fl must be continuous 

accordingly at z = 0. By matching the boundary conditions, the amplitudes of the 

electric fields at 2o) are obtained after some straightforward but tedious manipulation. 

Further reducing the thickness d of the nonlinear slab to much smaller than a 
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wavelength, i.e. d < < X20, for dipole radiation approximation, the electric fields for 

reflected and transmitted SSHG are as follow: 

(i) s polarization (polarized perpendicular to the plane of incidence)
 

for reflected and transmitted harmonic fields:
 

EL i4iceas(2o)dE2120 
)n2. (2.7) 

c cosem + cose 

(ii) p polarization (polarized parallel to the plane of incidence) 

(a) for the reflected harmonic field: 

_i4nrs(2cod)(cosOm sin a + sinOm cosa) 
(2.8)

c n2. cos0 + cos%I 

(b) for the transmitted harmonic field: 

1
(cos 0 sin a sinOm cosa)a)d) n2.NLSE2. = /47EPH ( (2.9)

c n2. cos0 + cosem 

where we have assumed a to be the angle between the -i axis and the nonlinear 

polarization vector in medium 2. The s and p components of the nonlinear 

polarization and the reflected SSHG are defined in the Cartesian coordinates as 

pNLS pNLSg pr LSts) pNLSSI PINLS Ls(iisina icosa) (2.10) 

-E2 = i f E 2, + iELp ( cos 0) + ilE2 (sin 0) = 62,0E2 (2.11) 

The directions of the harmonic wave propagation, henceforth 024, and Om, are 

restrained by the general requirement of conservation of tangential components of 

momentum for every frequency at the boundary. Thus 

ic:,x kr,x,at frequency o), k., 

k2,xat frequency 2o), 2k.T, 
1c2T(0,x 
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From the above equations, it is obvious that for the reflected field in dispersionless 

vacuum, 

k2R 2,
sin 8 , , x, = sine) (2.12) 

i.e. 02. = 0, the reflected SSHG travels in the same direction as the reflected 

fundamental wave. For the transmitted SSHG, the refraction angle is given by the 

following equation 

kT 2kT2o),x 
c°'x = 2 sine (2.13)

n2.12k.I n2.*LI 

2.2.3 Intensity of Reflected SSHG 

As an electric field travels through a boundary from one medium to the other, 

its amplitude changes by a factor of the Fresnel transmission coefficient. The 

fundamental and harmonic fields certainly contain these factors. For a field, which 

travels from the vacuum into a medium with refractive index n, incidence angle 0, 

and refraction angle Om, the diagonal tensor of Fresnel transmission coefficients can 

be written as: 

2cose(L.) = 
cos° + n. cos% 

2cosOm
(L.). = (2.14)

n. cos + cosOm 

2 cos° 1 

n. cos° + cos0m 
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With these coefficients, the reflected field for SSHG can be arranged as 

d 1 ,- , 
E12(co i47C( CI) cosh iL2co X(2,co E toil (2.15)(20) ;0) );[Lo)

c 

The intensity of reflected SSHG can be calculated by taking the time average of 

energy flow of the electromagnetic field. The energy flow is just the Poynting vector 

and its time average gives the radiation intensity as 

/2(,) = 121E2 

2 TE 

then the radiation intensity for reflected SSHG is 

120, = 321C3°) sec 01 [620, L20, i(2) (20 ,0) ,O) au, ][Lc0 6c0]12I2,0 (2.16)
C3 

In the above equation, the thickness d has been absorbed into the nonlinear 

susceptibility X(2) (dX(2) --> x(2)), which is redefined as the surface nonlinear 

susceptibility since for surface nonlinear phenomena the radiation source is from the 

surface polarization density instead of the volume polarization density in the bulk. e 

and 620) are unit polarization vectors for the fundamental and harmonic fields 

respectively. I. is the intensity of input laser. It should be pointed out that the 

radiation intensity is a complicated function of angle 0 due to the Fresnel coefficients. 

The radiation intensity has a maximum between normal incidence and grazing angle. 

For a pulsed laser beam the intensity of SSHG output is usually expressed in 

terms of photons per pulse. If the laser beam has a pulse width T (full width at half 

maximum) and a beam spot size A (cross section area measured at 1/e point of laser 

intensity), the SSHG output can be expressed as 

S2 = 327c3c° 
01 [62. ] i(2)(263;co 6AL. 6.11 2 I2 AT (2.17)

hc3 
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When evaluating the value for SSHG output intensity, extreme care should be 

taken with the units used for each quantity in the equation. We have used Gaussian 

units for all the above formulas. 

There are other phenomenological models for describing the surface second 

harmonic generation. Shen and Heinz12 considered a nonlinear dipole sheet of no 

thickness embedded in the dielectric medium at the boundary. They used a combined 

nonlinear polarization induced in the surface layer and the substrate, and derived a set 

of boundijy conditions for the dipole sheet. By matching the boundary conditions, 

they obtained the same result as the thin-slab model. Mizrahi and Sipe13 used a 

Green's function method and a model with a dipole sheet on the surface of a dielectric 

substrate. Their result for s polarization is the same as the above, but that for p 

polarization is a factor of (n2())2 larger in the second term of the electric fields 

equation (2.8) and (2.9). This discrepancy originates from the (n2.)2 factor in the z 

component of their nonlinear polarization which is a direct consequence of bringing 

the nonlinear polarization source outside the linearly responding medium. Most 

recently Jum proposed a semi-microscopic model by integrating the radiation field 

from a continuous sheet of nonlinear dipole moments in the surface region of a linear 

bulk medium. His calculation showed essentially the same angular dependence as the 

thin-slab model but the over all magnitude is different by a local field factor. By 

taking into account the dipolar interaction in the linear medium responding to the 

dipole field of nonlinear dipole moments, the formulation may prove to be a more 

accurate description for SSHG especially when measurement of exact nonlinear 

susceptibility is needed. 

We have assumed in the above derivation that the nonlinear polarization comes 

from the surface dipoles only. Generally speaking, the bulk has a nonlinearity arising 
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from higher multipole terms which will contribute to the SH signal. To include the 

bulk effect, the surface nonlinear polarization should be replaced by an effective -13s(2e)ff 

and the susceptibility by an effective jc(s2c)ff. It has been shown1° that equations for the 

reflected SH radiation fields and radiation intensity are still valid. 

2.3 Application of SSHG on Surface Study 

2.3.1 Surface Specificity and Sensitivity 

The SSHG signal from a real surface contains both local response and nonlocal 

response of the surface to the incident field. On surfaces of centrosymmetric 

medium, the local response is mainly induced dipole polarization due to structure 

discontinuity of the surface. The nonlocal response arises from electric quadrupole as 

well as magnetic dipole due to field discontinuity across the boundary. The electric 

quadrupole and magnetic dipole contributions are of bulk nature because they are 

allowed even in a medium with inversion symmetry. Therefore the susceptibility that 

we obtain from an SSHG measurement is usually an effective quantity xs(e)ff which is 

the sum of surface xs(2) and bulk 42) contributions. To use SSHG as a surface probe, 

we are only interested in the surface susceptibility. The total reflected second 

harmonic signal from a surface is described by the effective second order 

susceptibility x(s2e)ff. It is necessary to estimate the relative magnitudes of the bulk 

versus the surface contributions. The allowed electric dipole part of the second order 

nonlinear susceptibility is usually (X/27ca) times larger than the electric quadrupole 

and magnetic dipole contribution15, where a is the size of unit cells. The major bulk 

contribution to the susceptibility comes essentially from a layer of thickness Al 2ir near 
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the surface. Assuming that the allowed electric dipole part arises from a surface layer 

of thickness d, the relative surface to bulk contribution of SH signal is about (d/a)2 

which is greater than or equal to unity. So for a medium with center of symmetry, 

the surface electric dipole contribution is at least of the same order as that of the bulk 

electric quadrupole and magnetic dipole contributions. Further enhancement of the 

surface signal can be made through energy resonances or by selecting appropriate 

polarizations if the surface susceptibility is very different from that of the bulk. 

We can estimate the number of SSHG photons generated per laser pulse by 

using the photon flux equation (2.17). The typical value for the surface susceptibility 

x(s2) of reflected second harmonic signal is on the order of 10-16 esu, which is obtained 

under the assumption that the nonlinearity arises from a monolayer (1014 

molecules/cm2) of molecules on the surface and that the microscopic molecular 

polarizability is about 10-3° esu'''. Let the laser be a Q-switched and mode-locked 

laser at 532 nm. Assume that there are 500 Q-switched pulses per second and each 

Q-switched pulse contains 30 mode-locked pulses whose pulse width is 100 ps (pico 

second). If the angle of incidence is 45°, the laser spot area is 10-3 cm2 and the laser 

intensity is about 60 MW/cm2 (pulse energy of 1 12.1), the SSHG signal is on the order 

of 103 photons/second. This signal can be easily detected. 

The magnitude of X(s2) is very dependent on materials. For the high extreme 

case such as metals, highly nonlinear molecules or semiconductors the value of X42) is 

about 10-14 esu while for dielectrics and insulators it is about 10-16 esu. The SSHG 

could be 10000 times larger for metals than for dielectrics. In the low susceptibility 

case of dielectrics, the SSHG strength is around 103 photons/second based upon the 

above laser parameters. A submonolayer sensitivity should be very feasible if the 

detector is sensitive enough to handle 10 photons/second or smaller. In the above 
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estimation, the Fresnel factors are assumed to be 1 for simplicity. For more accurate 

evaluation the Fresnel factors should be taken into account because they may make a 

great difference in some cases. 

2.3.2 Adsorption and Desorption on Surfaces 

Since Zs(2) reflects the properties of a surface, any modification made to the 

surface should result in change of 5c(s2,e)ff , thus the SSHG signal. A real surface is 

usually made of two components: the bare substrate surface and adsorbates. The 

surface nonlinear susceptibility consists of three parts: the bare substrate surface i9b2), 

the adsorbate 3.c.(2) and the interaction between bare surface and adsorbates 5c(i2) . The 

Z92) is(2b) i(s2) i(2).surface 5Zs2) is written as The relative contribution of each 

term depends on the material involved. The i82) term may dominate if the adsorbed 

molecules are highly asymmetric and if the interaction between substrate and 

adsorbate is small. If the nonlinearity of adsorbate is negligibly small, the primary 

change comes from the interaction term 5-c between the adsorbate and the bare 

surface. In either case the change of SSHG signal should represent the presence of 

adsorbates, and the magnitude of change is proportional to the surface coverage 

density. The SH signal may be proportional to surface density p or p2 depending 

upon Ixa + xi
12 

or (Xa Xi)Xa*b + c.c. SSHG therefore can be used to monitor 

adsorption and desorption phenomena on surfaces. 
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2.3.3 Surface Structure Analysis 

Susceptibility tensors are subject to various types of symmetry restrictions such 

as intrinsic and overall permutation symmetry, time-reversal symmetry and spatial 

symmetry. The permutation symmetry and time-reversal symmetry are inherent 

properties of susceptibilities which arise from the principles of time invariance and 

causality. The spatial symmetry of susceptibility tensors is imposed by the structural 

properties of the nonlinear medium. These symmetry constraints may cause some of 

the tensor elements to vanish and some of the remaining elements to be related to 

each other so that the number of independent tensor elements are greatly reduced. 

The specific forms of susceptibility tensors are thus very dependent on the crystal 

structure of the nonlinear medium. 

In general, there are 27 elements in a second-order surface susceptibility tensor 

(s2) . For second harmonic generation the number of independent tensor elements is 

reduced to 18 because the two input photons are degenerate, that is xxyz = Xyxz -

When the surface has a certain symmetry, the actual number of nonvanishing 

elements can be significantly reduced. The higher the symmetry the surface 

possesses, the fewer elements the surface (82) tensor has. Table 2.1 gives the 

nonvanishing tensor elements of Z(s2) for a few given surface geometries. This table is 

obtained by applying certain symmetry operators to the system coordinates. Since the 

tensor elements should be invariant under symmetry operation, if the symmetry 

operation on the coordinates requires that the elements change sign, then the tensor 

elements involved should be nothing but zero. Take the C2,, point group for example. 

The C2 symmetry has a 2-fold rotation axis (i axis) and two mirror planes x zand 

z . The rotation operator C2(z) requires that (x, y, z) ---> (-x,-y, z). The mirror 

operators luxz and o require that (x, y, z) > (x, -y, z) and (x, y, z) > (-x, y, z), 
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respectively. Under the C2(z) operation the tensor elements xocpy exist only when (cc 

= 13 = y = z) or ( (two of a, y) = x or y and (the rest of a, y) = z). The 

number of nonvanishing elements is reduced to 12 after the C2(z) operation. Under 

the mirror symmetry operator az the tensor element vanishes when only one of af3y 

is y while for the mirror symmetry operator ayz the tensor element vanishes when 

only one of a43y is x. These mirror symmetry operations further reduce the number 

of nonvanishing elements down to 7. Only 5 out of the 7 tensor elements are 

independent because the input photons are degenerate. Nonvanishing tensor elements 

for other symmetry groups can be obtained in a similar way as described above. 

The tensor form of i(s2)consequently results in a certain pattern of the SSHG 

components. By selecting a particular polarization of input photons and measuring a 

particular output polarization, some surface symmetry properties can be extracted 

from the relation between SSHG components and the is(2)tensor elements. Simple 

measurements of SH intensities such as Ls, Isp, Ips, /pp can sometimes quickly identify 

the important nonvanishing elements of is(2), where the first subscript of I denotes 

input polarization and the second subscript the output polarization. s polarization 

means the electric field is polarized perpendicular to the plane of incidence while p 

polarization means the electric field is polarized parallel to the plane of incidence. If 

the symmetry of a nearly perfect surface is known, then measuring the pattern of 

certain SSHG components on a real surface as the surface is rotated may verify how 

close the real surface is to a perfect surface. 
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Table 2.1 Nonvanishing tensor elements of 5(92) (2(0;0),(0) for surfaces of various 
classes of symmetry. The notation of tensor elements is xai37 which is written as aOy 
for simplicity. a and 13 are the input photons at co , and y is the output photon at 2o. 
The number in the parentheses is the number of nonvanishing elements. The number 
in the bracket is the number of independent elements. Surface is in the ii-Sys plane 
and the scattering plane is ic-i . Contributions of tensor elements to the SSHG 
polarizations are also listed. 

Symmetry classes 
C1 

with Sr -i mirror 
plane 

C2 
no mirror plane 

C2v 
with X --i and 
Ys -is mirror plane 

C3 

No mirror plane 

C3,, 
with St-is 
mirror plane 

C4 or C6 
No mirror plane 

C4v or C6v 
with X --i and 
S'/-i mirror plane 

Nonvanishing tensor elements
 
(14)-[10]
 
a=zzz, b=xxz, c=yyz, d=xzx =
 
zxx, e=zyy = yzy, f=zyz = yzz,
 
g=xyx = yxx, h=yyy, i=xxy,
 
j =zzy
 
(13)48]
 
a=zzz, b=xxz, c=yyz, d=xzx =
 
zxx, e=zyy = yzy, f=xyz = yxz,
 
g=xzy = zxy, h=yzx = zyx
 
(7) -[5]
 
a=zzz, b=xxz, c=yyz, d=xzx =
 
zxx, e=zyy = yzy
 

(19)-[6]
 
a=zzz, b=xxz = yyz, c=xzx = zxx
 
= zyy = yzy, d=yyy = -xxy =
 
xyx = -yxx, e=xxx = -yyx = -xyy,
 
f=yzx = zyx = -xzy = -zxy
 
(11) -[4] 
a=z7z, b=xxz = yyz, c--=xzx = zxx 
= zyy = yzy, d=yyy = -xxy = 
xyx = -yxx 
(11)-[4] 
a=zzz, b=xxz = yyz, c=xzx = zxx 
= zyy = yzy, d=yzx = zyx = -xzy 
=- zxy=

(7)[3] 
a=zzz, b=xxz = yyz, c=xzx = zxx 
= zyy = yzy 

SSHG components 
Iss : h 
Isp : c 
Ips : e, i, j 
Ipp : a, b, d, f, g 

Is. = 0 
Isp : c 
Ips : e, g 
1p : a, b, d, f, h 
Iss = 0, 
Isp : c 
Ips = 0, 
Ipp : a, b, d 
Iss : d 
Isp : b,e 
II), : d, f 
Ipp : a, b, c, e 

Iss : d 
Isp : b 
Ips : d 
Ipp : a,b,c 
Iss = 0 
Isp : b 
Ips : d 
Ipp : a, b, c 
Iss = 0 
Isp : b 
Ips = 0 
Ipp : a, b, c 
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2.3.4 SSHG Surface Spectroscopy 

The macroscopic susceptibility tensor Zs(2) is an ensemble average of the 

microscopic molecular polarizability tensor 1i(2). In quantum mechanical 

interpretation, second harmonic generation is a three-photon process in which two 

fundamental photons at o) are annihilated and a photon at 2o) is created. The second-

order molecular polarizibility R(2) can be calculated by using the third-order 

perturbation theory and its general form is given as 

Ki lc lk)(k lb b)(i la
13abe (20) ;CO ,C0 

j,k _(Ek 2hco iI'k)(EJ hco if) 

lk)(k IjXj la li) (i lb Ik)(k Ja Ij)(j li) 
(2.18)

(Ek + 2hco iI'k)(EJ ho) ii') (Ek + hco ifk)(EJ + 2hco 

where I i) is the ground state and the states I j) and I k) are intermediate states. E 

denotes energy levels and I' is the damping factor. a, b and c are electric dipole 

operators x, y or z. The output photon is on the third rank. The summation is 

carried over a complete set of energy states and the states are refered to as virtual 

states, since the state and photon energies may not match. If a photon energy 

happens to be close to a real molecular energy state, the SH signal can be greatly 

enhanced. Since the electric dipole operator is an odd function in space, nonzero 

transition moments exist only between states of different parity. The transition 

moment is nonzero only when the transition goes from an even state to an odd state or 

vise versa. If the molecule has a center of symmetry, its wave functions are either 

even or odd functions in space. All three terms are identically zero if one of the 

consecutive transition moments in each term is not allowed due to identical parity of 

states, e.g. even *odd > even *even for I i) + I j) > I k) --> I i) but the even > 
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even transition is not allowed. It is clear from this argument that second harmonic 

generation is forbidden in centrosymmetric media under the electric dipole 

approximation, as we have shown before in a simple symmetry argument of the 

second-order macroscopic susceptibility. However, second harmonic generation is 

always allowed at surfaces due to lack of symmetry in the direction of the surface 

normal. 

The three terms in the equation of molecular polarizability correspond to three 

time-ordered quantum mechanical pictures, as shown in Fig. 2.3. Diagram (1), (2), 

and (3) correspond to the first, second, and third terms in the brackets of equation 

(2.18). In the first diagram, all the states involved are above ground state and there 

are two possible resonance states. In the second diagram, one of the intermediate 

state is below ground state and only one resonance enhancement is possible above the 

ground state. There are no possible resonances in the third diagram since all 

intermediate states are below the ground state. The energy mismatch between the real 

state energies and the photons is rationalized by stipulating that the process happens in 

a very short time so that the uncertainty relation of time and energy is satisfied. 

Although the term with intermediate states below the ground state is finite, the terms 

with intermediate states above the ground state have the greatest contribution to the 

molecular susceptibility. 

The possible enhancement of SH signal through electronic resonance makes it 

possible to use SSHG as a surface spectroscopic probe. If the energy states of the bare 

surface or adsorbates come close to the fundamental frequency or the SH frequency, 

the SSHG signal is enhanced. By varying the frequency of the fundamental beam, 

surface spectroscopic information can be obtained and surface molecular species 
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identified. Surface electronic spectroscopy is possible if tunable visible lasers are 

used. 

1k> 

T°Ii> ai 
b a 

(1) (2) (3) 

Fig. 2.3 Time-ordered diagrams of second harmonic generation. a, b and c are 
dipole operators in x, y or z. 1i) is the ground state. 1j) and 1k) are intermediate 
states. 

2.4 Experimental Components of SSHG 

A simple experimental arrangement of SSHG in reflection geometry is shown in 

Fig. 2.4. Basic components in using SSHG as a surface probe include a laser, 

polarizers and filters, and a photodetection system. Since the SH signal is coherent 

and highly collinear with the reflected fundamental beam, finding the signal is 

straightforward and signal collection is easy. A reference beam, which is generated 

by passing part of the laser beam through an SH generating crystal, is necessary to 

eliminate the intensity, transverse mode and pulse duration fluctuations of the source 

laser. Mode-locked or Q-switched lasers are usually used. 
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The laser beam is linearly polarized. A polarization rotator is used for 

switching the polarizations of input beam. Polarizers are used for analyzing the 

polarization components of the SH signal. To separate the fundamental and SH 

photons, appropriate beam splitters, color filters and monochromators may be used. 

In some cases the laser beam is focused onto the sample to achieve high intensity. 

After being reflected from the surface, the beam has to be collimated and refocused 

into the photodetector. For small signals, the most used photodetector is the photo 

multiplier tube (PMT) which has a gain on the order of 106. High-gain avalanche 

diodes are also good candidates for detecting low signal levels. If the signal level is 

high enough, silicon photodiodes can be used. 

The photo-generated current signals from the photodetector are integrated with 

gated electronics. Normalization of the signal by the reference can be done by an 

electronic divider or by programmed software in a computer. Signal averaging over 

many pulses is usually necessary to obtain a good signal to noise ratio because the 

nonlinear process is generally noisy. 

laser filter 

nonlinear 
crystal 

polarization 
rotator 

photo detector 

U 
.polafization analyzer 

photo detector 

Fig. 2.4 Basic experimental arrangement of surface second harmonic generation. 
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CHAPTER 3
 
PROPERTIES OF RUTILE TIO2 SURFACES
 

3.1 Introduction 

Titanium dioxide is an extensively studied transition metal oxide which exhibits 

unique photodynamics, aspects of which are of interest for applications to protective 

surface coatings, photo-catalysis, solar photo-electrochemical production of 02 and 

H2, heterogeneous catalysis support substrates and high damage threshold dielectric 

optical coatings. TiO2 powder has been an important pigment of white paint due to 

its high reflectivity. In recent years, the high dielectric constant of TiO2 has opened 

prospects for the use of TiO2 thin films in microelectronic circuits as capacitors or as 

gate dielectrics in metal-dielectric-semiconductor devices. 

Two decades ago, the work of Fujishima and Honda" on the photo-electrolysis 

of water using a TiO2 anode stimulated interest in the surface properties of this 

material. They constructed an electrochemical cell in which a n-type ruffle TiO2 

electrode was connected with a platinum black electrode through an external load. 

All surfaces of the rutile TiO2 wafer were sealed except (001) which was exposed to 

light. When the surface of the TiO2 electrode was irradiated, current flowed from the 

platinum electrode to the TiO2 electrode through the external circuit. The anodic 

current which was proportional to the intensity of light began to flow for wavelengths 

shorter than 415 nm, that is 3 eV. It was confirmed that water was decomposed into 

oxygen and hydrogen without the application of any external voltage. The overall 

photolysis reaction was explained by H2O + 2hv > 102 + H2 . Thereafter, 

experimental and theoretical studies have focused upon the basic surface electronic 
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states and geometric structure" of rutile TiO2 surfaces. It is important to better 

understand its catalytic properties and the characteristics of adsorption and desorption 

of molecular species on single-crystal and irregular surfaces. 

3.2 Bulk Properties of Rutile TiO2 

Titanium dioxide exists in three forms as rutile, anatase and brookite, with 

rutile being the most stable at standard conditions. The rutile structure has a 

tetragonal lattice. The space group of rutile structure is D41119. Each lattice unit cell 

contains two Ti atoms and four 0 atoms. The cations in the rutile lattice are in a 4+ 

valence state and reside in slightly distorted 02- octahedron. Each 02- ion is bonded 

to three Ti4+ ions. One half of the octahedral sites that are surrounded by 02- ions 

are empty in rutile, giving rise to open 'channels' parallel to the c axis. Smaller 

atoms such as H can diffuse through these channels along the c axis. Rutile TiO2 is 

usually classified as a wide band gap semiconductor or insulator with a band gap of 

3.05 eV2°,21 determined by optical and electrical methods. The empty conduction 

band is mainly derived from the titanium 3d anti-bonding orbitals and the top of the 

filled valence band, predominantly from oxygen 2p obitals22. Both conduction band 

and valence band widths are about 5.5 eV. The electronic energy gap structure of 

stoichiometric rutile is featureless. Bulk defects due to loss of oxygen do not change 

the gap structure but induce change in the density of states in the valence and 

conduction bands. It is confirmed by Munnix and Scluneits23 that no bulk defect 

states are found in the gap due to loss of bulk oxygen. The Fermi-level, which lies 

closer to mid gap in insulating TiO2, is pinned close to the bottom of the conduction 
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band in the presence of oxygen vacancies, which gives rise to semiconducting 

properties. 

Rutile is easily reduced and the defects created may be oxygen vacancies or 

titanium interstitials. Reduction of TiO2 crystals can be achieved by heating to a 

temperature greater than 600°C in vacuum or in hydrogen. A small number of 0 

vacancies in the bulk are created during the heating process when 0 diffuses to the 

surface and is released. Such 0 vacancies act as donors which result in n-type 

material. An oxygen vacancy center is capable of trapping two electrons to form 

Ti3+-0 vacancy-Ti3+. Stoichiometric TiO2 single crystals are yellowish in color and 

transparent in the visible range, while reduced samples become blue24. Reduced TiO2 

is found to be slightly conductive due to Ti3 + bulk defects. The value of the 

refractive index n is 

c axis 

i 

Ti atom0 0 atom 

Fig. 3.1 Rutile TiO2 unit cell. 
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strongly dependent on the polarization of light. At the visible wavelength of 532 nm, 

n (electric field parallel to c axis) is about 2.9 while n, (electric field perpendicular 

to c axis) is about 2.7 at room temperature25. 

3.3 Surface Properties of Rutile TiO2 

The (001) and (110) faces represent two extremes in local atomic coordination 

and observed surface stability. The (001) face has only fourfold oxygen-coordinated 

titanium atoms and every surface lattice contains one Ti and two 0 atoms. For (110) 

surface, two surface configurations are possible because it has fivefold and six fold 

oxygen-coordinated titanium atoms. The first possible surface configuration of (110) 

consist of two Ti and two 0 atoms per surface unit cell, where each Ti4+ cationhas 

five 02- ligand. In the second possible configuration, an additional oxygen layer 

terminates the semi infinite solid and every cation right below the surface layer has 

the full complement of six 02- ions. The surface is not atomically flat in the usual 

sense due to the row of bridging 02- ions. The (110) appears to be the most stable 

crystal face of rutile since the surface is created by breaking the smallest number of 

cation-anion bonds. (110) surfaces do not reconstruct upon annealing. The (001) 

surface is unstable upon heating to several hundred °C and gives rise to reconstruction 

or faceting. Judging from low-energy electron diffraction (LEED) pattern, Chung et 

al.26 found that (001) surface restructured to form (110) and (100) facets after 

annealing argon ion sputtered surface by heating to the temperature between 400 to 

800 °C. Firment27 reported that the faceting structure of annealed (001) surface was 

temperature dependent. With the annealing temperature at 900 K, the structure was 

composed of (011) facets in a (2x1) reconstruction while it consisted of (114) facets 
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with 1300 K annealing temperature. The origin of faceting is still unknown due to its 

complex nature but it is clear that (001) is unstable upon heating. 

3.3.1 Surface Electronic Structure and Defect States 

The surface electronic structure and defects have been studied by many 

researchers using surface techniques such as electron-energy-loss spectroscopy 

(EELS), ultraviolet photoelectron spectroscopy (UPS) and X-ray photoelectron 

spectroscopy (XPS). Although the bulk band gap has been well defined, the surface 

band gap energy is still in debate. Some authors indicate that, on well characterized 

TiO2 single crystal surfaces, the electronic structure of a nearly ideal surface is 

essentially the same as that of the bulk28,29, while others argue that the surface band 

gap is much narrower than the bulk30. Henrich and Kurtz31 measured the electronic 

structure of vacuum-fractured (110), (100) and (001) faces of TiO2. The samples 

were reduced by heating in UHV, and such reduction pinned Ef near the bottom of 

the bulk conduction band. The band structures for all three faces obtained from UPS 

spectra were similar although the surfaces have very different geometry. Essentially, 

all three surfaces have no intrinsic surface states in the bulk band-gap region. 

Theoretical calculation by Munnix and Schmeits32 using scattering theoretic method 

predicted that neither the (110) nor the (001) surface would exhibit surface states in 

the band gap, in agreement with most earlier experiments. Kasow ski and Tait33 

predicted, very differently, for near perfect surfaces a large band of occupied surface 

states in the bulk band gap, which gave a 1.75 eV surface energy gap, according to 

their theoretical calculation by using a thick slab model and LCMTO energy-band 

method. Recent measurement by Sakamaki et a1.3° using scanning tunneling 
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microscopy (STM) obtained a surface energy gap of 1.6 eV as the tunneling-active 

free states for the hydroxylated and reduced rutile TiO2 (110) single crystal surface in 

atmospheric condition, which is quite different from the bulk band gap energy of 3.05 

eV. They also found that 01-1- chemisorbed on the Ti3+-0 vacancy state is located 

1.35 eV below Ef. This surface energy gap, however, is close to the value previously 

predicted by Kasow ski and Tait. More recent STM studies of (110) surfaces have 

indicated that the surface band gap lies in the 2 to 3 eV range, depending upon the 

defect density 34, and that a variety of structures occur on reduced (110) surfaces 35. 

Surface defects on TiO2 have been produced by ion or electron bombardment as 

well as by annealing at high temperatures and then quenching rapidly to room 

temperature. The later method creates a relatively smaller defect density on the 

-- [010] 

Fig. 3.2 Rutile (001) surface. Also shown is the surface unit cell. 
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[110] 

[001]0 Ti"
 

0 °2

[110] 

Fig. 3.3 Rutile (110) surface. Also shown is the surface unit cell. 

surface but at the same time, it reduces the bulk. Surface defects, created by Ar ion 

or electron bombardment, create a localized subband gap state 0.7 eV26,36/37 or 0.3 

eV 38 below the bottom of the conduction band. Such defects are usually 

Ti3-1-/oxygen vacancies. 

Henrich et. al.36 have studied the (110) surface electronic states associated with 

defects produced by Ar-ion bombardment of TiO2 using UPS, EELS, AES and 

LEED At low defect densities, ion bombardment produces disorder-induced Ti3+

oxygen vacancy complexes which are associated with extrinsic surface states about 

0.7 eV below the TiO2 conduction-band edge. As the defect density is increased, a 

pairing of Ti3 + ions similar to that in Ti203 occurs. Further bombardment creates 
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Ti3+ ion pairs and a Ti203-like surface structure. Chung et a1.26 reported that up to 

15% of the surface contained Ti3+-0-vacancy defects on all of the annealed surfaces, 

but they observed a large number of such defects on Ar-ion-bombarded surfaces. By 

using EELS spectroscopy, Gopel et. al38 found electronic states to occur in the band 

gap 0.3 eV below the bottom of the conduction band in the presence of surface 

defects created by Ar-ion bombardment. In subsequent exposure to 02, rapid 

reactions somehow restored the stoichiometry at the surface and annealed all defect-

related structures in EELS, AES and XPS . 

3.3.2 Molecular Adsorption on TiO2 Surfaces 

Most experiments conclude that nearly perfect surfaces of TiO2 are virtually 

inert to 02 with exposure up to thousands of Langmuirs ( 1 Langmuir = 10-6 torr 

second, which would result in one monolayer of adsorbate on the surface per second 

assuming the sticking coefficient to be 1). The surface inertness to 02 is partly due to 

a lack of cationic ligand field to stabilize the 02- ion and partly due to the absence of 

any electrons on the surface ions available for transfer to adsorbed species. On the 

contrary, nearly perfect vacuum-cleaved surfaces of Ti20339 interact strongly with 02 

due to 3d electrons of the surface cations which are available for transfer to the 

adsorbed species. With a similar electronic configuration, the surface defect sites of 

TiO2 may interact with ambient molecules, with the defects being hydroxylated 

easily. Being an intrinsic component, 02 interacts strongly with defects on TiO2 

surfaces28,40,41. 

Tait and Kasowski42 examined the adsorption of oxygen species on the (001) 

and (110) surfaces of rutile TiO2 under different oxygen exposures. The rutile sample 
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surfaces were cleaned with Ar-ion sputtering and then annealed in vacuum by heating 

the sample as bulk oxygen diffused to the surface. This sample treatment produced 

nearly perfect surfaces. Defects were created on the pretreated surfaces by lengthy 

Ar-ion bombardment which reduces the surface. Due to loss of oxygen, UPS 

spectrum of the defect surface showed a distinctive Ti3+ (3d) photoemission peak 

which is characteristic of clean, disordered and reduced TiO2 surfaces. Meanwhile, 

the 0 to Ti Auger ratio for the surface decreased after Ar-ion bombardment, further 

confirming that the defects were related to oxygen deficiency. To study the 

interaction of oxygen with the defects, the surface was exposed to 02 varying from 

0.1 to 107 L as the amplitude of the Ti3+ (3d) photoemission peak was monitored. 

The Ti3+ (3d) photoemission amplitude decreased upon exposure to oxygen. Three 

separate regions as a function of oxygen exposure were apparent in the plot of Ti3+ 

(3d) amplitude versus oxygen exposure. Based upon observations on some thermal 

desorption properties of the adsorbates in these regions, the authors assigned three 

adsorbed oxygen species to respective oxygen exposures. For the region of very low 

oxygen exposure less than 3 L, 02- was assigned as the adsorbed species of the 

surface. As oxygen exposure increased, 02 was assigned to be the major species 

present on the surface in the region between 3 to 103 L. Above 103 L oxygen 

exposure, some surface 02 diffused into subsurface of the reduced bulk and 

dissociated into bulk 02- while certain amount of 02 stayed on the surface. 02- on 

the surface or in the bulk are very strongly bound species which do not desorb 

thermally at low temperature. The 02 species is less strongly bound and desorb 

thermally with mild heating at temperature about 150 °C. 

Defects on the (110) surface created by Ar-ion bombardment or by high-

temperature heating has been studied by Gopel et al43. The interaction of molecular 
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oxygen and hydrogen with defect states was also investigated. More pronounced 

changes in the stoichiometry and significantly higher defect concentration were 

observed on Ar-ion bombarded surfaces than on the surfaces after high-temperature 

UHV pretreatment. Thermally produced defects are most probably point defects 

arising from oxygen vacancies with one free-electron-like charge trapped in their first 

ionization stage as identified by electron paramagnetic resonance (EPR) technique. 

The EELS results indicated that electronic states associated with the surface defects 

occurred in the band gap 0.3 eV below the conduction band. It is fairly well 

established that filled band-gap states correspond to Ti3+/ 0 vacancy complex. 

Changes in conductivity and surface potential were observed during exposure of the 

surface to molecular oxygen. Upon oxygen exposure (with pressure between 10-4 to 

10-6 Pa) the conductivity decreased while surface potential increased. These changes 

were interpreted as chemisorption of 02 species on the surface and was described by a 

charge-transfer model. At room temperature 02 is predominantly the chemisorbed 

oxygen species. The electronic surface state of 02 species lies about 0.7 eV below 

the Fermi level or 0.9 eV below the conduction band edge. Above the maximum 

temperature (about 348 °K) of thermal desorption, annealing of point defects of 

oxygen vacancies occurs due to dissociative reaction of 02. Oxygen may also react 

directly from the gas phase to anneal oxygen vacancies on the surface and rapid 

annealing of vacancies in the subsurface region occurs as oxygen diffuses along the 

electrochemical potential gradient. 

Oxygen species adsorbed on defective rutile surfaces may be dependent on the 

extent of oxygen exposure. One or more species might exist on the surface 

according to pressure conditions. Most experiments to date suggest the existence of 

02- and 02 species on defective rutile single crystal surfaces upon exposure of 
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molecular oxygen, however, due to limitation of conventional surface probes, the 

oxygen pressure is limited to below 10-6 torr and the region beyond is rarely explored 

despite the fact that most applications are carried out in atmospheric conditions. 

Interaction between molecular H2O and rutile TiO2 surfaces generally involves 

dissociation process which creates OH hydroxyl on the surfaces. At room 

temperature, the dissociation and hydroxylation occur on both nearly stoichiometric 

annealed and highly defective surfaces45,46. This dissociative adsorption of H2O does 

not necessarily require a defect site of oxygen vacancy, although the adsorption rate is 

higher on defective surfaces47. It is also found that H2O adsorbs molecularly on TiO2 

surface at low temperature (160 K), but whether it adsorbs molecularly at room 

temperature is inconclusive. 

Nearly perfect TiO2 surfaces are essentially inert to H2. An earlier experiment" 

suggests that molecular H2 does not have significant effect on defective TiO2 surfaces. 

The experiment by Gopel et al." shows that, for temperature below 370 K, H2 

adsorbs at 0-vacancies created by annealing and quenching and that the isosteric heat 

of adsorption is 19.9 kcal/mol (83.3 kJ/mol). The adsorption is probably dissociative 

at a defect site, creating Ti4+-H- hydride bond. 

3.3.3 Photodesorption of 02 on TiO2 Surfaces 

TiO2 is very photo-active, and its surfaces may be reduced upon irradiation of 

above band gap energy. Surface reduction by UV light has been observed on anatase 

powder49,5°. When the TiO2 powder was irradiated with UV light at room 

temperature under ambient pressure of 10-6 ton, its color became blue and the 

conductivity increased by 6 orders of magnitude, accompanied by a noticeable 
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increase of partial pressure of 02. ESR spectrum showed a resonance feature 

attributed to Ti3+ ions, evidence for photoreduction. Exposing the reduced powder to 

10-2 torr of 02 restored its initial properties as the ESR Ti3+ resonance vanished, 

indicating reoxidation. 

Yanagisawa and Ota51 studied the adsorption, thermally-stimulated desorption 

and photodesorption of oxygen on pure rutile TiO2 powder. Isotope 1802 was used as 

the sampling gas. Rutile powder, preheated at 1000 K at a base pressure of about 

10-8 torr, was cooled down to 90 K and exposed to 1802. As the temperature was 

increased from 90 to 600 K, two distinct desorption peaks of 1802 were observed, one 

at 180 K and another at 470 K with a broad shoulder around 520 K. The activation 

energies for desorption were estimated to be 0.11 eV for the 180 K desorbed oxygen 

species, and between 0.76 and 1.03 eV for the species desorbed at 470 K. According 

to the activation energies, the low temperature species was assigned to physisorbed 

02, while the high temperature species was assigned to the chemisorbed 02. The 

broad shoulder of the peak was believed to be due to 02 adsorbed at different sites, 

as had been proposed by a previous study52. 

A photo-stimulated desorption (PSD) experiment at room temperature was also 

carried out on the rutile powder pre-adsorbed with 1802 at 90 K. At the instant of UV 

(365 run) illumination, the PSD intensity jumped up to its maximum and then 

decreased monotonically. The PSD intensity was dependent on the photon energy and 

the threshold energy is about 3.0 eV, which almost coincides with the bulk band gap 

of TiO2. This PSD result was interpreted as photodesorption which involved 02 

species and the generation of electron-hole pairs in the bulk. The above band-gap 

energy photon excites valence electrons to the conduction band, generating electron
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hole pairs in the bulk. As the holes migrates to the surface, they are trapped by 02, 

neutralizing the oxygen molecules. The neutral 02 is then thermally desorbed. 

3.4 Summary of Properties of Rutile TiO2 

The bulk structure of rutile TiO2 is tetragonal. The most stable surface is (110) 

surface which does not reconstruct upon annealing. (001) surface is unstable and 

restructure upon heating. Reduction of TiO2 surfaces can be achieved by ion 

bombardment, heating in UHV or hydrogen and irradiation with above-band-gap 

energy. The surface defects created by these method are dominantly oxygen 

vacancies. 

Direct band gap of rutile bulk is 3.05 and the Fermi level lies close to mid gap. 

Bulk reduction due to oxygen vacancies does not introduce gap states but moves the 

Fermi level close to the conduction band, resulting in semiconducting properties. The 

surface electronic structure is essentially the same as that of the bulk and no intrinsic 

surface states exist in the band gap. Surface defect states due to oxygen vacancies lie 

in the band gap about 0.3 to 1 eV below the bottom of the conduction band, 

depending on the defect density. The defect state is believed to be a Ti3±/0 vacancy 

state. 

Oxygen interacts strongly with oxygen deficient surfaces. As a defective 

surface is subjected to 02 exposure, dissociative adsorption of 02, creating 02- and 

healing defects, is most likely to occur at low exposure. At higher 02 exposure, 02 

is found to be the adsorbed species, and as 02 exposure increases, other oxygen 

species may adsorb. TiO2 surfaces interact strongly with H2O. On both nearly 

perfect and defective rutile surfaces, H2O usually dissociates into hydroxyl groups at 
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room temperature. Removing the hydroxyl group from the surface may require 

heating the surface up to a few hundred K for more than 24 hours. 

02 species has been found to adsorb on surface defects on TiO2 powder at room 

temperature. Photodesorption of 02 species occurs when the sample is illuminated 

with above-band-gap photons. The photodesorption is believed to involve generation 

of electron-hole pairs in the sub-surface region and neutralization of the negatively-

charged oxygen molecule as the hole diffuses to the surface. The neutral oxygen 

molecule then desorbs thermally at room temperature. 

Earlier studies of physical and chemical properties of TiO2 were mostly done 

with powders in high vacuum environments where properties of a single face were not 

clear. In the last two decades, studies on single crystal surfaces are made possible by 

advances in surface and vacuum science technology. A vast amount of literature has 

emerged on the surface structure and defects, surface electronic states and molecular 

adsorption and desorption properties of TiO2 in ultra high vacuum (below 10-10 ton). 

Conventional surface techniques using particle beams such as electrons or 

photoelectrons are only applicable in high vacuum with pressure less than 10-6 torn. 

The surface properties of single crystal TiO2 are not explored in environments with 

pressure from 10-6 ton to 1 atmosphere where real world applications take place. 
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CHAPTER 4
 
LASER OPTICS AND EXPERIMENTAL DEVICES
 

4.1 Laser Systems 

Although only invented some thirty years ago, lasers have made their ways 

into almost every field of scientific research. Laser technology has made ideas, once 

impossible, come true by virtue of its inherent unique properties such as 

directionality, monochromaticity and coherence. Laser engineering nowadays 

provides researchers with all sorts of laser systems to meet their needs. Using liquid, 

gas or solid state materials and applying nonlinear optical phenomena, laser light is 

able to cover most of the visible, UV and IR spectrum. The most prominent solid 

state laser of all time is the Nd:YAG laser due to the superior optical qualities of its 

host crystal. The laser operates in the near infrared with a single frequency among a 

few possible lasing spectra lines. Continuous wave (CW) mode and short pulse mode 

operations are possible. Conversion into the visible is usually achieved with second 

harmonic generation using nonlinear crystals. When tunability is of importance, 

liquid dye lasers are the most popular in the visible spectrum while tunable 

Ti: sapphire lasers are becoming very important in the near IR regime and in the range 

from 350 to 500 nm when frequency-doubled. In our research the major lasers used 

are a frequency-doubled Nd:YAG laser and two synchronously-pumped dye lasers. 

4.2 Q-switched Mode-locked Nd:YAG Laser System 

The laser system is a modified Quantronics 116 Nd:YAG laser whose lasing 

wavelength is 1064.14 nm. CW operation gives 8 watt of IR TEM00 mode output. 
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The laser rod, containing about 1% Nd3+ atomic doping, is continuously pumped by 

a 5 kilowatt krypton lamp in an elliptical gold cavity, with both components locating 

at the foci of the hollow elliptical cylinder. The laser rod is 4x90 mm. The laser 

head is cooled by internally circulating distilled and deionized water whose electrical 

resistivity is about 3 MC2 /cm and has to be no less than 1 MO /cm. Both laser rod 

and krypton lamp are protected by flow tubes which guide the water flow so that both 

components are cooled efficiently. The glass flow tube for the laser rod also absorbs 

UV light which is part of the emission of krypton lamp and is harmful to the laser 

rod. Heat is carried away by flowing tap water through a heat exchanger to keep the 

primary cooling water at a constant temperature of 24°C. 

The laser has a concave-convex resonator. Its output coupler is an 88 % 

partially reflecting convex mirror with 1 meter radius of curvature, and the high 

reflector is a 100% reflecting concave mirror. A 1 mm diameter aperture is inserted 

in the resonator to eliminate transverse modes other than TEMP. Laser light is 

polarized vertically by a high quality optical flat fused silica plate arranged at 

Brewster's angle (about 55.6° for n = 1.46). The cavity optical length is 1.5 m, 

although the separation between high reflector and output coupler is only 1.4 m. 

Variation in cavity length is minimized by an invar rod with a very low thermal 

expansion coefficient. To obtain very short energetic pulses Q-switching and mode-

locking are essential. Mode-locked pulses are obtained with an acoustooptic fused 

silica block located near the front mirror in the laser resonator. Surfaces of the laser 

rod and acoustooptic modulators are slightly wedged to avoid etaloning effects and 

are coated with antireflection material to reduce insertion loss. With 50 MHz RF 

driving on the mode-locker, pulses shorter than 100 picosecond and separated by 10 

nanoseconds are obtained. Q-switching at 500 Hz using another acoustooptic 
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modulator, located near the rear mirror and driven by 50 MHz RF, gives very 

energetic pulses although the average power has dropped from 7.5 watt to 1 watt. 

Each Q-switched pulse train contains 30 mode-locked pulses which contain most of 

the energy. 

4.2.1 Active Mode Locking 

Nonlinear optical studies requires very high laser intensities. High laser power 

is realized by squeezing most of the energy into short pulses. To obtain moderate 

short pulses from a CW pumped laser, mode-locking and Q-switching are the most 

used schemes. Mode-locking can generate short pulses down to a few picoseconds 

while Q-switching produces pulses in the nanosecond regime. Pulses shorter then a 

few picoseconds requires chirping and compressing the already mode-locked pulses. 

In a free-running laser, competition between longitudinal modes occurs since 

there are no definite mode-to-mode amplitude and phase relationship. Laser output 

is a time-averaged statistical mean value. Transverse modes can be easily restricted 

to TEM00 by an aperture with appropriate diameter. In a typical laser resonator there 

are probably a few hundred longitudinal modes which fall in the lasing frequency 

bandwidth. In the frequency domain, each discrete spectral line of the radiation is 

spaced by the axial mode interval c/2L, where c is the velocity of light appropriately 

modified for the refractive index of the different materials and L is the effective 

cavity length. The phase distribution of the independent oscillating modes is random. 

In the time domain, this causes the intensity of laser output to fluctuate randomly and 

greatly reduces its temporal coherence. If the modes' phases are forced in some way 

to maintain their fixed phase relationship, the laser is said to be mode-locked. Mode
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locking results in a periodic train of short pulses of equal intensity with a period of T 

= 2L/c. 

Mode-locking can be achieved by modulating the loss of the laser at a frequency 

fn, = c/2L, which is exactly the same as inter-mode frequency spacing of the 

resonator. If an amplitude modulator, operating at a frequency of the axial mode 

frequency separation, is placed close to one mirror in a laser resonator, it creates 

sidebands on each oscillating axial mode which overlap with adjoining axial modes. 

All axial modes falling within the laser linewidth will be coupled together with a well 

defined amplitude and phase through the modulator. Phenomenologically, since the 

modulation period is equal to the round-trip transit time 2L/c, the modulator can 

reshape the internal circulating field distribution repeatedly on each successive round 

trip inside the cavity. Photons, arriving at the modulator during a low loss state, will 

easily traverse the modulator on every succeeding low loss state after amplification in 

the laser gain medium. The amplitude of such light will grow to a stable value. On 

the contrary, light pulses arriving at the modulator during a high loss state will suffer 

attenuation in intensity on each succeeding pass. Light pulses suffering from intensity 

loss will eventually disappear in laser action after a few passes through the modulator. 

The end result of modulation is a circulating pulse with a period of the round-trip 

transit time. The laser output consisting of repetitive pulses spaced at the round-trip 

transit time is generated by partial transmission of the circulating pulses through the 

output mirror. The pulse width to depends on the number N of axial modes which 

are locked in phase, or equivalently, the lasing bandwidth Av:53 

2L 1 

to = -----cN '''' (4.1)
Av 
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In our laser system, the acoustooptic effect is applied to introduce the 

modulation needed for mode locking. A rectangular fused silica block, slightly 

wedged on the long sides, is installed in the laser resonator with the wedged surfaces 

facing the laser beam path. A piezoelectric transducer driven by a 7.5 Watt RF signal 

launches an acoustic wave into the block from one of the nonwedged sides. When 

carefully matched, the transducer creates in the block a standing acoustic wave 

between the parallel surfaces. The acoustic wave produces a periodic variation in the 

index of refraction through photoelastic effect which results in scattering of an 

incident optical beam. The scattered optical intensity is maximized if the Bragg 

diffraction condition54 is satisfied: 
x 

(4.2)
2Xs 

where 0B is the Bragg angle, and X and as are the optical and acoustical wavelengths 

in the modulator. Setting the angle between the acoustic wave plane and the laser 

beam at the Bragg angle maximizes the loss of the laser intensity. The RF drive 

frequency fs has to be exactly half of the axial mode spacing of the resonator because 

the actual shape of the loss modulation is sinusoidal and a laser pulse traveling back 

and forth in the resonator traverses the modulator twice each cycle at the zero 

crossings when the loss is minimum. That is, the RF produces modulation of the 

laser beam at twice the RF frequency so that fs = fm/2 must be satisfied to mode-lock 

the laser. For a laser cavity length of 1.5 m, the axial mode spacing is 100 MHz. To 

produce loss modulation at fm = 100 MHz and mode-lock the axial modes in phase, 

the RF drive frequency on the acoustic modulator has to be fs = 50 MHz. In fused 

silica, the speed of ultrasound (longitudinal mode) is about 6000 m/s and the 

wavelength for 50 MHz ultrasonic wave is 120 pm. For a Nd:YAG laser the 

wavelength (1.064 1.1m in vacuum) in fused silica (index = 1.46) is about 0.73 pm, 
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thus using the Bragg diffraction condition, the Bragg angle should be 0.17° inside the 

modulator which corresponds to 0.25° outside. When the Bragg angle is set and the 

laser cavity length and RF frequency are well matched, the laser is well mode-locked, 

generating pulses shorter than 100 ps (pico second) with a repetition rate of 100 

MHz. Since the laser gain bandwidth is about 0.045 nm, i.e. Av 12 GHz, the 

mode-locked pulse width is estimated to be 80 ps. 

4.2.2 Q-switching 

The quality factor Q of a resonator is defined as the ratio of energy stored in the 

resonator and the power loss from the resonator. Q-switching has been used as a 

technique to generate very intense and short pulses, sometimes called giant pulses, of 

laser emission. In a CW laser resonator, the population inversion in the gain medium 

is constantly kept low above threshold by stimulated emission, when high Q value is 

maintained. The laser power released from such system is relatively low. If a loss 

mechanism is momentarily introduced into the resonator to delay the onset of laser 

emission, the cavity Q is lowered so that population inversion in the gain medium is 

allowed to build up high above the threshold by optical pumping. When the inversion 

gain reaches its peak value, the loss mechanism is suddenly removed restoring high Q 

state to the laser cavity. This results in an abrupt release of photon energy from the 

highly inverted population in the gain medium by stimulated emission. The resultant 

oscillation is an intense burst of laser light until the inversion is exhausted. If the 

optical cavity Q is repeatedly switched between low and high in the same manner, 

repetitive high energy pulses are obtained. 
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An acoustooptic modulator has been used as a Q-switch to obtain giant pulses. 

Similar to the acoustooptic mode-locker, a fused silica block, driven by an RF signal 

through a piezoelectric transducer, is inserted in the resonator to deflect laser light in 

a certain period of time, thus introducing loss to the resonator and altering the Q 

value. The acoustic wave launched from one side of the modulator travels through 

and is absorbed by a metal plate on the opposite side of the crystal. The metal plate 

eliminates the backward reflection of acoustic wave which would otherwise interfere 

with the forth coming wave and the laser beam. Although a Q-switch using standing 

wave is possible, its repetition rate is limited to a fixed frequency. Single-pass 

acoustic wave Q-switch allows various repetition rate of Q-switching. For efficient 

deflection of laser light to occur, the angle between laser beam and acoustic wave 

plane should be set at the Bragg angle OB. The scattering angle between the deflected 

and primary laser beams is 208. This angle, by choosing appropriate ultrasonic 

wavelength, has to be large enough to deflect laser beam out of the resonator cavity. 

When the RF signal is on, the ultrasonic wave in the modulator deflects the laser 

beam away from the optical path and the resonator is in a low-Q state, which lets high 

inversion build up in the gain medium. When RF is switched off, since there is no 

ultrasonic wave in the modulator to deflect the laser light, the resonator returns to the 

high-Q state and a giant pulse is emitted. With a 50 MHz RF signal, the Bragg angle 

is 0.25° outside the modulator, and the scattering angle is 0.5° for a Nd:YAG laser at 

1.064 1..tm. 
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4.2.3 Stabilizing the Laser Pulses 

Maintaining the stability of mode-locking and Q-switching ensures constant 

generation of energetic pulses which are essential for nonlinear optical experiments. 

Factors, such as thermal expansion of the laser cavity and thermal fluctuation of the 

index of refraction in the acoustooptic modulator, usually degrade mode-locking. Q-

switching is tolerant of small variations in cavity length but is very sensitive to 

thermal variation in the index of the modulator crystal. Degradation of mode-locking 

and Q-switching not only broaden the pulse width but also lead to fluctuation in the 

laser intensity. 

To stabilize the temperature of an acoustooptic crystal, heat is carried away 

from the crystal assembly by a Peltier plate. A thermal sensor embedded in the 

crystal base plate constantly monitors the temperature and a control circuit, 

referencing to the sensor's reading, controls the operation of the Peltier. The Peltier 

is cooled by direct contact to a copper heat exchanger with constantly flowing tap 

water. 

To maintain constant cavity length, the distance between the rear and output 

mirrors should be kept as constant as possible. Thermal expansion of the metal base 

plate, to which laser components are fastened, changes the distance between the 

mirrors and, thus, the laser cavity length. Therefore material with a very low thermal 

expansion coefficient should be used. Although aluminum, which is sturdy and light, 

has been a popular material for optical mounts and holders, it is not a good material 

of choice when thermal expansion is of great concern, due to its high thermal 

expansion coefficient. Since good mode-locking requires an exact match between 

cavity length and modulation frequency, thermal variation of the cavity length causes 

mismatch in frequency and degrades mode-locking. Consider the laser with rear and 
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front mirrors fastened to a metal base plate whose thermal expansion coefficient is a. 

The cavity length is L. The frequency of mode-locking has been given above as 

fm=c12L. If the cavity length is varied by AL, then the frequency mismatch is 

Af = c AL (4.3) 
m 2L2 

When the temperature changes by 1°C, the cavity length changes by AL = aL. 

This results in frequency mismatch of 

Afm /°C = Z (4.4) 

Assuming L = 1.4 m, Table 4.1 shows the frequency mismatch that could 

occur due to thermal expansion of a few metal structures. Since mode-locking of 

Nd:YAG only allows a frequency mismatch of a few hundred Hertz before axial 

modes go totally out of phase, it is obvious that superinvar should be used as a base 

structure. 

Table 4.1 Mismatch of mode-locking due to thermal expansion of structural materials 
of laser cavity. 

material a (10-61/°C) AL (106m1°C) Mm (Hz/°C) 

aluminum 26 36.4 2700 

iron 12 16.8 1250 

invar 1.8 2.52 190 

super invar 0.36 0.5 38 
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The original laser components of the Quantronix 116 Nd:YAG laser sat on a 

base rail which is made of aluminum. From the above calculation the variation of 

cavity length due to thermal expansion of base rail is 36 um/°C which would result in 

2700 Hz mismatch in mode-locking frequency. The frequency mismatch would 

totally destroy the mode-locking mechanism. It is necessary to discard the aluminum 

base and restructure the optical components on a better material. 

Fig. 4.1 shows the design to efficiently reduce the variation of cavity length due 

to thermal fluctuation. A superinvar rod, which is 3/4 inch in diameter and 5 feet 

long, is used to maintain the distance between the rear mirror and the front mirror. 

The rear mirror sits on a translation stage which is fastened to an aluminum block 

bolted onto the optical table. The translation stage has a differential screw that allows 

fine adjustment of the cavity length. The front mirror sits on an aluminum block 

which is fastened to a free-moving stage whose base is bolted onto the optical table. 

rear mirror front mirror 

ct=i 
111 

I micro-translation front aluminum 

Fig. 4.1. Structural design to stabilize Nd:YAG laser cavity length from thermal 
expansion. 
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One end of the superinvar rod is inserted tightly in the rear aluminum block, and the 

other end in the front aluminum block. With the free-moving stage, any possible 

effect due to thermal expansion of optical table is isolated from the laser cavity. 

Thermal expansion in aluminum blocks and stages is negligible because both mirrors 

sit on top of the fixed points. The laser head assembly and all intra-cavity 

components are tied down to the optical table. This modification design gives a 

relatively stable cavity length which relies only on the low-thermal-expansion 

superinvar rod. 

4.3 Optical Frequency Conversion by SHG in Nonlinear Crystals 

Optical multi-wave mixing in nonlinear crystals has been frequently applied to 

extend the frequency range of available laser sources. Sum-frequency and difference-

frequency generation are the most used techniques in expanding the frequency range 

of coherent radiation. Harmonic generation, in particular, is the best and easiest 

means of converting the output of a Nd:YAG laser from IR to visible or UV light. 

The output of a Nd:YAG at 1064 nm is usually converted into visible light at 532 nm 

by using second harmonic generation in nonlinear crystals such as KD*P (KD2PO4), 

CD*A (CsD2As04), KTP (KTiOPO4), BBO ((3-Ba13204) or LBO (LiB3O5). 

Second harmonic generation occurs in materials with noncentrosymmetric 

structures. An intense laser beam at frequency co induces in dielectric crystals a 

nonlinear polarization at 2o) which gives rise to coherent radiation. The conversion 

efficiency of second harmonic generation depends on the parameters of the primary 

laser pulses as well as the nonlinearity and optical quality of the frequency-doubling 

crystal. Of great importance is the geometrical arrangement, known as the phase
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matching condition, of the three propagating waves in the crystal. When Maxwell's 

equations are solved for the coupled fundamental and second harmonic waves 

propagating in an anisotropic crystal, the conversion efficiency ri of the second 

harmonic beam intensity from the fundamental beam is obtained, with consideration 

of pump-beam depletion and plane wave approximation, as follows55 

I sin( Alci)
P 2o) 2

= licUILL Kw 2	 (4.5)
P.	 A) Ala 

2 

where K is related to the nonlinear susceptibility X(2) by 

327c3w2 \ 5
K = 

3 x (e2j
C e

and x(e2f)f = 620, x(2):e0eo, is the effective nonlinear susceptibility. co is the 

fundamental frequency, e. represents beam polarization and e is the permittivity. k 

denotes wave number. Ak = k. + kw k241 is the phase mismatch between the 

fundamental and the second harmonic waves. P. and P2. are input powers of the 

fundamental beam and output beam respectively. / is the crystal length. A is the area 

of the fundamental beam. 

A large X(2) and high laser intensity are essential for second harmonic 

generation. From the equation for conversion efficiency, it is obvious that efficient 

bulk second harmonic generation requires that the phase-matching condition Alc = 0 

is satisfied. The collinear phase-matching condition can be expressed in terms of 

indices of refraction as 

= type I	 (4.6) 
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or 
1 , 

new = kn + n'o,) type II (4.7)
2

Type I phase-matching states that the nonlinear crystal must have the same 

index of refraction for both fundamental and second harmonic beams while type II 

phase-matching requires that the index for the second harmonic equals half of the sum 

of indices for the two fundamental photons. Since all materials have a dispersive 

nature, phase-matching is impossible in isotropic crystals with normal dispersion. It 

is necessary to use a birefringent crystal to achieve the phase-matching condition. 

Type I phase-matching is also called parallel phase-matching because the directions of 

polarization of the two fundamental waves need to be parallel while type II phase-

matching is sometimes called orthogonal phase-matching because the two fundamental 

waves have to be polarized orthogonally to each other. 

Plane wave approximation is appropriate for a laser beam with homogeneous 

spatial intensity distribution during the course of interaction within the nonlinear 

crystal. The efficiency under the plane wave approximation is in favor of longer 

crystals when phase matched. In practice, laser beams have Gaussian intensity 

profiles, and in order to obtain high power density with constant input laser power, 

the laser beam has to be focused into the nonlinear crystal, thus reducing the beam 

cross section area. The Gaussian profile can be characterized by exp(z2 / W(3) , 

where Wo is the radius of beam waist. At the focal region, the beam dimension along 

beam axis is described by the confocal parameter b = kW: which is the distance 

between the beam waist and a certain point along the beam axis where the beam 

cross sectional area is twice that at the waist. Within the length of confocal 

parameter, i.e. b > 1, the above equation of conversion efficiency under plane wave 

approximation is still valid with the substitution of A = 7cW02 . It is desirable to 
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increase the conversion efficiency by reducing beam radius with further focusing until 

b is comparable to 1. According to Boyd and Kleinman' S56 numerical study of the 

conversion efficiency with focused Gaussian beam, although the optimum focusing 

occurs at b = 1/2.8 for given 1, the condition can generally be approximated by b = 

/ without appreciable decrease in the conversion efficiency. 

4.4 Type I Phase-matching in Uniaxial Birefringent Crystals 

Phase-matching can be achieved by using the natural birefringence in an 

anisotropic crystal. In a birefringent crystal the phase velocity of a propagating 

electromagnetic wave is dependent on the electric field polarization, which is resultant 

from dependence of index of refraction on electric polarization due to birefringence. 

For uniaxial crystals, the index of refraction is constant if the light wave has its 

electric field polarized perpendicularly to the optic axis while it varies with the 

direction of propagation if the electric field is oriented in the plane containing optic 

axis. Ordinary waves (o-ray) are those polarized perpendicularly to the optic axis and 

extraordinary waves (e-ray) are those polarized in the plane of optic axis. The index 

of refraction for an o-ray is n°, which is constant regardless of traveling direction. 

The index of refraction, ne (0), for an e-ray depends on the direction of propagation 

and is described by the equation 

1 cos2 0 sin2 0 
x2 = x2 x2 (4.8)

ne0)) (no) kne)(n``8))2 

where ne is the index of refraction when polarization is along the optic axis and 0 is 

the angle between optic axis and the direction of propagation. 
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Phase-matching is possible if the fundamental wave and the second harmonic 

wave are of different polarization states. By analyzing the index surfaces, which 

represent the magnitude of the index of refraction in any direction of propagation, the 

general requirement of wave propagation conditions can be obtained for efficient 

second harmonic generation. The index surface for an o-ray is a sphere while the 

index surface for an e-ray is an ellipsoid. With the same ray type, index surfaces for 

different frequencies do not intercept each other for media with normal dispersion 

(i.e. the higher frequency has larger index), since the surfaces for various 

frequencies are simply concentric spheres for o-rays or concentric ellipsoids for e-

rays. Generally speaking, the radius of an index surface is larger at higher frequency 

than that at lower frequency. With different ray types, intersections between two 

index surfaces for two different frequencies may occur, which makes type I phase 

matching possible. 

4.4.1 Angle Phase-matching 

Using negative uniaxial crystals (ne < n°) with normal dispersion, type I phase 

matching is achieved if 112. (0) = n: , with the fundamental beam being an o-ray and 

the second harmonic being an e-ray. In this case the index sphere at fundamental 

frequency should intersect the index ellipsoid at the second harmonic, as in Fig. 4.2. 

This condition is satisfied only when the waves are propagating in a certain direction 

Om, the phase-matching (PM) angle, from the optic axis, which is obtained by 

solving the index equation as 

(4.9) 
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Conventionally, the z axis is defined as the optic axis, and the x and y axes as the 

orthogonal pair to the optic axis. The angle between the optic axis and incident beam 

is 0 and the angle between incident beam and x-z plane is 4) (measured from x axis). 

In practice, the crystal is cut so that the optic axis is at PM angle Om and the 

input surface is perpendicular to the incident beam. Angle 4) also has to be carefully 

taken into account in order to obtain maximum effective nonlinear susceptibility. To 

maximize reflection loss the crystal surfaces can be antireflection coated for the 

optic axis phase-matching
z direction 

Fig. 4.2. Index surfaces for type I phase-matching in negative uniaxial crystals. 

fundamental frequency on the input side and for the second harmonic frequency on 

the output end. 

We have used KD*P to double the frequency of a Nd:YAG laser at 1064 nm 

and ADP (NH4H2PO4) to convert the frequency-doubled green light at 532 nm into 

UV at 266 nm. For type I phase matching, the effective nonlinear susceptibility of 

KD*P is given as a = 42y) sin Om sin 24)57, with the phase matching angle for 1064 
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nm being Om = 40.5° at room temperature and 4) = 45° chosen to maximize the 

effective value. The fundamental electric fields, arranged as an o-ray, are oriented 

perpendicular to the optic axis. Electric polarization of the emerging second 

harmonic beam is in the plane containing z-axis and the propagating waves. The 

fundamental and second harmonic polarizations are perpendicular to each other. 

Since the IR output from our YAG laser is polarized vertically, the second harmonic 

beam is polarized horizontally. 200 mW of green light is converted from 1 W of IR 

by a 30 mm long KD*P crystal when the laser beam is focused into the crystal with a 

45-cm focal lens. The crystal surfaces have no antireflection coatings. 

An ADP crystal, 25 mm long, is used to generate UV from green light. 

Neither surfaces of the crystal are antireflection coated. Since ADP belongs to the 

same symmetry class as KD *P, the effective nonlinear susceptibility has the same 

form as that of KD *P. The phase-matching angle of ADP for the conversion of 532 

nm is Om = 73.5, calculated according to their given indices58. A 20-cm focal length 

lens is used to focus the laser beam into the crystal. 20 mW of second harmonic at 

266 nm is generated from 300 mW of green light at 532 nm. 

4.4.2 Temperature-tuned Non-critical Phase Matching (NCPM) 

Although angle phase matching is the easiest way to obtain efficient harmonic 

generation, its inherent disadvantage is beam "walk off" due to double refraction in 

birefringent crystals in which the energy of the fundamental and second harmonic 

propagates in a slightly different angle, when the phase matching angle is not equal to 

90°. Double refraction reduces the effective interaction length over which second 

harmonic generation occurs. If phase matching is accomplished at angle Om = 90°, 
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which is called non critical phase matching (NCPM), double refraction is eliminated 

under the first order approximation. NCPM gives not only larger acceptance angle 

and higher conversion efficiency but better beam quality. In almost all cases, 

however, NCPM does not occur naturally. Fortunately in some crystals, NCPM is 

achievable for a certain frequency range by elevating or lowering the temperature 

because index of refraction is usually thermally sensitive in nature. 

With a CD*A crystal, which also belongs to the same symmetry group as 

ICD*P, NCPM can be accomplished at the elevated temperature of 102°C for 

frequency-doubling 1064 nm. The crystal has to be installed in an oven with a 

thermal controller which is capable of constantly maintaining the crystal temperature 

within ±0.5°C. Both crystal and oven are enclosed in a housing which has windows 

allowing laser beams to go through. Crystal surfaces and windows are appropriately 

antireflection coated for the fundamental and harmonic wavelengths. A 45-cm focal 

length lens is used to focus the laser beam. We obtained 340 mW of green light at 

532 nm from 1 W of IR (Q-switched and mode-locked) at 1064 nm by using a 30 mm 

CD*A crystal which is temperature tuned for NCPM. The beam quality is much 

superior to that obtained by using angle phase matching scheme in other nonlinear 

crystals. 

The drawback of using CD*A crystals, a water-grown crystal, is that it is 

fragile, hygroscopic and sensitive to thermal shock. Extreme care is necessary when 

handling the crystal. Temperature increment on the crystal should be no more than 5° 

C/minute. Especially the crystal shatters after staying in high temperature for some 

time and frequently it has to be replaced with new ones. 
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4.5 Type II Phase-matching in Biaxial Nonlinear Crystals 

In a biaxial crystal, the equation governing the index surfaces59 is 

sin20cos24) sin2e sine 4) cos20
+ -2 = 0 (4.10)

n-2 (0-2 n-2 (nY)-2 n-2 (nz) 

where nx, nY and re are the principle refractive indices with x, y and z being the 

principle axes. n is the refractive index for waves propagating in a direction of angle 

0 away from z and 4 from x. The index surfaces are given by the two solutions of 

the above equation, which involves numerical solutions of 4)(0). For optically well-

behaved crystals whose principle axes do not change direction with frequency and 

whose dispersions are normal, small and approximately equal between the 

fundamental and harmonic frequencies, the direction for phase matching in biaxial 

crystals60 can be analyzed in terms of the intersection of the index surfaces at the 

fundamental and harmonic frequencies. 14 classes of possible loci of directions for 

phase matching in biaxial crystals have been classified by llobden61 according to the 

relations between principle indices. Type I and type II phase matching conditions are 

also mapped. When the waves propagate in one of the principle planes xy, la or yz, 

the analysis of phase matching follows closely that for uniaxial crystals. In the case 

of KTP crysta162,63,64, efficient second harmonic generation of 1064 nm is found on 

xy plane, i.e., 0 = 90°, and type II phase matching is preferred due to much higher 

effective nonlinear susceptibility than type I phase matching. Type II phase matching 

is achievable if 

n2.(4) )= -1-. (ns (43. )+ re) (4.11) 
m 2 (° m 

where s is a beam polarization direction on xy plane and 4)m is the phase-matching 

angle which has to be obtained by solving the above equation with the aid of index 



59 

equations for respective frequencies. Since the beams are restricted on the xy plane, 

the index equations are simplified as follow 

1 sine (I) cos2ck 
+ (4.12)

n240) (n02 (n02 

where v = co or ao. The indices for 1064 nm and 532 nm are given for flux-grown 

KTP crystals65 in Table 4.2. A phase-matching angle ckin of 24.3° satisfies equation 

4.12. Experimentally, the exact PM angle may vary by 1 to 2 degrees from crystal 

to crystal. The PM angle of hydrothermally-grown crystals may differ by as many as 

5 degrees from that of flux-grown crystals. 

With a 3x3x7 mm flux-grown KTP crystal from Russia, 40% second harmonic 

conversion efficiency has been achieved without any AR coating. 435 mW of green 

light at 532 nm was generated from 1.1 Watt of the Q-switched and mode-locked IR 

laser at 1064 nm. Spot size of the laser beam was 700 p.m and the power density was 

156 MW/cm2. Under this power density, a crystal longer than 7 mm did not give 

more conversion. The power density was well below the damage threshold which 

was measured to be 1.1 GW/cm2. Power densities beyond the damage threshold 

resulted in instant cracks, which appeared as white spots, in the crystal. Although 

Table 4.2 Principle refractive indices for KTP at 1064 nm and 532 nm. 

n',; lit nzv 

1064 nm 1.7377 1.7453 1.8297 

532 nm 1.7780 1.7886 1.8887 
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KTP crystals are transparent from 0.35 Jim to 4.5 pin, gradual photochemical 

degradation, which appears as gray tracking, occurs due to cumulative effects of 

small absorption of 532 nm or 1064 nm photons. This effect is most obvious when 

the average laser power is high. 

4.6 Selection of Nonlinear Crystals 

Deciding factors, which are essential in the design of a frequency converter, 

include: value of nonlinear optical susceptibility, damage threshold, accessible phase-

matching angle and transparency range. Up to date there are more than a dozen of 

primary nonlinear crystals which have good optical quality, usable available size, and 

chemical and mechanical stability. For frequency-doubling the Nd:YAG laser at 

1064 nm, suitable nonlinear crystals are KD*P, CD*A, KTP, BBO and LBO. 

Nonlinear crystals which can be used for fourth harmonic generation of 1064 nm are 

KDP (KH2PO4), ADP, BBO and LBO. Compared to the others, KDP, 1CD*P, CD*A 

and ADP have smaller effective nonlinear coefficients but they have the largest sizes 

available (up to tens of centimeters). These water-grown crystals provide moderate 

conversion efficiency at relatively low cost despite their hygroscopic properties and 

extreme sensitivity to thermal shock. Melt-grown crystals such as KTP, BBO and 

LBO are hard and have much higher optical nonlinearity and damage threshold. 

These crystals can easily offer high conversion efficiency with less constraint on the 

environment if small size is acceptable. So far KTP has the largest nonlinear 

coefficient and is most used in frequency-doubling the Nd:YAG. The fact that KTP 

is not transparent below 350 nm prevents its use in forth harmonic generation. BBO 

has a moderately large nonlinearity and can be used in the frequency range from 
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ultraviolet to mid-infrared. The crystal has a principle shortcoming of low angular 

tolerance which requires a laser beam of higher quality to achieve high conversion 

efficiency. LBO is the newest nonlinear crystal developed in recent years which has a 

moderate nonlinear coefficient, very high damage threshold, chemical and mechanical 

stability, and wide transparency from 160 nm to 3000 nm. It can be used in 

frequency conversion to the visible as well as to the ultraviolet. Noncritical phase 

matching is possible for providing very good quality laser beam. LBO seems to 

possess most, if not all, of the merits of being a frequency converter. It is expected 

to be a very popular wide range frequency converter in the near future when 

commercial availability of this crystal increases. 

4.7 Synchronously-pumped Dye Laser Systems 

Two high gain liquid dye lasers are available in our laboratory to cover the 

wavelength range from 550 nm to 610 nm with Rhodmine dye solutions. The lasers 

have a folded cavity configuration with three mirrors. In each laser, a flat dielectric 

mirror with 20% transmission is used for the output mirror, and the rear mirror and 

the folding mirror are spherical mirrors which collect and focus photons into the gain 

medium a thin jet of flowing dye solution. Dye jets are created by mechanically 

pumping dye solution through narrowly-gapped nozzles. Brewster's angle is arranged 

between dye jet and laser beam in horizontal plane so that the laser field is polarized 

horizontally. Dye solution is made of Rhodmine dye powder disolved in liquid 

ethylene glycol. Circulation of the solution keeps dye molecules cool and from being 

destroyed by photochemical effect. Even so aging of the dye solution is unavoidable 

and it has to be replaced with new one frequently to maintain great performance. 
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Optical pumping on the dye jet is done with focused green light at 532 nm from the 

frequency-doubled output of the Q-switched and mode-locked Nd:YAG. The green 

light is also polarized horizontally. The cavity length of dye laser is 1.5 m, exactly 

the same as that of Nd:YAG, to ensure efficient synchronous pumping. Micro-

translation stages are used beneath output and rear mirrors to conveniently adjust the 

cavity length. Adjustment of cavity length is necessary especially when intra-cavity 

optical components are introduced. 

One of the dye lasers operates in the orange-red region with Rhodmine 610 dye 

solution. Its output peaks at around 590 nm. In broadband operation without any 

intra-cavity components, a maximum efficiency of 28% has been obtained with a 

pumping power of 100 mW and a dye concentration of 2.26x10-3 mo1/1. Tunability is 

realized by inserting a circular four-plate birefringent filter (or Lyot filter)66 and a 

Fabry-Perot etalon in the laser cavity. The Lyot filter, set at brewster's angle to the 

laser beam, is driven by a rotational stage which changes its azimuthal angle, to vary 

the lasing spectrum. Much narrower line width is obtained by fine tuning the etalon 

with a high-voltage piezoelectric translator. A thermally-compensated mounting 

assembly, made possible by counter-action between aluminum and iron structure in 

case of temperature variation, is used to accommodate the etalon plates. This design 

increases the thermal stability of the spacing between etalon plates, thus the stability 

of the spectra line of the laser. The Lyot filter reduces the linewidth down to about 2 

cm-1 which is further narrowed by the etalon to 0.2 cm-1. This laser is tunable from 

570 nm to 610 nm. 

Another dye laser provides tunable radiation in the yellow-orange region. 

Rhodmine 590 dye solution is the gain medium which has emission peak at 570 nm. 

20% maximum efficiency of broadband emission is obtained with 300 mW pump 
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intensity. The concentration of the dye solution is 3.0 x l0-3 mo1/1. A double-prism 

filter and an etalon are used to reduce the linewidth. Its tunable range is from 550 

nm to 590 nm. 

4.8 Home-made One-meter Monochromator 

In spectroscopic research, precise measurement of spectra lines relies on a 

dependable high resolution monochromator. In some cases monochromators are used 

simply as a selector for particular wavelengths while in other cases they are utilized as 

a diagnostic tool to identify the wavelength of light signals of interest. A 

monochromator consists primarily of an optical grating along with collimating and 

focusing components. Many configurations are possible for different applications 

through the whole spectra range. The most widely used optical system, which is the 

so called Czerny-Turner configuration, incorporates a plane grating, a focusing 

mirror and a collimating minor, as shown in Fig. 4.3. The Czemy-Turner optical 

system is found in many air-path monochromators which operate in the spectra range 

from short UV (ultra violet) to near IR (Infra Red). In some cases in order to meet 

the requirement of a specific application or experiment, concave gratings are used in a 

variety of optical configurations. Since concave gratings diffract and focus the light 

at the same time, no lenses or focusing mirrors are needed. For example, grazing 

incidence optical systems with concave gratings are typically used when it is 

necessary to operate efficiently at wavelengths below 25 rim to wavelengths as short 

as 0.5 nm. The grating, entrance slit and exit slit in a grazing incidence 

monochromator, however, have to sit on the Rowland Circle with exit slit scanning 

along the circle. 
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411=11111 exit slitsfocusing mirror 

grating 

collimating mirror entrance slits41M11111, 

Fig. 4.3 The Czerny -Turner configuration of a monochromator 

4.8.1 Plane Gratings 

A grating, resembling an array of large number multiple slits, is the heart of a 

monochromator. In practice, conventional gratings are made by ruling fine grooves 

with a diamond point either on a plane glass surface to produce a transmission grating 

or more often on a polished metal mirror to produce a reflection grating. A modern 

technique uses two intersecting beams from a single longitudinal mode laser to 

produce interference fringes that alternately expose a photosensitive material 

deposited on an optically flat glass, which, when processed, produces grooves in 

relief°. Gratings so produced are called "holographically recorded diffraction 

gratings". Classically ruled gratings are limited in groove density (commonly only a 

few hundred g/mm) and usually suffer from ghost images (spurious lines) due to 

periodic imperfections, and stray-light due to non-periodic errors such as roughness in 

grooves. Holographically recorded gratings are available with groove density as high 
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as 6000 g/mm and the grooves are almost perfectly equidistant, thus completely 

eliminating all ghosts due to periodic errors. The overall quality of the surface is 

such that imperfections and roughness are very much less than those found in 

classically ruled gratings, thus reducing stray-light. 

All diffraction gratings, whether they be classically ruled or holographic, obey 

the same fundamental diffraction grating equation. The most general form of the 

grating equation68 can be written as 

m? = d(sin0; + sin0.) (4.13) 

where m = order of diffraction 

k = wavelength 

d = groove spacing 

Oi = angle of incidence measured from the grating normal 

Om = angle of diffraction measured from the grating normal (0; and em will 

have the same sign on the same side of the surface normal) 

The basic equation fully describes the multiple diffraction behavior of a grating 

as follows. A beam of light of wavelength X, and angle of incidence Oi , is diffracted 

into a multiplicity of discrete beams corresponding to integer values of m. Solving 

equation (4.13) leads to the diffraction angle Om. For fixed m and Oi , different ? 

will have correspondingly different diffraction angles Om, giving rise to a spectrum 

for each order when the grating is illuminated by non-monochromatic light. 

The angular dispersion, which is defined as the rate of change of angle with 

change of wavelength, is obtained by differentiating equation (4.13) with respect to X. 

Expressed in the form of the ratio of finite increments, the angular dispersion can be 

written as 
L0 

(4.14)&. dcos0m 
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This equation shows that the angular separation AO is directly proportional to the 

order m for a given small wavelength difference AX. A8 is inversely proportional to 

the grating spacing d. The dispersion of the spectrum in the focal plane of a lens or 

focusing mirror in a monochromator is then expressed as 

mAs=fAO=f AX (4.15)
d cos O. 

Ak dcosO. 
(4.16)

As f (liminlin) 

where As is a short distance along the focal plane and f is the focal length. 

The resolution of a diffraction grating is generally expressed in terms of 

resolving power based on the Rayleigh Criterion which states that two spectral lines 

are resolved if the central maximum of the diffraction pattern of the first line falls on 

the first minimum of the diffraction pattern of the second. The theoretical resolving 

power R derived according to Raleigh Criterion 

R = X = (4.17)
AX 

N = dw 

where R is the resolving power and N is the total number of grooves on the grating 

with w being the width of the grating. The actual resolving power of a grating 

depends on the accuracy of the ruling, with 80-90% of theoretical value being typical 

of a high quality ruling. 
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4.8.2 Design of a One-meter Monochromator 

A one meter monochromator has been designed and constructed in our 

laboratory to achieve a resolution of 0.2 cm-1 in the visible spectrum. A flat 

holographic grating with 1200 g/mm and two concave spherical mirrors, whose focal 

length is 1 meter, were arranged in the Czerny-turner configuration. Listed in Table 

4.3 are the optical elements and their specifications used in this design. Fig. 4.4 is a 

schematic of the monochromator. The base plate is made of a 60x18x0.5 inch 

aluminum plate. The plane grating is secured with set screws in a sturdy plastic 

holder which is mounted on a mirror mount. This grating assembly is seated on a 

360 degree rotational stage with the grating so aligned that its surface plane intersects 

perpendicularly the plane of rotation through the rotation center. Two mirror mounts 

mounted on translation stages are used to hold the collimating and the focusing 

mirrors. These mirrors, separated to each other by 26 cm, sit on one end of the base 

exit slits
focusing mirror 

photodiode array 
diverter mirror 

6.5° 

26 cm grating
114 cm 6.5° 

100 cm 
collimating mirror entrance slits 

Fig. 4.4 One-meter monochromator 
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Table 4.3 Specification of optical components of the one-meter monochromator. 

optical components specifications 

collimating and focusing spherical concave mirror (Me lles Griot Inc. part 

mirrors number 02SCM006) 

focal length 1 m 

diameter 10 cm 

protective coating aluminum coated 

grating	 holographic plane reflection grating (Instrument 

SA, Inc. part number 520-25-180) 

groove density 1200 g/mm 

blank dimension 110x110x16 mm 

ruled area	 recorded on the entire area 

of the blank except for a 

2-4 mm border 

spectral range (for 190 to 700 rim 

optimum efficiency) 

protective coating aluminum coated 

beam diverter mirror	 material aluminum 

entrance and exit slits variable slit	 micrometer controlled 
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plate while the grating locates on the other end, some 114 cm from the bisection point 

of the line between the centers of the mirrors. The centers of the mirrors and the 

rotation center of the grating consist an isosceles triangle whose base side is along the 

mirror centers. The interior angle facing the base side is 13°. The heights of the 

grating and the mirrors measured from their centers to base plate are all 5 inches. 

Next to the grating are the entrance slit positioned at the focal plane of the collimating 

mirror, and the photodiode array detector at the focal plane of the focusing mirror. 

To minimize possible scattering in the cavity from zeroth order reflection, the grating 

is housed somewhat behind the entrance slit and the diode array detector. A movable 

aluminum diverter mirror is inserted in the output pathway so that, when necessary, 

output light beam can also be directed out the cavity through the exit slit. The 

diverter mirror sits on a spring-loaded stage and can be moved in or out the beam 

path through a long screw outside the monochromator. 

Rotation of the grating is driven by a stepper motor through a high ratio gear 

box69. The maximum rotation is limited to 52° by limited space but it is more than 

enough for a spectral range from 190 to 700 nrn. The problem of using a gear box 

lies in mechanical backlash which leads to low repeatability. Although a computer 

controlled monochromator may take care of a constant mechanical backlash problem 

through software manipulation, installation of an optical encoder or a tracking device 

is usually necessary for high resolution. Rotation of the grating can also be achieved 

by engaging a stepper-driven micrometer on a long arm which is firmly attached to 

the rotation stage. This method may obtain better repeatability and resolution but it 

usually only allows a much smaller rotation angle, therefore a narrower spectra range. 

If one's application requires only a small spectra range, the long-arm mechanism 

would prove to be a cheaper solution with reasonable resolution. 
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Delivery of light into monochromator is carried out in two ways: optical 

fiber waveguiding or direct beam manipulation. It is most convenient to use an 

optical fiber because it is very flexible and can guide light for a long distance. When 

an optical fiber is used, its output end is cut to flat section and placed at the center of 

entrance slit in order to have a sharp and undistorted image on the detector. If light is 

delivered by direct manipulation with mirrors, an f/10 lens is inserted in the path 

before light can enter the entrance slit. The position of the lens is adjusted so that its 

focal point falls at the center of the entrance slit. This lens has the same f number as 

that of the collimating mirror to maximize light collection efficiency. This is 

especially important when the light source is incoherent. In our design, a lens with a 

20 cm focal length and 2 cm diameter is used. 

The main detector is a photodiode array (EG&G, RL256K) installed 

permanently in the monochromator. This silicon sensor based detector has 256 

channels in a one dimensional array. Each channel, spaced by 10 wn, is 15 pm wide 

and 250 µm long. Its maximum spectral response lies around 800 nm and the relative 

spectral response for wavelengths between 500 to 600 nm is about 60%. A computer 

interface with memory banks is available for data collection. With properly written 

software, a band of spectral lines can be monitored at 500 Hz. In cases where very 

low light intensity is encountered and the photodiode array is not efficient, the light 

beam, by using the diverter mirror, can be directed out the monochromator through 

the exit slit, and a photomultiplier tube (PMT) can be set up to detect the very weak 

signal. 
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4.8.3 Calibration and Performance of the Monochromator 

According to our design, the explicit form of the grating equation can be written. 

Knowing the groove density of the grating, the groove spacing is calculated to be 

833.33 nm. By analyzing the geometry in Fig. 4.4, the diffraction angle Om can be 

expressed in terms of incidence angle Oi , that is, Om = 13° Ai. Choosing first order 

(m = 1) as the working diffraction order, the grating equation is expressed as 

X, = 833.33(sin 0 sin(13° )) (nm) (4.18) 

Wavelengths can be calculated for corresponding incidence angles as listed in Table 

4.4 from 200 to 700 nm. The theoretical dispersion is 0.77 nm /mm as calculated 

from equation (4.16), and the resolution is 0.004 nm from equation (4.17). More 

precise dispersion and resolution at various wavelengths are listed in Table 4.5. 

Measurement of dispersion has been made at the sodium D-lines on the 

photodiode diode array. The separation between sodium D-lines (588.9950 nm and 

589.5924) is 0.6 nm. From the electronic projection image of the photodiode array on 

an oscilloscope display, a total of 31 pixels, give or take 1 pixel, was counted 

between these two spectra lines. Each pixel represents 25 pm on the photodiode 

array, thus a dispersion of 0.77 ± 0.01 nm is obtained, which is the same as the 

theoretically predicted value. The resolution of a monochromator is highly dependent 

on its mechanical drive mechanism. When the grating was driven by a high ratio gear 

box (1:9000) coupled to a stepper motor (200 steps/revolution), the resolution was 

measured by scanning the grating from one of the sodium D-lines to the other. It 

requires 45 motor steps to complete the scan from 588.9950 nm to 589.5924 nm. 

The resolution is found to be 0.013 nm/step with an uncertainty of 0.0004 nm /step. 

Despite of its reasonable resolution, the monochromator suffered from annoying 

mechanical backlash of about 500 motor steps in the gear box and inertial instability. 
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Table 4.4 Angle of incidence vs. wavelength for the one-meter monochromator. 
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552.7599 
566.3607 
579.9183 
593.4318 
606.9 
620.322 
633.6969 
647.0235 
660.3008 
673.5277 
686.7035 
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Its repeatability is only about 0.1 nm tested between 589.59 nm and 750.00 nm. The 

reliability can be improved by using multiple reference light sources and frequent 

calibration under computer control. For precision spectral measurement, it is 

necessary to install a high resolution optical encoder in this drive mechanism. Other 

drive mechanisms, such as a long-arm rotation method, may also greatly improve its 

performance. 

Table 4.5 Theoretical dispersion and resolution of the one-meter monochromator. 

wavelength (nm) dispersion (nm/mm) resolution (nm) 
200 0.7936 0.00152
 
400
 o.7868 0.00303
 
532 0.7755 0.00403
 
570 0.7711 0.00431
 
630 0.7630 0.00477
 
700
 0.7569 0.00530 

4.9 Ultra High Vacuum System and Sampling Lines 

The ultra high vacuum system, as shown in Fig. 4.5, consists of a stainless steel 

chamber, a mechanical pump, a diffusion pump, a titanium sublimation pump and an 

ion pump. Thermal couple gauges and ionization gauges are used to monitor the 

pressures at various stages. A residual gas analyzer (RGA) is installed on the 

chamber to monitor gas components in high vacuum. The mechanical pump roughs 

the system to about 10-2 ton. The diffusion pump, with a mechanical backing pump, 

takes over pumping the vacuum chamber down to about 10-7 torn. Flowing tap water 
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cools the diffusion pump externally while internal cooling is done with cryogenic 

liquid nitrogen through cold fingers. The cold trap between the diffusion pump and 

vacuum chamber prevents oil vapor of diffusion pump from going into the chamber. 

The cold trap also helps greatly in reducing the pressure in the chamber. If the ion 

pump is turned on, chamber pressure can be constantly maintained at 2x10-8 torr 

without further pumping from the diffusion pump. On the panel of power supply for 

the ion pump, a pressure gauge can read pressure as low as 10 torr. When chamber 

pressure goes lower than this value, only the residual gas analyzer can give correct 

pressure readings. 

The vacuum chamber has three view ports of which two are fused silica 

windows oriented at 90° to each other, with the third glass window sitting at 45° to 

the other two. Fused silica windows allow transmission of UV as well as visible 

light. When installing the fused silica windows, which are fragile under pressure, two 

viton 0-rings instead of copper gaskets are used as vacuum seals, which limits the 

ultimate pressure to about 10 -8 ton. A sample manipulating rod of stainless steel, 

which is sealed in a flexible barrel and is controllable with magnets from the outside, 

is installed on one side of the chamber. Aluminum sample holders are mounted on 

one end of the rod in the chamber. When attached to translational stages, the rod can 

be used to manipulate samples at all directions. An Omega chromel/alumel K type 

wire thermal couple and a radiant heater are attached with stainless-steel screws onto 

the electrical feed-throughs in the chamber. The radiant heater is made of a 500-Watt 

filament with a glass tube which is capable of heating the samples up to a few 

hundred °C. However, sample holders made of aluminum allow temperature no more 

than 200°C because aluminum vapor pressure becomes appreciable above this 

temperature. The outer walls of the vacuum chamber are surrounded with heating 
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wire which provides necessary baking of the chamber to greatly reduce residual water 

vapor in the chamber. 

4.9.1 Gas-molecule Sampling Line 

When studying the properties of adsorption/desorption on material surfaces, it is 

necessary to expose sample surfaces to various gas molecules. Introduction of gas 

molecules requires a carefully arranged sampling line which provides steady supply of 

pure gaseous molecules. The sampling line should be capable of filtering, trapping 

and evacuating unwanted gas components. As shown in the Fig. 4.5, our sampling 

line is mainly composed of a hot-copper gas purifier, a 2pt filter, a 77°K stainless 

steel coil cold trap and a warming section. The final stage of the sampling line is a 6

mm (diameter) stainless steel tube which goes deep into the chamber and releases gas 

molecules 1 cm on top of the sample surface. The stainless steel coil cold trap is 

mainly used for trapping residual water vapor in the sampling gas. A few vacuum 

valves are installed along the line to easily control and process the sampling gas. The 

sampling line is also connected to the main vacuum pump system through a control 

valve so that it can be pumped down to high vacuum before any sampling gas is 

allowed in for processing. A gas cylinder is used as a source and is connected to the 

open end of the sampling line in the air. If the desired molecule exists in liquid phase 

at room temperature, it is necessary to extract gaseous molecules from its vapor. 

Therefore a quartz tube with a stainless steel fitting is connected to the middle portion 

of the sampling line, replacing the section from 21.1 filter to the open end of the line. 

A thermal couple gauge is installed before the cold trap to monitor the pressure in the 

sampling line. 
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4.9.2 Hot-copper Gas Purifier 

Information about adsorption of molecules is usually obtained by exposing a 

surface to specific gases in a controlled manner. Ultra-high purity gas is required to 

assure that the observed effect comes from the interaction between the surface and the 

molecules of interest only, limiting possible contributions from other contaminats. 

Although ultra-high purity gases are commercially available, they are very expensive 

and hard to handle. Contaminations may occur during the process when these gases 

are transferred from their container to the research chamber. It is most advantageous 

to have a gas purifier installed in the sampling line right before gas molecules are 

allowed into the chamber. Only a regular grade of source gas is needed when a lab 

scale purifier is available. Here we describe a simple hot-copper gas purifier which 

we used to obtain very high purity N2 and H2. In the case of N2 the major impurities 

of concern are H2 and 02, while in the case of H2, 02 is the major impurity. 

The gas purifier is made from a15-foot long copper tube with a diameter of 1/4 

inch. The copper tube is coiled into a donut shape whose radius is about 3 inches. 

Two heating tapes wrap around this donut-shaped body of copper tubing providing the 

necessary high temperature of 250°C for the purification process. Two variable-

voltage transformers are used as the power supplies for the heating tapes to constantly 

maintain the required temperature. An Omega chromel/alumel K type thermal couple 

thermometer is inserted in the copper bundle to monitor the temperature. 02 and H2 

contents can be greatly reduced from the host gas after flowing through this hot-

copper gas purifier. 

The copper/copper oxide system is used due to its favorable thermodynamic 

properties. This gas purifier system operates by oxidizing hydrogen over the hot 

copper oxide and producing water7°. Water can then be removed by condensation on 
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Fig. 4.6 250°C hot-copper gas purifier 

a cold trap. Residual oxygen in nitrogen gas is removed by conversion to a copper 

oxide over the highly reduced active copper surface layer71. Removal of Hydrogen is 

made possible by two major chemical reactions as follow 

2CuO(s) + I12(g) > Cu20(s) + H20(g) 

Cu20(s) + H2(g) --> 2Cu(s) + H20(g) 

Where (s) and (g) represent the solid and gas phases, respectively. The above 

copper-oxide-reduction reactions are also used to prepare the reactants for removal of 

oxygen because Cu2O and Cu react with oxygen strongly at high temperature 

according to the following formula 

2Cu(s) + 0.502(g) > Cu2O 

Cu20(s) + 0.502(g) --> 2CuO(s) 

Starting with regular grade gas with part per million (ppm) impurity level, a 

simple calculation reveals that, with these oxidation reactions, the residual oxygen 

content can be greatly reduced down to the part per billion (ppb) level. The volume 
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of our hot-copper gas purifier is 0.144 lit. and its inner reactive surface area is 910 

cm2. When the purifier is filled with 1 atm of N2, there are about 6x1020 nitrogen 

molecules. The regular oxygen impurity level in N2 is about 5 ppm, that is to say 

there are about 3x1015 oxygen molecules to be removed. Assuming that a surface 

monolayer, about 1014 atoms/cm2, of copper can react with oxygen, the number of 

atoms that are available for oxidation in the purifier is about 9x1016. It takes 2 Cu to 

remove 1 02 in the net reaction and, if the efficiency of reaction is 10%, then about 

5x1015 oxygen molecules can be removed by the purifier. This apparently 

outnumbers the residual oxygen molecules (3x1015) to be removed from N2 in the 

copper gas purifier. Thus, pure nitrogen almost free from oxygen can be obtained by 

this treatment. 

The same argument can be applied to removing residual 02 from H2. In the 

case of removal of 02, the purifier is flushed with H2 at the designated temperature 

of above 250°C to fully regenerate the copper before each experiment. Removal of 

residual H2 from other gas molecule is straightforward because copper oxide always 

exists on the surface layer and the hydrogen-oxidation reaction happens automatically 

at the operation temperature. 
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CHAPTER 5
 
EXPERIMENTAL DETAILS
 

5.1 Experimental Setup 

The primary light source is the Q-switched and mode-locked Nd:YAG IR 

(infrared) laser at 1064 nm (Quantronix 116) as described in previous chapter. The 

repetition rate of Q-switching is 500 Hz and each Q-switched pulse contains 30 mode-

locked 100 ps (picosecond) pulses which are separated by 10 ns (nanosecond). The 

IR output is frequency-doubled by nonlinear crystals to generate green light at 532 

nm. We have used KDP and CD*A nonlinear crystals as frequency-doublers in our 

earlier experiments, while in recent years we used the KTP crystal which is more 

efficient and easier to handle. The green light is separated from the IR by a 

dielectric-coated beam splitter which reflects 99.9% of the green light and transmits 

99% of the IR at 45° incidence angle. The transmitted IR beam is dissipated in a 

beam dump. A polarizer or an IR-filter set at Brewster's angle is used to remove 

residual IR in the reflected green light. If the frequency-doubler is a uniaxial 

nonlinear crystal such as KDP and CD*A, the polarizations of green light and IR are 

perpendicular to each other and the laser beams can be easily separated by the method 

described above. If a biaxial crystal as KTP is used as the frequency doubler, the 

polarization of green light is at 45° relative to that of the incident IR which is 

polarized vertically. In this case the polarization of green light should be rotated 45° 

to the horizontal for easier separation from the IR and for more convenient definition 

of laser polarization in experiments which follow. To rotate the green polarization 

we use a birefringent quartz plate which is set at a appropriate azimuthal angle and 

rotation angle to the laser beam before the laser beams can be separated. After the 
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green beam is separated from the IR by the beam splitter, it passes through an IR 

reflection mirror arranged at Brewster's angle to further remove residual IR. The 

laser system and the frequency-doubling optics are enclosed in a black box whose side 

wall has a small aperture for pure green beam to exit. IR leakage through all the 

filtering optics is below 30 aW which will be exhausted after bouncing across a 

couple of dielectric mirrors coated for the reflection of green light. Another 

unwelcome component in the green light is at 355 nm, which is the third harmonic of 

the IR. This inherent wavelength could be mistaken as a surface SH signal if not 

handled carefully. A glass filter is positioned early in the beam path at Brewster's 

angle to eliminate the 355 nm component with minimum insertion loss in the green. 

5.1.1 Arrangement of Laser Beams for SSHG 

In all experiments we used the green light as a surface probe. Fig. 5.1 is the 

experimental setup for SSHG on ratite TiO2 surfaces. About 400 mW of green light 

is available from a KTP frequency-doubler. The green light is divided into two 

beams by a beam splitter with 1 to 3 ratio. 100 mW of green is used for reference 

and probe beams and the remaining 300 mW is used for generating a UV excitation 

beam at 266 nm. A neutral density filter with about 30% transmission further 

attenuates the probe beam down to only 30 to 35 mW of green light so that the power 

density on the sample surfaces is well below the damage threshold. The green light is 

focused onto the sample surface by a lens with 60 cm focal length. To change the 

polarization of the probe beam, a pair of Fresnel rhombs are inserted in the beam path 

as a polarization rotator so that s, p or circular polarization can be selected. A 
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Fig. 5.1 Experimental setup for SSHG on ruffle TiO2 surfaces. 
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portion of the green beam is sent into a KDP crystal to generate the fourth harmonic 

at 266 nm, which serves as a reference beam to normalize the surface SH signal and 

reduce noise arising from laser fluctuation. Part of the green light is also used 

directly to normalize the reflectivity of green light on the sample. 

The reflected probe green beam from the sample surface contains the very weak 

surface SH signal at 266 nm which propagates collinearly with the fundamental green 

beam. Both fundamental and SH beams are allowed to expand before separation. 

The SH signal is extracted from the fundamental beam by a dielectric beam splitter 

which has 99% reflection at 45° incidence angle for the 266 nm SH signal. A 

polarizer is added into the path when necessary to analyze the polarization ratios. 

The SH signal is directed through two of Schott UG5 filters (45 % transmission at 266 

nm) to remove residual fundamental green light. The SH signal is then focused into 

the photomultiplier tube by a 14-cm focal length fused silica lens (50% transmittion at 

266 nm). Both the probe and excitation beams can be turned on or off by mechanical 

shutters controlled by a computer. For frequency-dependent surface SHG 

spectroscopy, a tunable dye laser was pumped synchronously by the 532 nm green 

beam to produce 5 to 30 mW of average power in trains of 50 to 100 ps pulses. 

To avoid stray light, the SH signal beam is constrained by two small apertures 

which are separated by about 80 cm. The photodetector sits about 1.2 meter away 

from the sample surface so that only the surface generated SH signal, which is 

collinear with the reflected fundamental beam, is detected, while possible contribution 

from isotropic two-photon fluorescence at the signal wavelength is eliminated. 
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5.1.2 Data Collection 

Photo-current signal from the photomultiplier is transformed into voltage by 

integration of the entire mode-locked pulse train in a Q-switched pulse. The 

integrator has a 1tif (nanofarad) capacitor and is gated at the Q-switching frequency of 

500 Hz. The integration capacitor is discharged before integration of each pulse 

train. Integration of the photo-current takes place about 10 µs after the Q-switched 

pulse is launched. Sampling time is around 4 gs. After sampling the circuit holds the 

voltage until before next pulse is launched. The voltage SH signal is further 

amplified. An inverter is used to convert the negative voltage signal to a positive 

value so that data can be collected in a computer through a 12-bit analog to digital 

converter. Each data point is usually an average over at least a few hundred shots or 

Q-switched pulses to improve the signal to noise ratio. The number of shots averaged 

ranged from 500 to 2000. 

5.2 Measurement of Laser Spot Size 

To control the laser intensity on the sample surface the laser spot size has to be 

estimated. Crude estimation is possible if the original size of the laser beam and the 

focal length of lens are known. By measuring the distance between the lens and the 

sample surface the spot size on the surface can be calculated. Direct measurement of 

the spot size can be achieved in two ways: sharp-blade sectioning method (Foucault 

method) and direct measurement of a damaged spot with a microscope. For the later 

method, a surface damage spot is created intentionally by increasing the total laser 

power applied on the surface without changing focusing conditions. By measuring 

the damaged area under a microscope a lower limit for the laser spot size is obtained 



85 

directly. For the Foucault technique, a sharp blade is set on a translation stage 

equipped with a micrometer. The blade assembly is positioned at where the beam 

spot is to be measured with the blade and the direction of translation being 

perpendicular to the laser beam. The intensity of the laser beam after the blade is 

monitored by a photo detector and the amplitude is recorded on a chart recorder. As 

the blade moves, in small steps of a few p.m, across the laser beam, the beam is 

partially blocked, which results in changes in the total intensity of the laser beam that 

reaches the detector. The chart recorder keeps track of the variation in the total 

intensity. By analyzing the relation between the recorded intensity distribution and 

the position of the blade, the laser spot size can be determined. 

The laser beam spatial intensity distribution is characterized by the Gaussian 

function in two dimensions as I(r) = 10e-1-2/4 , where 10 is the intensity at the center of 

the beam profile and ro is the beam radius defined at (1/e) of the center intensity. 

The total laser power is given by integrating the intensity distribution over the entire 

plane as the following, 

``) -r2/4 2P = e 27crdr = nro Io 
0 ° 

As the razor blade cuts across the beam to some point s from the center, the detected 

laser power reduces to 

(s) = P j Ioe-1.211 2r cos-1(s / r)dr 

The fraction of residual laser power to the total laser power is obtained by 

p (s) 21 er2/4rcos-1(s / r)dr 

P 
s 

nr2
f(s) = " = 1 
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As the razor blade approaches the center of the beam, i.e. s = 0, the residual 

power fraction is f(0) = 0.5, which is reasonable because the beam profile is 

symmetric. The fraction can be generally obtained by numerical calculation. At s = 

ro, the residual power fraction is f(ro) = 0.92. Thus the beam radius is given by the 

blade displacement between the residual power fraction of 92 % and 50%. The beam 

diameter is 2ro. The beam diameter can also be determined by the blade displacement 

between 92 % and 8% residual power fraction measured on the chart recorder. 

5.3 Sample Preparation 

The surfaces to be studied are (001) and (110) of rutile TiO2 single crystals. 

The samples used are rutile TiO2 prisms with high optical quality, the surfaces of 

which are prepared in two forms: one is subjected to a fine optical polish with 

submicron polishing powder to achieve a roughened surface; one is chemically etched 

to achieve regions of flat, single crystal morphology. The sample surface which is 

mechanically polished with submicron polishing powder is rough from a microscopic 

view point, although it is optically smooth. Chemical etching is intended to remove 

impurities and achieve better flatness of the surface after mechanical polishing. It has 

been reported that chemical etching73 produces near perfect single crystal surfaces 

free from contamination, which is further supported by recent STM studies74. In the 

recipe of Sakamaki et al." the sample surfaces, after mechanical polishing, were 

heated in sulfuric acid with 98 % purity at 250°C for 2 hours which includes 30

minute heating and 30-minute cooling period. After the chemical treatment the 

samples were rinsed thoroughly in distilled and deionized water to remove residual 

sulfuric acid and dried with a dry nitrogen stream. Both mechanically polished and 
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chemically etched sample surfaces were carefully washed with clean methanol before 

mounting within the vacuum chamber. In the vacuum chamber, the samples were 

heated to 150°C for at least 24 hours to remove residual water on the samples. Four 

right-angled rutile prisms with their long side being the surfaces to be studied were 

prepared. Two samples have the (001) surface of the rutile structure while the other 

two have the (110). One mechanically polished surface and one chemically etched 

surface were prepared for each surface orientation. 

5.4 Experimental Procedures 

The UHV chamber consists of a stainless steel chamber with high optical 

quality fused silica windows sealed with viton o-rings. More details of the chamber 

were described previously in chapter 4. The base pressure is held below 2x10-8 torr 

by an ion pump, and a diffusion pump with two cryogenic traps was used when a gas 

flow was required. A residual gas analyzer (RGA) monitors the partial pressures in 

the chamber. The partial pressure of 02 is less than 10-10 ton, and that of water is less 

than 10-9 ton. A radiant heater can heat the samples up to 200°C, with the 

temperature determined by a thermocouple. All SHG experiments were performed 

with the crystals maintained at 20°C. The samples are mounted at one end of a 

translator. Gases such as N2 and H2 are introduced into the chamber through a 

sampling line which consists of a hot, reduced copper gas purifier (to remove 02), a 

long 77K stainless steel coil (to remove water) and a warming section. 02 was 

introduced through the cryogenic coil and the warming section. In all cases, the gases 

were delivered to the surface through a metering valve and a stainless steel tube 
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(6 mm in diameter) which is positioned 1 cm above the sample surface and inclined 

45° away from the surface normal. 

In the vacuum chamber study with UV (one-photon absorption at 266 nm) 

excitation, the UV beam was slightly focused onto the ruffle surfaces to a spot with a 

diameter of 1 mm. The power density was typically 760 to 840 KW/cm2. The 

green probe light (35 mW) was focused to a spot diameter of 250 pm onto the 

rutile surfaces. The angle of incidence is 45°. The power density of the probe is 

varied between 40 and 47 MW/cm2 which is far below the damage threshold (488 

MW/cm2) of rutile in UHV at this wavelength. In the vacuum chamber, two-photon 

excitation was also studied. In this case, the green probe beam itself was also the 

excitation beam, and the intensity was 350 to 360 MW/cm2. 

In the air/02/N2 studies, the UV excitation intensity was 3 to 3.4 MW/cm2, 

and the probe intensity was 10 to 12 MW/cm2. The sample is mounted, in the open 

air, on a stage which has five degree of freedom. A gas injector, which is made of a 

fine glass tube surrounded by heating wire, is installed to vary the local environment 

of the rutile surface. The gases can be heated to 300°C, and the samples can be 

heated to 150°C. The tube outlet is positioned 5 mm from the surface. 

The SH signal was then collected by a solar-blind photomultiplier tube 

(Hamamatsu R166UH). Part of the green beam reflected from the surface was 

detected by a photodiode in order to monitor the reflectivity of the surface. All 

signals are accumulated and appropriately normalized in a computer after integration 

of the signals from each pulse train and amplification. The normalization of the SH 

signal was done by using a SH reference beam generated from a KDP crystal. The 

quality of the SH signal was verified by observing that the signal exhibited the proper 

I20, dependence. The typical SH conversion efficiency was about 10-14. 
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Two kinds of time scans of normalized SH signAL, referred to as slow and 

fast, were used in this work. A slow time scan usually took 1 hour or longer, with 

each data point averaged over at least 500 pulse trains (one second). The slow time 

scan was used for studying the change of surface properties over a longer time scale 

when the sample surfaces were subjected to a change of environment. The data set 

from a fast time scan was a sum over many runs of 90-second scans of the normalized 

SH signal, with each data point averaged over 5 pulse trains (10 ms). Since the 

average number of photoelectrons detected per data point was small, many scans were 

required to achieve a reasonable signal to noise ratio. The fast time scan was 

designed to investigate the surface properties immediately after UV excitation was 

removed. Since the UV excitation and the SH signal have the same frequency, the 

excitation beam was blocked by a computer-controlled shutter before SH data was 

accumulated. Typically, a surface would be exposed to the excitation beam for 

seconds or minutes, and then SH data would be taken for 90 seconds. 
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CHAPTER 6 
RESULTS AND DISCUSSION 

6.1 Signal Level and Linearity 

The SSHG signal strength of rutile surfaces ranges from 50 to a few hundred 

mV as 30 mW of green light is focused to a spot size of 250 l_tm in diameter. The 

photomultiplier has a gain of 107 and an efficiency of 20%, the capacitance of the 

integrator is 1 of and the amplification factor is 500. There are at least 5 photons 

detected per Q-switched pulse. Taking into account the insertion loss factor of 

optical components such as windows, lens and filters, which is about 10-1, the SSHG 

generated from rutile surface is on the order of 50 photons/per pulse. 

To verify that all signals of interest are set up and collected properly, it is 

necessary to check the laser power dependence of the signals. i.e. signal x In. For 

the surface SH signal the optical process is of second order, and the SH signal level 

should be proportional to the second power of the intensity of input green light. For 

the reflectivity, the relationship between the intensities of reflected and input green 

light is linear. As shown in Fig. 6.1, both Ipt, (p input and s+p output polarization) 

SSHG and reflectivity were taken at a few input laser power intensities. The 

logarithm plot of the signal levels against the input laser powers are shown in Fig. 

6.2. Finding the slopes of the logarithm curves gives the power dependence of the 

signals. It is found that for SSHG, the slope is 1.9 + 0.1 and that for reflectivity 

0.99 + 0.01, which is exactly what we expected. This assures that the SSHG 

behaves correctly and that we are monitoring the second order contribution only. We 

will use I signal (p input and s+p output polarizations) to monitor surface changes 

unless another polarization is noted in some cases. 
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Fig. 6.2 Linearity of SH signal and reflectivity vs. laser power intensities. 
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6.2 Surface Contamination and Chemical Etching 

Mechanical polishing may lead to contamination on the sample surfaces even 

after careful cleaning because residual polishing powder and cleansing chemicals 

might be very hard to remove. We have examined the surface compositions of a 

mechanically polished and a chemically etched rutile TiO2 surfaces by atomic force 

microscope (AFM) and x-ray photoelectron spectroscopy (XPS)75. The surface 

composition is listed in Table 6.1. For the surface treated by mechanical polishing 

and washed with methanol, there are about 40% oxygen but only 3.5% of titanium. 

The major contaminations are carbon of 33 % and silicon of 18 % which is quite 

surprising. Carbon contamination might have come from residual methanol or from 

carbon in the work surrounding in the lab where almost everything contains carbon to 

a certain degree. The origin of silicon is not clear. Other contaminations include 

1.9% Barium, 3% nitrogen and 0.8% of Thorium which are supposedly a result of 

residual polishing powder. For the surface treated by chemical etching after 

mechanical polishing and washed with methanol, the contaminations result from 

residual polishing powder have all disappeared. Silicon content is reduced to 2 %, 

however, the carbon content remains at about the same percentage of 33 % as the 

mechanically polished surface. The host components of oxygen and titanium have 

increased to 46 % and 19 %, respectively. Apparently chemical etching removes 

surface contamination and produces a better surface which is also evident from AFM 

pictures. AFM pictures of a mechanically polished surface usually contain features of 

hills and bumps indicating that the surface is rough. AFM pictures of a chemically 

etched surface show profound reduction in the number of hills and bumps and 

significant increase in larger area flat domains. The hills and bumps are thought to be 

the defects and contamination resulting from the polishing powder since the carbon 
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contamination remains the same for both the chemically-etched surface and the 

mechanically-polished surface. From the comparison of the AFM pictures, carbon 

contamination should be relatively uniform across the surfaces and the contamination 

is most possibly a result of environmental carbon. 

To remove carbon content, the surfaces were usually exposed to intense UV 

light at 266 nm for at least half an hour in 100 torr of oxygen. Photochemical 

reaction produces CO2 or CO which can be desorbed from the surface by the UV 

light. Our sample surfaces should be free from carbon contamination because they 

have been frequently subjected to many cycles of UV treatment in 02 and maintained 

in high vacuum before experiments. 

Table 6.1 Surface composition of rutile TiO2 prepared by mechanical polishing and 
chemical etching75. 

atomic % 

element mechanically polished surface chemically etched surface 
Ba-3d512 1.9% 0.0% 
0-1s 39.7% 46.2% 
Ti-43/2 3.5% 19.2% 
N-ls 3.0% 0.0% 
Th-4f7,2 0.8% 0.0% 
C-1 s 33.0% 32.6% 
Si-2p 18.1% 2.0% 
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6.3 Rutile (001) Surface 

6.3.1 Observation of UV Photoreduction, Thermal Oxidation and Physisorption 

We will refer to mechanically polished surfaces as rough, and chemically etched 

as flat. In all experiments during which the surface condition was changed in any 

way, the reflectivity of rutile (001) surfaces--either rough or flat--is constant within 

0.1%. Fig. 6.3 shows the typical reflectivity which is always flat regardless of the 

changes in surface SH signals. On this basis, we rule out heating of the bulk rutile as 

contributing to the SH observations. Since reflectivity is primarily a bulk property, 

the flatness of reflectivity implies that all the features observed in SH signals are 

specifically surface phenomena. 

Fig. 6.3 shows the Iptot SH signal (p input and s + p output polarizations) for 

a rough (001) surface from 10-11 to 100 torr of 02 after prior exposure to UV. The p-

polarized photons have electric field components in the [001] and [100] directions. 

The rutile sample had been exposed to 266 nm light for 5 minutes (fluence of 380 

J/cm2). We call the state of this surface photoreduced or type I. As 02 was 

introduced, three distinct types of surfaces were observed over three different ranges 

of pressure. At pressures below 10-6 torn of 02, the SH signal from the photoreduced 

surface was high. At pressures between 10-6 and 5 torn (type II surface), the signal 

was low, with the I to II change being very rapid. Above 5 torr of 02 (type DI 

surface), the SH signal reversed its course and started to increase slowly as the 02 

pressure increased. This cycle can be repeated indefinitely. For the flat (001) surface 

of Fig. 6.4, type I and type II surfaces like those for a rough surface were observed at 

corresponding conditions, but the type III surface does not exist. The overall signal is 
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Fig. 6.3 Typical reflectivity and SH signal for a rough rutile (001) surface 
photoreduced with UV (266 nm) for 5 minutes in UHV and then exposed to 02. 
Three distinct types of surfaces are observed (see text for detail). 

4.078 8.156 
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Fig. 6.4 SH signal for a flat rutile (001) surface photoreduced with UV (266) for 5 
minutes in UHV and then exposed to 02. 
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smaller, presumably due to the smaller effective surface area. The dependence of the 

SH signal from the photoreduced surface upon the UV intensity was r0910-1. The 

damage threshold was 34 MW/cm2 in vacuum and greater than 130 MW/cm2 in 150 

ton of 02. 

The SH signal from the photo-reduced surface (type I) decreased immediately 

upon exposure to 02 and the signal stayed low even if the 02 was removed from the 

chamber. The SH signal, however, can be returned to its initial value by exposing 

the surface to UV in the absence of 02. This signal level saturates after a fluence of 

240 J/cm2 is applied. A typical photoreduction-oxidation cycle, with the 02 pressure 

varying between 10-10 and 10-4 ton, is shown in Fig. 6.5. 

The thermal stability of reduced and oxidized flat and rough surfaces in UHV 

was tested by monitoring the SH signal levels when the sample was heated from room 

temperature up to 2000C and then cooled to room temperature. No change of the SH 

signals were observed during the heating and cooling process, and the polarization 

ratios stayed constant. We conclude that thermal reduction of the oxidized surfaces 

does not occur and that defects on the photoreduced surfaces do not diffuse into the 

bulk below 200°C.42 

The increase in SH signal after UV excitation is interpreted as a creation of 

Ti3+ defects on the surface due to loss of 02 from the surface by absorption of UV 

266 nm photons. The decrease in the SH signal from the photoreduced surface upon 

exposure to 02 is interpreted as chemisorption of 02 molecules on Ti3+ defect sites 

creating 02 species. That the oxidized surface yielded a low SH signal even after the 

chamber was evacuated is indicative of strongly bound 02. 

Gopel et al.43 reported that oxygen vacancies were produced on the TiO2 (110) 

surface after high temperature UHV pretreatment and that 02 molecules interacted 

http:200�C.42
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with the vacancies to produce chemisorbed 02 species. Yanagisawa and Ota51 

studied photodesorption of chemisorbed 02 from TiO2 powder surfaces and found 

that by UV illumination with an energy above 3.0 eV photo-stimulated-desorption 

(PSD) of 02 takes place at room temperature. Their model for PSD begins with an 

electron-hole pair generated in the subsurface region by upon above-band gap 

irradiation. Photo-generated holes migrate to the surface where they recombine with 

chemisorbed 02 to form physisorbed 02 which desorbs thermally at room 

temperature. Our data is consistent with 02 adsorbing as 02, but we cannot say 

whether just above band gap or 266 nm photons are required for desorption. From 

the spectral data of superoxide i01176, the 266 nm photo absorption constant for 02 is 

c = 2 x 103 M-1 cm-1. Assuming that the surface density is 1014 cm-2 and the 

effective interaction depth is 1 = 5 A (i.e. 5 x 10-8 cm), the bulk density is calculated 

to be 2 x 1023 cm-3. Since 1 M = 6 x 1020 cm-3, the 02 concentration is c = 3.3 M. 

The optical density OD is obtained as OD = sc/ = 3.3 x 10-4. The attenuation of 

light intensity due to photo absorption is given by Igo = 10-0D = 0.9993, where IO is 

the initial light intensity on the surface and I is the light intensity in the bulk. The 

photo absorption ratio is obtained by (I-I0)/I0 = 7 x 10-4. Assuming the fluence of 

UV 266 nm light to be 1 J/cm2, i.e. 1.5 x 1018 photons/cm2, there should be 1.05 x 

1015 photons/cm2 absorbed by 02 in the interaction depth. This calculation shows 

that, via one-photon absorption of 266 nm light at a fluence of 1 J/cm2, 1014 02" 

species/cm2 could be ionized for a quantum efficiency of 0.1. 

In an attempt to verify the presence of Ti3+ on the surface, an SH spectrum was 

taken for a photoreduced flat (001) surface between 532 nm and 581 nm. A slight 

increase in Ipto, SH signal was observed at the short wavelength end of the spectrum 

as shown in Fig. 6.6. This small increase indicated that there was slight one and/or 
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Fig. 6.5 A typical photoreduction-oxidation cycle, with the 02 pressure varying 
between 10-8 and 10-4 ton. 
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Fig. 6.6 An SH spectrum taken for a flat (001) surface between 532 nm and 581 nm. 
A slight increase in SH signal is observed at the short wavelength end of the spectrum 
for the reduced surface. 



99 

two-photon enhancement in the SH signal. This may be indicative of the existence 

of Ti3+ defects, although it is not clear whether or not surface Ti3+ has a greater two-

photon resonance enhancement of X(2). The much weaker d to d transition, which can 

provide one-photon enhancement, lies somewhere in the 2.5 eV 77 to 0.75 eV 24 

range. 

Polarization ratios for the reduced and oxidized surfaces can yield the relative 

values of the elements of X(2) and, hence, the symmetry of the surfaces. The Iss, Isp, 

Ips and Ipp SH signals, where the subscripts refer to the polarization of the 

fundamental and harmonic fields, respectively, are given in Table 6.2. 

Bulk rutile is Doh, but the (001) surface should be C2v. The bulk is 

centrosymmetric so that SHG is forbidden in the bulk under the electric dipole 

approximation. For C2,, the following elements of X(2) may not be zero: a = 

x, b =Xyzy = Xzyy, c = d = xyyz and e = x.. The third rank is that of the 

output photon, and the mirror plane is xz. When xz is the scattering plane, Ls= 0, 

ips= 0, I, =Id 12 tan2 0 , Ipp =1(c 2a)sin0 cos() + e tan0sin20 12 , and 

Ics =41 b 12 tan20 , where 0 is the angle of incidence and the subscript c indicates 

circular polarization. When yz is the scattering plane, Iss= 0, Ips= 0,
 

Isp 
12 

V Ipp =1(d 2b)sin0 cos() e tanOsin20 12 and Ies =41 a 12 tan20 . The
 

relative SH signals of Table 6.2 are difficult to interpret in the context of a C2, 

surface, with the reduced flat surface exhibiting no apparent symmetry based on these 

measurements made at a single angle of incidence and a single azimuthal angle. We 

conclude that these surfaces are certainly not C2v. This is probably due to 

faceting26,27. In order to make a statement about the symmetries of the surfaces, SH 

signals will need to be taken as the sample is rotated about the surface normal. 
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Table 6.2 The relative SH measurements of (001) surface for particular polarization 
conditions. 

polarization oxidized rough photoreduced oxidized flat photoreduced
condition surface rough surface surface flat surface 

ss 44 11 13 14 
sp 33 22 32 22 
pp 52 72 10 22 
ps 11 7 22 20 

s total 76 30 43 32 
p total 64 81 31 45 

The flat (001) type II (oxidized) surface exhibited no change in the SH signal 

after the surface was irradiated with UV when oxygen was present in the chamber at a 

pressure greater than 10-6 torr. Fig. 6.7 shows a 90-second scan of the SH signal, 

summed over 10 runs, from a rough (001) surface in 10-5 ton of 02, after 228J/cm2 

UV (180 seconds). Fig. 6.8 shows a similar scan of the same surface in 3 mtorr of 

02 after the same amount of UV exposure. The signal levels are different only due to 

fluctuation in laser power. Thus, in this pressure range flat and rough surfaces are 

oxidized rapidly after photoreduction. With this available UV power level it is 

simply not enough to generate observable photoreduction under the presence of 

oxygen. The time resolution is limited by the facts that we take data only every 2 ms 

and that only a few photons are detected per pulse train. Time-resolved data on the 

nanosecond scale was precluded by the fact that scattered UV light created a large 

background against which it was impossible to measure the SH signal. Fig. 6.9 

compares the oxidation rates for a reduced flat surface at different 02 collision rates, 

3x1014 cm-2 sec-1 and 7x1016 cm-2 sec-1 respectively, which were maintained by a 

constant flow through the gas nozzle. The collision rates were obtained by measuring 
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the rate of change of pressure in the chamber under constant flow through the nozzle. 

The volume of our vacuum chamber (including ion pump) was 25 lit. The collision 

rate of 3x1014 cm-2 sec-1 was obtained under a constant flow rate that increased the 

pressure from 10-5 to 3 x 10-3 torr in 650 seconds. Since at 3 x 10-3 ton, there should 

be 2.4 x 101s particles in the chamber according to the ideal gas formula, the flow 

rate was calculated to be 4 x 1015 sec-1. The rutile sample surface was set at 1 cm 

away from the nozzle. Treating this as an effusion problem, the collision rate (3x1014 

cm-2 sec-1) was then obtained by dividing the flow rate (4 x 1015 sec-1) with the surface 

area (41ta2 = 12.6 cm2) of the sphere whose radius a was 1 cm. Following the same 

method, the collision rate of 7 x 1016 cm-2 sec-1 was obtained as the chamber pressure 

increased from 10-4 to 10-1 ton in 104 seconds. Modeling the time dependence of the 

Ti3+ surface defect density as D(t) = Doe ant, where r is the collision rate, n is 

approximately 0.2 using the measured 1/e times of 250 and 75 sec. Clearly, the 

oxidation mechanism is complicated and requires more detailed study. 

6.3.2 Observations with 532 nm Excitation 

The photoreduction of TiO2 surface with 532 nm pulses is observable at higher 

laser intensity, and the fluence required for reduction is 104 times greater than that for 

the single photon UV photoreduction. In this experiment the rough (001) surface was 

studied, and the maximum intensity of the 532 nm laser beam was 350 MW/cm2. In 

the UHV environment, the surface was stable if the laser was not applied. The SH 

signal and polarization ratios changed slowly upon 532 nm exposure in the UHV 

environment, with Isto, decreasing and Ipto, increasing, as shown in Fig. 6.10. The 
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Fig. 6.7 A 90-second scan of SH signal from a rough (001) surface in 10-5 torr of 02, 
after the surface is exposed to 180 seconds of UV. No transient signal is observed. 
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Fig. 6.8 A 90-second scan of SH signal from a rough (001) surface in 3 mtorr of 02, 
after the surface is exposed to 180 seconds of UV 266 nm. No transient signal is 
observed. 
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Fig. 6.9 a) SH signal from a rough (001) surface photoreduced with UV then exposed 
to 02 at a collision rate of 3 x 1014 cm-2 sec-1.c b) SH signal at a collision rate of 7 x 1016 

-cm-2cm sec'. 
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Fig. 6.10 a) Photoreduction through absorption of photons at 532 nm of a rough (001) 
surface with s-polarized input. b) Same experiment except that the 532 nm beam is p-
polarized. 
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direction of change of the SH signals was the same as that for the UV photoreduction 

of the rough (001) surface. The time scale, however, was about 9000 seconds as 

opposed to a few seconds in the UV case. The color of the bulk and the reflectivity 

did not change in any way, suggesting that photoreduction occurred only on the 

surface. The SH signal levels could be returned to their initial values by exposing the 

surface to 02, which reoxidizes the surface. Fig. 6.11 shows the recovery of SH 

signals after 02 was introduced into the chamber, ultimately reaching 2 torr. The 532 

nm reduction and thermal oxidation cycle can be repeated indefinitely at any spot on 

the surface. The reduction occurred only when the laser was applied, while the 

oxidation did not depend on irradiation but only on the presence of 02. 

If 1 ton of 02 was present in the chamber, the SH signals were stable 

indefinitely for intensities less than 650 MW/cm2. The photo-ablation thresholds in 

vacuum and 1 ton of 02 were 490 and 650 MW/cm2 , respectively, and holes 75 lam 

in diameter and 40 pin deep could be made. In the air, the damage threshold was over 

1 GW/cm2. 

The 532 nm photoreduction process was investigated further with different laser 

intensities. Data were taken for average input laser intensities between 115 and 350 

MW/cm2. The surface was exposed to 1 ton of 02 for 30 minutes prior to each 

photoreduction. S-polarized input light was used for convenience instead of p-

polarized light since ',tot decreased upon photoreduction. Four photoreduction curves 

were obtained at four laser intensities which were 60, 48, 35 and 24 mW respectively. 

The UHV photoreduction curves for s input polarization were fitted to an exponential 

in time to obtain the photoreduction rate constants. The four rate constants were then 

plotted against the respective average laser intensities applied (Fig. 6.12). The 10.710.3 

intensity dependence for the 532 nm photoreduction has two possible interpretations. 
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First, a two-photon absorption (at 4.6 eV), requiring a reasonable cross section of 

about 10-51 cm4sec, could be subjected to a loss mechanism dependent upon the 

excitation density. Perhaps, the important mechanism begins with e-h+ production 

near the surface, an event subject to recombination as a loss mechanism, and ends with 

ionization of 02 by a hole and trapping of an electron in a surface Ti3+ state. The 

second interpretation is based upon a one photon excitation with either a minuscule 

cross section or involving a very low density initial defect state. No fluorescence 

between 400 and 600 nm was observed from the near surface region, but weak 

fluorescence between 600 and 800 nm exhibited a similar 10-8±0.1 dependence upon the 

laser intensity (Fig. 6.13). This may support the second interpretation, but a definitive 

interpretation will require further investigation. 

The surfaces were exposed also to N2 and 112 at room temperature. In an 

environment of up to 2 ton of N2 purified of 02 and H2, neither the reduced nor 

oxidized surfaces exhibited any changes of SH signals. No significant change in the 

SH signal and polarization ratios was observed when a fully reduced spot was exposed 

tol ton of H2 purified of 02, although H2 is capable of reducing the rutile at high 

temperature. We conclude that H2 does not interact strongly with the reduced 

surface, which agrees with the results of Henrich and Kurtz 48, Gopel et al.43, and the 

(110) observations of Bourgeois et al 78. When the photoreduced surface was exposed 

to 2 ton of water vapor, SH signal decreased slightly. The signal returned to its 

initial value after water vapor was pumped out. It is clear that water vapor adsorbs 

on the photoreduced surface but the interaction is relatively weak if compared to 

oxygen. This result is quilt surprising because, without heating, one would expect a 

layer of water to remain on the surface, especially bound to Ti3+ defects. 
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Fig. 6.11 SH signals with p and s polarized 532 nm beams as oxidation proceeds on 
photoreduced surface. 
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Fig. 6.12 Logarithm plot of 532 nm photoreduction rates vs. laser power. Slope of this 
curve represents the power dependence of photoreduction. 
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Fig. 6.13 Logarithm plot of fluorescence between 600 and 800 tun vs. laser power of 
green light at 532 run. The slope of this curve is the power dependence of fluorescence. 

10 45 80 
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Fig. 6.14 SH signal from a rough (001) surface in 02 with the pressure varying between 
10 and 80 ton. 
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6.3.3 Adsorption and UV Photodesotption of Physisorbed 02 

At pressure above 5 torr, the increase of SH signal was an indication that a new 

oxygen species, probably neutral 02, was present on only the rough (001) surface, not 

the flat surface. The SH signal is proportional to 02 pressure, as seen in Fig. 6.14, 

that is, an equilibrium condition exists. This is a relatively weakly bound species 

because, when the oxygen pressure was reduced below 5 torr, the SH signal would 

eventually return to the signal level of the type II surface at 300 K without any UV 

excitation. Irradiation with UV leads to faster desorption of this adsorbate. As 

shown in Fig. 6.15, the SH signal decreased as the 02 pressure decreased from the 

initial value of 80 torr. At 10-7 torr, the SH signal was still decreasing slowly, 

indicating that some adsorbates had a low desorption rate at room temperature. With 

UV irradiation on the surface, the SH signal dropped immediately to a lower steady 

level, indicating that all residual type El species were photodesorbed. Upon 

additional UV irradiation, the SH signal rose as the surface underwent 

photoreduction. 

When the 02 pressure was above 5 ton, UV excitation lead to a transient 

decrease in the SH signal from the rough surface. Fig. 6.16 shows a 90-second scan, 

summed over 40 runs, after the rough surface, in 100 ton of 02, had been exposed to 

UV for 1 second. The depression of the signal during UV excitation was due to 

desorption of some of the weakly-bound species; thereafter, the signal rose as 

readsorption occurred. A 90-second scan, summed over 40 runs, for a flat (001) 

surface in 100 ton of 02 after a 1 second UV exposure, exhibited a very flat and 

relatively small signal level. Thus, the uniformity of a flat surface eliminated the 

possibility for adsorbing type Di species. 
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Fig. 6.15 SH signal from a rough (001) surface with the 02 pressure decreasing from 
80 to 10-6 torr. 
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Fig. 6.16 90-second scans of a rough and a flat (001) surface in 100 torr of 02 after 
exposure to UV for 1 second. 
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Surface SHG experiments done under atmospheric conditions provide an 

interesting comparison between vacuum and real world conditions. Fig. 6.17 shows 

the SH signal and reflectivity for the rough (001) surface in air after 1 second of UV 

excitation. The reflectivity is flat within 0.1% indicating no observable change in the 

bulk properties of TiO2. The SH signal shows a transient decrease, which is similar 

to what we have seen on the rough (001) surface in 100 ton of 02 in the vacuum 

chamber. The recovery time i is about 20 seconds which is longer than that of the 

previous experiments. Since the surface cools very fast (in a few micro seconds) after 

excitation, the long recovery time may be due to a layer of water molecules on the 

surfaces. A layer of water molecules would make it harder for 02 to move into 

adsorption sites. Fig. 6.18 shows a comparison between the rough and flat (001) 

surfaces. A 90-second scan for the rough surface after 1 second of UV excitation 

shows a transient decrease, while the SH signal from the flat surface is constant and 

small. This result is exactly the same behavior observed in 100 ton of 02 in the 

vacuum chamber. To further confirm this 02 adsorption, a 90-second scan was taken 

after 1 second of UV excitation while N2 was continuously directed onto the rough 

(001) surface. The signal is constant and relatively small compared to the data taken 

in the air after the same amount of UV exposure but without the N2 stream, as shown 

in Fig. 6.19. The signal after UV excitation is lower because the type III 02 species 

were desorbed from the surface by UV pulses and the pressure of 02 in the vicinity of 

the surface is below a few ton. When a similar data scan was done in an 02 stream 

under 1 second UV exposure, the dip and rise of the signal was obvious. As we 

varied the temperature of 02 by heating the gas jet, there is a slight change in the 

recovery rate of the signal after UV excitation. Scans of signal after UV excitation 

for three different 02 stream temperatures are shown in Fig. 6.20. The higher 
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Fig. 6.17 A 90-second scan of the SH signal and relative reflectivity of a rough (001) 
surface in the ambient atmosphere after exposure to UV for 1 second. 
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Fig 6.18 A comparison of 90-second scans of SH signals for rough and flat surfaces in 
air after exposure to UV for 1 second. 
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Fig. 6.19 A comparison between 90-second scans of SH signals, after exposure to UV 
for 1 second, for a rough surface in air and under flowing N2. 
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Fig. 6.20 A comparision between 90-second scans of SH signals for a rough surface 
in hot 02 stream at various temparatures after 1-second UV exposure. 
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recovery rate at higher 02 temperature suggests that oxygen diffuses into adsorption 

sites more quickly at elevated temperature. 

The transient signals seen at high 02 pressures in the chamber and in the air 

indicate that physisorbed 02 is easily removed by a process initiated by UV 

excitation. It is unlikely that water is the relevant adsorbate since the water content 

within the chamber should have been very low and certainly lower than that of air by 

at least a factor of 107. Adsorbed water and surface hydroxyl groups may influence 

the 02 adsorption process, however. The fact that physisorbed 02 is seen only on the 

rough surface suggests that surface irregularities and crevices are required, which is 

consistent with AFM pictures of the rough surface. AFM pictures of a rough surface 

show many complicated features of hills, bumps and crevices which may provide 

adsorption sites for 02. Furthermore, the slow adsorption kinetics after UV 

photodesorption is indicative of diffusion into adsorption sites. Further studies using 

more quantitative roughening techniques will.be useful in learning more about these 

sites. 

6.4 Rutile (110) Surface 

6.4.1 UV Photoreduction, Thermal Oxidation and Physisorption 

In vacuum chamber, the SH signal (Iptot) signal for an oxidized rough (110) 

surface was higher than that for a reduced surface. When the surface was illuminated 

with UV 266 nm light, the SH signal dropped. The decrement depended on the 

amount of UV applied until it reached a saturation point. The decrease in SH signal 

after UV illumination is interpreted as photoreduction of the surface. Surface 
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photoreduction generated Ti3+ defects due to loss of 02. Saturation of reduction 

occurred when defect density increased and eventually no more surface 02 can be 

removed. The saturation level varies from area to area on the surface. A reduced 

surface is stable in a high vacuum environment (10-7 torr) and the SH signal stayed 

low. If 02 is introduced into the chamber, the SH signal increased. As 02pressure 

varied from 10-7 ton to 100 ton, the SH signal rose monotonically (Fig. 6.21). The 

reflectivity was constant at all times suggesting that no bulk effect was involved. The 

increase of the SH signal is indicative of reoxidation of the photoreduced surface, 

which creates 02 species upon exposure to oxygen. There are no distinctive features 

of Iptot on the rough (110) surface between 5 and 100 ton of 02, although it has been 

observed on the rough (001) surface that a second species of neutral 02 was adsorbed 

on the surface at 02 pressures above 5 ton. The photoreduced (001) surface had 

higher Iptot signal, and the signal decreased with 02 pressure between 10-6 to 5 ton but 

increased between 5 ton to 100 ton. It is possible that the neutral 02 species also 

exists on rough (110) surface but it is not distinguishable because both 02 and neutral 

02 species have the same contribution to Iptot on this surface. A reoxidation 

experiment with s polarization (1st.) should be able to clearly resolve this issue which 

is to be discussed later. When 02 pressure is reduced from 100 ton to 10-7 ton, Iptot 

signal decreased accordingly to a certain constant level (Fig. 6.22). The decrease in 

Iptot is interpreted as thermal desorption of the physisorbed 02 species. The signal 

level did not return to that of the photoreduced surface because the chemisorbed 02 

species stayed on the surface even in high vacuum. When the surface was exposed to 

UV light in high vacuum, the signal decreased dramatically to the initial level of the 

photoreduced surface. The dramatical decrease in Iptot after UV exposure is 

interpreted as photodesorption of the chemisorbed 02 species (02) from the surface as 
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photoreduction was incurred. The 02 species was more strongly bound to the surface 

and would not desorb thermally at room temperature. 

Experiments using s-polarized green light was necessary for the rough (110) 

surface because it was suitable in resolving the two oxidation states (different 

adsorbed 02 species) under different 02 pressures. Istot was high after the rough 

surface was subjected to UV exposure and it decreased upon introduction of oxygen. 

Istot dropped to a lower level in 02 when the pressure was 10-6 to 5 torr (Fig. 6.23). 

As 02 pressure increased above 5 ton, Istot started rising with increasing pressure up 

to 100 ton. Following closely the previous reasoning for Ip,al on the rough 

(001)surface, the high signal level of cot for the photoreduced rough (110) surface in 

high vacuum corresponded to the type I surface with Ti3+ defects. Decrease in Istot 

upon exposure to low pressure of 02 was indicative of 02 on the surface (type II 

surface). Above 5 ton of 02, the increasing signal suggested that another species of 

02, most likely physisorbed 02, was present on the surface (type Ill). When 02 

pressure was reduced from 100 ton to 10-7 ton, thermal desorption of physisorbed 02 

took place as is evident with the decreasing SH signal (Fig. 6.24). 'stow would return 

to its level for the low pressure oxidation state and stay constant in high vacuum. 

When the surface was illuminated with UV in high vacuum, Istot increased 

immediately to the higher level for the photoreduced state. 

Similar experiments were carried out a on flat (110) surface with p-polarized 

green light. The Lptot signal was high when the surface was photoreduced by UV 

light, and it decreased upon introduction of 02 (Fig. 6.25). The signal stayed low up 

to 10-2 ton of 02. A significant increase in Iptot was observed between 10-2 to 100 

ton of 02. This increase in Iptot was not due to physisorbed 02 because the signal did 

not change as 02 was pumped out. The reason for the increase of Iptotal on flat (110) 
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Fig. 6.21 Typical relative reflectivity and Iptot SH signal of a photoreduced rough 
(110) surface as oxygen pressure varies from 10-8 to 100 ton. 
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Fig. 6.22 Iptot SH signal of a rough (110) surface as oxygen pressure varies from 
100 to 10-8 ton. 
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Fig. 6.23 Isto, SH signal of a photoreduced rough (110) surface as oxygen pressure 
varies from 10-8 torr to 100 torr. Three distinct types of surface were observed (see 
text for detail). The relative reflectivity stayed constant under all conditions. 
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Fig. 6.24 I0, SH signal of a rough (110) surface as oxygen pressure varies from 100 
to 10-8 torr. The decreasing signal indicates desorption of physisorbed 02. 
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surface in high 02 pressure is still unknown but it is not related to physisorbed oxygen 

species. This argument is supported by the null result of a 90-second data scan with 

UV irradiation which will be discussed in the following section. These results led to 

the conclusion that the photoreduced state and low pressure oxidized state (02) can 

exist on the flat (110) surface, but the high pressure physisorbed 02 species were not 

likely to exist on this surface. At 100 torr of 02, a more strongly bound oxygen may 

exist on the surfaces. We presume that a careful thermal desorption experiment 

would show that at T = 400 K may be sufficient to desorb it. 

Photoreduction-oxidation cycle in high vacuum and low pressure of 02 was 

examined on the flat surface as shown in Fig. 6.26. Starting with a UV photoreduced 

surface, the 'pt., signal was high. Once 02 stream was introduced onto the surface, 

Itotal decreased immediately. 02 was flown at constant rate with diffusion pump on. 

The pressure measured at about one foot away from the sample was 6x10-4 torr. 

When 02 flow was stopped and 02 pressure was reduced down to 10-7 torr, Ivot 

stayed at a constant low level. The signal returned to its initial level after the surface 

was illuminated by UV light with a fluence of 400 J /cm2. This photoreduction

oxidation cycle can be repeated indefinitely. 

6.4.2 Adsorption and Photodesorption of Physisorbed 02 

In 02 pressure above 5 torr, if the rough surface was illuminated with UV 

light, Iptot signal would decrease. Once UV light was blocked, the Ipto, rose very 

slowly and eventually returned to its initial level. This slow rise did not depend on 

green probe light. The decrease in the SH signal upon UV exposure was due to 
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1765. 3531 
Time(seconds) 

Fig. 6.25 Iptot SH signal of a flat (110) surface which was exposed to 02 after being 
photoreduced with 5 minutes of UV in high vacuum. The rise of signal from 10-2 torr 
to 150 torr was not related to physisorbed 02. 

flowing 02 

/ (constant 6 x 10 -4 ton) 

stop 02 
10-7 torr 

UV 

579.3 1158. 
Time(seconds) 

Fig. 6.26 A typical photoreduction and oxidation cycle for the flat (110) surface with 
02 pressure between 10-8 and 10-4 torr. 
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photodesorption of physisorbed 02 from the surface. The slow rise in Ipto, is 

interpreted as readsorption of this 02 species on the surface. 

To examine the physisorbed 02 species in 100 torr of 02, a 90-second scan of 

Iptot summed over 30 runs was taken (Fig. 6.27). If the surface was exposed to 1

second of UV prior to the scan, the SH signal had a lower starting level and increased 

very slowly. If no UV was applied on the surface, the data scan showed a higher 

constant signal level. Comparing these data scans, it is evident that photodesorption 

of physisorbed 02 species occurred upon UV exposure and readsorption took place 

for a very long time (over 20 seconds) after UV was blocked. A 90-second scan of 

Istot after 1-second UV exposure of the surface also showed a transient phenomena 

with a very slow rise (Fig. 6.28), which we explained as photodesorption of 

physisorbed 02 and readsorption. However, this transient phenomenon did not 

appear on the flat surface. In 100 torr of 02, a 90-second scan of Ipv, after 1-second 

UV illumination, summed over 30 runs, showed a very flat signal level (Fig. 6.29). 

This supports the notion that the flat surface does not provide adsorption sites for 

physisorbed 02. The null result also rules out the possible correlation between 

physisorbed 02 and the small rise in 'pt., signal on flat surface as the 02 pressure 

increased from 10-2 torr to 100 torr (as previously shown in Fig 6.25). 

In atmospheric conditions, Iptot and ',tot SH signals were taken on rough and flat 

surfaces while reflectivity was monitored at the same time. The reflectivity was 

constant within 0.1% under all experimental conditions. For a rough (110) surface, 

90-second scans of Lvtot signal summed over 20 runs were taken (Fig. 6.30). When 

there was no UV 266 nm light illuminating the surface prior to the scan, the signal 

level was flat. If the surface was exposed to 1-second UV 266 nm light before the 

data scan, the signal had a lower level at the beginning of the picture and slowly rose 
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180 
rough (110) in 100 torr of 02 

without UV 

after 1-second UV 

1 1 I I 1 I 1 I I 1 t 1 1 111 
45 90 

Time(seconds) 

Fig. 6.27 Comparision between 90-second scans of Iptot SH signal from a rough 
(110) surface in 100 torr of 02 after 1-second UV exposure and without UV. 

50
 
rough (110) 100 torr of 02
 

_
 
after 1-second UV
 

I stot 

0 
I 1 I 1 I 1 1 . I I 

45 90 
Time(seconds) 

Fig. 6.28 A 90-second scan of Lt., SH signal for a rough (110) surface in 100 torr of 
02 after 1 second UV exposure. 
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40 
flat (110) in 100 torr of 0 

without UV 

00440
 
offset 

lifkill1441114104* 

after 1-second UV 

0 
45 90 

Time(secon&-:;) 

Fig. 6.29 90-second scans of Ipto, SH signal of a flat (110) surface in 100 torn of 02 
after 1-second UV exposure and without UV. 

.5 rough (110) in 1 atmosphere 

without UV 

00404114 
6 

offset 
C
 

cr) 

after 1-second UV 

0 
0 45 

1 1 I 

90 
Tirne(!-i;econd!::,) 

Fig. 6.30 90-second scans of Iptot SH signal for a rough (110) surface in air after 1
second UV exposure and without UV. 
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to the same level as that without prior UV exposure. The time constant of the 

exponential rise is about 3 seconds. Similar experiments were done with Ism on the 

same rough surface (Fig. 6.31). The behavior of Iste, after UV excitation was the 

same as Lptot This transient dip and rise phenomena is interpreted as photodesorption 

of physisorbed 02 and reoxidation on the surface. On a flat (110) surface, however, 

90-second scans of both Iptot and 1st., showed a flat signal level regardless of UV 

illumination (Fig. 6.32 and Fig. 6.33). Contrary to the rough surface, this null result 

simply indicated that the high pressure 02 species did not exist on flat (110) surface. 

In one atmosphere the 02 content is approximately 150 tom The transient 

phenomena on rough surfaces and the flat signal level on flat surfaces in air after 

illumination of UV 266 nm light are similar to the results obtained on the same 

surfaces placed in a chamber filled with 100 ton of 02. However, the recovery times 

for readsorption of oxygen after UV excitation are very defferent. 

6.4.3 Polarization Ratios and Surface Symmetry 

The relative SH measurements for particular polarization conditions are listed in 

Table 6.3. Although bulk rutile belongs to D4h, the (110) surface should be C4v. For 

C4, the nonzero elements of x(2) are a = Xxzx = Xzxx Xyzy X , b = x.= xyyz, c 

= xzzz . The output photon is on the third rank, and the mirror plane is xz. If xz is 

the scattering plane, Is, = Ips = 0, Isp = I b 2tan20 , /pp = I (b-2a)sin0 cos0 +c sin20 

tan() 12, Ies= 4 I a 12 tan20. 

From the measured relative polarization for the oxidized flat surface, Iss= Ips= 

4 which is small compared to other elements. This is indicative of a C4,, or C2 
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Fig. 6.31 A 90-second scan of Istot of a rough (110) surface in air after 1-second UV 
exposure. 
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Fig. 6.32 90-second scans of Ipto, SH signal from a flat (110) surface in air after 1
second UV exposure and without UV. 
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_ flat (110) in 1 atmosphere 

after 1-second UV 
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IIII1
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Fig. 6.33 A 90-second scan of Istot SH signal for a flat surface in air after 1 second UV 
exposure. 

Table 6.3 Relative SH polarization measurement for rough and flat (110) surfaces. 

polarization oxidized flat reduced flat oxidized rough reduced rough 
condition surface surface surface surface 

ss 4 (±2) 4 (±2) 2 (±1) 4 (±2) 
sp 13 33 4 20 
ps 4 (±2) 4 (±2) 38 (±2) 4 (±2) 
pp 71 108 162 20 
Stotal 19 42 7 27 
Ptotal 75 115 200 23 
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structure where theoretically I--= Ips= 0. The small contribution to I and 1.1 may 

come from the electric quadrupole contribution to the bulk x(2). The consistency 

between polarization measurement and theoretical prediction suggests that the flat 

(110) surface resembles more closely a near perfect single crystal surface. However, 

confirmation of the surface stoichiometry requires more detailed measurement of the 

SSHG polarizations as the surface is rotated. 

6.5 Argument against Desorption of CO2 

Although the phenomena observed on TiO2 surfaces are clearly related to 

oxygen, the exact species responsable for the observations are not easy to determine. 

We have assigned 02 to be the low-pressure species and neutral 02 the high-pressure 

species. Our assignments are mainly based on the desorption energy of the species 

which could explain the observed features. 02 has been reported to exist on powder 

TiO2 based on ESR techniques5°,51. 

Recent XPS data taken on a similar rutile (110) surface revealed that a few 

contamination elements are present on the surface. The major contamination is 

carbon which amounts to about 33 % among. Since the rutile samples in our vacuum 

chamber are similar to the one on which XPS was performed, they might have the 

same contamination. If this is true, it is suspected that the phenomena we observed 

are not due to 02 species but due to CO2 because photodesorption of CO2 has been 

observed on TiO2 powder79, on oxidized titanium surfacesso and on other oxides81. 

The process could be thought as oxidation of carbon with positive holes migrating 

from the subsurface region to produce neutral CO2 which desorbs thermally. Carbon 

usually exists as hydrocarbon and as C042-. There may be some C042- that will 



127 

desorb due to positive holes, but most carbon will be in the form of hydrocarbon. 

Since UV light could clean up some carbon contamination, our sample surfaces were 

subjected to intense UV 266 nm light in high content of oxygen before every 

experiment. This UV treatment should remove all the carbon which can be desorbed 

through the formation of CO2. 

Although the process of generating CO2 is possible, our observations do not 

support this interpretation. If CO2 is supposed to be generated upon exposure to 02 

and to be desorbed upon exposure to UV, photodesorption of CO2 should be observed 

at least in low -CO2- pressure environment regardless how high the 02 pressure is. 

Our results show that UV induced desorption was observed in low oxygen pressure 

(<10-6 torr) but not in high oxygen pressure (>10-6 torr), where the partial pressure 

of CO2 is below 10-9 torr. When oxygen pressure is below 10-6 ton, illuminating the 

oxidized surface results in changes in the surface SH signal which indicates 

desorption. With a few mtorr to a few ton of oxygen present, illuminating the 

surface with UV does not in anyway change the SH signal level which suggest no 

desorption can occur with the oxygen present. Since the photodesorption occurs in 

very low oxygen pressure and is prohibited by the presence of oxygen, it is 

reasonable that the species involved is 02. If CO2 is assumed to be the species 

involved, the photodesorption should occur especially when the CO2 partial pressure 

is low. Clearly it is not the case in our SH experiments. 

One argument for supporting the a carbon layer interpretation may be that the 

carbon contamination covers a few layer of the surface which could generate CO2 

quickly and sufficiently in the presence of oxygen. If the CO2 generation rate is high 

enough to compensate the photodesorption rate, the CO2 concentration remains 

constant and the surface SH signal should not change, which might be consistent with 
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our null result of photodesorption with the presence of oxygen. But if this argument 

is true, the carbon layers are consumed away little by little under UV irradiation in 

oxygen. After exposing to UV and oxygen simultaneously for a long time, the 

carbon layer should be exhausted. If the carbon layers are exhausted by 

photodesorption, the surface should be stable and there should be no photodesorption 

phenomena either in high vacuum or in oxygen. For at least a year we have been 

exposing our rutile surface to both high content of oxygen and intense UV light. The 

fact is that we can do oxidation and UV-reduction cycle on the same surface spot 

indefinitely without losing the same behavior of SH signal. This fact apparently 

rejects the carbon layer interpretation 

Another concern is that there might be a steady supply of carbon in the vacuum 

chamber and sampling line. The high vacuum chamber should be free from carbon 

because it is made of stainless steel and has been baked out often with a radiant heater 

over the years. The chamber has been constantly maintained in high vacuum by a 

diffusion pump or an ion pump. The most likely source for carbon is possible CH in 

our sampling line which is made of copper tubing. Although we are not able to 

determine the content of CH when oxygen is present in the chamber due to limitation 

of mass spectrometer, we observed only very low CH partial pressure ( < 10-11 ton) in 

the sampling line and the chamber in vacuum as monitored by a residual gas analyzer 

at mass number 13. We believe the CH pressure is also very low when oxygen is 

introduced into the chamber because oxygen goes through a 77 K cold trap before it 

enters the chamber. The source of carbon is not likely to exist in the vacuum system. 

Production of CO2 may be long lasting on carbon contaminated rutile powder 

upon exposure to oxygen since a powder has a very large interaction area and 

numerous adsorption sites. Reducing carbon content in powder could be very 
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difficult. On a single crystal surface, however, the adsorption area is relatively 

limited. Shining UV light on the crystal surface in an oxygen environment may clean 

up possible carbon contamination by way of oxidation of carbon and photodesorption 

of CO2. In our experiments, each sample spot was subjected to exposure of intense 

UV light and high content of oxygen prior to an experiment. The possible carbon 

contamination must have been cleaned up by this process. 
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CHAPTER 7
 
CONCLUSIONS AND FUTURE WORK
 

Surface second harmonic generation has enabled us to observe the adsorption 

and photodynamics of oxygen on rough and flat (001) and (110) rutile TiO2 surfaces 

under conditions ranging from UHV to atmospheric. At pressures below 10-6 torr, 

excitation with either 532 or 266 nm 100 ps pulses leads to photoreduction of all four 

surfaces. The observations are consistent with the model in which 02, initially bound 

strongly as 0,-, desorbs, leaving behind Ti3+ surface defects. The Ti3-k defects on a 

photoreduced surface correlate with a slight enhancement in the SSHG spectrum at 

wavelengths shorter than 600 nm. These defects readily bind 02 quickly at pressures 

above 10 torn This molecular oxygen ion may be also present on nearly perfect 

TiO2 surfaces which are conventionally prepared with Ar ion bombardment followed 

by high temperature (900 K) annealing in oxygen. Preliminary results of recent XPS 

experiments by Shultz et a182 on the (110) surface under UV 365 nm illumination 

further support this notion. In their experiments, as a nearly perfect (110) surface 

was exposed to UV 365 nm with a fluence of 380 J/cm2, XPS spectra showed a small 

peak at the binding energy of -461 eV, which is characteristic of Ti3+ defects. The 

XPS peak of Ti3+ defects disappeared when the surface was exposed to 1800 L of 

oxygen. 

The propensity of the surfaces to undergo photoreduction correlates with a 

decreasing photo-ablation threshold. At 532 nm the damage thresholds are 490 and 

650 MW/cm2 under UHV and 1 torr 02, respectively. At 266 nm the damage 

thresholds are 34 and over 131 MW/cm2 under UHV and atmospheric conditions. 

The photo-ablation probably starts with photoreduction of the surface. 02 physisorbs 

onto only rough surfaces at 02 pressures greater than 5 torn Thermal desorption is 
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rapid at 300 K as the pressure is lowered from many torr to the mtorr range, but UV 

excitation leads to desorption as well. Transient depression and recovery of the SH 

signal after UV excitation under high 02 pressure conditions shows that 02 undergoes 

photodesorption and a slow, diffusive readsorption. Chemical etching produces flat 

surfaces with much better morphology which is evident from the absence of 

physisorbed 02 on these surfaces. The surface symmetry of (110) is consistent with 

the SSHG polarization ratios, but the SSHG polarization ratios of (001) are hard to 

interpret, probably due to faceting of the surface. 

Further studies are needed to understand these phenomena, including more 

precise SH measurements, surface structural studies and vibrational spectroscopy. 

Direct evidence of 02 species will rely on a well resolved vibrational spectrum. 

Optical methods usually provide much better resolution but there are not many optical 

surface techniques available with great sensitivity. A second-order optical process is 

not applicable in obtaining a vibrational spectrum in this case because of the 

symmetric nature of 02 molecules. A suitable approach would be to use the 

waveguide CARS83 (coherent anti-stoke raman spectroscopy) surface technique which 

is based on a third-order nonlinear process. The vibrational spectrum of 02 may be 

taken on a TiO2 thin film waveguide on a fused-silica substrate. If UV excitation is 

applied to the surface, photodesorption of 02 may also be observed. 

Defect states play an important role in processes of adsorption as well as 

desorption on the surfaces. In order to more precisely locate the electronic states of 

the Ti3+ defects, a spectrum of wider wavelength range is necessary. Our SSHG 

electronic spectrum of Ti3+ defects covers only a 50 nm range due to limited 

tunability of our laser system. According to the trend in our spectrum, the laser 

wavelength should be extended from the green region to UV in order to pin down the 
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location of the electronic resonance. Using a frequency-doubled Ti: saphire laser, the 

SSHG spectrum in the range of blue-green to UV can be filled. 

The surface photodynamics we observed so far is on the time scale of seconds. 

Photoreduction is only observed in high vacuum after the surface is exposed to UV 

266 nm laser light. Because the excitation wavelength coincides with the SSHG 

signal, time-resolved experiments are prohibited by the large background the 

excitation beam creates. One way to avoid this problem is to use an IR probe beam 

so that the SSHG signal is in the visible region which is far away from the UV 266 

nm excitation wavelength. The drawback is that invisible IR is not as easy to work 

with. Alternatively one can use a different excitation beam which is separable from 

the UV 266 nm but not too far from it. The photodesorption spectrum of oxygen 

under tunable UV laser excitation may help in understanding the photodynamics. 

Although simple measurements of SSHG polarization ratios are consistent with a 

certain symmetry that a TiO2 (110) surface has, it is necessary to measure the angular 

dependence of the SSHG signal as the surface is rotated about its surface normal, in 

order to understand the stoichiometry of a near perfect single crystal surface, its 

defects, and adsorption and desorption sites. 
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