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Sum frequency generation between a Ti:Sapphire beam and white light

continuum is performed to obtain spectral information from GaAs(001). The ex-

perimental difficulties are analyzed and possible solutions and extensions to the

technique proposed. The phase of second harmonic generation (SHG) is mea-

sured using a frequency domain technique. Phase shifts in GaAs under azimuthal

rotation are observed and explained. The phase of the surface second order sus-

ceptibility tensor elements of Si is measured. For the first time SHG phase from

Si/SiO2 and Si/SiO2/Hf-silicate is measured with a temporal resolution better

than one second. Si/SiO2/Hf(1−x)SixO2 stack structures are studied using rota-

tional anisotropic, spectroscopic, and time dependent SHG. It is found that the

signal is affected by Si content (x) and by annealing history of the samples. The

results show that SHG is sensitive to the phase separation of the silicates bulk

due to spinodal decomposition. A heuristic model based on Hf-O-Si polarizable

units that explains the observed trends is presented.
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Chapter 1

Introduction

1.1 Motivation

The study and understanding of surfaces and interfaces play an important

role in modern science and technology. Powerful techniques have been devised

to gain a deeper knowledge of these systems [1, 2]. However, many of such tools

require measurements under ultrahigh vacuum (UHV) conditions; some others

are invasive and can damage or contaminate the sample. Another limitation

associated with many of the methods of surface science is their lack of access to

buried interfaces.

Optical techniques don’t suffer from some of the above mentioned prob-

lems. Particularly, they don’t contaminate the sample, don’t produce any damage

if the fluence is kept under the damage threshold, can be used on most environ-

ments including UHV or high pressures, and have large penetration depth into

condensed matter. On top of these, they can have micrometer lateral resolution,

and femtosecond temporal resolution [3].

The large penetration depth of light into many materials allows optical

techniques to access buried interfaces but the separation of interface and bulk

signals is difficult and many times impossible. However, for centrosymmetric

materials, in the dipole approximation, the bulk second order optical response

vanishes identically due to symmetry. This cancelation leaves only the surface or
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interface response, and higher order terms from the bulk to contribute to the ob-

served signals [4–6]. The surface/interface signal sometimes can be separated from

the bulk contribution based on symmetry arguments. Thus, when the separation

can be carried out, second order optical processes offer a non-destructive, real

time, in situ, and non-invasive surface specific diagnostic. Second order nonlinear

processes include: Second Harmonic Generation (SHG), Sum Frequency Gener-

ation (SFG), Difference Frequency Generation (DFG), and optical rectification.

When the top material layer is semitransparent to the exciting laser, and pro-

duced signal wavelengths, information about buried interfaces can be retrieved.

Such characteristics have made these nonlinear processes into promising candi-

dates to become a standard diagnostic for surfaces and interfaces. But more work

is still necessary mainly in the description at microscopic level of the observed

signals and its correlation with experimental observations. Of all the different

second order processes, this work will focus on SHG measurements.

1.2 Historical perspective

In 1961 Franken and coworkers, using crystalline quartz, reported the first

observation of optical frequency doubling opening the door for many other ad-

vances in nonlinear optics [7]. In the following year two seminal papers by Bloem-

bergen and Pershan, dealing with the interaction of light with a nonlinear medium

and the solution of Maxwell’s equations in the boundary between nonlinear media,

appeared [8, 9]. Also in 1962, SHG from surfaces of both centrosymmetric and

non-centrosymmetric materials was observed by Lax, Mavroides and Edwards

[10, 11]. In their paper they recognized that SHG in the centrosymmetric case

could come from the surface breaking the symmetry. Other observations by dif-
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ferent groups soon followed and at the same time they corroborated the existing

theoretical predictions [12–16]. The first measurements of both magnitude and

phase of χ(2) were done in 1965 by Bloembergen, Chang and Ducuing [17].

On the theoretical side, progress was also made. Jha pointed out the

importance of discontinuities in the normal component of the fundamental electric

field to surface SHG contribution, and the existence of a bulk magnetic-dipole

source [18, 19]. Shen and Bloembergen showed that bound electrons, and not only

conduction electrons, contribute to frequency doubling in silver, and, together

with Lee, that interband transitions are relevant for surface SHG [20, 21]. One year

later Jha and Warke concluded that, far from resonance, the nonlinear polarization

could be approximated in the long wavelength limit by the value of the dielectric

function at the fundamental and second harmonic frequencies [22]. In 1968, as

culmination of all the advances made, a paper reviewing the origin of the surface

nonlinearity was published by Bloembergen, Chang, Jha and Lee [23].

In 1969 Wang performed experiments on liquid/air interfaces [24],and Brown

and Matsuoka reported SHG sensitivity to surface adsorbates for the first time.

This was in opposition to all previous theoretical and experimental work [25]. At

that time surface preparation techniques were rather poor. This hindered the ac-

curate test of theoretical predictions and was in part to blame for not recognizing

the full value of second order nonlinear processes as surface specific techniques.

Later Simon, Mitchell and Watson applied attenuated total reflection techniques,

which enhance the response by coupling into surface plasmons or polaritons, to

the production of second harmonic [26]. Rudnick and Ster considered the mi-

croscopic sources of SHG production at a metal surface [27]. In this paper the
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authors found that the signal coming from breaking the inversion symmetry at a

cubic metal surface was of the same order as the previously considered quadrupole

arising from discontinuity of the normal component of the electric field. In 1976

Bower extended the above mentioned work by Jha to the case close to resonance

and also included the effect of surface states [28].

Starting in the 80’s, studies have focused less in the investigation of the

nonlinear phenomenon in itself and more in the use of SHG as a surface analytical

tool [29]. In a historical overview of the field of surface nonlinear optics Bloember-

gen points out that its history can be divided in three stages: “classical antiquity”

referring to the initial development period of the sixties, “middle ages” for the sev-

enties due to the somewhat little activity, and “renaissance” on the early eighties

because of the renewed interest on the potential of the field [30]. This renaissance

was in large part motivated by the observation by Chen, de Castro and Shen of

an enhancement of the signal from a roughened surface [31]. With this new direc-

tion, the need of discriminating surface and bulk contributions became critical.

Several authors worked on the problem, some relevant contributions were done

by Guyot-Sionnest, Chen and Shen [32]; Sipe, Moss and van Driel [33]; and Sipe,

Mizrahi and Stegeman [34]. In 1984 the first SHG study under UHV of a well

characterized surface was published by Shen and coworkers [35]. Two years later,

McGilp and Yeh obtained structural information of a buried metal-semiconductor

interface using SHG [36].

A factor that contributed enormously to a wider use and development of

nonlinear optical techniques was the invention of the mode-locked Titanium:Sapphire

laser and of the tunable optical parametric amplifier/oscillator [37–39]. These
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technologies are critical to SHG since the signal depends quadratically on the

peak intensity of the fundamental light, Ultrashort pulses with very modest en-

ergy per pulse but high repetition rates allow high signal levels without damage

to the sample due to excessive heating [40].

In more recent times, Second Harmonic Generation and Sum Frequency

Generation have proved useful in the study of many different characteristics of

the Si(001) and Si(111) surfaces, and the interface of the technologically relevant

Si/SiO2 system such as: strain [41–43], angstrom scale micro-roughness [44, 45],

atomic adsorption of different elements [46–50], vibrational modes of adsorbates

[51–53], vicinality [54, 55], surface phase transformation [56], phase transitions

[57], interfacial dc electric field [58–60], charge trapping [61–65], temperature in-

duced spectral shifts [66], sub-stoichiometric oxide formation [67], high-κ dielectric

layers [68, 69], etc. Although this list of properties that have been probed by SHG

and SFG in Si is long, it must be recognized that these techniques still need to

be better understood from a microscopic point of view in order to deliver on their

promise of becoming a standard and commercially available tool for surface and

interface diagnostics.

Currently the theory of surface nonlinear response is much less developed

than the theory of the linear response. However the field has continued to grow

and the understanding at the microscopic level is improving. Polarizable bond

models and semi-empirical tight binding models make use of experimental data to

adjust the value of different parameters while ab initio calculations are truly from

first-principles. Both methods have been maturing in the last decade and several

papers have been published with significant contributions to the field [50, 70–
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80]. Second order nonlinear processes, in particular SHG, are closer to becoming

standard surface/interface specific probes.

1.3 Second order nonlinear processes

In this section a brief phenomenological description of Second Harmonic

Generation in reflection is given. Since most of these results are well known,

emphasis will be made in the resulting expressions that describe the observed

signal rather than in their detailed derivation. The system of interest in this

work is the interface between Si(001) and SiO2 or Hf-silicates. The goal of this

section is to offer a compendium of results for SHG from the Si(001)/SiO2/high-κ

dielectric system. For a more complete picture the reader is encouraged to refer to

one of the several excellent review papers or textbooks that have been published

on the subject [3–6, 29, 81–85]. The SHG signal produced by the dielectric films

is negligible. Thus only contributions from the interfaces and from Si will be

considered. All the derived equations will be specialized to the case of SHG in

reflection from the Si(001) surface.

When a fundamental optical beam at frequency ω (E(ω)) is incident in a

material system it induces a polarization per unit volume P . This polarization

acts as a source of radiation in the nonlinear wave equation. If the intensity of the

exciting laser is low, P can be modeled as a linear function of the incident electric

field. However, if E(ω) is intense enough, the relation between the polarization

and the incident optical field will no longer be linear. The lowest order correction

is given by a term that depends quadratically in the field, i.e. second order optical

nonlinearities of the material are being manifested. For SHG, assuming that E(ω)
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is proportional to eiωt, the correction to the polarization will be proportional to

ei2ωt. This source term will be represented by P (2ω) to emphasize its frequency

dependence. So, the total polarization is given by:

P = χ(1) ·E(ω)

︸ ︷︷ ︸
Linear Term

+ χ(2) : E(ω)E(ω)

︸ ︷︷ ︸
P (2ω)

, (1.1)

where χ(2) is the second order nonlinear susceptibility which contains the nonlinear

properties of the material under consideration.

The physical origin of P (2ω) is the “deformation” of the electronic distrib-

ution in the material due to the presence of E(ω). The details of this deformation

will depend of the surroundings of the electrons. For example: the response of

the electrons well inside the bulk of the material won’t be the same as that of the

electrons near the surface, or of those in areas where an external dc electric field

is present.

It has been customary in the literature to separate the bulk and surface

contributions into different susceptibility terms
↔
χ

(2), B

, and
↔
χ

(2), S

respectively.

Each of these terms is further decomposed into its multipolar expansion compo-

nents. The bulk dipolar response is expected to dominate the SHG signal, followed

by the surface dipole, the bulk electric quadrupole, and the bulk magnetic dipole.

However, there is a very important exception to this rule, the case when the bulk

atomic arrangement possesses a center of inversion (centrosymmetric materials).

In this case symmetry imposes the restriction that the bulk dipolar term must

be identically zero. The presence of the surface breaks the centrosymmetry and

allows a dipolar response from the first few atomic layers of the material. Also,

the normal component of E(ω) is discontinuous at the surface giving rise to a
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surface quadrupolar response. These two contributions are grouped into the sur-

face susceptibility
↔
χ

(2), S

which is expected to dominate the total signal for these

materials, although the bulk electric quadrupolar susceptibility also contributes.

This work will focus on studying the SHG response from the interface

between Si and SiO2 or Hf(1−x)SixO2 (with 0≤ x ≤1). For these systems, an

important assumption will be made: the bulk of the oxides deposited on top of

Si and their surface exposed to air have a negligible contribution to the measured

SHG. This is a reasonable assumption that has been verified phenomenologically

in both cases. The main contribution of these materials is through its interface

with Si, and is accounted for by the effective surface susceptibility term.

Bulk silicon has a diamond lattice and therefore is centrosymmetric. Since

on top of the dominant surface contribution to the SHG response, a weak bulk

quadrupolar contribution is also observed, the total second order polarization

vector can be written as:

P
(2ω)
i = χ

(2), S
ijk E

(ω)
j E

(ω)
k + χ

(2), Q
ijkl E

(ω)
j ∇kE

(ω)
l . (1.2)

In this equation the summation convention is assumed, i.e. repeated indices in the

same side of the equation are summed over all possible values of that index. The

suffix “Q” on the susceptibility refers to its quadrupolar bulk origin. Also note

that E(ω) refers to the fundamental electric field inside the material. A magnetic

dipole term is nonexistent since Si is a non-magnetic material. As mentioned

before, it is also possible to have other contributions from elements that break the

bulk centrosymmetry, for example an applied dc electric field. These terms will

be dealt with in subsequent chapters.
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Bulk Si belongs to the m3m crystal class [86, 87]. In general 81 components

are needed to fully describe a fourth rank tensor such as the bulk quadrupolar

susceptibility tensor
↔
χ

(2), Q

. However this number is reduced by the symmetries of

the system. The bulk susceptibility of Si has 21 nonzero tensor components but

only 3 of these are independent:

χ
(2), Q
XXXX = χ

(2), Q
Y Y Y Y = χ

(2), Q
ZZZZ

χ
(2), Q
XXY Y = χ

(2), Q
XXZZ = χ

(2), Q
Y Y ZZ = χ

(2), Q
Y Y XX = χ

(2), Q
ZZXX = χ

(2), Q
ZZY Y =

= χ
(2), Q
XY Y X = χ

(2), Q
XZZX = χ

(2), Q
Y ZZY = χ

(2), Q
Y XXY = χ

(2), Q
ZXXZ = χ

(2), Q
ZY Y Z (1.3)

χ
(2), Q
XY XY = χ

(2), Q
XZXZ = χ

(2), Q
Y ZY Z = χ

(2), Q
Y XY X = χ

(2), Q
ZXZX = χ

(2), Q
ZY ZY .

Analogously, in the most general case 27 components are required to completely

describe a third rank tensor such as
↔
χ

(2), S

, but for the Si(001) surface (4m sym-

metry) only 7 elements are nonzero and of these only 3 are independent:

χ
(2), S
ZZZ

χ
(2), S
ZXX = χ

(2), S
ZY Y (1.4)

χ
(2), S
XXZ = χ

(2), S
Y Y Z = χ

(2), S
XZX = χ

(2), S
Y ZY .

Up to this point the susceptibilities components have been implicitly as-

sumed to be in the so called crystal reference frame. In the case of Si, the choice for

such reference system is obvious due to the cubic symmetry of the crystal, namely

the axes (X, Y, Z) coincide with the crystallographic directions [100], [010], and

[001] respectively. However, since it is more convenient to work in a reference

frame tied to the laboratory, another set of coordinate axes is introduced called

the laboratory frame (x, y, z). This frame is given by coordinates such that xy

9



plane coincides with the Si surface, xz plane coincides with the plane of inci-

dence and, the x axis is in the [110] direction. This implies that the z axis will

overlap with the crystallographic Z axis. This choice of axis follows the work by

Aktsipetrov and coworkers [87].

Si

x

z

0 0

k( )
E( ) k(2 )

(2 ),Si
k( ),Si

k

E( ),Si

Ep

Es

0

Oxide

Figure 1.1: Geometry used for describing SHG in reflection. E(ω) and E(ω), Si are
the pump fields in air and silicon respectively. ψ0, and ψ are the angles between
the plane of incidence and the fundamental optical fields. k(2ω), Si is the wave
vector of the transmitted SHG radiation.

Figure 1.1 shows the geometrical arrangement used to describe the SHG

production. The incident fundamental field, E(ω), has an arbitrary linear polariza-

tion characterized by the angle ψ0 with respect to the plane of incidence (ψ0 = 0◦
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for p-polarized input; ψ0 = 90◦ for s-polarized input). The polarization state of

the fundamental field transmitted into the Si substrate (described by angle ψ) can

be determined using the linear Fresnel equations and Snell’s law. This angle will

be needed later to calculate the SHG contributions of the surface and bulk under

rotations of the sample. The resulting expression after taking into account the

presence of the oxide is:

tan ψ = tan ψ0

(
n

(ω)
Ox cos θ + n

(ω)
Si cos α

)(
cos α + n

(ω)
Ox cos θ0

)
(
n

(ω)
Ox cos α + n

(ω)
Si cos θ

)(
cos θ0 + n

(ω)
Ox cos α

) ; (1.5)

in this equation n
(ω)
Ox and n

(ω)
Si are the oxide and silicon refractive indexes at the

fundamental wavelength. The angle of the fundamental field with the normal

inside Si is given by sin θ = sin θ0/n
(ω)
Si , and the angle α between the fundamental

and the normal inside the oxide is sin α = sin θ0/n
(ω)
Ox . Angle Φ can be determined

using the nonlinear version of Snell’s law, the result is sin Φ = sin θ0/n
(2ω)
Si .

Now it is necessary to write the equations that will determine the nonlinear

polarization and from these expressions make a connection to the SHG field and

measured intensity. Since the samples will be rotated around the z axis by an an-

gle φ, the susceptibility tensors should be transformed accordingly using as many

rotation matrices as the number of indices in the tensor. Once the rotated ten-

sor components are obtained, they are introduced into Eq. (1.2) together with the

expression for the cartesian coordinates, in the laboratory frame, of the fundamen-

tal field inside the Si substrate E(ω), Si =
∣∣E(ω), Si

∣∣ (cos ψ cos θ, sin ψ,− cos ψ sin θ).

The magnitude of this vector can be obtained from
∣∣∣E(ω)

∣∣∣ using the linear Fresnel

coefficients from the incident medium a to the transmitted medium b:

t
a/b
⊥ =

2na cos θa

na cos θa + nb cos θb

, t
a/b
‖ =

2na cos θa

na cos θb + nb cos θa

; (1.6)
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θ is the angle of incidence in the corresponding medium. The result is:

∣∣∣E(ω), Si
∣∣∣
2

=
(
t
Ox/Si
⊥ t

Air/Ox
⊥ E(ω) sin ψ0

)2

+
(
t
Ox/Si
‖ t

Air/Ox
‖ E(ω) cos ψ0

)2

. (1.7)

After some algebra, it turns out that there is no anisotropic response from

the (001) surface, i.e. the results do not depend on the rotation angle φ. The

resulting isotropic p-polarized second order surface polarization is [87]:

P
(2ω), S
p, isot =

∣∣E(ω), Si
∣∣2 {−χ(2), S

xzx sin 2θ cos2 ψ cos θ + (1.8)

+
[(

χ(2), S
zzz sin2 θ + χ(2), S

zxx cos2 θ
)
cos2 ψ + χ(2), S

zxx sin2 ψ
]
sin θ

}
;

while the isotropic s-polarized surface response is:

P
(2ω), S
s, isot =

∣∣E(ω), Si
∣∣2 (−χ(2), S

xzx sin 2ψ sin θ
)
. (1.9)

For the quadrupolar bulk response there are both isotropic and anisotropic

contributions. The following expressions for the nonlinear polarization sepa-

rate these contributions for future reference. The expressions for the isotropic

quadrupolar bulk p-, and s-polarized SHG contributions are:

P
(2ω), Q
p, isot = ı

∣∣E(ω), Si
∣∣2 k(ω), Si

{[
cos2 ψ

(
1/4 sin θ cos2 θ

{
3χ(2), Q

xxxx − 6χ(2), Q
xxyy + χ(2), Q

xyxy

}
+ sin3 θχ(2), Q

xyxy

)

+ 1/4 sin2 ψ sin θ
{
χ(2), Q

xxxx − 2χ(2), Q
xxyy + 3χ(2), Q

xyxy

}]
cos θ (1.10)

+
[
cos2 ψ

(
χ(2), Q

xyxy cos3 θ − sin2 θ cos θ
{
χ(2), Q

xxxx − 2χ(2), Q
xxyy

})

+ χ(2), Q
xyxy cos θ sin2 ψ

]
sin θ

}

P
(2ω), Q
s, isot = ı

∣∣E(ω), Si
∣∣2 k(ω), Si 1/8 sin 2θ sin 2ψ

(
χ(2), Q

xxxx − 2χ(2), Q
xxyy − χ(2), Q

xyxy

)
. (1.11)
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For the anisotropic response of the quadrupolar bulk the expressions are:

P
(2ω), Q
p, anis = ı

∣∣E(ω), Si
∣∣2 k(ω), Si 1/4 cos θ

{[
χ(2), Q

xxxx − 2χ(2), Q
xxyy − χ(2), Q

xyxy

]
(1.12)

× [
sin θ cos 4φ

(
cos2 ψ cos2 θ − sin2 ψ

)
+ sin 2θ sin 2ψ sin 4φ

]}

P
(2ω), Q
s, anis = ı

∣∣E(ω), Si
∣∣2 k(ω), Si 1/4

(
χ(2), Q

xxxx − 2χ(2), Q
xxyy − χ(2), Q

xyxy

)
(1.13)

× [
sin θ sin 4φ

(
cos2 ψ cos2 θ − sin2 ψ

)− sin 2θ sin 2ψ cos 4φ
]
.

The total nonlinear polarization is obtained from adding the different con-

tributions from these equations. A connection between P (2ω) and E(2ω) is estab-

lished through the following expressions [9]:

E
(2ω)
p−pol =

nOx(2ω)
{

n2
Si(ω)

[
n2

Si(2ω)− sin2 θ0

]1/2 − n2
Si(2ω)

[
n2

Si(ω)− sin2 θ0

]1/2
}

nSi(ω)
{

n2
Si(2ω)

[
n2

Ox(2ω)− sin2 θ0

]1/2
+ n2

Ox(2ω)
[
n2

Si(2ω)− sin2 θ0

]1/2
}

× 4πP
(2ω)
p−pol

[n2
Si(ω)− n2

Si(2ω)]
, (1.14)

E
(2ω)
s−pol =

[
n2

Si(2ω)− sin2 θ0

]1/2 − [
n2

Si(ω)− sin2 θ0

]1/2

[
n2

Ox(2ω)− sin2 θ0

]1/2
+

[
n2

Si(2ω)− sin2 θ0

]1/2

4πP
(2ω)
s−pol

[n2
Si(ω)− n2

Si(2ω)]
. (1.15)

Once the second harmonic fields are obtained, they just need to be sub-

stituted in the expression for the intensity I
(2ω)
p,s = c

8π

∣∣∣E(2ω)
p,s

∣∣∣
2

, which is what is

actually measured in the laboratory.

1.4 Scope of this work

The main focus of this work is SHG spectroscopy. Of the several aspects of

this technique that are still under active research, this work will focus on only two
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of them: extending the bandwidth, and measuring the SHG phase. Also, results

of an SHG study of the interface between Si and Hf-silicates will be presented

to illustrate the potential of SHG as a in-situ, non-invasive technique. It will

be shown that the amplitude is sensitive to different conditions of the sample’s

growth environment.

The SHG theory presented in the previous section assumed that both the

fundamental beam and the nonlinear polarization were plane waves. Chapter 2

introduces the use of broad bandwidth pulses which break the plane wave assump-

tion. An extension of the theory is given in order to include broad bandwidth

pulses. Spectral data acquired using a Ti:Sapp oscillator capable of ∆λ > 100 nm

is presented. At the end of the chapter a different approach to extend the spec-

tral range is considered, namely SFG between the fundamental beam and a white

light continuum (WLC) generated using photonic crystal fibers. Chapter 3 shows

a SHG study of the technologically relevant Si/SiO2/Hf(1−x)SixO2 structures, and

a microscopic phenomenological model to explain the observed trends. Chapter 4

offers several examples of phase measurements using broad bandwidth pulses.

These examples illustrate phase shifts in GaAs coming from the interference from

bulk and surface SHG, time dependent phase shifts, and measurements of the

complex value of the bulk and surface second order susceptibility from silicon.

Chapter 5 states the conclusions and looks at possible future developments for

SHG spectroscopy.

14



Chapter 2

Ultra-broad bandwidth SHG spectroscopy

The discussion and derivations presented in the previous chapter assumed

that the fundamental and SHG fields were plane waves. These approximations

work well for many scenarios where spectral information is obtained by tuning a

narrow bandwidth (τp ≥ 100 fs) laser. However, laser tuning is time consuming

and prone to misalignments sacrificing real-time SHG data acquisition. One way

to avoid the need for laser tuning is to use pulses with durations well below 100 fs.

Such pulses naturally have broad frequency bandwidths, for example a τp =10 fs

transform limited Gaussian pulse centered at λ =800 nm has a spectral bandwidth

of ∆λ =94nm measured at full width at half maximum (FWHM). This is because

the relation ∆ωτp ≥ 2.77 between frequency and time domain descriptions must

be obeyed.

The advantages that ultrashort pulses offer for SHG spectroscopy go be-

yond the broader spectral bandwidth. Unamplified oscillator pulses deposit mod-

est amounts of energy in extremely short periods of time resulting in the high

peak powers needed for exciting optical nonlinearities with low sample heating

[40]. These sources are particularly attractive for Si/SiO2 and Si/high-κ dielectric

studies because the resulting SH covers the E1 silicon resonance region [88]. How-

ever when using large bandwidths, pulse chirp can induce spectral artifacts. The

first part of this chapter will analyze the influence of such effects, how to handle
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them, and also will present some results obtained using ultra-broad bandwidth

pulses (≈ 105 nm FWHM fundamental) directly from a Ti:Sapp oscillator.

A different approach to extending the spectral range is the use of white

light continuum (WLC) generation. In principle a SHG signal could be obtained

using WLC as the light source, but this scheme is very inefficient because of the

low peak power of the incident light (due to chirp) and the [I(ω)]2 dependence of

the signal. Another way to use WLC is combining it with the fundamental pulse

through self-dispersed sum frequency generation (SFG) [89]. In this scheme signal

depends only linearly on the WLC intensity. As part of this work this technique

was implemented in an attempt to extend the bandwidth but found only partial

success. The WLC generation process, results obtained, and a discussion of the

challenges found in the implementation are described in the final section.

2.1 Theory of SHG with broad bandwidth pulses

In this section some theoretical considerations related to the use of broad

bandwidth pulses in SHG are studied. Understanding the assumptions involved

in the description of the material response to ultrashort pulses will clarify the

limitations of the technique.

Like all electromagnetic phenomena, a study of SHG from broad band-

width pulses must begin with Maxwell’s equations. From these equations a wave

equation for the total electric field, E, can be derived in the usual way, resulting

in: [
∇× (∇×) +

1

c2

∂2

∂t2

]
E(r, t) = −4π

c2

∂2

∂t2
P (r, t). (2.1)

In principle any linear or nonlinear optical process is fully characterized if
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the polarization term is known since this would allow equation 2.1 to be solved.

However it seldom happens that one has access to the precise form of this term. As

in the previous chapter, all the multipolar contributions higher than the electric

dipole term will be neglected. This approximation makes P a local function of E.

Within this restriction, the polarization vector is modeled, as pointed out before,

by expanding it in a power series in terms of the electric field. The resulting

expression in the time domain is:

P (r, t) =

∫ t

−∞

∫ ∞

−∞
χ(1)(r − r′, t− t′) ·E(r′, t′)dr′dt′

+

∫ t

−∞

∫ t

−∞

∫ ∞

−∞

∫ ∞

−∞
χ(2)(r − r1, t− t1, r − r2, t− t2) : (2.2)

E(r1, t1)E(r2, t2)dr1dr2dt1dt2

+ · · · .

In the plane wave approximation a monochromatic wave, and instantaneous ma-

terial response are assumed at this point to simplify the time integral and obtain

the first term on the right hand side of Eq. (1.2). But these assumptions can not

be applied because of the broad bandwidth of the pulses, and the fact that mate-

rial response times are of the same order of magnitude as the exciting pulses [90].

To move forward with the integration it must be realized that the surface dipolar

response, coming from breaking the material bulk centrosymmetry, is restricted

to a few atomic monolayers and can be modeled with a spatial delta function, i.e.

χ(2) ∝ δ(r − r1)δ(r − r2).

For the time dependence a change of variables (t−t2 = τ2 and t2−t1 = τ1)is

performed, the fields are written in terms of their Fourier transforms on Ω and

Ω′ and finally the resulting expression is Fourier transformed to the frequency
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domain leading to the following form of the nonlinear polarization for each tensor

component of
↔
χ:

P (2ω) =
1

(2π)2

∫ ∞

−∞
χ(2)(2ω, Ω, 2ω − Ω)E(Ω)E(2ω − Ω)dΩ; (2.3)

where:

χ(2)(2ω, Ω, 2ω − Ω) =

∫ ∞

0

∫ ∞

0

χ(2)(τ2 + τ1, τ2)e
−i2ωτ2e−iΩτ1dτ2dτ1. (2.4)

Note that in Eq. (2.3) the fundamental electric field is convolved with the material

properties contained in χ(2). Therefore in general any distortion in the fundamen-

tal pulse, such as chirp, affects the measured spectral features and the material

information can not be isolated.

For the case where there are no resonant frequencies of the material near

the fundamental laser frequency, Eq. (2.3) can be further simplified to [91]:

P (2ω) =
1

(2π)2
χ(2)(2ω)

∫ ∞

−∞
E(Ω)E(2ω − Ω)dΩ. (2.5)

All the material response is now outside of the integral, which depends only on

features of the fundamental electric field that can be normalized out by an in-

dependent measurement on a spectrally flat material such as quartz. Obviously

any interesting system will have some resonances that will impact the normalized

spectra to some degree.

In order to quantify the influence of weak one-photon resonances on the

normalization of measured spectra a model for the material is necessary. Miller

found that for many materials it is possible to write the second order susceptibility

as χ(2)(2ω, Ω, 2ω−Ω) = ∆mχ(1)(2ω)χ(1)(Ω)χ(1)(2ω−Ω) with χ(1) being the linear

susceptibility and ∆m an almost constant coefficient [92]. Strictly speaking these
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susceptibilities should be the surface susceptibilities but, as a first approximation,

they can be substituted by the bulk susceptibilities. The incident fundamental

pulses will be assumed to be Gaussian and given in the frequency domain by

E(Ω) = E0e
−(Ω−ωl)

2/σ2
e−ı(Ω−ωl)

2φ′′(ωl)/2 where the central frequency ωl was chosen

to cancel the first derivative of the phase φ′. If these two assumptions are inserted

in Eq. (2.3) and the fundamental frequency is rewritten as Ω = ω+δ, with δ ¿ ω,

the result is [93]:

P (2ω) = e2ıφ(ω)σ∆m |E(ω)|2
(2π)2

√
π

2(1 + ıa)
χ(1)(2ω)Z(ω)

[
1 +

σ2

8(1 + ıa)

Z ′′(ω)

Z(ω)

]
;

(2.6)

with Z(Ω) = χ(1)(Ω)χ(1)(2ω −Ω), and a = σ2φ′′/2 a dimensionless chirp parame-

ter.

The one-photon resonance of the material enters in 2 places in Eq. (2.6).

First it enters as an overall multiplicative factor that will affect the measured

spectra even in cases of narrow bandwidth pulses or broad bandwidth pulses with

no chirp (a = 0). Second, it enters in the chirp-dependent factor inside the square

brackets. To make a numerical evaluation of the effect of this last contribution, it

is easier to write this expression using the refractive index of the material and its

derivatives because they are tabulated, for example in Ref. [94]:

σ2

8(1 + ıa)

Z ′′(ω)

Z(ω)
=

(∆λ)2

1 + ıa

n2

2(n2 − 1)

[
n′′

n
+

2n′

λn
+

3n2 − 1

n2 − 1

(
n′

n

)2
]

. (2.7)

Current Ti:Sapp technology is capable of bandwidths as wide as 700 nm

at full width [95, 96]. This amazing characteristic involves a very careful compen-

sation of higher order dispersion by using specially designed negatively chirped

mirrors, and CaF2 intracavity prisms. However most commercial and home-built
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Figure 2.1: Laser spectra using standard blue optics set (red line) and ultra-broad
bandwidth optics set (black line). The FWHM bandwidth is more than 100 nm in
the later case. Average laser power is 500mW and pulse duration approximately
10 fs.

oscillators have much narrower bandwidths. Figure 2.1 shows the spectrum of a

typical Ti:Sapp oscillator (in red) with ≈ 33 nm FWHM bandwidth resulting in

≈ 29 fs pulses. For this conditions formula 2.7 gives a correction smaller than

10−3 for the case of Si. Thus spectra acquired with this laser should not suffer

distortions due to the presence of one-photon resonances after normalization using

a flat reference. Although the pulse characteristics of this laser are outstanding,

shorter pulses can be obtained using off-the-shelf mirrors with special dielectric

coatings but keeping the same fused silica intracavity prisms. A bandwidth of

∆λ = 100 nm FWHM can be obtained in this new configuration as shown by the
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black spectrum in Fig. 2.1. For such broad bandwidth the predicted influence of

fundamental resonances of Si in the spectrum is less than 10−2.
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Figure 2.2: Top panel: GaAs(001) SHG spectrum taken with laser on broad
bandwidth configuration. Middle panel: Quartz spectrum used for normaliza-
tion. Bottom panel: Normalized GaAs SHG spectrum, noise is mainly due to the
weak signal from the wings of quartz spectrum. All data taken on P-in/S-out
polarization combination.

Figure 2.2 illustrates the normalization procedure for the case of GaAs.

The top panel shows the SHG spectrum as recorded by the spectrometer CCD

camera. The middle panel displays the quartz SHG spectrum. The lower panel

contains the normalized GaAs spectrum. The noise at the edges of the spectrum

is due to the weak quartz signal at the wings. The signal to noise ratio could be

improved by longer exposure times. For a 100 nm FWHM fundamental transform
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limited Gaussian pulse centered at 800 nm, a 36 nm FWHM SHG spectrum is

expected. As the top panel of the figure shows the measured FWHM is approxi-

mately 25 nm. This reduction in bandwidth could be due to pulse stretching.

The normalized spectrum (see bottom panel) is almost featureless except

for a weak increase in the signal towards the edge of the long wavelength wing.

This feature is weak and noisy and a further bandwidth extension to longer wave-

lengths will be necessary to clarify if this is the onset of a resonant feature. The ox-

idized surface of GaAs(001) has a one photon resonance at approximately 1.45 eV

(2.9 eV two photon energy) [97]. Some other examples of broad bandwidth spec-

troscopy and its comparison with narrow bandwidth spectroscopy can be found

in Ref. [93].

2.2 SFG using white light continuum

As mentioned at the beginning of this chapter sum frequency generation

(SFG) between fundamental and white light continuum (WLC) was used as an

alternative approach to extend the spectral bandwidth of the measurements. The

fixed wavelength fundamental beam is split and one part is used for the SFG

process while the other is for WLC generation. A disadvantage of this approach

is that WLC production from solid targets requires the use of amplified sources

therefore increasing the laser system complexity. This last point was resolved by

the use of a novel microstructure fiber for the WLC as explained below.

The principle of the SFG scheme is illustrated in the top left panel of

Fig. 2.3. As mentioned before, the fundamental beam is split in two parts, the

one labeled 800 nm in the figure goes through a delay arm and the other part is
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Figure 2.3: Illustration of the self dispersed WLC+800 nm SFG concept. Top
left panel: schematic representation of different beams. Bottom left panel: repre-
sentation of the overlap of green light (530 nm) from linearly chirped WLC with
800 nm fundamental to produce 319 nm SFG signal. Right panel: measured WLC
generated from a 3mm thick sapphire window using an amplified laser source.

used to generate the WLC light. This two beams are focused into the sample where

they spatially overlap, the delay arm is used to also obtain a temporal overlap.

When they strike the sample a SFG signal is produced. Momentum conservation

along the surface for the produced photons requires that different SFG frequencies

emanate from the surface at different angles with respect to the normal, this is

called self-dispersing SFG [89]. If the WLC pulse duration is similar to that of the

fundamental, all the frequencies in the continuum will be mixed with the 800 nm

light and all the produced SFG frequencies will be spatially separated due to the

self-dispersion. A linear detector or a CCD camera can be used to record a full

spectrum in a few seconds.
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The dispersion of the SFG signal is determined by the incident geometry.

The angle of incidence (defined with respect to the normal to the surface) was

42◦ for the WLC and 48◦ for the 800 nm beam. This meant that for a continuum

expanding from 400 nm to 1200 nm, the angular dispersion of the SFG signal

would be 1.5◦. If a CCD with 1100 pixels, each of them 24 µm long for a total

detector length of 26.4mm, is used it has to be placed 1m away to completely fill

the active area of the detector. The expected spectral resolution is approximately

0.2 nm/pixel.

The previous description corresponded to an ideal experiment, however the

WLC pulse is actually several picoseconds long and chirped. The 800 nm pulse was

around 100 fs long. In this case, instead of using the self-dispersing technique, the

length of the delay arm could be varied so that different frequencies of the WLC

were mixed with the fundamental for different delays. This idea is schematically

shown in the lower left panel of Fig. 2.3. If the generated continuum is not linearly

chirped, knowledge of the chirp structure is necessary to calibrate the produced

SFG wavelength against the delay of the fundamental beam. This technique will

sacrifice the real-time data acquisition capabilities of the system but the potential

gain in terms of spectral range is significant. The advantages over laser tuning are

that the fundamental laser source doesn’t have to be tuned, only a delay line is

required to mix different WLC colors with the fundamental, and the significantly

wider bandwidth.

White light continuum (WLC) generation is caused by the process of self

phase modulation (SPM) induced by the nonlinear index of refraction of the

medium. When an intense laser beam is propagating in a material, it can modify
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the material linear index of refraction (n0) according to: n = n0 + n2I where n2

is particular to each material and related to χ(3) by the expression n2 = 12π2

n2
0c

χ(3)

[5]. If the pulse has a time profile given by I(t), it will acquire a time dependent

phase factor due to SPM of φSPM(t) = n2I(t)ω0L/c when propagating through

a medium with thickness L. The instantaneous frequency of this pulse is defined

as:

ω(t) = ω0 +
d

dt
φSPM(t). (2.8)

From this expression it is obvious that new frequency components will be created.

For n2 > 0 new low frequency components appear in the leading edge and new

high frequencies in the trailing edge of the pulse. Although SPM is not a dis-

persive process in itself, the medium in which the new spectral components are

propagating is dispersive and therefore the pulse will be chirped.

The first attempt to generate a WLC was done in a jet of water and glycol

using amplified laser pulses with an energy of µJ/pulse and a pulse duration of

150 fs. This scheme turned out to be inconvenient due to the use of liquids and

because the generated continuum presented large intensity fluctuations. The jet

was replaced by a 3mm thick sapphire window that produced the spectrum shown

on the right hand side of Fig. 2.3. As can be seen, the spectrum presented more

than four orders of magnitude variations in intensity across the spectral range.

The main peak was located at the same spectral position as the pump beam. Also

the recorded spectrum was not always reproducible perhaps due to variations in

the laser mode or temporal profile.

At the time of these experiments optical fibers based on photonic band gaps

instead of total internal reflection were introduced [98–101]. These advances led
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to the generation of an ultra-broad bandwidth WLC using a microstructure fiber

[102]. The characteristics of this continuum are remarkable and well suited for

this work, so the decision was taken to adapt this technology to SFG experiments.

The major change in the setup was that this fibers do not require an amplified

pump, a few nJ/pulse are enough for efficient WLC generation. The next few

paragraphs will be devoted to describing the fiber and its properties.

The principle of operation for most optical fibers is total internal reflection

(TIR). This effect exploits an index of refraction difference between the fiber core

and cladding. In standard step-index fibers both elements are made of fused silica

but the core is doped with GeO2 to increase its index of refraction by approxi-

mately 2%. Even though fused silica has a very low nonlinear susceptibility, optical

fibers made with it are efficient nonlinear media. This is because they can confine

light in diameters of a few microns for very long interaction lengths. However

short pulses can not propagate without broadening through regular fibers because

the fiber group velocity dispersion (GVD) stretches the pulse during propagation

increasing its temporal duration.

In any fiber there are two contributions to its total GVD, material dis-

persion (for bulk silica the GVD goes to zero around 1300 nm and below this

wavelength it is negative), and waveguide dispersion. This last source arises be-

cause at longer wavelengths the propagating light is less confined by the higher

index core and expands further into the lower index cladding, lowering the effec-

tive index of the guided mode. The waveguide contribution is usually negative

(normal dispersion) and thus there are no conventional step-index fibers that have

a zero-GVD wavelength below that of bulk silica. As a rule of thumb, for step
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index fibers, the higher the core-cladding index contrast and the smaller the core

size, the larger the waveguide contribution. Therefore the total GVD of a fiber

can be modified to some degree by changing the core or cladding materials, or its

geometrical characteristics.

A new type of fiber with GVD properties dramatically different from those

of conventional fibers is obtained by drawing a solid fuse silica rod surrounded

by hollow rods in a hexagonal closed packed arrangement. They are called mi-

crostructure fibers, holey fibers, or photonic crystal fibers. The resulting structure

is illustrated in the microphotograph shown in the top left panel of Fig. 2.4 taken

from Ref. [103]. The pure silica core is approximately 1.7 µm in diameter, and the

surrounding air holes are 1.3 µm. Many other designs are possible and have been

tried [104] but the one shown is what was used for the experiments.

Simulations show that this type of structure is closely equivalent to a

high index contrast (silica/air) fiber when the air-filled fraction of the cladding is

greater than approximately 60%. The index contrast is approximately 0.45 and

light is guided by total internal reflection. It has been demonstrated that only the

air holes closest to the core are necessary for light confinement and essentially the

same continuum generating properties have been obtained using a tapered fiber

with a diameter of 2µm [105].

This fiber has outstanding nonlinear properties because its zero-GVD point

shifted to 767 nm allowing the propagation of ultrashort Ti:Sapp pulses without

any significant dispersion for very long interaction lengths. An example of the

WLC generation capabilities are illustrated in Fig. 2.4 where a picture of the

dispersed continuum and its spectrum are shown. Note that, in contrast to the
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Figure 2.4: Some details of the microstructure fiber used in SFG experiments. Top
left: microphotograph of fiber profile (core diameter is 1.7 µm, air holes diameter is
1.3µm). Bottom left: net GVD of the fiber (solid red curve) and its contributions,
waveguide GVD (dashed green curve) and material dispersion (dotted blue curve).
Right panels: output spectrum generated using 100 fs pulses propagating through
75 cm of fiber. Blue line represents input pulse spectrum. All figures taken from
reference [103]

sapphire generated WLC, the spectrum is very flat and does not present the same

high peak at the pump wavelength. These spectral characteristics are even more

impressive because the fundamental pulses were unamplified 100 fs with an energy

of only 800 pJ/pulse.

The shifted zero-GVD point is the result of a dramatic shift in the waveguide

GVD contribution. The lower left panel in Fig. 2.4, taken from Ref. [103], plots

the fused silica material contribution to the total GVD in a dotted blue curve,

the waveguide contribution in a dashed blue line, and the total fiber GVD in red.
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The red circles represent measured values. The silica contribution is the same as

in conventional fibers but the waveguide now exhibits anomalous dispersion well

below 1300 nm. The sum of these two parts gives a fiber with normal dispersion

below 767 nm but anomalous dispersion at higher wavelengths.

In this work the WLC used for SFG experiments was produced using 36 cm

of microstructure fiber. Pulses from a Ti:Sapp oscillator with 30 fs duration, cen-

tered at 810 nm, and with an average power of 60 mW were coupled into the fiber

using a 40× microscope objective. The output from the fiber had a large angular

divergence close to 22◦ giving a numerical aperture of 0.36 and f/#=1.4. This

represents a problem for the collimation optics at the output side. A microscope

objective was used as an starting point but it had severe chromatic aberrations.

The second approach was to use a spherical mirror with a focal length of 1 inch.

The mirror worked better than the objective but since it had to be used in an

off-axis configuration it induced astigmatism in the beam. The options of using a

parabolic or elliptical mirror were also considered but it was not possible to find

an off-the-shelf optic with the required f/#.

The broad bandwidth also presented a challenge in the detection arm be-

cause the short wavelengths of the WLC overlapped with the long wavelengths of

the SFG signal. In principle the signal and WLC beam are spatially separated

and this problem should be minimum; however in practice the scattering of the

WLC by mirrors and sample was strong enough as to compete with the SFG sig-

nal. To solve this problem a suitable wide bandpass glass filter combination was

used. It was found that the combination with the best rejection ratio was given

by a RG750 filter before the sample to select long WLC wavelengths, and a BG39
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filter in front of the detection to block these long wavelengths while allowing the

shorter signal wavelengths to pass.

Figure 2.5: SFG signal from GaAs(001). Not all the WLC available bandwidth
was used, only wavelengths higher than 800 nm.

Figure 2.5 shows the measured SFG signal from GaAs(001) using the filter

combination described above. As can be seen from this plot, the WLC chirp is

not linear and the pulse duration is close to 9 ps with the most intense part being

approximately 5 ps long. These values are in the same order of magnitude as

pulse duration measured by XFROG [106]. Several normalization attempts were

made but it was not possible to find a spectrally flat standard that would produce

strong SFG signals. The signal from quartz was essentially in the noise level.

Roughened silver surfaces were also tried but no reliable normalization scheme
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could be found. As discussed in the previous section normalization is paramount

to get rid of spectral artifacts induced by the pulse chirp.

Experiments with Si were also tried but the signal was too weak. The

strong chirp and long pulse duration are the reason for the weak observed signal

levels. The natural next step was trying to compress the WLC to increase the

peak power. A prism pair compressor was designed for this purpose. Simula-

tions showed that the best option was to use SF10 prisms with a separation of

approximately 45 cm. The compressor was built but major problems arose due to

the long propagation distance, the poor beam collimation, and the astigmatism

induced by the curved mirror.

In conclusion, it was possible to obtain broad bandwidth spectra from

GaAs(001) using SFG; however no effective normalization scheme could be found

that would work with such large bandwidths. The strong chirp of the WLC was

used to tune to different wavelengths by changing the delay between the pulses.

Recent literature suggests that using only a few mm of fiber is enough to generate

a robust continuum without such strong chirp [107]. In future experiments this

could be tried to generate either SHG or SFG signals, the SHG signal will ben-

efit the most since it depends quadratically on the WLC intensity. Yet another

approach to bandwidth extension for spectroscopy involves using a recently devel-

oped noncollinear optical parametric amplifier (NOPA) which can generate few fs

pulses tunable across all the visible spectrum [108, 109].
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Chapter 3

SHG study of high-κ dielectrics on Si

Due to their architectural simplicity, and high performance, metal-oxide-

semiconductor (MOS) structures have been at the heart of the microelectronics

revolution. Since defects in the substrate or isolator layer of MOS structures can

act as charge traps, device reliability and performance are intimately related to

the density of defects of the chosen materials. While it is possible to grow crys-

talline semiconductors with very low defect densities, it is very difficult to control

the quality of their interfaces with the oxide. There are several reasons why the

Si/SiO2 system has been the industry choice for MOS construction: thermody-

namical and chemical stability, oxide dielectric constant (κ = 3.9), low density of

bulk fixed charge, but mainly for its exceptionally high interface quality (interfa-

cial trap densities ≈ 1010 cm−2).

As the minimum device feature decreases, ultrathin insulator layers present

new challenges including, but not limited to, dopant migration, and tunneling

currents. Dopant migration can be successfully dealt with by the incorporation

of nitrogen in the growth process to form SiOxNy [110, 111]. The substitution

of SiO2 by a high-κ material constitutes the most promising approach to reduce

the tunneling leakage current to acceptable levels (< 1 A/cm2 at ∼ 1 V) while

maintaining the same capacitance [112]. The advantage of using a material with
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higher κ can be seen from the following equation for a parallel plate capacitor:

C = κε0
A

d
; (3.1)

where A is the area of the electrodes, and d the dielectric thickness. If C is

to remain constant and κ is increased, then d must increase too. Thus high-κ

materials allow the use of a thicker insulator layer, which in turn means a higher

barrier against diffusion and tunneling leakage currents.

Selecting a suitable replacement candidate for SiO2 involves many different

factors like: chemical and thermodynamical stability, electrical properties, com-

patibility with production line processes, film morphology, reliability, etc. [113].

Some examples of high-κ materials are: Al2O3, Ta2O5, TiO2, Y2O3, CeO2, ZrO2,

and HfO2. Another problem that arises for high-κ oxides is the phenomenolog-

ically observed trend that as the dielectric constant increases, the band gap of

the material decreases. This results in lower conduction and valence band offsets

with Si which increase conduction through the interface due to carriers injected

into the bands of the oxide. This leakage is acceptable if the band offsets are

greater than 1 eV. Taking all these factors into consideration, thus far HfO2 and

Hf-silicates have emerged as the leading replacement candidates [114].

SiO2 has κ ≈ 3.9 while HfO2 has κ ≈ 25, thus a gate oxide made of HfO2

with a thickness of ≈ 65 Å results in the same capacitance as a SiO2 gate of only

≈ 10 Å [see Eq. (3.1)]. For Hf-silicates [Hf(1−x)SixO2] the dielectric constant and

the band offsets depend on Si content; κ varies from 25 for x = 0 to 8 for x = 0.65.

The silicate conduction band offset does not change with x but the valence band

offset goes from 4.4 eV (x=1) to 3.4 eV (x=0.6) as illustrated on Fig. 3.1(b). Even

though κ and valence band offset for silicates are lower than for HfO2, they are
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attractive because their defect density can also be much lower [115, 116]. An-

other advantage of silicates vs. pure oxide is that the crystallization temperature

increases with alloying. This is important to minimize leakage currents through

grain boundaries of polycrystalline structures [117].
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Figure 3.1: (a) Schematic diagram of complementary metal-oxide-semiconductor
(CMOS) device, and of high-κ dielectric stack structure. (b) Conduction and
valence band offsets with respect to Si of Hf-silicates as a function of alloy com-
position.

However the problem of poor interface quality with Si remains. A partial

solution is to engineer stack structures with an interlayer of SiO2 or oxynitride

[see Fig. 3.1(a)]. Although this approach introduces an extra interface, this new

interface is between Si and SiO2 and therefore of very high quality. The interface

between the interlayer and the high-κ material is also much better than the orig-

inal because SiO2 is amorphous. In order to guarantee device performance, the

interfaces between ultrathin material layers must be carefully characterized. Cur-
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rent linear optical techniques such as ellipsometry are of little use since they can’t

distinguish between bulk and interface signals. In this chapter SHG will be used

to study Hf(1−x)SixO2 (0 ≤ x ≤ 1) samples. It will be shown to be sensitive to

growth conditions, and a viable explanation of the observed trends will be offered.

3.1 Samples and experimental setup

Hf-based dielectric films are amorphous in their as-deposited state [118,

119]. However, the films phase separate into HfO2-rich and SiO2-rich domains

when subjected to rapid thermal anneals [119–121]. This separation can enhance

electric field non-uniformities, roughness, and charge trapping, thus compromis-

ing device performance and reliability. But in microelectronic device fabrication

anneals are routinely used, among other things for dopant diffusion. So a full char-

acterization of the effects of annealing is essential to understanding, managing,

and controlling their impact on device fabrication. The Hf-silicates phase separa-

tion has been characterized by post-anneal structural diagnostics including trans-

mission electron microscopy, x-ray absorption [119, 122] and scattering [121, 122],

photoemission spectroscopy [123], vacuum ultraviolet spectroscopy [122], medium

energy ion scattering [124], and AFM [125, 126]. However an in-situ diagnostic

technique, such as SHG, is highly desirable in order to be able to monitor the

growth of the films in real time, and correct any problems that might arise with-

out having to wait for post-anneal characterization. In this work several stack

structures consisting of Hf-silicates on Si with a SiO2 interlayer were grown in

order to perform a systematic second-harmonic study.

Two sample sets were grown at SEMATECH’s facilities. First, a set of
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Hf(1−x)SixO2 samples (from now on referred to as “set 1”) with different Si con-

tents. The preparation started with a HF-last treatment of the Si(001) substrate

(p-type, ρ = 15 Ωcm) for cleaning. Next, ozonated water (HCl 0.2%) was used

to grow a stoichiometric SiO2 interlayer with a target thickness of 12 Å. The last

step was to use atomic layer deposition to grow amorphous Hf(1−x)SixO2 films

with a target thickness of 35 Å, the films had silicate contents of x=0 (i.e. pure

HfO2), 0.3, 0.45, and 0.65. For each x two wafers were processed. One wafer of

each x was left as deposited, and the other identical wafer was annealed at 700◦C

for 60 s in a 30Torr ammonia atmosphere. Table 3.1 shows the characteristics of

each sample from this set including the actual interlayer and silicate thicknesses

as measured by ellipsometry.

Sample Si content
Annealed

Interlayer Hf-silicate

number (x ) thickness (Å) thickness (Å)

1 0 no 16 35
2 0 yes 16 33
3 0.3 no 17 36
4 0.3 yes 17 33
5 0.45 no 18 39
6 0.45 yes 18 32
7 0.65 no 10 27
8 0.65 yes 5 28

Table 3.1: Sample set 1, with varying Si content (x). In all cases the substrate is
p-type Si(001) with resistivity of 15 Ωcm, and the interlayer is SiO2. For each x,
the sample can be left as deposited (no anneal) or be annealed at 700◦C for 60 s
in a 30 Torr ammonia atmosphere.

A second sample set (from now on referred to as “set 2”) was grown to char-

acterize changes in the SHG signal due to annealing conditions. The samples were

grown using the same substrate and preparation procedure as for set 1. All samples
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in set 2 have a Si content of x=0.45, i.e. their structure is Si/SiO2/Hf0.55Si0.45O2,

their interlayer is ≈12 Å thick and the silicate film is ≈35 Å. One wafer was left

as-deposited and all the others were annealed in the same ambient conditions as

for the other set but with temperatures going from 600◦C to 1000◦C in 100◦C

increments for either 10 or 60 s. A summary of this sample set is presented in

Table 3.2. A high quality Si/SiO2 sample (x=1) was also grown on an identical

substrate to be used as control.

Sample Annealing Annealing
number temperature (◦C) time (s)

1 600 10
2 600 60
3 700 10
4 700 60
5 800 10
6 800 60
7 900 10
8 900 60
9 1000 10
10 1000 60

Table 3.2: Sample set 2 with varying annealing conditions. In all cases the sub-
strate is p-type Si(001) with resistivity of 15Ωcm, and the interlayer is SiO2

(≈12 Å). All samples were annealed at the shown temperature and time in a
30Torr ammonia atmosphere.

The experimental setup used to generate SH signals is shown on Fig. 3.2.

The laser source was an unamplified Ti:Sapphire oscillator with pulse duration

τp ≈ 30 fs, central wavelength λ = 745 nm, 76 MHz repetition rate, and 165mW

average power just before the sample. The beam passed through a thin film

polarizer at Brewster’s angle to ensure a p-polarized beam. The polarization could

be changed with an achromatic half-waveplate. After going through 1mm of red
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colored glass filter, the pulses were focused onto the sample at f/30, at 45◦ incident

angle using a spherical mirror in near-axis geometry to avoid aberrations. The

sample holder, consisting of a computer controlled rotational stage, was mounted

on a translational stage for focusing adjustments. After recollimation, spectral

filtering (using blue colored glass to eliminate fundamental and higher harmonics),

and polarization selection, the reflected SHG was detected with a photomultiplier

tube (PMT) connected to a photon counter. A split-off portion of the beam from

the first surface of the polarizer was used to produce a reference SHG signal in

transmission from Z-cut quartz to normalize against laser drifts.
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Figure 3.2: Experimental setup used for RA-SHG. Z-cut quartz plate is used for
normalization against laser fluctuations. The laser pulse was ≈30 fs long centered
at 745 nm.
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3.2 Results

The behavior of the SHG signal under different input/output polarizations

was studied first. Figure 3.3 shows the Rotational Anisotropic SHG (RA-SHG)

pattern for different polarization combinations from two samples with x = 0.3,

but different annealing histories (one as-deposited, the other annealed at 700◦C

for 60 s). All the other samples in set 1 gave similar results and therefore are not

shown. The vertical scale has been renormalized (to facilitate comparison between

polarizations) and thus should not be directly compared with other figures.
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Figure 3.3: RA-SHG from Si/SiO2/Hf0.7Si0.3O2 with different polarization com-
binations. From top to bottom: S-in/S-out, S-in/P-out, P-in/S-out, and P-in/P-
out. Scale has been re-normalized to reflect relative signal strengths. Black (red)
triangles represent as-deposited (annealed) samples.

39



As it is clear from this figure, the P-polarized SHG intensity (I
(2ω)
P−out) shows

a 4-fold anisotropic oscillation riding on an isotropic background that can be

modeled by the Fourier sum

I
(2ω)
P−out = |aP−out

0 + aP−out
4 cos 4φ|2, (3.2)

where φ is the angle between the incident plane and the [110] direction. Mean-

while, the S-polarized patterns consist of an 8-fold anisotropic oscillation with no

isotropic background which can be represented as I
(2ω)
S−out = |as−out

4 cos 4φ|2. The

S-polarized SHG signal level was roughly 100 times weaker than the P-polarized

case. The coefficients in Eq. (3.2), and their analogs for S-polarized SHG, can

be written out explicitly using Eqs. (1.8)-(1.15) and the expression for the inten-

sity in terms of the SH field. a0 originates primarily from the dipolar nonlinear

susceptibility χ
(2), S
ijk of the interfaces, and a4 from the quadrupolar susceptibility

χ
(2), Q
ijkl of the Si bulk.

Figure 3.4 contains RA-SHG intensity measurements taken with P-in/P-

out polarization from samples with varying silicate contents (set 1). The left panel

corresponds to SHG from as-deposited samples, and the right panel to annealed

ones. As noted above, I
(2ω)
pp displayed 4-fold sinusoidal oscillations on a isotropic

background (note that the angular range on the plots has been restricted for

clarity).

The SH intensity exhibits two strong x- and annealing-dependent trends:

(1) Among as-deposited samples (Fig. 3.4, left panel), I
(2ω)
pp from Si/SiO2/HfO2

(x=0) was anomalously strong, almost 8 times stronger than from the control

Si/SiO2 sample, and 3 to 5 times stronger than from the ternary alloy dielec-

tric (x=0.3, 0.45 and 0.65) samples. (2) Annealing at 700◦C for 60 s (Fig. 3.4,
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Figure 3.4: RA-SHG (P-in/P-out) from Si/SiO2/Hf(1−x)SixO2 for the silicate con-
tents shown. Left (right) panel represents as-deposited (annealed for 60 s at 700◦C)
samples. For brevity, only the azimuthal angle range 90◦ < φ < 270◦ is shown.

right panel) selectively enhanced SHG from the silicate samples by factors of 3

to 5. SHG from x=0.3, 0.45 samples became comparable in strength to SHG from

Si/SiO2/HfO2 (x=0). By contrast, annealing enhanced SHG from Si/SiO2/HfO2

by only ∼ 20%. Similar trends were observed using other polarization combina-

tions. All RA-SHG data fit very well to Eq. (3.2) with the x- and annealing-

dependence assigned entirely to the isotropic, dipolar SHG coefficient app
0 .

Figure 3.5 illustrates how I
(2ω)
pp from Hf0.55Si0.45O2 depends on annealing

temperature (T = 600◦C to 1000◦C in 100◦C increments), and duration (τ=10 s

on left panel, and 60 s on right panel). SHG intensity for both annealing times,
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increases with T until it peaks at T ≈ 700◦C and then starts to decrease reaching

the level for as-deposited samples at T ≈ 1000◦C. The rise and fall of the signal

with T is faster for the samples subjected to longer anneals. This is expected

since whatever the mechanism that changes the SHG signal is, for longer anneals

it has more time to act. A model for this mechanism will be presented in the next

section. Another interesting trend is that for both annealing times the signal level

for T = 700◦C is very similar.

In order to better understand these trends, a curve fit to Eq. (3.2) was

done with app
0 and app

4 as free parameters. The results of the fit vs. annealing

temperature are shown in Fig. 3.6. The left (right) panel of this figure contains
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coefficient app
0 (T ) [app

4 (T )] for τ = 10 s (black circles) and 60 s (red squares). The

error bars in both panels are only from the fitting procedure and do not include an

estimate of other experimental errors. Within error, app
4 is almost constant (varies

approximately by 10%) and roughly 15 times smaller than app
0 . This means that

the dipolar interface contribution was responsible for the signal variations while

the bulk contribution didn’t change with annealing.
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Figure 3.6: Fourier coefficients a0, and a4 extracted from curve fits of Eq. (3.2) to
RA-SHG (P-in/P-out) data from Fig. 3.5. Note that first point is for as-deposited
samples.

SHG spectroscopy can provide further information about the interface by

looking at changes of spectral lineshape and peak positions with composition

and annealing conditions. SHG spectra were acquired from samples in set 1, the
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procedure was to measure RA-SHG of each sample at different wavelengths then

the Fourier coefficients were obtained using the same fitting procedure described

above. The laser was operated in a narrow-bandwidth (τp ∼ 100 fs) λ-tunable

configuration that allows a fundamental wavelength range from 710 nm to 850 nm.

The corresponding SH photon energies are 2.8 < hνSH < 3.45 eV, enough to look

at the Si E1 resonance [91].
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Si(001)/SiO2/HfO2, Si(001)/SiO2/Hf0.55Si0.45O2, and Si(001)/SiO2 structures. All
data is in P-in/P-out polarization. The annealed was done at 700◦C for 60 s.

Figure 3.7 presents the extracted Fourier coefficient spectra (app
0 (hνSH)

and app
4 (hνSH)) from samples of different x and annealing treatments. The results

shown are for as-deposited (black) and annealed (red) samples of HfO2 (squares),
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Hf0.55Si0.45O2 (circles), and SiO2 (triangles). The scale in this figure should not

be compared directly with the other figures since the laser system was operat-

ing with different pulse duration and average power. The spectra for app
4 (hνSH)

(right panel) is, much smaller than app
0 (hνSH), independent of x and annealing,

and peaked at the E1 energy hνSH = 3.4 eV of bulk Si. For app
0 (hνSH) the E1 SH

resonance retains the same position (hνSH = 3.3 eV) and shape regardless of x or

annealing, the only changes were on the overall SHG amplitude. The resonances of

the high-κ structures are slightly blue-shifted with respect to Si/SiO2. These spec-

tra suggest that app
0 (hνSH) is a sum of a ν-dependent, but x- and T -independent,

contribution a
Si/SiO2

0 (hνSH) coming from the Si/SiO2 interface and an x- and T -

dependent, but spectrally non-resonant (NR), contribution aNR
0 originating from

elsewhere in the sample.

3.3 Explanation of observed trends

In this section a possible explanation for the trends observed in the ex-

perimental data is presented. Fomenko and co-workers claim that SHG trends

similar to those observed in this work are caused by charge trapped at oxygen

vacancy defects in the high-κ films [127]. This trapped charge could modify the

sample nonlinear optical response through electric-field-induced second-harmonic

(EFISH) generation. In this effect, the presence of an electric field breaks the

centrosymmetry of the bulk and introduces a new source for second harmonic

production [85]. However, two features of our results suggest that EFISH, at

most, plays only a minor role in the sample behavior. First, a SH signal com-

ing from EFISH in bulk Si would peak at the bulk E1 energy hνSH = 3.4 eV. If

the trapped charge interpretation were correct, the interfacial part of the SHG
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structures spectra should be pulled from 3.3 eV towards 3.4 eV [93], which is not

observed (see Fig. 3.7, left panel). Second, the oxygen vacancy defect densities

of the samples, which are believed to constitute the trap centers, were character-

ized by spectroscopic ellipsometry (SE) measurement of sub-HfO2 band gap (4 to

6 eV) absorption [116]. The absorption strength turned out to be uncorrelated

with annealing or composition, contrary to what the trapped charge hypothesis

would imply.

The model offered to explain the observed trends is based on the idea that

aNR
0 (as defined at the end of previous section) originates primarily from Si-O-Hf

bond units in the dielectric film [69]. These bond units are strongly polarizable as

reflected by the fact that they create a high linear κ. But because they lack cen-

trosymmetry, they also acquire second-order dipole moments ~p 2ω
i when irradiated

by a strong pump beam at ω. Their resonant frequency can be approximated by

the Hf-silicate band gap (∼ 6 eV), which is far above hνSH , therefore they contri-

bution to the SH response is far from resonance for the spectral range considered

here, in agreement with observations. Figure 3.8 depicts qualitatively how Si-O-Hf

bond units, represented as green arrows from Si to Hf, can produce the observed

SHG trends. In this figure, part (a) represents the as-deposited case and part (b)

the situation after annealing; the schematic I(2ω) vs. φ panels are a reminder of

relative signal strength.

First, an analysis of the as-deposited trends is presented. For Si/SiO2

[Fig. 3.8(a), left], there are no Si-O-Hf bonds and consequently the observed signal

is weak consisting solely of a
Si/SiO2

0 contributions. For Si/SiO2/HfO2 (x=0), Si-O-

Hf bonds are present only at the SiO2/HfO2 interface, and are mutually aligned
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toward the HfO2 film [Fig. 3.8(a), middle]. Assume that there are N of them

per unit area. This leads to a large interfacial SH polarization
∑N

i=1 ~p 2ω
i ≈ N~p 2ω

i ,

and thus a large aNR
0 that augments a

Si/SiO2

0 (hνSH), and qualitatively explains the

stronger p-polarized SHG from this sample (Fig. 3.4, left). For the as-deposited

x=0.3, 0.45 and 0.65 samples [Fig. 3.8(a), right], a reduced number N ′ < N of

aligned Si-O-Hf bonds is again present at the SiO2/Hf-silicate interface. In addi-

tion, N ′′ Hf-O-Si bonds with net opposite orientation protrude from the interface

into the bulk of the amorphous Hf-silicate film. Evidently the latter, on average,

cancel most of the SH polarization of the interfacial bonds — i.e.
∑N ′+N ′′

i=1 ~p 2ω
i ≈ 0

— leaving a net SHG response resembling that of Si/SiO2 (Fig. 3.4, left).

Meanwhile, for the annealed samples the trends can be explained as fol-

lows. After annealing HfO2 crystallites can form in the bulk of the film [119, 125],

but are randomly oriented and therefore make no net contribution to SHG. Thus,

the density and orientation of interfacial Si-O-Hf bonds, and total SHG remain

approximately unchanged. For a low temperature anneal the network of N ′′ Hf-

O-Si bond units within the bulk of the dielectric film re-arranges [Fig. 3.8(b),

left], because Hf-silicates are unstable against separation into SiO2 and HfO2 do-

mains. Details of the phase separation depend on composition: for x=0.3, 0.45

spinodal decomposition dominates, and domains remain amorphous; for x=0.65,

HfO2 crystallites nucleate and grow [120, 121]. In both cases, however, the planar

layer of N ′ Si-O-Hf bonds is a preformed, thermally stable domain boundary. It

is proposed that this layer and its SH polarization
∑N ′

i=1 ~p 2ω
i ≈ N ′~p 2ω

i remain

intact upon annealing to 700◦C, while the network of N ′′ Hf-O-Si bond units

within the Hf-silicate bulk re-arrange in mutually canceling orientations such that
∑N ′′

i=1 ~p 2ω
i ≈ 0. Post-anneal SH polarization, N ′~p 2ω

i , is thus comparable to that of
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Si/SiO2/HfO2, qualitatively explaining the selective enhancement of I
(2ω)
pp in Hf-

silicate samples annealed at 700◦C (Fig. 3.4, right). With TEM, separated SiO2

and HfO2 domains become evident only after ∼ 900◦C anneals. The strong effect

of 600-700◦C anneals on SHG indicates its remarkable, unique sensitivity to the

incipient stages of phase separation.

Finally, the decreasing SHG intensity (i.e. aNR
0 ) observed following T >

800◦C anneals (Fig. 3.5) must be attributed to thermal disordering of the aligned

layer of N ′ interfacial Si-O-Hf dipoles [Fig. 3.8(b), right]. Interfacial Hf need only

diffuse an atomic layer for the interfacial SH polarization
∑N ′

i=1 ~p 2ω
i to drop from

∼ N ′~p 2ω
i to ∼ 0. Indeed medium energy ion scattering shows that Hf diffusion into

the oxide interlayer becomes significant at T ∼ 900◦C [124]. It must be noted that

although the measurements presented this far were done ex-situ, there’s nothing

that could prevent the use of SHG directly on the sample growth chamber. This

potential capability is unique to second harmonic since, as already discussed, all

other characterization techniques require UHV environments, modifications of the

sample or turn out not to be sensitive enough for ultrathin films.

3.4 Conclusions

In this chapter high-quality Si(001)/SiO2/Hf-silicate structures with vary-

ing Si content and annealing conditions have been characterized by RA- and spec-

troscopic SHG. The results demonstrate that SHG can probe phase separation in

high-κ dielectric films non-invasively. SHG from Hf-silicate stacks is strongly af-

fected by rapid anneals under conditions that induce phase separation. In marked

contrast, SHG from control HfO2 and SiO2 stacks shows little effect under iden-
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tical anneals. Thus SHG appears to be sensitive to annealing-induced structural

modification in the Hf-silicate films. The strong dependence of SHG on dielectric

composition and annealing was attributed qualitatively to the changing alignment

of hyperpolarizable Si-O-Hf bonds. This model explains all the observed experi-

mental trends and is consistent with the microscopic observations done using other

techniques. Although our present results were obtained ex situ, they show that

SHG could be used for in situ, real-time monitoring of phase separation kinetics

during annealing.
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Chapter 4

SHG phase measurements

So far, this work has been completely devoted to SHG intensity measure-

ments neglecting the phase information. However, close to resonance the complex

nature of the nonlinear susceptibility becomes important and for a full character-

ization both amplitude and phase must be measured. As was pointed out in the

first chapter several different sources contribute to the SH production. The total

signal will be the coherent sum of all the contributions, therefore phase differences

between these SHG sources can result in dramatic changes in the observed SHG

amplitude.

As already mentioned in chapter 1, an experimental technique to measure

the relative phase between fundamental and SH light was introduced shortly after

Franken’s first SHG experiments [17]. In this method a reference SHG signal was

produced from a KDP (potassium-dihydrogen-phosphate) crystal located inside

the same chamber that contained the sample. The optical path length between the

reference signal and the sample SHG was varied in a controlled way by admitting

dry air at different pressures. The pressure in the chamber modified the dispersion

of air which in turn changed the time delay between reference and sample pulses.

The detected signal was the superposition of both SHG fields and produced an

interferogram when recorded as a function of pressure. From this information the

relative SHG phase was extracted. Second harmonic phase is typically measured
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using variations of this scheme, for example: instead of varying the pressure, the

distance between reference and sample is varied to change the optical path length.

Independently of the specific implementation this method is very time consuming

because a scan of some sort must be done to vary the optical path length between

the pulses. Another disadvantage is that the retrieved phase information is for a

single wavelength, to obtain spectroscopical phase data the laser must be tuned

which also requires long time and is prone to misalignments [128]. This situation

is in sharp contrast with linear surface/interface optical probes like spectroscopic

ellipsometry, for which real-time acquisition of spectral amplitude and phase is

routine.

As discussed in chapter 2, the broad bandwidth (h∆ν ∼ 0.2 eV) of ultra-

fast laser sources enables spectroscopic SHG intensity data acquisition by spectral

dispersion of the generated SH light, instead of laser tuning [93, 129]. Frequency

domain interferometric second harmonic (FDISH) is a phase measurement tech-

nique, introduced by Wilson and coworkers in 1999 [130], that takes advantage

of the broad h∆ν of ultrafast sources. FDISH enables rapid, accurate SH phase

measurements without any moving parts, and without any scans during the exper-

iment. These features are reflected in enormous time savings during phase data

acquisition. In previous work this technique has been used to characterize the

phase changes due to an applied dc electric field in a MOS capacitor [130], and

to extract phase information with micron size resolution using FDISH microscopy

[131, 132].

In this chapter, the versatility of FDISH is illustrated and exploited through

a series of bulk and surface SHG phase measurements showing variations with az-
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imuthal angle and time (with resolution better than one second), and extraction

of the relative phase amongst the three tensor components of the nonlinear sus-

ceptibility χ(2) of a Si(001)-dielectric interface. Before presenting the results a

brief introduction to FDISH will be given, explaining the experimental setup,

the phase retrieval algorithm, and the normalization procedure used to remove

spectral artifacts coming from the reference.

4.1 Introduction to FDISH

A short introduction to the FDISH technique, used for all phase measure-

ments in this chapter, will be presented. First a description of the experimental

setup will be given. After this, the algorithm employed for retrieving spectral

phase from the measured interferograms will be presented.

4.1.1 Experimental setup

Figure 4.1 shows the experimental FDISH set-up [130]. It is very sim-

ilar to the arrangement described for RA-SHG measurements except in three

aspects: laser source, insertion of the reference film before the sample, and detec-

tion system. The Ti:Sapp laser oscillator was operated in the broad bandwidth

configuration (∆λ ranging from 40 to 80 nm). After the curved mirror used to

focus the fundamental onto the sample, a reference nonlinear film deposited on a

∼1mm thick glass slide was inserted with the film facing the input beam side. The

film consisted of a tricyanovinylaniline (TCV) poled polymer [133] spin casted on

glass, its refractive index and extinction coefficients, taken from this reference, are

shown in the inset of Fig. 4.1. The SHG generated from the reference propagated

collinearly with the fundamental, but was temporally delayed by τ ≈ 1 ps due to
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group velocity dispersion in the glass substrate. At the sample, the fundamental

pulse generated another SH pulse in reflection, while the reference pulse was sim-

ply reflected. Both SH pulses were sent sequentially into a spectrometer where

they interfered generating an interferogram that was recorded by a liquid nitro-

gen cooled charge coupled device (LN CCD). As mentioned before, the absence

of any moving parts means a stable optical alignment over long periods. The

total acquisition time depends only on CCD readout time, and on signal strength

which determines the optimal integration time for each interferogram. Spectral

resolution was set by spectrometer resolving power, and CCD pixel size.

4.1.2 Phase retrieval

The algorithm to retrieve the SHG phase from the recorded interferograms

is based on Fourier analysis of the frequency domain signal [130, 134, 135]. In

essence, the procedure consist of 3 steps: (1) The interferogram is converted to

the time domain using a Fourier transform resulting in three peaks at t = −τ, 0, τ .

(2) The peak at t = τ is selected by a window function and moved to the origin.

(3) An inverse Fourier transform is used to go back to the frequency domain and

the phase is obtained as the argument of the resulting complex function.

A more detailed description of the procedure is now given introducing some

details that are necessary for a computer based analysis. The first step is changing

the interferogram to be a function of frequency instead of wavelength. Also, in

order to use fast Fourier transforms (denoted by F), the frequency range must

be divided in 2n equally spaced frequency increments. This can be accomplished

by using a spline. Then a window function that goes to zero for points outside

the interferogram must be applied to reduce numerical noise in the wings of the
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Figure 4.1: FDISH setup. A thin film polarizer and half-wave plate control po-
larization of the input pulses (typically 15 to 30 fs). A concave mirror focuses
the pulses onto the sample with 45◦ incidence angle through a thin SH reference
film: tricyanovinylaniline (TCV) poled polymer deposited on glass. The analyzer
selects the desired output SH polarization. The inset shows the refractive index
and the extinction coefficient of the TCV film taken from Ref. [133].

signal. The mathematical form of the interferogram in the frequency domain is:

I(Ω) =
∣∣Esample(Ω) + Eref (Ω)e−ıΩτ

∣∣2 , (4.1)

Esample, Eref are SH fields of sample and reference respectively. The expressions

in terms of the spectral amplitude and phase of these fields (Esample(Ω)eıφsample(Ω),
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and Eref (Ω)eıφref (Ω)) can be substituted in the last equation to obtain:

I(Ω) =

a(Ω)︷ ︸︸ ︷
|Esample(Ω)|2 + |Eref (Ω)|2 (4.2)

+ Esample(Ω)E∗ref (Ω)eı∆φ(Ω)eıΩτ

︸ ︷︷ ︸
b∗(Ω)

+ E∗sample(Ω)Eref (Ω)e−ı∆φ(Ω)e−ıΩτ

︸ ︷︷ ︸
b(Ω)

,

where ∗ denotes the complex conjugate and ∆φ(Ω) = φsample−φref . At this point

the first F to the time domain is performed resulting in A(t)+B∗(t+τ)+B(t−τ)

with A(t) = F[a(Ω)] and B(t) = F[b(Ω)]. A(t) is centered at t = 0, B∗(t + τ) at

t = −τ , and B(t − τ) at t = τ , explaining the three peaks that were mentioned

before. Next the peak at t = τ is selected using a square window and translated

to the origin in time. Finally F−1 is applied to this function to recover b(Ω), and

∆φ(Ω) is obtained as the argument of this complex function.

Since the reference film can have spectral features that could obscure the

interpretation of ∆φ(Ω), another measurement is made substituting the sample

by a piece of Z-cut quartz. Quartz is spectrally flat in the fundamental and SHG

regions. Subtracting these two results, the phase difference between sample and

quartz standard is obtained eliminating any possible spectral artifacts.

4.2 Results and discussion

In this section the SHG phase of four different material systems will be

studied using FDISH. In the first example, meant to illustrate the ease of data

acquisition, the SHG phase of bulk GaAs was measured as a function of the az-

imuthal position of the crystal. Although the predicted phase variation is simple,

it has not been measured previously. Second, FDISH is used to study crystalline
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quartz where azimuthal variations of SH phase create a sign ambiguity. In order

to allow quartz to be used as a standard in FDISH measurements, the ambigu-

ity needs to be resolved, this is accomplished using information from intensity

RA-SHG. The next application is the measurement of the absolute SHG phase

from each of the three independent tensor components χxxz, χzxx, and χzzz of the

Si(001)/high-κ dielectric interface. Finally an illustration of the ability of FDISH

to acquire data in real-time will be given by measuring the time dependent phase

changes from Si/SiO2 and Si/SiO2/HfO2 with a resolution better than one second.

4.2.1 RA-SHG phase shift from GaAs

Although GaAs has a cubic crystal lattice similar to Si, it is noncentrosym-

metric due to the presence of two different atomic species (zincblende structure).

Its point group is 42m, and it has a very strong second order bulk nonlinear sus-

ceptibility with only one nonzero tensor component χ
(2), GaAs
xyz . This subsection

will consider the SHG phase variation of reflected SHG from a native oxidized

GaAs(001) (4mm symmetry) as a function of the angle of azimuthal rotation.

Even though there is a small isotropic contribution coming from the (001) sur-

face, it will be neglected since it is approximately 16 times smaller than the bulk

signal. For the P-in/P-out polarization combination, the azimuthal (φ) depen-

dence of the SH field has the following mathematical form [136, 137]:

I(2ω)
pp =

∣∣E(ω), GaAs
p

∣∣2 ∣∣a(2)
pp χ(2), GaAs

xyz cos 2φ
∣∣2 , (4.3)

where the coefficient a
(2)
pp includes Fresnel and geometrical factors, E(ω), GaAs is

the fundamental field inside the material, χ(2), GaAs is given in crystallographic

coordinates, and φ = 0◦ corresponds to the plane of incidence along [110]. The
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upper left panel of Fig. 4.2 sketches the behavior of E
(2ω), GaAs
pp based on Eq. (4.3),

and shows the sign variations of cos 2φ over a 360◦ rotation. These sign changes,

located at φ = 45◦, 135◦, 225◦ and 315◦, should be manifested as a phase shift of

π rad in E
(2ω), GaAs
pp (φ).
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Figure 4.2: Rotationally anisotropic SHG and FDISH from GaAs. Left panel:
expected sign variation of the second harmonic field (top) and azimuthal variation
of the SHG intensity (bottom). The different peak heights result from interference
with the much weaker surface contribution. Right panel: FDISH interferograms
at different azimuthal orientations showing phase shift (∆φ ≈ π rad) between 40◦

and 50◦. All data were taken with P-in/P-out polarization.

FDISH was used to acquire interferograms as the azimuthal angle of the

GaAs sample was varied in 5◦ steps. The right panel of Fig. 4.2 shows four

interferograms, as recorded by the CCD camera, taken at φ = 0, 40, 50, and

90◦. The data for φ = 45◦ is not shown because the signal is down to noise level

since E
(2ω), GaAs
pp (φ = 45◦) = 0. A π rad phase shift is indeed clearly observed
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between φ = 40◦ and 50◦. Similar shifts are observed at the other 3 expected

angles corroborating the prediction.

These phase shifts are also represented indirectly in the RA-SHG intensity

signal shown in the lower left panel of Fig. 4.2. They are manifested through

the presence of peaks with different heights. The “major” (“minor”) peaks come

from the constructive (destructive) interference between the weak isotropic surface

signal and the positive (negative) anisotropic bulk contribution.

4.2.2 SH phase measurement of Z-cut quartz

Quartz belongs to the 32 symmetry class (hexagonal). As mentioned above,

in its Z-cut form (cutting plane perpendicular to crystallographic Z-axis), it is

used to eliminate any spectral artifacts coming from the nonlinear film used as ref-

erence in FDISH. The advantage of quartz over other material is that its two inde-

pendent nonzero bulk susceptibility components, χ
(2), Qz
xxx = −χ

(2), Qz
xyy = −χ

(2), Qz
yxy =

−χ
(2), Qz
yyx and χ

(2), Qz
xyz = χ

(2), Qz
xzy = −χ

(2), Qz
yzx = −χ

(2), Qz
yxz , are real and positive at the

fundamental and second harmonic wavelengths of Ti:Sapp lasers. Of these sus-

ceptibility components, χ
(2), Qz
xyz is much smaller (almost two orders of magnitude)

than χ
(2), Qz
xxx and its contribution is isotropic [138]. Any contributions from the

surface will be neglected.

The resulting SHG field is composed of an isotropic term coming from

the weak χ
(2), Qz
xyz component, and a 3-fold anisotropic term related to χ

(2), Qz
xxx .

For the Q-in/S-out polarization combination, with Q-polarization being a linear

polarization at 45◦ between the S and P polarizations, the expression for the SH
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field is:

E
(2ω), Qz
QS =

{
a

(0), Qz
QS χ(2), Qz

xyz + a
(3), Qz
QS χ(2), Qz

xxx cos 3φ
} ∣∣∣E(ω), Qz

Q

∣∣∣
2

, (4.4)

where coefficients a
(0), Qz
QS , and a

(3), Qz
QS depend on Fresnel factors and geometry but

do not contain any hidden contributions from the susceptibility, and E
(ω), Qz
Q is the

fundamental field inside the quartz. The strong anisotropic term will dominate

the signal, but it will flip its sign every 60◦, when cos 3φ goes from positive to

negative and viceversa. This sign variation will introduce a π rad phase ambiguity

compromising the usefulness of quartz as a phase standard. This phase shift is

clearly shown in Fig. 4.3 by the two FDISH interferograms taken at φ = 0, and

60◦ in Q-in/S-out polarization.

This ambiguity can be resolved by noting that the positive and real isotropic

χ
(2), Qz
xyz contribution, although very weak, is also present in the total signal. Thus

a situation similar to that of the previous subsection arises, and it is expected

that a combination of major and minor peaks will be observed in the RA-SHG

intensity. This is indeed the case as can be seen in the inset of Fig. 4.3 (note

that the angular range has been restricted for clarity); there are major peaks at

φ = 0, 120, and 240◦ and minor peaks at φ = 60, 180 and 300◦. Since the major

peaks correspond to the orientations for which the two susceptibility components

are in phase, i.e. the anisotropic contribution is positive, these peaks identify the

azimuthal positions at which the quartz has to be located when used as standard

for phase measurements. Similar analyses apply for other polarization combina-

tions.
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Figure 4.3: Quartz FDISH interferograms taken at azimuthal angles φ=60◦ (black
solid line) and φ=0◦ (red dotted line). Inset: RA-SHG showing a peak height
variation every 60◦. Both measurements are in Q-in/S-out polarization.

4.2.3 Phase of Si(001) nonlinear susceptibility

The importance of Si(001)-dielectric interfaces has already been discussed.

In this section the phase of the three independent components of the Si suscepti-

bility will be measured using FDISH. To do this, FDISH will be used in strategic

polarization configurations and sample orientations chosen to isolate each compo-

nent to a good approximation [139, 140]. The phases relative to the fundamental

phase are straightforwardly determined after normalization against Z-cut quartz.

The bulk quadrupole contribution will be neglected for the current analysis be-

cause of its weakness. To justify this assumption note that the S-in/S-out SHG
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signal originates solely from the bulk quadrupolar component [see Eq. (1.9) with

Ψ = 90◦]; but SHG intensity in this configuration is much weaker than in P-out

configuration (see Fig. 3.3).
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Figure 4.4: FDISH interferograms from a Si(001)-dielectric structure for P-in/P-
out, S-in/P-out and Q-in/S-out polarization combinations. The sample [100] axis
is oriented along the incident plane.

All measurements were done with the sample [100] axis in the plane of

incidence. The results are shown in Fig. 4.4 for three polarization combinations

chosen to isolate the different susceptibility components: P-in/P-out, S-in/P-out,

and Q-in/S-out. S-in/P-out polarized SHG depends only on χ
(2), S
zxx , while Q-in/S-

out only on χ
(2), S
xxz as can be seen from the expressions given in chapter 1. Although

the P-in/P-out configuration originates from a linear combination of all 3 interface

tensor components, based on its much stronger amplitude relative to the other two
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polarizations it is concluded that χ
(2), S
zzz dominates the signal.

An analysis of the interferograms (without including the quartz normal-

ization) for P-in/P-out and S-in/P-out, following the procedure described above,

gives a relative phase shift between χ
(2), S
zzz and χ

(2), S
zxx of approximately 0.75π rad.

A similar analysis for P-in/P-out and Q-in/S-out, to obtain the relative phase

between χ
(2), S
zzz and χ

(2), S
xxz , gives 0.09π rad. In extracting the absolute phases the

phase shifts due to linear and nonlinear complex Fresnel factors need to be taken

into account. Using tabulated values for the complex index of refraction of Si

[94], these phase shifts can be calculated. The result is that the total phase shift

from the Fresnel factors is, for all cases, at most 0.1π rad. Absolute phases with

respect to the driving field are then determined by using the quartz standard in-

stead of the sample, as described before. The final result is that the phases of

χ
(2), S
zzz , χ

(2), S
xxz , and χ

(2), S
zxx are 0.4π rad, 0.5π rad, and 0.79π rad respectively. All the

measurements have an uncertainty of around 0.1π rad coming mainly from signal

and numerical noise.

4.2.4 Time dependent SH phase measurements

Time-dependent (TD) variation of SH intensity from ultrathin oxides in

Si(001) has been observed and well known since the mid 90’s [61, 141]. This time

variation takes place in a time scale of seconds to minutes and typically consists

of an increase of the SHG signal with time during laser exposure followed by a

gradual return to the original signal level after the laser is blocked for several

minutes.

The physical mechanism responsible for TD-SHG is schematically pre-

63



1. multi-photon e¯

excitation from Si|v.b.

to dielectric|c.b.

2. e¯ diffuse to

dielectric traps

3. E field buildup

enhances SHG

Si

dielectric

c.b.

c.b.

v.b.

v.b.

e¯

Si

dielectric

Si

dielectric

E

Figure 4.5: Schematic explanation of TD-SHG: (1) Electrons are excited from
Si valence band (v.b.) to dielectric conduction band (c.b.) by the fundamental
laser field. (2) Once in dielectric c.b., electrons drift, in a time scale of seconds to
minutes, and get trapped inside the bulk or in surface traps. (3) Trapped carriers
induce a dc electric field in the dielectric that changes with time. This dc field
contributes to the total SHG signal through EFISH.

sented in Fig. 4.5. As shown in panel (1) of this figure, the fundamental beam

induces multiphoton excitation of electrons from the Si valence band to the ox-

ide conduction band. The number of photons required obviously depends on the

wavelength of the fundamental light and on the band offsets between dielectric and

Si. It is also possible for holes to be excited from Si conduction band to dielectric

valence band, but for many Si/dielectric systems the band offset between these

bands is larger than for electrons. Since a higher number of photons are required

for the excitation of holes to take place this process has a lower probability than
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for electrons, and usually can be neglected. After the excitation, the electrons

can drift across the oxide and be trapped either in the bulk of the oxide or in its

surface, this process takes place in seconds to minutes and sets the time scale for

TD-SHG. The resulting electric field buildup gradually enhances the SHG signal

through electric-field-induced SH (EFISH) generation [142].

The source of the EFISH signal is the breaking of the centrosymmetry

of the material due to the presence of a dc electric field (Edc). The nonlinear

polarization corresponding to this effect can be written in the following way [143]:

P (2ω), EFISH =
↔
χ

(3), Si

: E(ω), SiE(ω), SiEdc. (4.5)

It is important to note that the nonlinear susceptibility in this equation is the third

order dipolar bulk Si susceptibility. This, in principle, should make the EFISH

contribution much larger than the surface dipole SHG, however the contribution

of this term is limited by the escape depth of the SHG radiation from the bulk of

Si, and/or by the screening length of the dc field (whichever is smaller).

A proper model of EFISH must take into account retardation of the radi-

ation due to dispersion, penetration depth of the fundamental, escape length of

the SHG, multiple reflection interference effects in the oxide layer, and the dc field

spacial distribution inside Si. Assuming that the dc field is varying only in the

z-direction, the final expression for the SH field from EFISH that encompasses all

these elements is given by [144]:

E(2ω), EFISH = F (2ω)
[
F (ω)

]2
χ

(3), Si
eff I(ω)peık(2ω)·R

∫ ∞

0

Edc(z′)eı(k(2ω)+2k(ω))·k̂z′dz′.

(4.6)

In this equation F (2ω) and F (ω) represent nonlinear and linear Fresnel factors,

χ
(3), Si
eff is a linear combination of

↔
χ

(3), Si

elements which depends on the geometry,
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I(ω) is the fundamental intensity, R is the point at which SHG is measured, and

k(2ω), k(ω) are wavevectors of SHG and fundamental radiation.

The EFISH field will display time variation (in a time scale of seconds to

minutes) due to the temporal dependence of the dc electric field inside Si. The

SH radiation from EFISH will add up coherently with the fields generated by bulk

quadrupole and surface dipole terms. Even when the EFISH term keeps a constant

phase in time, the total SHG field can have a time dependence as schematically

represented in the phasor diagram of Fig. 4.6. In this figure the amplitude of the

EFISH field changes with time but it has a constant phase while the interfacial

SHG field is assumed to be constant, as it is clear from the diagram the resulting

total SHG signal will have a time variation in both phase and amplitude.

As mentioned before, many papers have reported TD-SHG intensity mea-

surements, and some groups have used this effect in attempts to characterize the

oxide electronic trap lifetime or density [62–65, 85, 127, 145–147]. However all of

the existing papers deal only with the time dependency of the SHG intensity

ignoring the corresponding SH phase time dependence. In this section the fast

acquisition time of FDISH will be exploited to perform such measurements for the

first time. The samples used were native-oxidized Si(001)/SiO2, and as-deposited

Si/SiO2/HfO2 (sample 1 of set 1, see Table 3.1).

In the experiments, both the amplitude and phase of the SHG signal were

measured, although not simultaneously. To measure intensity time dependence

the FDISH set-up was reconfigured by removing the reference film and sending the

SHG signal to a photomultiplier tube connected to a photon counter, bypassing

the spectrometer and CCD (see Fig. 4.1). All signals were recorded in P-in/P-
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Figure 4.6: Phasor diagram explanation of TD-SHG.
−→
E EFISH(t) has constant

phase, φEFISH, but its amplitude changes with time.
−→
E Interface and

−→
E EFISH(t)

add coherently to give
−→
E Total(t), which has a time dependent phase φ(t).

out polarization. The sample was azimuthally positioned at a maximum of the

RA-SHG signal, then the laser beam was obstructed and the sample moved to a

fresh un-exposed spot. After this, the temporal dependence of the SHG signal was

recorded continuously for almost half an hour with the photon counter set to 0.4 s

acquisition time. To measure the time evolution of the SH phase, the reference

film was reinserted and the LN CCD camera was set to take frames continuously

with a exposure time of 0.4 s per frame. The total acquisition and read-out time

per frame was ≈0.8 s.

Results are shown in Fig. 4.7. The TD-SHG intensity signals (see two top
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Figure 4.7: Time dependent SHG intensity (top panels) and phase (lower
panels) from native-oxidized Si(001)/SiO2 (left panels) and as-deposited
Si(001)/SiO2/HfO2 (right panels). Total acquisition and read-out time for each
interferogram is ≈0.8 s. All measurements done with P-in/P-out polarization.

panels) agree with measurements done by other groups [61, 68, 85]. The bottom

panels show 3 of the recorded interferograms for t = 0, 10, and 610 s for both

systems. A phase shift of ≈0.42 rad between interferograms at 0 and 610 s is mea-

sured for the native oxide sample, while for the HfO2 system the phase shift is only

≈0.1 rad. This information, together with χ(2), Si from the previous subsection,

could be used to deconvolve the EFISH contribution from the signal.

At least one group has suggested that oxygen is crucial, acting as a cat-

alyzer, for carrier trapping processes in ultrathin SiO2 layers [62, 148, 149]. In or-
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der to probe if this is true also for ultrathin high-κ dielectric layers, experiments

in high vacuum (HV) were performed. The sample used was sample 3 from set 1

(see Table 3.1). The procedure was: (1) The sample was put in a high vacuum

(HV) chamber which then was evacuated to 10−9 Torr but the temperature was

not varied and remained room temperature (RT), TD-SHG was recorded using a

PMT. (2) Laser was blocked, sample was moved to fresh spot and then heated

to 150◦, before taking data the sample was cooled back to RT, and TD-SHG was

then taken. (3) Same as in previous number but temperature was 600◦. (4) Laser

was blocked, sample was moved to fresh spot and then exposed to ambient air,

after returning to HV conditions, with no heating, TD-SHG was taken at RT.

Figure 4.8 shows that the TD-SHG signal strength clearly depends not on

vacuum conditions but on temperature. The results are in contradiction to the

reports in the literature mentioned above where other authors observed either

a very weak time dependent effect or no effect at all under UHV conditions, in

sharp contrast with results shown in black curve of Fig. 4.8. To explain the

discrepancy, an explanation of the trends observed in this work will be offered

first. It is proposed that the TD-SHG signal decrease with sample heating (see

purple and red curves of Fig. 4.8) because the contaminants sitting on top of

the sample are being desorbed. The contaminants act as catalyzers for carrier

trapping. The higher the temperature, the more TD-SHG decrease. These trends

are schematically illustrated on the right hand of the experimental curves. The

proposed hypothesis is further validated by the signal recovery after re-exposure

to ambient air with no further heating (see blue curve). If the presence of oxygen

in the ambient were responsible for TD-SHG signal quenching, we should not

observe such strong response in vacuum (see black and blue curves). It is possible
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Figure 4.8: Time dependent SHG intensity variation with temperature in high
vacuum (HV). (1) Chamber is evacuated to 10−9 Torr but kept at room temper-
ature (RT). (2) Sample heated to 150◦ and cooled to RT before taking data. (3)
Sample heated to 6000◦ and cooled to RT before taking data. (4) Sample exposed
to ambient air and then returned to HV conditions. All measurements done with
P-in/P-out polarization.

that the different interpretation given in the cited references came from the fact

that their measurements were done using UHV conditions, which strongly suggest

that they had to bake their chamber for long periods of time and therefore desorb

the contaminants from the surface, quenching the signal. Since contaminants

play a role in TD-SHG, one must be very careful when using this technique to

characterize trapping lifetimes or densities.
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4.3 Conclusions

Several examples have been used to illustrate how FDISH can provide

rapid, accurate, and valuable second harmonic phase information. The examples

included: azimuthal and time variations of SH phase and phase measurement of

individual tensor components of χ(2) from Si(001). Explanations of the observed

trends were given. The examples provided here would have been extremely labo-

rious and time consuming using conventional phase measuring techniques. In all

cases, once the samples were mounted and aligned, the total acquisition time was

a few minutes. Acquisition time for a single interferogram was one second or less

for the samples studied here. This speed and convenience opens an unprecedented

window of opportunity for real-time and spectroscopic SH phase studies.
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Chapter 5

Conclusions and future directions

A review of the theory of second harmonic generation from Si interfaces

was presented together with a compendium of relevant expressions for the non-

linear surface and bulk polarizations of this system. The case of spectroscopic

measurements using broad bandwidth pulses was also reviewed. Sum Frequency

Generation between Ti:Sapphire pulses and white light continuum experiments

were performed. It was found that handling the continuum produced by a pho-

tonic crystal fiber was extremely difficult, especially its collimation and focusing.

Rotational anisotropy (RA), spectroscopy, and time dependence SHG stud-

ies of the technologically relevant Si/SiO2/HfO2 and Si/SiO2/Hf-silicate interfaces

were performed. RA-SHG signal was affected by the Si content of the silicate and

by the annealing history of the samples. The Si/SiO2 interface dominated the

spectral response of the system within the studied spectral region, but no spectral

sensitivity to sample composition or annealing history were found. It was pro-

posed that Si-O-Hf bond units are responsible for the SHG behavior, the bond

units in the SiO2/Hf-silicate interface are proposed to be thermally stable (at least

for anneals done below 800◦) while the units in the bulk of the silicate undergo

phase separation during anneals. This model is consistent with observations done

using other techniques such as HR-TEM. The results from the time dependent

studies challenged the interpretation of a direct correlation between the charge
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trap densities and the SHG time constants.

SHG phase studies of three systems were done. An expected π phase

shift during azimuthal rotations of GaAs(001) was indeed observed. The phase of

the second order surface susceptibility of Si(001) was measured using polarization

selection rules. For the first time, SHG phase measurements with a time resolution

better than one second were done. These examples demonstrate the power and

flexibility of the employed technique, frequency domain interferometric second

harmonic (FDISH).

There are two main future extensions of this work. One is extending the

spectral bandwidth for FDISH and the other extending the spectral bandwidth

for SHG spectroscopy. The first goal could be achieved by using the WLC from

only a few mm of microstructure fiber. The pulses produced by such short pieces

of fiber do not present a chirp as large as that observed in this work, benefiting

the FDISH signal levels. The second goal could probably be better achieved by

the use of a noncollinear optical parametric amplifier (NOPA). SHG spectroscopy

of the Hf samples with a much broader bandwidth could detect spectral features

coming from the presence of substoichiometric oxides or, if two photon energies

higher than the band gap of the Hf-silicates (≈ 6 eV) are used, from the Hf-silicates

themselves. This information could be very valuable in monitoring the changes of

the samples with different parameters.
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Carriles Tenes and Esiolat Jaimes de Carriles. He received the Bachelor of Science

degree in Physics from the Universidad Autónoma Metropolitana Iztapalapa in

1996. He started Master studies in the same university but only finished the

course work because he was accepted in the PhD program of The University of

Texas at Austin. He started studies in the physics program in August 1997. He is

married to Estrella Sandoval de Carriles and they have a daughter, Elisa Carriles

Sandoval.

Permanent address: Felipe Villanueva Sur 1212
Col. Las Haciendas
C.P. 50170 Toluca, México
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