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Continuous downscaling of transistor size has been the major trend of the
semiconductor industry for the past half century. In recent years, however, fundamental
physical limits to continued downscaling were encountered. In order to overcome these
limits, the industry experimented --- and continues to experiment --- with many new
materials and architectures.

Non-invasive, in-line methods of characterizing critical

properties of these structures are in demand. This dissertation develops optical secondharmonic generation (SHG) to characterize performance-limiting defects, band alignment
or strain distribution in four advanced electronic material systems of current interest: (1)
Hot carrier injection (HCI) is a key determinant of the reliability of ultrathin silicon-oninsulator (SOI) devices. We show that time-dependent electrostatic-field-induced SHG
probes HCI from SOI films into both native and buried oxides without device fabrication.
(2) Band offsets between advanced high-k gate dielectrics and their substrates govern
performance-limiting leakage currents, and elucidate interfacial bond structure. We
evaluate band offsets of as-deposited and annealed Al2O3, HfO2 and BeO films with Si
using internal photoemission techniques. (3) Epi-GaAs films grown on Si combine the
high carrier mobility and superior optical properties of III-V semiconductors with the
established Si platform, but are susceptible to formation of anti-phase boundary (APB)
defects. We show that SHG in reflection from APB-laden epi-films is dramatically
vii

weaker than from control layers without APBs. Moreover, scanning SHG images of
APB-rich layers reveal microstructure lacking in APB-free layers. These findings are
attributed to the reversal in sign of the second-order nonlinear optical susceptibility χ(2)
between neighboring anti-phase domains, and demonstrate that SHG characterizes APBs
sensitively, selectively and non-invasively. (4) 3D integration --- i.e. connecting
vertically stacked chips with metal through-Si-vias (TSVs) --- is an important new
approach for improving performance at the inter-chip level, but thermal stress of the
TSVs on surrounding Si can compromise reliability. We present scanning SHG images
for different polarization combinations and azimuthal orientations that reveal the
sensitivity of SHG to strain fields surrounding TSVs. Taken together, these results
demonstrate that SHG can identify performance-limiting defects and important material
properties quickly and non-invasively for advanced MOSFET device applications.
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In general the threshold voltage of a MOSFET can been written as [2]:
Q
VTH = VFB + 2Φ F − D ,
COX

(1)

where VFB is the flatband voltage, ΦF is the Fermi potential, QD is the depletion charge
density and COX is the gate capacitance density. Ideally the depletion charge is only
controlled by the gate which results in a uniform rectangular field profile along the
channel. However due to the extension of S/D electric field towards the channel, some
field lines will terminate at S/D rather than gate, resulting in less charge controlled by the
gate. This channel length dependence may pose serious manufacturing reproducibility
issues due to processing-related statistical variations. One simple solution to solve this
issue without sacrificing other device performance requirements is to geometrically
confine the depletion region within a crystalline Si film. Vulnerability to charge sharing
at the S/D region is then significantly reduced. This is the reason why silicon-on-insulator
(SOI) architectures have been widely used in low power consumption and high
performance devices [3]. At the same time reliability of short-channel SOI devices is
sensitive to hot carrier injection (HCI), which can occur into both gate and buried oxides
(BOX) depending on doping, bias condition and oxide quality.[4] Thus accurate
characterization of HCI has become a priority of SOI metrology. Recently, several
investigators introduced optical second-harmonic generation (SHG) to characterize SOI
films thicker than 50 nm.[5-7] These studies demonstrated sensitivity of time-dependent
electrostatic field-induced second-harmonic (TD-EFISH) generation to charge injection
across the critical interface between the active Si layer and the BOX, which is not easily
characterized by conventional electrical techniques. However, competing TD-EFISH
contributions of unknown relative phase from simultaneous HCI across the

2

substrate/BOX interface complicated interpretation of the results, allowing only
qualitative measurements of HCI from the SOI layer.
In the work presented in Chapter 2, we employed internal multiphoton
photoemission (IMPE) to inject hot carriers optically from ultrathin (≤ 10 nm) SOI films
into trap sites in the BOX and native oxide (NOX), and TD-EFISH generation to probe
subsequent charge trapping kinetics. In addition, through improvements in measurement
technique, we demonstrated that HCI across the critical SOI/BOX interface can be
measured completely independently of competing charge trapping processes, enabling
extraction of its quantitative kinetic parameters. IMPE-EFISH complements conventional
electrical tests in two ways. First, it requires no device fabrication. Second, as shown
below, it straightforwardly distinguishes HCI into BOX from HCI into NOX. Such
characterization is especially important for ultrathin SOI because the density of
performance-limiting defects near the SOI/BOX interface increases as the SOI layer is
chemically thinned. Additionally due to the geometry of SOI wafer, perfect isolation
between transistors fabricated on the Si film can be achieved which can prevent CMOS
latch-up [3].
As the channel length shortens, gate insulator thickness is reduced
commensurately to maintain strong capacitive coupling between the channel and gate
terminal. At equivalent oxide thickness less than 10Å, however, this scaling encountered
fundamental physical limits. On-state tunnelling leakage current became so large that
transistor power consumption and performance was compromised [8-11]. Thus for the
sub-65nm technology node, the conventional native thermal gate oxide was replaced by
thicker deposited high-k dielectrics to prevent tunnelling while maintain the required
capacitance density [12]. Meanwhile the required permittivity of advanced gate
dielectrics must be balanced against the barrier height for tunneling and thermionic
3

emission leakage currents, which are governed by the offsets of their conduction and
valence bands from those of the substrate [12]. These offsets reflect the atomic structure
of the substrate-oxide interface, which is not in general the same for ultrathin oxides
deposited at low temperature as for thermodynamically stable thicker oxides. Moreover,
post-deposition anneals (PDA), required for device processing, can profoundly alter
interfacial structure and band offsets, potentially affecting the electronic properties of the
insulator. For these reasons, reliable characterization of interface band alignment for a
wide range of oxide thicknesses and annealing treatments is needed.
In the work presented in Chapter 3, we use optical characterization of band offsets
at various high-k dielectric/semiconductor interfaces using linear internal photoemission
(IPE), combined with direct detection of DC photocurrent from a biased metal-oxidesemiconductor (MOS) capacitor under monochromatic illumination, and IMPE,
combined with detection of internal space charge fields by EFISH [13] generation. IPE
has been the standard method for determining relative electron energy states at solid-solid
interfaces for more than 40 years [14]. The oxide (or “collector”) must have high
dielectric quality and must be sufficiently thick (typically ~10 nm or more) to suppress
background leakage current under bias. Because of leakage currents, S/N ratio rapidly
degrades for oxides thinner than ~10 nm, which are increasingly prevalent in modern
devices. On the other hand, IMPE-EFISH is well suited for characterizing sub-10 nm
oxides. Since no bias is applied and no current detected, leakage currents are not an issue.
Moreover, no device fabrication is required.

Instead charge injected across the oxide

barrier by multi-photon absorption is probed in the as-grown Si/oxide structures by
EFISH [13] generation, which detects the DC field that develops across the interface as
injected charges are trapped at the free oxide surface [15-20]. Because diffusion of photoinjected carriers without bias becomes inefficient for thick oxides, IMPE-EFISH is
4

generally restricted to oxides thinner than ~ 10 nm [15]. Thus IPE and IMPE-SHG
complement each other. Previous studies have investigated either IPE or IMPE-EFISH
separately. As part of the study presented in Chapter 3, we applied both methods to
similar samples, enabling direct comparison of the complementary results.
However as the device performances are pushed further forward, some
fundamental limits of Si will still obstruct the scaling. Thus both electronic industry and
academia are currently experimenting with many new semiconductor materials for
postsilicon technology. III-V compound semiconductors have once again drawn great
attention mainly because of the two recent developments in the integrated circuit (IC)
industry. First, the native thermal silicon oxide has been replaced by high-k dielectrics in
the mainstream Si IC manufacturing, which means that the key material advantage of
silicon has disappeared. This strongly motivates the integration of III-V semiconductors
with their superior carrier mobility and optical properties. Second, the increased gate
capacitance corresponding to the aggressive scaling relaxes some of the requirements on
interface trap density Dit. Transistors now can still function very well even though Dit is
at high levels previously considered unacceptable. One promising approach to III-V
compound semiconductor is hetero-epitaxial growth on Si substrates, because this heteroepitaxy system could potentially yield a highly optimized overall system by combining
the superior individual properties of the constituent materials: high mobility and unique
optical properties of compound semiconductor; the excellent mechanical and thermal
properties of Si as listed in Table 1, especially the much lower cost for larger size Si
wafer. Although the cost for epitaxial growth is expensive, since the regrowth of epilayer
is inevitable for device applications based on III-V semiconductors, the extra effort
involved in this initial growth of epilayer is insignificant.
5

Electron
mobility

thermal
Direct
bandgap

2

conductivity
o

(cm /V-s)

(W/cm- C)

Modulus
(dyn/cm2)

Si

1300

No

1.3

9.8×1011

GaAs

8500

Yes

0.55

7.5×1011

Table 1:

Comparison of physical properties of Si and GaAs.

This hetero-epitaxy system has already successfully led to monolithic integration
of electro-optic devices with interchip Si based signal processing elements, high
power/weight ratio solar cells for space application and electronic devices with
comparable or even better performance compared than their homo-epitaxial counterparts
[21-28]. Nevertheless, high defect density in the polar epi-films continues to limit the
performance of such devices. In addition to the threaded dislocations (TDs) that can
propagate from any hetero-interface in the presence of a large lattice mismatch, polar-onnonpolar hetero-epitaxial films are uniquely susceptible to formation of anti-phase
domains (APDs) because of the unavoidable presence of single-atomic-height steps at the
(001) surface of elemental semiconductors. Because of these steps, the locations of cation
and anion interchange in neighboring APDs, resulting in undesirable Ga-Ga and/or As-As
6

bonds at the anti-phase boundaries (APBs). The APBs can propagate through the epilayer
and degrade device performance by serving as strong scattering centers for carriers.[29,
30] APB density can be reduced by mis-orienting the substrate, rendering double-atomicheight steps energetically favorable,4 although competing defects can then increase in
density. To evaluate this and other strategies for reducing APB density, a need exists for
fast, non-invasive methods of detecting APBs that distinguish them from other type of
defects.
In the work presented in Chapter 4, we use optical SHG to characterize APBs,
exploiting the selective sensitivity of 2nd order nonlinear optical susceptibility to the
reversed sublattice symmetry between different domains. This results in 1000 times
degradation of the SH intensity compared to a homo-epitaxial GaAs control sample. The
results show that SHG can identify APBs quickly and non-invasively for advanced
MOSFET device applications compared to defect selective etching and transmission
electron microscopy (TEM) techniques.
All the above mentioned scaling strategies are focused on the enhancement of
device performance by reduction of gate delay. However, performance in a
semiconductor chip also relies on several other factors: the interconnect delay at the
device level; the bandwidth/legacy at the die level. As the scaling continues, the
conventional 2D back-end-of-line wiring design imposes significant challenges to the
chip performance and power consumption due to the difficulty of corresponding
operation voltage scaling, since the RC delay (signal propagation time between
transistors) related to the metal wire resistance (R) and interlevel dielectric capacitance
(C) becomes dominant for deep sub-micron devices. One possible way to solve all these
obstacles is 3D integration --- i.e. connecting vertically stacked chips to achieve much
higher package form factor, smaller inter-chip RC delay as well as power consumption
7

due to the shorter interconnect line length. The through-silicon via (TSV) is a promising
3D integration layout that can provide the highest energy and space efficiency. However
the thermal-mechanical reliability has become a big concern for the implementation of
TSV, because of dissimilar coefficient of thermal expansion (CTE). The thermal stress
induced during the processing of TSV fabrication can induce detrimental effects on the
performance and reliability of devices, for example, degradation of mobility of transistors
within the strain field, debonding/lamination at the interface between metal wire and Si
wafer, voiding formation within the metal interconnect line, and even cracking of Si
wafer under severe strain. Thus this situation urges implementation of physically reliable
and especially in-situ characterization of process induced strain.
In the work presented in Chapter 5, we show preliminary SHG imaging results to
characterize the strain distribution around TSV patterns.

1.2 OUTLINE

This dissertation aims to prove that SHG is a powerful metrology for advanced
semiconductor material systems of current market relevance. Its ability to identify and
characterize specific dielectric and structural defects distinguishes SHG as a potential inline, non-invasive diagnostic for advanced device applications.
Chapter 2 presents the study of SOI by SHG. It focuses on characterizing processinduced structural defects at the buried SOI/BOX interface by both amplitude- and phasesensitive SHG measurement, which is critical to extracting charge trapping kinetics.
Chapter 3 covers the band alignment study of the interface between high-k
dielectrics and semiconductor substrates by complementary methods: linear IPE and
IMPE. Post-deposition anneal (PDA) effects on band offsets are also discussed.
8

Chapter 4 demonstrates the detection of APB defects on the top surface of
epitaxial GaAs grown on elemental semiconductor substrates. Scanning SH microscopy
is also used to map the spatial distribution of APB defects on various hetero-epitaxy
systems.
Chapter 5 presents a preliminary study of strain field distribution by scanning
SHG imaging.
Chapter 6 summarizes the various applications of optical SHG in characterizing
novel materials for state-of-art advanced MOSFET technology, and suggests directions
the future work.

9

Chapter 2: STUDY OF ULTRATHIN SOI BY SHG
SOI structures consisting of a single crystalline Si film separated by a buried
oxide (BOX) layer from a bulk Si substrate provide a flexible platform for modern ultra
large scale integrated (ULSI) circuits with better device isolation, speed, density and
scalability than bulk Si circuits [3]. As devices scale down to deep submicrometer
dimensions, SOI-based architectures with ultrathin (<10 nm) Si films have drawn
increasing attention because of their high carrier mobility, low power consumption, and
low vulnerability to short-channel and parasitic MOS effects.[3] The first half of this
chapter discusses the study of ultrathin SOI wafers by time-independent SHG, with focus
on rotational anisotropy. The second half presents amplitude- and phase-sensitive timedependent SHG from ultrathin SOI samples in order to non-invasively characterize the
process-induced structural defects within the crystalline Si films.

2.1 PHENOMENOLOGICAL MODEL OF TIME-INDEPENDENT SHG FROM
SOI STRUCTURE

The lowest order SHG from centrosymmetric nonlinear crystals, like Si, includes
two parts: the dipolar response from the interface where inversion symmetry is broken,
and the non-local quadrupolar response from the bulk. SOI structures, consisting of a
single crystalline Si film separated by a BOX layer from a bulk Si substrate provide a
model system for studying SHG from various multi-layer structures. Since multi-layer
structures

are

prevalent

in

advanced

microelectronics,

we

first

develop

a

phenomenological theory of SHG from them in some detail. For this multi-layered
structure, the major challenge to describing SHG analytically comes from multiple
reflections at internal interfaces. The solution can be obtained following three steps:
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1. Construct the total fundamental field within the Si layer after multiple inernal
reflections;
2. Calculate SHG produced from the above fundamental field;
3. Calculate total output SHG from the above source after multiple reflections.
Step 1 and 3 are only linear optic processes, which can be solved by a transfer
matrix technique [31]. For the second step, the phenomenological model developed in
reference [32] is used to describe the SHG response from interface and bulk sources. A
unique feature of this model is the spatial separation of the excitation field and the SH
polarization density

Pi ( 2ω ) ( z ) = ∑ χ ijk( 2 ) E j ( z0− ) Ek ( z0− )δ ( z − z0+ ) ,

(2)

j,k

for the localized surface dipole response, where z0 is the location of interface, as indicated
in Figure 2, z0± = z0 ± ε ( ε → 0 ).

Polarization sheet

SiO2

Interface
Si

Figure 2:

z

z0

Location where the
excitation field is
evaluated
Phenomenological model for SHG at localized interfacial source.

The reason the localized SH source is treated this way is the ambiguity when
considering the conventional boundary condition at an interface as presented in Figure 3:
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ET( 2ω ) ∝

ω

− 4πP
∝P
ε (2ω ) − ε (ω )

2ω

2ω

Figure 3:

The boundary condition for reflected and transmitted SHG at interface

A polarization density localized at the interface cannot satisfy this boundary
condition, and thus cannot generate propagating SH radiation. So the polarization density
and excitation field are infinitesimally displaced away as described in Equation (2) in
order to solve this ambiguity by separating SHG from the boundary condition.
The total SHG from this complex multi-layer structure can be obtained following
three steps. The detailed derivation can be found in Appendix A. Here we only list the
final results, and some conventions for the notations used in the above results:
1. any lower case letter represents a physical quantity of the fundamental wave (ω),
a capital letter of the SH wave (2ω);
2. subscript 1 indicates that the physical quantity is evaluated inside SiO2, subscript
2 in Si, and subscript 0 in air;
3. a superscript represents polarization state;
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4. for convenience, different media domains are named o, a, b, c, d as listed in
Figure 4.

z
Air (o)
SiO2 (a)
Si (b)

y

I

x

SOI
II

SiO2 (c)

BOX
III

Si (d)

Figure 4:

Si substrate

Geometric layout for the cross section of SOI structure.

Thus rbdp denotes the total reflectivity from an effective interface formed by b-c-d
layer for p-polarized fundamental wave. The total SHG from this SOI structure is
composed of the SH radiation from each interface as well as Si bulks (including SOI film
and substrate):
p
p
p
ETotal
= EIp + EIIp + EIIIp + ESOI
+ Esub
,

(3)

where the analytic solution for each term is derived in Appendix A. Thus the azimuthal
angle-dependent SHG intensity can be written as:
2
I ( 2ω ) (φ ) = a + b cos 4φ

,

where b is chosen to be real and positive, so a is in general a complex number.
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(4)

2.2 EXPERIMENTAL PROCEDURE

Commercial grade plasma-activated bonded (PAB) (Ref. 34) (100) SOI wafers
with initial p-type (lightly B doped) SOI layers of thickness tSOI ~ 50 nm separated from
the Si(100) substrate by a BOX of nominal thickness tBOX ~ 160 nm are used as starting
material. In order to obtain ultrathin SOI layers of various thickness, the starting wafer
was thermally oxidized for different times and the thermal oxide was stripped away by
buffered oxide etch (BOE) to reduce tSOI to ~10, 7, 4 and 2 nm with native oxide (NOX)
on top. Precise layer thicknesses measured by spectroscopic ellipsometry (SE) are shown
in Table 2. Three extra subsets of reference samples were then fabricated as follows: (1) a
~70 nm oxide was deposited (hereafter DOX ≡ deposited oxide) on top of one subset by
plasma-enhanced chemical vapor deposition to suppress carrier trapping at the free
surface by making the resultant oxide thickness larger than the scattering length of
electrons in the oxide [15]; (2) the SOI layer of another subset was selectively etched
away by tetramethylammonium hydroxide (TMAH) (25% WT) solution at 85 oC to
expose the SOI/BOX interface for rms roughness measurement by atomic force
microscopy (less than 0.4 nm for all SOI thicknesses) and for direct SHG probing without
the SOI layer; (3) the last subset was dipped into HF (50%) solution for 5min to reveal
HF defects [35].

14

(a)
BS

sample

PMT A

PMT B
z-cut quartz

(b)

sample
TCV
on glass

Figure 5:

Spectrometer

Schematic experiment setup for SHG intensity measurement (a) and phase

measurement by FDISH (b).

Figure 5 shows the experimental setup for SHG. P-polarized optical pulses (~150
fs, 150 mW-300 mW average power, 76 MHz repetition rate) from a 10W Verdi-pumped
Ti:sapphire oscillator with wavelength λ tunable over the range 710 nm~840 nm were
focused at 45o incident angle to a ~30 µm diameter spot on the sample mounted on an
azimuthal rotational stage to acquire rotationally anisotropic (RA)-SHG. Reflected ppolarized SHG signal was detected by a photomultiplier tube and normalized over the
reference SHG from a z-cut quartz crystal in order to eliminate the signal variation due to
laser power fluctuation. The TD-SHG was taken at the azimuthal angle corresponding to
a maximum of RA-SHG. The optical phase of reflected SH radiation was measured by a
15

frequency-domain interferometric second-harmonic (FDISH) technique,[36], using a
temporally delayed reference SH pulse generated in a poled tri-cyano-vinylaniline(TCV)
film coated on a glass slide [37].

Materials

tNOX (Å)

tSOI (Å)

tBOX (Å)

2 nm SOI

24.12±0.52

25.46±0.04

1609.86±0.49

4 nm SOI

25.10±0.35

34.08±0.04

1618.02±0.38

7 nm SOI

24.93±0.16

67.82±0.05

1610.97±0.28

10 nm SOI

24.92±0.13

104.83±0.06

1597.71±0.39

50 nm SOI

24.45±0.20

473.22±0.13

1626.21±0.72

Table 2:

NOX, SOI and BOX film thicknesses measured by SE.

2.3 EXPERIMENTAL RESULTS AND DISCUSSION
2.3.1 Time-independent SHG results

From the phenomenological model in Section 2.1, the SOI structure exhibits three
Si/SiO2 interfaces I thru III which contribute azimuthally isotropic interfacial dipole SH
radiation, while the bulk of the SOI film and Si substrate produce 4-fold anisotropic
16

quadrupolar SHG. The resultant azimuthal-angle-dependent SH intensity was expressed
by Equation (4). RA-SHG results from all SOI samples are listed in Figure 6(a)-(d).

0.050

5

770

0.040

3
3.5
3.0
2.5
2.0
2.5
1.5

760

830

0.045
0.040

750

2.0
1.0
1.4
1.2
1.0
0.8
1.0

SHG (a.u.)

1.5

SHG (a.u.)

840

0.045

4

740

0.10
0.09
0.08

820

0.20
0.18
0.16
0.14

810

800

0.6

730

0.8

0.5

0.6
1.0
0.9
0.8
0.7
0.6
0.5
1.4
1.2
1.0
0.8

720

710

0

50

100

150

200

250

300

790

3.5
3.0
2.5
2.0

780

0

350

50

100

150

200

250

300

350

Azimuthal Angle (deg)

Azimuthal Angle (deg)

Figure 6(a):

1.8
1.6
1.4
1.2

RA-SHG data (empty circles) from 2 nm SOI with 70 nm DOX at

different fundamental wavelengths (710 < λ <840 nm). The red line is the fitting curve
from the phenomenological model described by Equation (4). φ = 0 means incident plane
is along the <100> direction.
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Figure 6(b):

790 nm
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350

Azimuthal Angle (deg)

RA-SHG data (empty circles) from 4 nm SOI with 70 nm DOX at

different fundamental wavelengths (710 < λ <840 nm). The red line is the fitting curve
from the phenomenological model described by Equation (4).
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different fundamental wavelengths (710 < λ <840 nm). The red line is the fitting curve
from the phenomenological model described by Equation (4).
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RA-SHG data (empty circles) from 10 nm SOI with 70 nm DOX at

different fundamental wavelengths (710 < λ <840 nm) The red line is the fitting curve
from the phenomenological model described by Equation (4).

For this data, the incident laser focal spot was displaced slightly from the sample
rotation axis, so there was no time for build-up of charge as the sample moved. All
responses are consistent with the expression in Equation (4), indicating that
crystallographic axes of SOI film and substrate are mutually aligned. This agrees with the
X-ray diffraction pattern shown in Figure 7 taken from 50 nm SOI with NOX, where only
one set of diffraction pattern can been seen from both SOI film and Si substrate.
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Figuure 7:

X
X-ray diffraaction patterrn from 50 nm
n SOI withh NOX

Figuure 8:
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Anisotropic SHG with fundamentaal center waavelength 7550 nm (hνSHH = 3.3

eV) incident poower 150 mW
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fferent tSOI.
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The variations in azimuthal anisotropy evident in Figure 8 are attributable to
variations in the parameter a. For the 50 nm SOI samples, we observe a 4-fold
oscillations on an isotropic background, with the first maximum at φ = 0, which
indicates the real part of a is also positive, i.e. Re(a) > 0. On the other hand, for most of
the ≤ 10 nm SOI samples, we observe 4-fold oscillations with the maxima and minima
reversed, indicating that Re(a) < 0. Uniquely for the 10 nm SOI sample with DOX, we
observe 8-fold oscillations, indicating a ≈ 0, leaving only the weak bulk quadrupolar
contribution b 2 cos2 4φ . These variations in a can be related qualitatively to varying
relative contributions of interfaces I thru III to a. For the 50 nm SOI samples, the
interface I makes the strongest contribution to a. This is because for λ = 750 nm, the
absorption depth α-1 of SH radiation at λ/2 =375 nm is α-1 = 24 nm [38]. SH radiation
generated at interfaces II and III is thus mostly absorbed. For samples with SOI layers of
thickness tSOI < α-1 (2nd thu 5th panels in Figure 8 (a) and (b)), on the other hand,
interfaces II and III contribute strongly to a. A simple interpretation is that the opposite
orientation of interface II with respect to interfaces I and III changes the sign of a when
interface II dominates a. For the 10 nm DOX sample, the contribution of interface II to a
evidently cancels that of interfaces I and III almost exactly. The above argument proves
the validity of the model described by Equation (4).
Figure 9 present the fitted parameters |a| and b according to Equation (4) from the
data shown in Figure 6 under Pin/Pout configuration. Here ‘in’ denotes the incident field,
and ‘out’ represents the SH field. Thus ‘Pin/Pout’ indicates that the polarization state of the
incident fundamental field is p and the measured SH field is also p-polarized. The blue
shift of |a| may be an indication of quantum confinement effect and the red shift of b may
be due to the in-plane compressive stress within the Si films.
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2.3.1 Time-dependent SHG results

As mentioned before, the absorption depth of SH radiation at λ/2 = 375 nm is α-1
= 24 nm, so for ultrathin SOI charge injection at all three Si/SiO2 interfaces could be
measurable by SHG. TD-SHG data are not affected by preirradiating the photo-excited
spot with a continuous-wave laser of the same fluence, ruling out a thermal origin of the
dynamical behavior. For the sample with no SOI layer [top panel in Figure 10(b)],
negligible time-dependence is observed indicating negligible charge injection at the
substrate/BOX interface, in contrast to the results of Ref. 5. The time dependence in the
previous study may have come from trapping sites created during wet bonding, [39]
whereas PAB performed at low temperature creates fewer defects at both substrate/BOX
and SOI/BOX interfaces. Upon initial irradiation, all ultrathin SOI samples with NOX
exhibit similar TD-SHG behavior shown in Figure 10(a): an initial rise followed by a
subsequent decay. After blocking the laser for a few min or wiping the surface with
methanol, a repeat scan on the same spot yields only a rising TD-EFISH signal [Figure
11(a) red data]. This behavior is explained by competition between the two optical HCI
processes shown in Figure 12. Rising SHG comes from electrostatic field E1(t) built up
by electrons injected from SOI into the NOX conduction band (CB) via three-photon
absorption, initiating their diffusion to surface trap sites catalyzed by ambient
oxygen.[15] The decay results from oppositely directed electrostatic field E2(t)
established by injecting electrons from SOI into BOX traps. Since the latter are long lived
and not removed by surface wiping, re-growth of E1(t) by free surface charging
dominates the repeat scan. This interpretation is confirmed by samples with DOX, which,
because charge trapping at the free surface is suppressed, exhibit only a falling TDEFISH signal that reflects SOI/BOX charge dynamics alone [bottom 4 panels of Figure
10(b)].Thus charge injection at the SOI/BOX interface is isolated for samples with DOX.
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Figure 12:

Schematic diagram of CB and VB edges of SOI with NOX (band bending

is neglected), showing competing multi-photon HCI processes.

Quantitative investigation of the isolated TD-EFISH data indicates a two-stage
decay before saturation, as shown in Fig. 11(b) for tSOI = 4 nm. Electrostatic field growth
which is proportional to charge density n(t) by HCI before saturation can be modeled by:

E2 (t ) ∝ n(t ) = α1 × (1 − e−t / τ ) + α 2 × t n ,

(5)

where the first term represents the initial fast filling of preexisting trap sites (with
strength factor α1) and the second term denotes much slower creation of new interface
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traps (with strength factor α2) by energetic carriers created by photo-excitation and/or
Auger recombination. The generation rate of those traps is presumed much smaller than
their charge filling rate. TD-SHG intensity I(2ω)(t) then takes the form:
2

2

I 2ω (t ) ∝ χ ( 2 ) + χ ( 3) E DC (t ) ∝ p0 + (1 − e −t / τ + f × t n )eiΦ ,

(6)

where p0 represents the time-independent contribution, chosen to be real, f is a relative
strength factor and Ф is the relative phase of the time-dependent terms, which is
measured by FDISH. The power index n of the last term of Equation (6) obtained from
the fitting [see e.g. red curve in Figure 10(b) and 11(b)] varies between 0.43 and 0.56,
consistent with low gate voltage stressed electrical measurements based on metal-oxidesemiconductor field-effect transistor [4], the closest electrical analog of optical HCI
measurements. For small t, we can neglect HCI-induced trap generation to simplify the
analysis and fitting, and Equation (6) reduces to

I 2ω (t ) ∝ p0 + (1 − e−t / τ )eiΦ

2

(7).

General TD-EFISH can be described by a phasor diagram as in Figure 13, where
~
p (t ) represent complex time-independent and time-dependent SH polarization
Ρ0 and ~
densities, and correspond to the first and second terms, respectively, inside the absolute
value bracket in Equation (7). The dynamics of interest is contained in the amplitude
~
p (t ) , which increases with time while maintaining phase angle Φ , here assumed
2
~ 2 ~
p (t ) . SH intensity I 2ω (t ) ∝ Ρ (t ) = Ρ + ~p (t ) alone is
constant in time, with respect to ~
0

p (t ) because of the
insufficient to retrieve the time-dependent polarization density ~
unknown phase angle Φ as indicated in Figure 13. Thus an FDISH measurement was
employed to extract the phase by fast Fourier transform [40]. Figure 14(a) and (b) show
the FDISH interferograms and extracted phase angles Φ corresponding to the SOI
samples with DOX in Figure 10(b).
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FDISH measurements yield constant phase angles π – Ф ~ 0.32 ± 0.22, 0.11 ±
0.18, 1.08 ± 0.13 and 0.79 ± 0.34 rad respectively for 2, 4, 7 and 10 nm SOI with DOX.
With these Ф the TD-SHG data for small t of samples with DOX measured under
identical conditions were fitted using Equation (7). The fitted time constants τ, plotted as
black data points in Figure 11(c), scale almost exactly linearly with SOI thickness [green
curve in Figure 11(c)]. Accurate measurement of Ф was essential to establishing the
linear relationship between τ and tSOI. If we neglect the variation of Ф with tSOI (e.g. by
assuming Ф = π for all samples), a nonlinear relationship [e.g. red data points in Figure
11(c)] invariably results.
The linear relationship suggests that the initial fast exponential trapping is
associated with defects formed during thermal oxidation thinning of the SOI [35], the
duration of which is the only difference among these samples. During thermal oxidation,
structural defects (such as Si vacancies and O precipitates) are created at the external
Si/SiO2 interface, then gettered near the SOI/BOX interface.[35] The density of these
defects can be approximated as N (tSOI ) ≈ η ( D − tSOI ) + N0 , where N0 is the intrinsic
defect density, D the starting SOI thickness and η the density of defects created per unit
thickness of Si consumed. Carrier trapping rate 1/τ is proportional to trap density N(tSOI)
at the SOI/BOX interface: 1 / τ ∝ N (tSOI ) . Thus we obtain the linear relationship
ηtSOI
1
1
) when ηtSOI is much smaller than the
τ∝
≈
× (1 +
N 0 + ηD − ηt SOI N 0 + ηD
N 0 + ηD

other terms in the denominator, which is reasonable for ultrathin SOI.
To confirm the N(tSOI) relation qualitatively, we revealed a portion of the
SOI/BOX interface defects by HF dipping.[35] Defects larger than tSOI provide a channel
for HF penetration, resulting in an etched BOX region large enough to be observed under
an optical microscope,[35] as shown in Figure 15. Scanning electron microscope images
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wn in Figuree 16 reveal the pinhole shape defeccts topologyy after HF soaking in thhe SOI
show
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Figuure 16:
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o
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photton-excited from near tthe Si valennce band (V
eV below SiO2 CB edge as shown in Figure 11,
1 much deeper
d
than ambient-oxxygencataalyzed traps at the free oxide surfaace, which are accesseed by three-photon excitation
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and lie close to the SiO2 CB edge. This contrast may explain the much longer lifetime of
the SOI/BOX traps compared to surface traps revealed by the hysteresis behavior in
Figure 11(a).

2.4 SUMMARY
In this chapter, we have derived a phenomenological model for time-independent
SHG from SOI structure and explained the experimental observations based on this
model. Additionally, in order to study charge injection at a specific interface, we have
isolated the trapping dynamics of optically excited carriers at the buried Si/SiO2 interface
of ultrathin SOI layers, and measured their variation with SOI thickness and laser
intensity. The results reveal that the dominant trapping sites are induced by thermal
oxidation thinning of the SOI layer, and are thus denser for thinner films. The energy
level of these trapping sites lie at least 1 eV below the SiO2 CB edge, and are thus long
lived. The results demonstrate that SHG can noninvasively characterize defects critical to
SOI device performance without device fabrication, and far more efficiently than
decorative etching techniques, to reveal process-induced structural defects.
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Chapter 3: STUDY OF BAND OFFSETS BETWEEN HIGH-k
DIELECTRICS AND SEMICONDUCTORS BY LINEAR AND
NONLINEAR INTERNAL PHOTONEMISSION
The replacement of the conventional native thermal oxide by the deposited high-k
dielectrics has enabled the scalability of gate insulator for effective oxide thickness
smaller than 1 nm. In addition to the requirement on dielectric constant and thermal
compatibility with Si substrate, the band offsets (conduction band offset and valance
band offset) should also be considered together due to the exponential influence of this
barrier height on the thermionic emission leakage current. In this chapter, we present
measurements of conduction band offsets of three high-k dielectrics on Si(001) substrates
using linear internal photoemission (IPE), detected by measuring photocurrent from a
biased MOS capacitor, and internal multi-photon photoemission (IMPE), detected by
SHG. Post deposition annealing effects on the band alignment will also be demonstrated.

3.1 PRINCIPLES OF INTERNAL PHOTOEMISSION SPECTROSCOPY
In short, IPE can be considered as a process of optically induced transition of
photo-excited mobile carriers form one medium into another one across the interface
between them. IPE spectroscopy has been the standard method to characterize the relative
energies of electron states at interface of condensed phase materials for more than 40
years. Such studies are of great importance for modern advanced MOS devices which
utilize non-native metal oxide with high dielectric constant as gate insulator. Application
of high-k dielectric materials poses a number of fundamental physical questions and
concerns. For instance the atomic structure of a thin oxide at low temperature is not
expected to be exactly the same as that of the stoichiometric thermodynamically stable
34

bulk phase. Thus reliable quantification of band alignment at the interface becomes one
of the priorities for high-k dielectric implementation.

3.1.1 Basic physics of MOS capacitor
Since the IPE involves the measurement of photocurrent from a biased MOS
capacitor, we need to understand some fundamental MOS device physics. An MOS
capacitor, which is comprised of a metal gate, an insulating oxide layer and a
semiconductor, is incorporated in the surface of most semiconductor devices.

Vacuum level

Ec
Ei
EF
Ev

EF

Figure 17:

Band alignment of an ideal MOS capacitor at equilibrium for p-type

semiconductor.
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The band alignment of an ideal MOS capacitor is depicted in Figure 17, where φm
is the work function of the metal electrode, χi is the electron affinity of the insulator, and
kT
N
the Fermi potential is defined by the substrate doping concentration ψ B =
ln( A ) .
q
ni
The total capacitance is composed of oxide capacitance in series with the substrate
capacitance 1 / C = 1 / COX + 1/ Cs which varies with the gate voltage due to the band
bending influenced by external bias. The flatband condition occurs when the bands
within the semiconductor substrate are flat, i.e. there is no charge in the substrate. The
gate bias in this circumstance is called flatband voltage, which in general equals the work
function difference between the metal gate and semiconductor substrate, i.e.

VFB = φm − φs . This flatband voltage is usually extracted from a C-V measurement, where
Cs

FB =

q 2ε s N A
[41].
kT
At all ranges of operation, a simple relation of voltage drop across the MOS

capacitor is satisfied:

Vg = VFB + VOX + ψ s ,

(8)

where VOX is the voltage drop across the oxide and ψs is the surface potential of
semiconductor substrate (surface band bending). Thus the electric field at the
semiconuctor/oxide interface yields:
F=

VOX Vg − VFB − ψ s Vg − VFB
=
≈
tOX
tOX
tOX

(9).

The latter is true when the doping level is not very high, thus the surface band bending is
negligible.

3.1.2 Quantum yield of internal photoemission transition
The physical process of IPE transition can be divided into three major steps: (1)
photo-excitation of carriers inside emitting solid (emitter); (2) transport of the photo36

excited carriers towards the interface of emitter; (3) escape of the injected carrier over the
potential barrier. This photoemission process is usually quantified by the quantum yield
which is defined as the average number of injected charge carriers per one absorbed
photon, i.e.
Y=

ne
I × hν
,
=
n ph P × T × A

(10)

where I is the photocurrent, P is the total incident light intensity, T is the transmission
coefficient of the gate window, and A the sample surface area under illumination, which
are all measurable quantities.
The general form of quantum yield can be described by Powell’s model [46]:
x (F )
Y = C (hν )[hν − Φ( F )] p exp[− m
],
(11)
l
where C(hv) is a photon-energy-dependent proportionality constant, l is the phonon
scattering mean free path, Φ(F) is the field-dependent barrier height and xm(F) is the
location of the potential maximum due to the image force barrier lowering effect
discussed below. The last term describes the transport within the image potential well
which corresponds to step (3). The power exponent p is determined by the emitter
material or the initial density of states. Especially for electron injection from
semiconductor VB, p = 3; for metal, p = 2. Thus the field-dependent barrier height can
be obtained from the threshold of quantum yield spectrum.

3.1.3 Image force barrier lowering effect
At the injecting interface for electron emission, the barrier shape is usually
distorted due to the Coulomb interaction between the escaped electron and the
unscreened hole it left behind in the semiconductor or the image charge it induces at the
metal gate. This effect is called image force barrier lowering, and results in a field
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dependence of both the magnitude and position of the barrier top as suggested in Figure
18.

x

Figure 18:

Potential profile for image force barrier lower effect.

The red line represents the step-wise intrinsic batter height, the blue dotted line is
due to the external DC bias, and the Coulomb potential profile is denoted by the black
dotted line. Thus the potential profile at injecting interface can be written as:
q2
Φ( x) = Φ 0 − qFx −
,
16πε iε 0 x

(12)

where εi is the dielectric constant of gate insulator. The field-dependent barrier height is:
qF
,
(13a)
Φ ( F ) = Φ 0 − ∆Φ ( F ) = Φ 0 − q
4πε iε 0

and the position of the potential top is
xm ( F ) =
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q
16πε iε 0 F

(13b).

Image force barrier lowering effect is essentially due to the screening properties
of materials. The transport time of injected carrier across the interface is typically on the
order of 10-15 s. The dielectric relaxation time which describes the response time of
screening charges to an electric field for semiconductor at moderately doping is on the
order of 10-12 s, while this response time for metal is 10-16 s. Thus at the interface of a
metal, an image charge is induced immediately at the metal surface, while at the surface
of a semiconductor, an unscreened hole plays the role of the image charge. So in order to
extract the zero field barrier height, a linear extrapolation is usually used in the
Φ ( F ) − 1 / F plot (Schottky plot), where each field dependent barrier height is obtained
from the threshold of quantum yield spectrum according to the photon energy
dependence described in Equation (11).

3.2 EXPERIMENTAL PROCEDURE
Thin films (3 nm or 10 nm) of high-k oxides (Al2O3, BeO or HfO2) were
deposited on clean p type (na ≈ 1015 cm-3) Si(100) substrates. Si wafers were pre-cleaned
by HF dipping before transfer to a Cambridge NanotechTM atomic layer deposition
(ALD) module. Oxide film depositions were carried out at 200 °C using trimethyl
aluminum (TMA) + H2O pulses for Al2O3 deposition, Be(CH3)2 + H2O as precursors for
BeO, and tetrakis ethylmethylamino hafnium (TEMAHf) + H2O for HfO2. Some samples
were then subjected to post-deposition anneal (PDA) in N2 atmosphere at 600 °C (for 1
min) or 900 °C (for 30 s). Samples for IPE measurement had ~ 10 nm thick oxides
(11.1nm for Al2O3, 10nm for BeO and 8.8nm for HfO2). In order to apply bias and detect
photocurrent, MOS capacitors were fabricated. 15nm reactively sputtering TaN (for BeO)
or e-beam evaporated Au (for Al2O3 and HfO2) was deposited on the ALD oxides, then
patterned by photo-lithography to form 540 X 540 µm2 top gate electrodes, which
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functioned simultaneously as semi-transparent optical input windows. The backside of
the Si substrate was scribed before bonding with melted indium to form a good ohmic
contact. The flat band voltage, which takes into account the work function difference
between the metal electrode and Si substrate, was measured by C-V for each MOS
capacitor. Samples for IMPE-EFISH measurement had ~3 nm thick oxides to enable
efficient transport of injected carriers to the free oxide surface [15]. The physical
thicknesses of the deposited oxide layers were determined by spectroscopic ellipsometry
and confirmed with transmission electron microscopy (TEM).
For IPE measurement, bias voltages were applied to the metal electrodes via
tungsten contact probe needles (5µm tip diameter). The MOS structure was illuminated
through the semi-transparent metal electrode by continuous wave radiation from a 75W
Xeon lamp source dispersed with a computer controlled monochromator (blazed at
300nm, 4nm spectral resolution) at normal incidence. The entire setup as depicted in
Figure 19 is immersed in a purged dry N2 ambient to avoid ultraviolet absorption in air.
Yield spectra were determined from dc-photocurrent (typically pA) across the biased
MOS structure measured with a Keithley 6514 electrometer, and normalized to the
incident photon flux detected by a calibrated photodiode.
For IMPE-EFISH, p-polarized ~150 fs optical pulses from a mode-locked
Ti:sapphire laser with wavelength tunable from 780nm to 840nm (~10 nm bandwidth),
average power varied from 70 mW to 300 mW with ND filters, and 76 MHz repetition
rate were focused at 45o incident angle to a ~30 µm diameter focal spot on the sample
similar to the one shown in Figure 5. A photomultiplier tube detected reflected ppolarized SHG as a function of time over a period of 1 to 2 minutes, during which photoinjected carriers accumulated at the free oxide surface.
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Figure 19:

Schematic experiment setup for IPE measurement.

3.3 EXPERIMENTAL RESULTS AND DISCUSSION
3.3.1 Al2O3/Si
Both IMPE-EFISH and IPE were applied to as-deposited Si/Al2O3 samples with
no PDA. This enabled direct comparison of the results with previous IMPE-EFISH [17]
and IPE [43,44] measurements of annealed Si/Al2O3 samples.
Figure 20 presents IMPE-EFISH data for mode-locked pulsed illumination at (a)
810 nm and (b) 800 nm at various powers. The initial time-dependent rate of increase of
the SHG signal is significantly faster for 800 nm than for 810 nm at an equivalent power.
Moreover, for wavelengths longer than 810 nm, the initial rate of increase is similar to
that shown in panel (a), whereas for wavelengths shorter than 800 nm, it is similar to that
shown in panel (b). Discontinuous change at 805 ± 5 nm suggests that the order of multiphoton photoemission decreased from n to n-1 in going from 810 to 800 nm illumination,
41

thereby increasing the charge generation rate. The IMPE-EFISH dynamics were
unaffected by simultaneous irradiation of the same photo-excited spot by a continuouswave of the same wavelength and average power, ruling out a thermal origin of the
dynamic behaviour. The electrostatic origin of the dynamics was confirmed by grounding
the free surface after mode-locked laser irradiation, which quenched the accumulated
increase in SHG signal. This demonstrated that the electrostatic field built up by electrons
injected from the Si substrate into the Al2O3 conduction band and trapped at the free
surface was responsible for the increased signal.
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Figure 20:

IMPE-EFISH data at various incident powers for 810nm (a) and 800nm

(b) laser pulse illumination. Curves are fits to the data using a single-trap model (see
Equation (14)).
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To obtain quantitative results, the time-dependent IMPE-EFISH data was fit to a
single trap charge kinetics model [16-20, 45] in which the electrostatic field grows as
E DC (t ) ∝ n(t ) = n0 (1 − e −t / τ ) , where n(t) is the trapped charge density at surface and 1/τ
is the trapping rate. The time-dependent SHG intensity I(2ω)(t) then takes the form
2

2

I ( 2ω ) (t ) ∝ χ ( 2 ) + χ ( 3) E DC (t ) ∝ a + (1 − e − t / τ ) ,

(14)

where χ(2) is the second-order nonlinear susceptibility of the Si/Al2O3 interface, which
is responsible for background time-independent SHG, and χ(3) is the third-order
nonlinear susceptibility of bulk Si in the substrate space-charge region, from which timedependent SHG arises. The multi-photon carrier injection rate, and thus the trapping rate,

[ ]

n

depend on incident laser intensity I as 1 / τ ∝ I (ω ) , where n is the number of photons
required to promote electrons from the Si valence band (VB) to the oxide conduction
band (CB).
Figure 21 presents a semi-log plot of trapping constant τ obtained from fits to
the IMPE-EFISH data vs. incident laser power. Multi-photon order n is obtained from the
slope of the lines fitted to the data points. At λ = 810nm (hν = 1.53 eV), the slope is -3,
indicating 3 photons are needed to inject electrons, whereas at λ = 800nm (hν = 1.55 eV),
the slope is -2, signifying 2-photon photoemission. As photon energy varies, a step-wise
transition from 3-photon to 2-photon photoemission is observed, as illustrated in Figure
22. We can therefore identify the barrier height for charge injection by

Φ e = 2hν t = 3.08 ± 0.04 eV, where hνt = 1.54 ± 0.02 eV is the single photon energy at the
transition point [16,17]. The conduction band offset (CBO) is then obtained by
subtracting the Si band gap Eg = 1.1 eV, yielding ∆Φ c = Φ e − Eg = 1.98 ± 0.04 eV. This
result is an excellent agreement with the value ∆Φc = 2.02 ± 0.04 eV reported by Gielis et
al. based on IMPE-EFISH measurements of Si/Al2O3 structures after PDA in N2 at 425
o

C, indicating the CBO is insensitive to 425 oC PDA.
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Figure 21:

Laser power dependence of time constants from the IMPE-EFISH data in

Figure 20 at two different wavelengths.
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Figure 23 shows the IPE yield spectrum of the Au/Al2O3/Si MOS capacitor under
positive bias. The strong E1 and E2 features are prima facie evidence that the IPE photon
current originates from electrons photo-excited from the Si VB to Si CB, prior to
injection into the Al2O3 CB. Thus the threshold near 3 eV corresponds to the barrier
height Φe between Si VB edge and Al2O3 CB edge.
The electrostatic field F was calculated from the gate voltage Vg and the measured
flatband voltage VFB according to Equation (9). According to the Powell model [42], the
yield near the threshold varies with photon energy hν as Y ( hν ) ∝ [hν − Φ e ( F ) ]3 ,
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enabling extraction of barrier height Φe(F) by plotting Y1/3 vs. hν near threshold. Under
bias, however, the barrier height Φe(F) depends on the electrostatic field F because of the
Schottky effect [42]. So the potential barrier scales linearly with square root of field as
qF
[46].
Φ( F ) = Φ 0 − q
4πε iε 0
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Figure 23:
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IPE yield spectra vs. photon energy measured with +1.4V bias on the Au

electrode in (100)Si/Al2O3/Au capacitors. Inset shows the schematic band diagram for
charge injection.
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The field-dependent threshold is obtained by linearly extrapolating a Schottky
plot of Φe(F) vs. F1/2 to F = 0, as shown in Figure 24. This plot yields zero-field barrier
height of Φe(0) = 3.13 ± 0.04 eV for electron injection from the Si VB maximum to the
Al2O3 CB minimum. This in turn yields a CBO of ∆Φc = 2.03 ± 0.04 eV, which agrees
within experimental error with the results obtained from IMPE-EFISH on a sample with
an oxide nearly 4 times thinner. It is also consistent with the value ∆Φc = 2.13 ± 0.08 eV
reported by Afanas’ev et al. [43] based on IPE measurements of Si/Al2O3/Au structures
after PDA in O2 at 500 oC.
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zero-field barrier height of (100)Si/Al2O3/Au capacitors by linear extrapolation.
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The cited error of ±0.04 eV in our IPE threshold determination reflects
uncertainties arising from monochromator resolution, photodiode calibration inaccuracy
and random error due to fluctuation of dark current, photocurrent and light intensity.
There can, however, be additional systematic error related to the choice of model
describing the photon energy dependence of quantum yield near threshold, i.e. the
exponent in the expression for yield Y ( hν ) ∝ [hν − Φ e ( F ) ]3 in Powell’s model [42]. This
choice is affected by material and interface properties including density of states in the
electrode, mean free path of injected carriers, optical transition strengths in the
semiconductor emitter, and interface barrier non-uniformity [14]. Error from this model
choice generally does not exceed 0.1eV [14, 47, 48]. Some authors attempt to include this
systematic error by citing a larger uncertainty, as in the Afanas’ev et al. [43] result cited
above.
The above measurements determine only the CBO of Si/Al2O3, and indicate that it
is insensitive to oxide thickness in the range 3 to 11 nm or to PDA at ≤ 500 oC. In
principle IMPE-EFISH and IPE can also determine the valence-band offset (VBO). One
way of doing this is to detect electrostatic fields (IMPE-EFISH) or DC photocurrents
(IPE) resulting from direct excitation of carriers across the oxide band gap. The gap thus
determined, combined with the CBO, yields the VBO. Unfortunately, our current light
sources do not tune far enough into the UV to excite carriers across the Al2O3 gap of 6 –
7 eV. Some previous IPE studies have reported a widening of the Al2O3 gap, and an
accompanying increase in VBO, accompanying PDA at > 800 oC [49]. On the other hand,
a recent spectroscopic ellipsometry study reported a decrease in the Al2O3 gap
accompanying similar PDA [50]. Extension of the tuning ranges of our IMPE-EFISH and
IPE measurements may therefore be a fruitful area for future research on Al2O3 and other
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wide gap oxides. In the next section we report measurements on a smaller gap oxide, for
which both CBO and VBO can be determined.

3.3.2 HfO2/Si
IMPE-EFISH measurements of Si(001)/HfO2 structures with 4 nm ALD HfO2
films have been reported before [18]. One result of that study was that the kinetics of
charges excited near the Si VB/HfO2 CB barrier was complicated by simultaneous
ionization of oxygen vacancy point defects in the HfO2 layer. Here, therefore, we present
band-offset measurements based purely on IPE.
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Figure 25:

Cubed root of IPE yield spectra as a function of photon energy measured

with +1.6V bias on the Au electrode for capacitors with as-deposited and annealed HfO2
and the inset shows the schematic band diagram for charge injection.
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Figure 25 presents spectra of the cubed root Y1/3(hν) of IPE yield under forward
bias +1.6 V for as-deposited structures (black open squares) and after PDA at 600 oC (red
open circles). Strong modulation of both spectra at E1 and E2 critical points again shows
that the photocurrents originate from optical transitions within the Si substrate. The solid
lines indicate fits of the near-threshold Y1/3(hν)1/3 to a Powell model to determine Φe(F) at
this bias. Although as noted earlier deviations of the measured Y1/3 from linear
dependence on hν create some uncertainty, the fits indicate identical Φe(F) for the asdeposited and annealed samples, despite strong PDA-induced changes in the overall
shape of Y1/3(hν) evident in Figure 25.
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Figure 26 presents a Schottky plot for the two samples. Within measurement
error, Φe(F) remains the same for both samples at all biases. By extrapolation to F = 0,
we thus obtain the PDA-independent CBO of ∆Φc = 2.02 ± 0.04 eV, coincidentally nearly
identical to the CBO of Si/Al2O3.
Because of the band gap of HfO2 is less than 6 eV, our light source can excite
direct transitions across this gap. The gap is then most readily determined by measuring
photocurrent with the sample under reverse bias, as illustrated in the inset of Figure 27.
The main panel of Figure 27 presents spectra of the square root Y1/2(hν) of IPE yield with
the as-deposited (black open squares) or annealed (red open circles) sample under reverse
bias -1.6 V. At photon energies hν < 5.5 eV, the spectrum is featureless (no E1 or E2
features) since the photocurrent now originates from optical transitions in the metal gate
electrode rather than the Si substrate. At higher photon energies, a discontinuous linear
rise in Y1/2(hν) is observed as the incoming light begins to excite electron-hole pairs
within the oxide. The linear rise in Y1/2(hν) above Eg is consistent with experimental
observations that photocurrent yield, and thus density of states, is approximately
proportional to (hν – Eg)2 just above the band edge of many insulators [51, 52]. The
photo-excited electron-hole pairs experience no image force barrier lowering [53]. Thus
band gap energy can be directly determined by extrapolating Y1/2(hν > 5.5 eV) to zero
yield, as illustrated by the solid red and black lines in Figure 27, without the need to
extrapolate to zero field. This is the motivation for determining oxide band bap in a
reverse bias configuration.
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Figure 27:

PC spectra of (100)Si/HfO2/Au for as-deposited and annealed samples

with the Au electrode biased at -1.6V. The inset shows the schematic band diagram for
PC process.
The results in Figure 27 indicate that the band gap of HfO2 shrank from 5.82 eV
for as-deposited to 5.53 eV for annealed samples. In view of the absence of an
accompanying CBO shift, this 0.3 eV decrease in band gap implies a corresponding
decrease of 0.3 eV up-lift of the VB edge of HfO2, as illustrated in Figure 28.
The annealing temperature of 600 oC is well below the crystallization temperature
(700 oC) [54] of as-deposited polycrystalline HfO2 subjected to rapid thermal annealing.
Thus crystallization cannot explain the change in VBO. This shift in VB edge may be
caused by the diffusion of atomic oxygen away from the interfacial layer to passivate the
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intrinsic O-vacancy defects in HfO2 during PDA which have been identified by electron
spin resonance (ESR), X-ray photoelectron spectroscopy (XPS) and electron energy loss
spectroscopy (EELS) [55-57]. A localized molecular orbital (LMO) model predicts that
the VB maximum states of transition metal oxide like HfO2 are composed mostly by the
O 2p orbital [58-60]. The shift of the VBM may be caused by the change in the local
electronic states related to O bonding, as investigated by XPS and EESL [61]. Compared
to other methods of band alignment characterization, IPE uniquely excels by requiring no
ultra-high vacuum (UHV) systems.
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Figure 28:

Schematic band diagrams for as-deposited and annealed HfO2 on Si

determined from IPE measurement.

3.3.3 BeO/Si
Hafnium-based high-k dielectrics recently replaced SiO2 as gate oxide in high
performance devices in order to counteract gate leakage currents while continuing scaling
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of MOSFETs. However, research continues to further reduce the effective electrical
thickness of the high-k gate stacks. One of the options is to suppress the growth of the
SiO2 film at the interface between the high-k dielectric and Si substrate and, possibly,
replace it with a dielectric of a higher k value. Recently ALD BeO has emerged as a
promising interfacial passivation layer (IPL) for both Si and III-V devices [50, 62]. BeO
is thermodynamically stable in contact with Si, in accord with the calculated Gibbs free
energy [63], and provides a good diffusion barrier because of the small interstitial size.
One of the key criteria in evaluating an IPL is the offset of its conduction and valence
bands from those of the substrate, since this governs the barrier height for tunneling and
thermionic emission leakage currents, and provides insight into interfacial bonding [12].
Thus here we present optical characterization of the conduction and valence band offsets
of ALD BeO/Si(100). As in the previous sections, we measure the conduction band offset
(CBO) using IPE and IMPE. We measure valence band offset (VBO) by synchrotron Xray photoelectron spectroscopy (XPS).
IMPE-EFISH measurements are shown for the as-deposited BeO/Si(100) sample
for various incident powers in Figure 29(a). As before, the electrostatic origin of this TDSHG dynamics was confirmed by grounding the free surface after irradiation, and thereby
quenching the accumulated increase in SH signal. As for the control Al2O3/Si(100)
sample, the kinetics of charge trapping are well described by a single trap model:

E DC (t ) ∝ n(t ) = n0 (1 − e −t / τ ) , and TD-SHG intensity I(2ω)(t) can be described by Equation
(14). Following the same analysis used for Al2O3/Si, the multi-photon carrier injection

[ ]

n

rate, and thus the trapping rate, depends on incident laser intensity I as 1 / τ ∝ I (ω ) ,

where n is the number of photons required to promote electrons from Si VB to oxide CB,
as shown in the inset of Figure 29(b). The log-log plot of 1/τ vs. I(ω) in the main panel of
Figure 29(b) shows that n = 3 at 780 nm (hν = 1.60 eV). When the photon energy hν
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varies, a transition from n-photon to (n-1)-photon photoemission occurs when the multiphoton energy (n - 1)hν sweeps across the barrier of height Φe for charge injection, as
shown in Figure 31(b). The CBO between BeO and Si is then given by ∆Φ c = Φ e − Eg ,
where Eg = 1.12 eV is the band gap of Si, which yields the CBO ∆Φc = 2.21 ± .03 eV.
Valence band spectra were measured on samples with 3 nm BeO film mounted in an
ultrahigh vacuum chamber under irradiation of the National Institute of Standards and
Technology (NIST) beam line X24A at the National Synchrotron Light Source with 4.36
keV beam energy at 1012 ph/sec flux focused on ~1 mm diameter spot. The result of this

measurement will be discussed below.
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Figure 30 shows IPE yield spectra of a TaN/BeO (10 nm)/Si MOS capacitor
under positive bias. As before, the presence of E1 and E2 spectral features shows that
electrons are injected from the Si substrate, although the optical modulation depth at E1
and E2 singularities is much weaker than for amorphous or polycrystalline ALD oxides,
like Al2O3 and HfO2 [45]. A high-resolution TEM image [64] shows that ALD BeO,
unlike Al2O3 and HfO2 , forms a single crystal oxide film. The suppression of the E1 and
E2 features may be explained by lowering of crystalline symmetry at the interface due to
stress from lattice mismatch between the two crystals, since IPE is inherently surface
sensitive due to the strong in-elastic electron-electron scattering at the interface with a
wide bandgap insulator [65]. PDA further suppresses the E2 feature, as illustrated in
Figure 30. Evidently thermally induced stress further lowers Si surface crystalline
symmetry, consistent with observations on thermal oxidized Si surfaces [65].
Field dependent barrier height Φe(F) is determined from the spectral threshold of
IPE yield according to the Powell model, i.e. Y (hν ) ∝ [hν − Φ ( F )] , which occurs
3

between 3.0 and 3.5 eV for the data in Figure 30. The intrinsic zero-field barrier height
Φe(0) for electron injection from Si VB maximum to BeO CB minimum (or possibly CB
tail states) is obtained from the Schottky plots in Figure 31(a), which yield Φe(0) = 3.43
eV ± 0.1 eV for the as-deposited sample, and 3.66 ± 0.1 eV and 3.73 ± 0.1 eV,
respectively, for samples subjected to PDA at 600 °C and 900 °C. The corresponding
CBO values are therefore ∆Φc = 2.31 ± 0.1 eV for the as-deposited sample and 2.54 ± 0.1
eV and 2.61 ± 0.1 eV, respectively, for the annealed samples. The increasing CBO may
indicate the formation of interfacial oxide/silicate during PDA, as suggested by the
observation of increased Si-O peak with PDA temperature from the XPS results
performed with Al Kα X-ray source [50]. Another possibility is that PDA drives the as-
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found to be 4.7 eV below the midgap of Si, which yields VBO = 4.14 ± 0.2 eV.
Combining the results of IPE and synchrotron XPS measurements, the energy gap
separating the BeO VB edge and the states at the IPE/IMPE threshold can be estimated to
be ~ 7.57 eV for the as-deposited sample. To corroborate this value, absorption was
measured by VUV SE of the as-deposited BeO sample (see Figure 32 inset). From the
limited absorption spectrum shown, we estimate an absorption edge of 7.75 eV ± 0.25
eV, which is consistent with the gap obtained from IPE and XPS. The SE value, however,
is less precise because the weakness of absorption just above threshold introduced
considerable uncertainty into proper placement of a linear extrapolation of the absorption
onset.
The obtained results show that Si/BeO exhibits a higher barrier to tunneling and
thermionic leakage currents than that of Al2O3 or HfO2 [45], thereby complementing the
favorable electrical characteristics of Si/BeO MOS devices presented elsewhere [50, 62].
These results also provide a basis for first-principles calculations of the structure of the
Si/BeO interface. The BeO gap of ~ 7.57 eV obtained from by IPE/IMPE is considerably
smaller than the bulk BeO band gap of ~10.6 eV [66], suggesting that the IPE/IMPE
threshold may be governed by a high density of band tail states just below the intrinsic
CB minimum. Indeed tail states as much as 4 eV above the VB maximum are evident in
the XPS spectrum of Figure 32. Moreover, near-edge x-ray absorption fine structure
(NEXAFS) spectra of the present samples measured by Jimmy Price at Brookhaven
National Lab, to be presented elsewhere, provide direct evidence of CB tail states as
much as 3 eV below the intrinsic CB minimum. This suggests that the absorption edge
depicted in the inset of Figure 32 arises from transitions between VB and CB tail states.
Figure 33 summarizes the results of the present band offset measurements, with the
suspected band tail states indicated by shaded gray areas. These band edge distortions
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3.4 SUMMARY

In this chapter, we presented measurements of the CBO and VBO of ALD
Al2O3/Si(100), HfO2/Si(100), and BeO/Si(100) before and after annealing using IPE (for
films thicker than 10 nm), IMPE-EFISH (for films thinner than 10 nm), and XPS.
Al2O3/Si(100) serves as a control sample for which previous band offset measuremtns
were available. We compared the CBO of ALD Al2O3/Si(100) determined by IPE and
IMPE, and found that they agree consistently with each other and with previous
measurements for annealed samples. For Si/HfO2, we found a PDA-induced valence band
offset variation due to gettering of atomic oxygen away from the interfacial oxide region
to passivate intrinsic O-vacancy defects in bulk HfO2. Finally, we measured band
alignment of ALD BeO on Si by internal photoemission and XPS. IPE and IMPE both
yielded consistent results for the CBO of as-deposited BeO/Si(100) samples, although the
IPE/IMPE threshold may be determined by CB tail states. The CBO increased with PDA
temperature, indicating a change in the interfacial atomic structure during thermal
treatment. The VBO, as determined by synchrotron XPS, is consistent with the CBO
measured by IPE/IMPE and the optical absorption edge measured by SE.

64

Chapter 4: CHARACTERIZATION OF ANTI-PHASE
BOUNDARIES IN HETERO-EPITAXIAL POLAR-ON-NONPOLAR
SEMICONDUCTOR FILMS
Compound semiconductor layers (e.g. GaAs) grown on elemental semiconductor
substrates (e.g. Si, Ge) are vulnerable to formation of anti-phase boundary (APB) defects.
Optical second-harmonic generation (SHG) in reflection from polar epi-layers with APBs
is shown to be as much as 1000 times weaker than from control layers without APBs.
Moreover, scanning SHG images of APB-rich layers reveal microstructure lacking in
APB-free layers. These findings are attributed to the reversal in sign of the second-order
nonlinear optical susceptibility χ(2) between neighboring anti-phase domains. Thus
contributions to SHG from neighboring domains within the incident laser spot interfere
destructively, weakening the SHG signal and making it sensitive to lateral position. The
results are correlated with other metrologies1, which show that SHG can identify APBs
quickly and non-invasively for advanced MOSFET device applications.

4.1 EXPERIMENTAL PROCEDURE

Several hetero-epitaxial III-V compound semiconductors are examined by SHG
and correlated with other metrologies in order to identify the contribution of specific
defects to SHG signal. Two sets of samples were thoroughly studied: Sample set 1)
InxGa(1-x)As films with different In molar ratios epitaxially grown on GaAs substrates, to
study the threading dislocations (TDs); Sample set 2) GaAs films gown hetero-epitaxially
on various elemental substrates in order to investigate anti-phase boundaries (APBs). The
result from each sample was compared to a control consisting of a GaAs film grown
1Due

to the extra lengthy clearance requirement of public disclosure of data measured by SEMATECH, the
data is not shown in this treatise. For more info regarding III-V Epi samples and XRD results, please
contact Jimmy Price (jimmy.price@sematech.org). For TEM data, please contact P. Y. Hung
(PY.Hung@sematech.org).
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homo-epitaxially on GaAs. All epitaxial growths were carried out by molecular beam
epitaxy (MBE) by Man Hoi Wong from SEMATECH. The specifications of epi-InxGa(1x)As

samples are listed in Table 3. The indium content is varied in order to introduce

lattice mismatch between the epi-film and the GaAs substrate. This lattice mismatch will
result in dislocations within the epi film in proportion to the larger lattice constant with
increased indium mole fraction. TDs are the only type of structural defect in these
samples.

2043

2044

2045

2046

2068

2069

1 µm GaAs
on GaAs

1 µm InGaAs
(30% In)on
GaAs

1 µm InGaAs
(8~9% In) on
GaAs

1 µm
InGaAs
(10~11%
In) on
GaAs

1 µm
InGaAs
(6.4% In)
on GaAs

1 µm
InGaAs
(5.4% In)
on GaAs

Table 3:

Specifications for Sample Set 1 --- InxGa(1-x)As on GaAs.

#1
500 nm Epi
GaAs/(001)S
i substrate
with 4o offcut angle
Table 4:

#2

500 nm Epi
GaAs/onaxis (001)Si
substrate

#3

#4

500 nm Epi
GaAs/(001)
GaAs
substrate

500 nm Epi
GaAs/(001)
Ge substrate
with 6o offcut angle

#5

#6

500 nmEpi
GaAs/onaxis (001)
Ge substrate

500 nm HTGaAs/100
nm LTGaAs/1 nm
AlAs/(001)
Si substrate

Specifications of Sample Set 2 --- GaAs on various elemental

semiconductor substrates
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The specifications of epi GaAs films on various elemental semiconductor
substrates are listed in Table 4. For these samples, both TDs and APBs are present for onaxis substrates.
RA-SHG measurements were carried out by irradiating sample with p-polarized
~150 fs optical pulses (200mW incident power, 76 MHz repetition rate) from a modelocked Ti:sapphire laser with wavelength λ = 775 nm focused at 45o incident angle to a
30 µm diameter spot on the sample mounted on an azimuthal rotational stage. The
reflected p or s-polarized SH signal was detected as the sample rotated around the surface
normal. In order to provide more spatial distribution information of APBs, scanning SHG
mapping of the surface were acquired with the same laser focused to a smaller spot (~2
µm in diameter, 45o incident) while the sample raster-scanned in 1 µm steps within a
plane perpendicular to the surface normal, with azimuth fixed a maximum of RA-SHG.
The surface morphology was evaluated by SEM from a FEI Strata DB235 electron
microscope operated at 3 kV.

4.2 DISLOCATIONS

When two crystalline materials with dissimilar lattice constants bond, their lattice
mismatch must be accommodated by strain (deformation of crystal structure), dislocation
formation or a combination of both in order to minimize the system energy. Since the
strain energy builds up with increased film thickness, below the critical thickness --- i.e.
the maximum thickness for which pseudomorphic growth occurs (10~20 nm for InGaAs
on GaAs [72], and ~2 nm for GaAs on Si [73]) ---, the deposited crystalline film is
stretched (when the lattice constant of the film is smaller than the substrate, i.e. af < as) or
compressed (if af > as), as shown in Figure 34. This deformation causes displacements of
atoms within the solid volume. According to linear elasticity theory [68], the strain
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energy density (energy per unit volume) u associated with this lattice deformation scales
approximately quadratically with stress: u ∝ Eε 2 , where E is the modulus.
Beyond the critical thickness, dislocations can occur to relax strain. An edge
dislocation at the hetero-interface is depicted in Figure 35.

af

(a)

as
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af

(b)

as
Figure 34:

Deformation of the crystal structure of the film under critical thickness

when the lattice constant is distinct from the substrate.
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C

Figure 35:

A

Edge dislocation and the corresponding Burger’s verctor.

Dislocations can be characterized topologically by a Burger’s vector, defined as
follows: consider a loop encompassing the dislocation site, then traverse the same
sequence of Bravais lattice displacements in opposite directions. If the endpoint doesn’t
coincide with the starting point, the vector joining these two points is called the Burger’s
vector associated with the dislocation encompassed within this loop. As illustrated in
Figure 35, the loop starts from site point A, and ends at point C which fails to return to
the starting point, so the Burger’s vector corresponding to the edge dislocation within this
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loop is defined by the vector joining point C and A. For a perfect crystal without any
dislocation, a closed loop is expected.
Dislocations can be helpful for the growth of lattice mismatched materials. Edge
dislocations are especially preferred because they are localized at the hetero-interface,
and are most energetically efficient for strain relaxation. The commonly occurring
dislocations can be classified into two groups according to the angle between Burger’s
vector and growth interface: parallel and non-parallel. The first one is called Type I
dislocation (an edge dislocation is an example). And the other one is called Type II. Type
II dislocaitons are detrimental, because they can propagate towards the top surface and
degrade the overlaying device performance and reliability. One example is the threading
dislocation with dislocation line inclined to the growth interface (60° for the case of
hetero-epitaxy of GaAs on Si). Higher resolution X-ray diffraction (HRXRD) is usually
used to characterize dislocations within a crystalline material. The full width at half
maximum intensity (FWHM) of the rocking curve --- where the detector is fixed at the
center of the expected Bragg reflection and the sample is independently rotated or rocked
---, is directly related to the dislocation density by D =

β2
4.36b 2

, where β is the FWHM

(radian) and b is the magnitude of Burger’s vector: b = a/2 <110> for diamond structure
crystals [69].
For InxGa(1-x)As alloy, the lattice constant a is known to obey Vegard’s law [70]
well, i.e. to vary linearly with the composition[71]. Thus the lattice constant of the
ternary alloy is aIn x Ga1− x As = x × aInAs + (1 − x) × aGaAs , where for the compositional binary
aInAs = 6.0584Å, aGaAs = 5.6533Å. For sample set I listed in Table 3, up to 2% lattice
mismatch can be achieved. So the dislocation density can be controlled by changing the
composition of In. A 4- to 5-fold broadening of the XRD rocking curve was observed:
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CH will pubblished
~2000 to 900 arcc sec (resultts measuredd by Jimmy Price from SEMATEC
elsew
where), as In contennt which inndicates the existencee of signifficant amouunt of
disloocation withhin these sam
mples (108~
~109 cm-2). T
This was coonfirmed by a recent HR
RTEM
meaasured by Kaathy Dunn and
a P. Y. Hung
H
from SEMATECH
S
H. On the otther hand, thhere is
veryy minor diffferences am
mong the SH
HG responsees of samplee with widelly varying T
TDDs,
as inndicated inn Figure 36 and 37 annd via the iintegrated S
SH intensitiies ( ∫ I ( 2ω ) (φ ) dφ )
listeed in Table 55.

Figuure 36:

R
RA-SH ressults from sample set I under Pin/Pout coonfigurationn with

funddamental cennter waveleength 775 nm
m, incident ppower 200 m
mW.
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Figuure 37:

R
RA-SH ressults from sample seet I under Pin/Sout coonfigurationn with

funddamental cennter waveleength 775 nm
m, incident ppower 200 m
mW.
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2043

2044

2045

2046

2068

2069

1 µm
GaAs on
GaAs

1 µm
InGaAs
(30% In)on
GaAs

1 µm
InGaAs
(8~9% In)
on GaAs

1 µm
InGaAs
(10~11%
In) on
GaAs

1 µm
InGaAs
(6.4% In)
on GaAs

1 µm
InGaAs
(5.4% In)
on GaAs

Integrated
SH signal
(Pin/Pout)

7.58×104

5.91×104

6.78×104

6.77×104

7.38×104

4.73×104

Integrated
SH signal
(Pin/Sout)

4.53×104

3.77×104

3.55×104

5.20×104

4.74×104

2.00×104

TDD
(cm-2)

N/A

2.89×109

3.77×108

5.4×108

3.9×108

1.8×108

Table 4:

Summary of SHG results for InxGa(1-x)As on GaAs.

This result suggests that SHG is insensitive to dislocations. Thus we can rule out
the any substantial contribution to SHG from TDs in the study of APB defects.

4.3 ANTI-PHASE BOUNDARIES

Sample set II --- i.e. epi GaAs on various elemental substrates (see Table 4) --was used to study the effect of APBs on SHG. APBs owe their origin to the unavoidable
presence of single-atomic-height steps at the (001) surfaces of elemental (nonpolar)
semiconductors (Si, Ge). Hence when a polar semiconductor is grown hetero-epitaxially
on a nonpolar semiconductor substrate, the positions of cation and anion interchange in
neighboring anti-phase domains (APDs) originating on opposite sides of a single-atom
step, as shown in Figure 38, resulting in undesirable Ga-Ga and As-As bonds at the
APBs. Although APB-free growth can be achieved by mis-orienting the substrate, in
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which case double-atomic-height steps are energetically favored[74], growth on exact
(001) planes is of the greatest technological importance.

Si
As
Ga

Figure 38:

Schematic bonding diagram for the formation of APB defect.

Thus one type of domain is the spatial inverse of the other. For crystals like GaAs,
which does not lack centrosymmetry, this will change the sign of the 2nd order nonlinear
optical susceptibility between the two types of domains. For noncentrosymmetric cubic
( 2)
, i ≠ j ≠ k .[75] The absorption
crystals, the only nonzero dipolar susceptibility is χijk

coefficients α-1 of fundamental (775 nm) and SH (387.5 nm) radiation in GaAs are 677
nm and 13 nm, respectively [38], so SHG only probes the very top of typical micro-thick
GaAs epilayer. Within an area defined by the laser spot size S, suppose there are N1 of
one type of domain with average size <S1>, and N2 sublattice reversed domains with
average size <S2>, i.e. S = N1<S1> + N2<S2>. The SHG signal is a coherent
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superposition of signals from each individual domain enclosed in this area, so the
effective nonlinear susceptibility can be written as:

χ~ijk( 2) =

χijk( 2)
S

( N1 S1 − N 2 S2 ) = χijk( 2) (1 − 2

N1
S1 ) = χijk( 2) (1 − 2n1 S1 )
S

(15).

For Pin/Sout configuration, the reflected SH intensity from an arbitrarily oriented
GaAs surface can be written as[76] :
I ( 2ω ) (φ ) ∝

2

4

∑ χ~ijk( 2) Fn( 2ω ) [Φ (n2,1ω ) (α , β ) cos( nφ ) + Φ (n2, 2ω ) (α , β ) sin( nφ )] ,

(16)

n =1

where Fn( 2ω ) are the Fresnel factors specific to each Fourier coefficient and Φ (n2,1ω ) and

Φ (n2, 2ω ) are the geometric factors associated with the mis-orientation of the surface. The
latter are all real for 775 nm fundamental radiation[76]. The integrated intensity from the
RA-SHG pattern as depicted in Figure 39, gives an azimuthal angle independent quantity
2π

I ( 2ω ) = ∫ I ( 2ω ) (φ )dφ . For off-cut angle up to 6o, the effect of mis-orientation on this
0

integral value is less than 3%, so I ( 2ω ) ∝| χ~ijk( 2) |2 for all samples. Compared to SHG from
control sample (GaAs/GaAs) from which the signal is generated from one single domain,
the normalized SH signal gives:
I ( 2ω ) / I 0
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( 2ω )

= (1 − 2n1 S1 ) 2 .

(17)
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RA-SHG from all Epi GaAs samples listed in Tables 4 and 5 under Pin/Sout

Figure 39:
configuration.

#1

#2

#3

#4

#5

#6

0.74

7.8×10-4

1

0.24

7.7×10-3

2.4×10-3

Roughness/nm

1.8

1.7

0.90

16

5.8

1.0

TDD /cm-2

5.5×109

109

N/A

2.4×107

2.5×108

8×109

Normalized
integrated
SHG intensity

Table 5:

Integrated intensity of RA-SHG from Figure 38 for six GaAs epi-films on
various elemental substrates, as-specified in Table 4, showing that integrated
SHG intensity is uncorrelated with roughness and TDD.
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As indiccated by thee normalizeed SH intenssity in Tablle 5, GaAs grown on eexactly
(0011) plane yieelds roughlyy 3 order off magnitudee weaker siggnal comparred to the control
c
sam
mple. This iindicates thhe existencee of APB with compparable totall area sharre, i.e.

n1 S1 → 0.5 , w
which leadss to the siggnificant deegradation oof SHG siggnal. Disloccations
conttribute neglligibly to thhis weaknesss of SHG based on ccross sectioonal TDD ddensity
meaasured by H
HRTEM. The effect of surface rougghness can also be ruled out, espeecially
for ssample #6 w
with very sm
mooth surfacce.

0.0369

Figuure 40:

0.0266

S
Scanning SH images from
f
samplle #1(a), #33 (b), #5 (cc) and #6 ((d), as

speccified in Taable 4. Thee number oon the top left corner is the norrmalized staandard
deviiation of SH
HG intensityy. The horizoontal axis iss along <1000> directionn.
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0.344

0.260

Figuure 40 (conttinued): Sccanning SH
H images froom sample #1(a), #3 (bb), #5 (c) and
a #6
(d), as specifiedd in Table 44. The numbber on the toop left corneer is the norrmalized staandard
deviiation of SH
HG intensityy. The horizoontal axis iss along <1000> directionn.

A
distribbution, scannning SH images
To obtaain more phhysical insiight about APB
weree taken as presented in Figure 440. Comparred to almoost featurelless imagess from
conttrol sample and GaAs/ooff-cut Si (ppanels (a) annd (b)), the pprominent ffeatures in (c)
( and
(d) aare associated with APBs. The conntrast is duee to the muttual annihilaation of SH signal
from
m different types
t
of dom
mains. The degree of contrast
c
is qquantified bby the norm
malized
stanndard deviatiion, indicateed in the uppper left corrner of eachh panel of Fiigure 39, whhich is
largeer for imagges with higher contrrast and thuus worse ccrystalline qquality. Thuus the
‘brigght’ regionss indicate thhe dominannce of one ttype of dom
main, and thhe ‘dark’ reegions
sugggest comparrable area off both typess of domainss.

b
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a

b

b

Figuure 41:

S
SEM micrograph of suurface morphology of A
APB defectss from sampple #5

(a) aand #6 (b). S
See Table 4 for the struuctures of thhese sampless.

m the
Further correlationn betweenn SHG annd APB ccan be infferred from
corrrespondencee of structurres in the S
SHG imagess with dom
main size byy comparingg SEM
micrrographs inn Figure 41. The irreggular features in the laatter are signatures off APB
morrphology [777, 78]. The control sam
mple and GaaAs on off-ccut substratee yield featuureless
imagges, as did sscanning SH
HG.
The corrrelation of SHG with tthe presence of APBs is further cconfirmed by
b data
from
m commerciial grade higgh electron mobility traansistors (HEMTs) fabrricated on (0001)Si
subsstrate with eeither 0° annd 4° off-cuut angle. Fiigure 42 shoows the com
mpositionall cross
sectiion of thesee samples, w
which were ffabricated by IntelliEpi Inc.
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In0.53Ga0.47As cap: 3 nm
In0.52Al0.48As barrier: 8 nm
Si-Delta dopped
In0.52Al0.48As spacer: 4 nm
In0.53Ga0.47As channel: 10 nm

InxAl1-xAs buffer (x = 0~0.52): 0.6~1.0
µm

GaAs buffer layer: ~0.5 µm

(001) Si substrate (on-axis or off-cut)

Figure 42:

Schematic cross section of commercial grade HEMT structure purchased

from IntelliEpi Inc for SHG studies.
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Figure 43:

40

80
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Azimuthal angle (deg)

RA-SHG from HEMT samples defined in Figure 42 Pin/Pout (a) and

Pin/Sout (b) configuration. The number in blue indicates the integrated SH intensity.

The HEMTs have much higher electron mobility than the conventional FETs
because of the undoped channel region where electrons can move very fast without
collision with the ionized impurities. Conductive electrons are supplied by the
neighboring highly doped larger bandgap layer (In0.52Al0.48As in this case). The SH
intensity from the on-axis substrate behaves similarly to that for simpler GaAs epi-film in
Figure 39 and Table 5 --- about 3 order of magnitude weaker than for the off-cut
substrate. This result is also consistent with the SEM micrographs which suggest the
presence of APB defects on the on-axis sample, as shown in Figure 44. The RA-SHG
patterns for the off-cut substrate for Pin/Sout polarization (Figure 43b, lower panel) closely
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resembles that observed ffor correspoonding sampples #1 andd #4 in the earlier datta (see
wever the Pin/Sout data for the oriennted substraate (Figure 443b, upper panel)
Figuure 39). How
show
ws a 6-fold symmetry rather than 4-fold sym
mmetry from
m previous data
d
(see saamples
#2 aand #5 in Figgure 39).

a

Figuure 44:

b

S
SEM micrograph of AP
PB defects from HEMT
T samples w
with 0° (a) and
a 4°

(b) ooff-cut substrate.

4.4 SUMMARY
S
Y
In this chapter, wee have dem
monstrated SHG as ann efficient and non-invvasive
metrrology to evvaluate the crystalline qquality of eppitaxial GaA
As layers grrown on diffferent
subsstrates. A siignificant ddegradation of SHG siggnal is attriibuted to thhe APB struuctural
defeects which are detrim
mental to thhe performaance of devvices fabriccated on thhe top
epilaayer. Thus SHG distinnguishes itseelf as a nonn-destructivve, in-situ annd potentiaally inline diagnosticc for thosee performannce limitinng defects for advanced FET ddevice
appllication.
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Chapter 5: CHARACTERIZATION OF STRAIN FIELD IN TSV BY
OPTICAL SHG
The ITRS has announced 3D integration to be a key technique for higher
transistor integration density. Among all the 3D integration designs, TSV is considered as
the most promising technology for interconnecting stacked devices. In addition to the
current effort focused on the system design and processing development, thermal
mechanic reliability challenges due to the large CTE mismatch between TSV filled metal
and Si, need to be investigated thoroughly. In this chapter, we show preliminary SHG
results to probe the strain distribution around TSV patterns. Different SH imaging
techniques are used to explore optimal sensitivity to strain field, and the oblique incident
angle scanning SH images suggest a strong correlation to strain distribution.

5.1 EXPRIMENTAL PROCEDURE
The test sample was fabricated by the standard TSV process [84]. Deep trenches
(~60 µm) inside the Si wafer were fabricated by reactive ion etch (RIE), then an
insulation layer (SiO2) was deposited on the side walls by PECVD. Electro-plating of
circular Cu wires with radius ~10 µm was used to fill the hole followed by chemical
mechanical polish (CMP). The geometry of the resultant TSV structure is presented in
Figure 45 and Figure 46.
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Figuure 45:

O
Optical microscope imaage for the top view of TSV array.
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Figuure 46:

S
SEM microggraph of thee cross sectiion of TSV structure.

H imaging ttechniques w
were used too study the strain field w
within
Several different SH
the Si wafer arround TSV
V patterns: pprojection iimaging, coonfocal and oblique inncident
mplest setupp layout: a fairly
anglle scanning microscoppe. Projectioon imaging has the sim
largee beam (50 µ diameterr spot size) w
was focusedd on to the sample
s
at 45° incident angle,
and the reflecteed beam waas projectedd on to a CCD
C
cameraa by a micrroscope objjective
mm FL).[800] For the last two scanning miccroscopes, ddifferent scaanning
(0.42 NA, 10 m
mple is keppt fixed whiile the
techhniques were used. In tthe confocaal configurattion, the sam
norm
mal incidennt laser beaam is scannning by a ppair of Galvvo mirrors[[80]. For thhe last
scannning microoscope conffiguration, the sample is scanninng at 1 µm
m step in a raster
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mannner while bbeam is statiionary in orrder to achieeve oblique incidence[881], similar to the
techhnique usedd to obtain scanning SHG
S
imagess of APB-lladen GaAss epi-films in the
prevvious chapteer (see Figurre 40).
5.2 PROJECT
P
ION SH IM
MAGING
s
expposure
Figure 447 shows thhe projectioon SH imagges acquiredd with 50 seconds
timee at differennt fundamenntal wavelenngths with 200
2 mW inccident poweer. A clear ffeature
of thhese imagess is the interrference frinnges near thhe sharp edgge between Cu and Si, which
was reported also for the E
EFISH imagiing of Au ellectrode on Si substratee. [80]

Figuure 47:

P
Projection S
SH images for differeent fundameental wavelengths at Pin/Pout

conffiguration frrom a singlee TSV pattern.
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The fringes near the sharp edge between Cu and Si are artifacts due to spatially
coherent illumination, combined with wide-angle diffraction of light from these sharp
edges outside the collection angle of the imaging optics. These fringes overlap the
strained Si region, making the analysis of the strain-field-induced SHG rather
cumbersome. Thus two different scanning SH microscopes were used to break the spatial
coherence of SHG from different locations.
5.3 SCANNING SH IMAGING
During the scanning process, either the tightly focused beam or the sample is
scanning in a raster manner. The coherence of SHG from different locations is broken by
establishing a point-to-point relation between the sample and image. This offers a
potentially more straightforward mapping of the strain field distribution by scanning SH
imaging.
For the standard Leica TCS SP5 confocal microscope at Patterson Microscopy
Center on campus, the scanning of the beam is achieved by a pair of Galvo mirrors which
vibrate along perpendicular directions. Thus a 2-D scanning can be obtained for the laser
beam whose geometry is limited to normal incidence. Figure 48 demonstrate the confocal
scanning images obtained from TSV pattern.
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Figuure 48:

C
Confocal sscanning S
SH imagess from TS
SV patternn with diffferent

funddamental waavelengths.
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Figuure 49:

S
SH intensityy along the radial direction from the images shown in F
Figure

48.
The connfocal scannning images only demonnstrate azim
muthally isottropic distribbution
SH signal arround TSV and a monnotonic graddual transitiion from Sii to Cu alonng the
of S
radiaal direction as indicateed by Figuree 49. This m
may suggestt that SHG iis not sensittive to
straiin under norrmal incidennce. Thus aan oblique inncident angle geometryy may be required
to exxplore any sstrain effectt on SHG im
mages.
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a1

a2

[100]

[110]

b1

b2

[110]
[100]
Figuure 50:

O
Oblique incident angle scanningg SH imagges from TSV patterrns at

funddamental w
wavelength 7775nm undder Pin/Pout (a), Pin/Soutt (b), Sin/Souut (c), Sin/P
Pout (d)
polaarization configurationns. The aarrow on the right corner inndicates thhe Si
crysstallographicc direction as well as the scanninng directionn. For the ttop 4 panells, the
scannning is aloong [100] crrystallograpphic directioon, while thhe scanning for the botttom 4
paneels is along [110] direction. The p--polarizationn is along hhorizontal axxis for all im
mages,
and s-polarizatiion is paralleel to verticaal direction.
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c1

c2

[110]

[100]]

d2

d1

[110]
[1000]
H images frrom TSV paatterns
Figuure 50 (conttinued): Oblique inciddent angle sscanning SH
at fuundamental wavelengthh 775nm unnder Pin/Pouut (a), Pin/Sout (b), Sin/Sout
Pout (d)
o (c), Sin/P
polaarization configurationns. The aarrow on the right corner inndicates thhe Si
crysstallographicc direction as well as the scanninng directionn. For the ttop 4 panells, the
scannning is aloong [100] crrystallograpphic directioon, while thhe scanning for the botttom 4
paneels is along [110] direction. The p--polarizationn is along hhorizontal axxis for all im
mages,
and s-polarizatiion is paralleel to verticaal direction.
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Figures 50 show the scanning SH images from the TSV sample under different
polarization configurations and scanning direction. The fundamental laser beam (775nm)
was focused on a ~2µm spot at 45° incident angle, and the reflected SH signal was
collected by a photo multiplier tube. Because of the oblique incident angle, the
conventional beam scanning technique used in confocal configuration will not work.
Thus during laser illumination, the sample was scanned two dimensionally in a raster
manner in order to achieve the point-to-point mapping between the sample and the
scanning image. An obvious observation is that for some polarization combinations
(Pin/Sout, Sin/Sout, Sin/Pout), the region around the TSV pattern shows much higher SH
signal than the background Si, and the bright patterns correlates closely with polarization
combinations. Additionally these patterns tend to rotate with the laser beam (compare top
and bottom data sets in Figure 50), thus ruling out any possibility of scattering from
particles. These observations may indicate the correlation with strain field which may
break the inversion symmetry of Si crystal around the TSV pattern. Especially the images
obtained under Pin/Sout polarization combination as demonstrated in Figure 50b, exhibit a
consistent spatial profile. The overall symmetry of strain induced SH intensity may be
due to the polarization selectivity, in which case SH radiation follows a cos φ angular
relationship: I ( 2ω ) (φ ) ∝ cos2 φ , where φ is the azimuthal angle relative to s-polarization
direction, i.e. the vertical axis. The asymmetry of SH intensity in the four quadrants may
indicate the interference between the strain induced and the background SH signals.
Further detailed model and analysis need to be developed in order to quantitatively
explain the results, as well as correlation with simulation results [85, 86] and other
metrologies [87, 88, 89].
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Chapter 6: CONCLUSIONS AND FUTURE WORKS
6.1 SUMMARY
In conclusion, we have demonstrated SHG as an efficient, non-invasive metrology
to characterize performance limiting defects and/or essential properties of novel materials
for several current leading edge technologies in the microelectronic industry.
For SOI---the latest platform used in high performance/low power devices---, we
have isolated the trapping dynamics of optically excited carriers at the buried Si/SiO2
interface of ultrathin SOI layers, and measured their variation with SOI thickness and
laser intensity (see Chapter 2). The results reveal that the dominant trapping sites are
induced by thermal oxidation thinning of the SOI layer, and are thus denser for thinner
films, and lie energetically at least 1 eV below the SiO2 CB edge, and are thus long lived.
The results demonstrate that SHG can noninvasively characterize defects critical to SOI
device performance without device fabrication.
BeO is a promising interfacial passivation layer material. We have measured band
alignment of ALD BeO on Si by internal photoemission and XPS (see Chapter 3). IPE
and IMPE both yielded consistent results for the CBO of as-deposited samples, although
the IPE/IMPE threshold may be determined by conduction band tail states. The CBO
increases with PDA temperature, indicating a change in the interfacial atomic structure
during thermal treatment. The VBO, as determined by synchrotron XPS, is consistent
with the CBO measured by IPE/IMPE and the optical absorption edge measured by SE.
APB defects in epitaxial GaAs layers grown on nonpolar semiconductor
substrates were evaluated by SHG (see Chapter 4). A significant degradation of average
reflected SHG intensity compared to single-crystal GaAs, and appearance of microstructure in scanning SH images, are attributed to APB structural defects.
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Finally, scanning SH images may indicate the sensitivity of SHG to strain fields
around TSV patterns (see Chapter 5). However, we are currently in need of a quantitative
phenomenological model of the influence of strain gradients on SHG in order to
understand the results in hand.
Thus SHG distinguishes itself as a non-destructive, in-situ and potentially in-line
diagnostic of material properties important for both front-end-of-line and back-end-ofline of IC fabrication.

6.2 FUTURE WORK
So far the study of SHG from these novel materials for advanced device
applications has been focused on two aspects based on the unique nonlinear optical
property of specific material: IMPE (Chapter 2 and 3) and crystal symmetry (Chapter 4
and 5). IMPE-TDSHG has been widely applied to Si based systems, but there still lacks
systematic research of IMPE on other post-Si material systems: Ge, III-Vs for example.
The difficulty for such kind of study may be attributed to the much stronger background
SHG from the bulk due to the absence of inversion symmetry (for III-V compound
semiconductors), and/or larger surface recombination rate due to poorer interface quality.
So innovative signal detection technique (which can isolate the interface specific
contribution from the dominant bulk background), better interface passivation process
(which may enhance charge injection at interface due to reduced competing surface
recombination), and especially the possible replacement of Si by these materials may
inspire more profound research in the very near future.
Due to the limited laser spot size of the scanning SH microscope designed to
study APB defects in the epi GaAs, this far field imaging technique can not directly
resolve the single domain structure. So a future study might focus on a near field
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scanning SH microscope which could provide enough resolution for direct imaging of
individual domain structure.[82, 83] For the HEMT sample discussed in Chapter 4, a
detailed model and analysis is still needed to explain why the rotational anisotropy from
on-axis sample shows 3-fold and 6-fold rotational symmetry rather than 4-fold symmetry.
As for the strain field study on TSV samples discussed in Chapter 5, more work
still needs to be done to fully understand the results. The major challenges to establish an
analytic model are the complexity of strain distribution and the tensor nature of nonlinear
susceptibility. Both normal stress and shear stress may contribute to the break of crystal
symmetry. Thus a way to isolate each contribution is prerequisite for the potential
application of this metrology. An independent control measurement from a sample under
known stress distribution may help understand the strain effect on SHG [90-94].

96

Appendix A: PHENOMENOLOGICAL MODEL OF SHG FROM SOI

Following the conventions for physical quantities listed in chapter 2.1, from the
~ = 2π , we can define the normal component (along z axis) of wave
wave number ω
0

λ0

~ × cosθ , and the in-plane component (projection along the interface)
number w0 = ω
0
0
κ = ω~0 2 − w0 2 . Similarly inside SiO2, we can have ω~1 = n1ω~0 , w1 = ω~12 − κ 2 = ω~1 cosθ1
, where n1 is the complex index of refraction and θ1 is the angle inside SiO2 related to
incident angle θ0 following Fresnel’s law: sin θ0 = n1 sin θ1 which also indicates the
continuity of in-lane wave number κ . And we can also define these quantities for SH
~
~
~
~
~
~ , Ω
W0 = Ω0 × cosθ0 , Κ = Ω 0 2 − W0 2 ,
wave as well: Ω0 = 2ω
0
1 = N1Ω 0 ,
~2
~
W1 = Ω1 − Κ 2 = Ω1 × cos Θ1 , sin θ0 = N1 sin Θ1 . Thus the Fresnel’s factors can be

κ
w
written by the above wave number components: f s = ~ , f c = ~2 for fundamental field
ω
ω
2

2

Κ
Κ
W
W
inside Si, and F1s = ~ , F1c = ~ 1 , F2 s = ~ , F2c = ~ 2 for SH wave inside SiO2 and Si
Ω2
Ω1
Ω1
Ω2
according to the subscript.
From the macroscopic Maxwell’s equations:
r r
4π r r
∇⋅E = −
∇⋅P ,

ε

r r ~ r
~r
∇ × B + iΩεE = −4πiΩP ,
r r
∇⋅B = 0 ,
r r ~r
∇ × E − iΩB = 0 ,
r r
r r
r r r
with localized source P = ηδ ( z − z0+ )eiΚ ⋅ R , where R = x + y , the general solution
written as
r r
r
r r
r r
r r
E (r ) = E+ (r )e−iWz0 θ ( z − z0 ) + E− (r )e−iWz0θ ( z0 − z ) + ξ δ ( z − z0 )eiΚ ⋅ R ,
r r
r
r r
r r
r r
B(r ) = B+ (r )e−iWz0 θ ( z − z0 ) + B− (r )e−iWz0θ ( z0 − z ) + ζδ ( z − z0 )eiΚ ⋅ R .
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(A1.1)

(A1.2)
(A1.3)
(A1.4)
can be

The electromagnetic field is decomposed in the beam coordinate:
r r
r r
r r
r r
E± (r ) = ( Es ± sˆ + E p ± pˆ ± )eiν ± ⋅r , B± (r ) = ( Bs ± sˆ m B p ± pˆ ± )eiν ± ⋅r , where the subscript ‘+’

denotes the field propagating upward, minus sign for downward, and the polarization unit
vectors are written as : sˆ = xˆ , pˆ ± = Fs zˆ m Fc yˆ . Substitute this solution into (A2) and (A4),

and equate the coefficients of different singularities ( δ , δ ′ ), then we have:
r
r
~
Es ± = 2πiΩ2W −1sˆ ⋅η ,
r
r
~
E p ± = 2πiΩ 2W −1 pˆ ± ⋅ η ,

(A2.1a)
(A2.1b)

ξκ = 0 ,

(A2.3)

ξ z = −4πε −1η z ,

(A2.4)

r

ζ ≡0
r
r
Note that only Es ± and E p ± are the propagating fields.

(A2.5).

The solution for the bulk SHG is slightly different due to the nonlocalized nature
of polarization source term, thus a green function algorithm proposed in reference [33] is
used to obtain this solution:

t r
r r
r r
E (Κ , z ) = ∫ G (Κ , z − z′) ⋅ P (Κ , z′)dz′

(A3).

And the kernel ist
r
~
G (Κ , z ) = 2πiΩ 2W2−1 ( sˆsˆ + pˆ + pˆ + )θ ( z )eiW2 z
~
+ 2πiΩ 2W2−1 ( sˆsˆ + pˆ − pˆ − )θ ( − z )e − iW2 z ,

⎧1
where θ ( z ) = ⎨
⎩0

− 4πε 2−1 zˆzˆδ ( z )
, z>0
. The first two term represent the field propagating
, z≤0

upward ( z > 0 ) and downward ( z < 0 ) respectively. Thus once the polarization density is
known, we can write down the SH radiation from both interface and bulk from equations
(A2.1) and (A3). Before doing that, we need to find out the fundamental field inside Si by
transfer matrix technique [31].
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For a multi-layer structure with each medium denoted by m1, m2,…, mn as shown
in figure A1, we can define the corresponding transfer matrix Mij at each interface
between medium mi and mj, as well as the matrix Mi within media mi with thickness dm:
⎡e iwm d m
0 ⎤
1 ⎡ 1 rij ⎤
and
.
=
M ij = ⎢
M
⎥
⎢
i
− iw m d m ⎥
tij ⎣ rij 1 ⎦
e
⎣ 0
⎦
The first matrix Mij represents the reflection and transmission at each interface, and the
matrix Mi denotes the propagation within each media.
Thus we can define the total transfer matrix for the propagation through a series
of media from m1 to mn as:

1 ⎡T1nT1n − R1n R1n R1n ⎤
1 ⎥⎦
− R1n
T1n ⎢⎣
= M 12 × M 2 × M 23 × ⋅ ⋅ ⋅ × M n ,

M 1n =

(A4)

where T1n and R1n is the total transmission and reflection from this multi-layer structure.
Thus for an arbitrary structure the total transitivity and reflectivity can be obtained from
the transfer matrix element:

T = 1 / M (4,4) and R = M (1,2) / M (4,4)

(A5).

The typical transfer matrices at the interfaces between the media encountered in
this problem can be written by the optical constants and wave number components from
the boundary condition:

w1 − w0ε1
= −r01p ,
w1 + w0ε1
2w1n1
t10p =
,
w1 + w0ε1
w ε − w2ε1
r12p = 1 2
= −r21p ,
w1ε 2 + w2ε1
2w1n1n2
t12p =
,
w1ε 2 + w2ε1
r10p =
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(A6.1)
(A6.2)
(A6.3)
(A6.4)

t21p =

2w2n1n2
w1ε 2 + w2ε1

(A6.5).

Z

SiO2
0
Z’
Si
-D
SiO2
Figure A2:

Multiple reflection of fundamental wave inside SOI film

Thus the total p-polarized fundamental field inside the SOI film due to internal
multiple reflection as demonstrated in figure A2 can be written as:
r
E ( z ) = pˆ −e −iw2 z E p + pˆ + rbdp e 2iw2 D eiw2 z E p + pˆ − rbdp rboo e 2iw2 D e −iw2 z E p + pˆ + rbdp rbop rbdp e 4iw2 D eiw2 z E p + ... ,

where Ep is the fundamental field at z = 0− which is related to the incident field by

E p = E0Tobp and each term corresponds to one more reflection at Si/SiO2 interface. From
this multiple reflection series the Cartesian components of electric field are:
E p f s rbdp e 2iw2 D iw2 z
Ep fs
− iw2 z
e
e
Ez ( z ) =
+
1 − rbdp rbop e 2iw2 D
1 − rbdp rbop e 2iw2 D
= E p f s [a( D)e − iw2 z + b( D)eiw2 z ]

Ey ( z) =

E p fc
1− r r e
p p
bd bo

e − iw2 z +
2 iw2 D

= E p f c [ a ( D )e

− iw2 z
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− E p f c rbdp e 2iw2 D
1− r r e

− b( D )e

p p 2 iw2 D
bd bo

iw2 z

]

(A7.1)

,

eiw2 z

(A7.2).

The reflectivity for each effective interface can be obtained from transfer matrix method
t p r pt p e 2iw1δ
t p r pt p e 2iw1q
mentioned before: rbdp = r21p + 21 12p 12p 2iw1δ , rbop = r21p + 21 10p 12p 2iw1q .
1 − r12 r12 e
1− r12 r10 e

From the symmetry of Si(001) plane, the only nonzero χ ( 2) components are
( 2)
( 2)
( 2)
( 2)
( 2)
χ xxz
= χ yyz
= χ zyy
, χ zxx
and χ zzz
. So the susceptibility tensor can be written in contract

form:

0
0
⎡ px ⎤ ⎡ 0
⎢p ⎥ = ⎢ 0
0
0
⎢ y⎥ ⎢
⎢⎣ pz ⎥⎦ ⎢⎣d 31 d 31 d33

0

d15

d15

0

0

0

⎡ Ex2 ⎤
⎢ 2 ⎥
E
0⎤ ⎢ y2 ⎥
⎢ E ⎥
0⎥⎥ ⎢ z ⎥
⎢2 E E ⎥
0⎥⎦ ⎢ y z ⎥
2E E
⎢ x z⎥
⎢⎣2 E x E y ⎥⎦

(A8).

⎡
⎤
2d15 Ex E z
⎢
⎥
=⎢
2d15 E y Ez
⎥
⎢d 31E x2 + d31E y2 + d33 E z2 ⎥
⎣
⎦
Thus at z = 0+ , we have
⎡
⎤
0
r + ⎢
⎥
P (0 ) = ⎢ 2d15 E y (0) Ez (0) ⎥ .
⎢d31E y2 (0) + d33 E z2 (0)⎥
⎣
⎦
According to equation (A2), the SHG from interface I (NOX/SOI) then takes the
form:

~
EIp = 2πiΩ 2W1−1 ×

T10p eiW1q
× [ F1s (1 + Radp ) Pz (0) − F1c (1 − Radp ) Py (0)] (A9.1).
1 − R10p Radp e 2iW1q

Similarly, at z = − D , the SH field from interface II (SOI/BOX) can be expressed
as:

~
EIIp = 2πiΩ 2W1−1 ×

Tcop
×
1 − Rcop R12p e 2iW1δ
p 2 iW1δ
10

[ F1s (1 + R e

(A9.2).
p 2 iW1δ
10

) Pz (− D) − F1c (1 − R e
101

) Py (− D)]

And at z = − D − δ ,
~
EIIIp = 2πiΩ 2W1−1 ×

Tcop eiW1δ
×
1 − Rcop Rcdp e 2iW1δ

(A9.3).

[ F1s (1 + R ) Pz (− D − δ ) − F1c (1 − R ) Py (− D − δ )]
p
cd

p
cd

For Si(001) plane, the polarization density of anisotropic bulk SHG from SOI film
can be written as [32]:
1
p y ( z ) = iω~2 n2ζ f s (cos 4φ + 3) f c2 E p2 [a 2 ( D) × e − 2iw2 z + b 2 ( D ) × e 2iw2 z
4
− 2a( D) × b( D)]
,

pz ( z ) = −iω~2 n2ζf s2 f c E p2 [a 2 ( D) × e−2iw2 z − b 2 ( D) × e2iw2 z ] ,

(A10.1)

(A10.2)

where φ is the azimuthal angle which denotes the angle between the incident plane and
crystalline [100] direction.
Substituting equations (A10) into (A3), we can solve the anisotropic SHG
contribution from SOI film:
Tbop
~
p
ESOI
= iπΩ32 n2ζW2−1E p2 ×
×
1 − Rbop Rbdp e 2iW2 D

{f

f F2 s × [a 2

2
s c

1 − ei (W2 + 2 w2 ) D
1 − ei (W2 − 2 w2 ) D
− b2
W2 + 2 w2
W2 − 2 w2

− Rbdp e 2iW2 D × (a 2

1 − ei (W2 − 2 w2 ) D
1 − ei (W2 + 2 w2 ) D
− b2
)] +
W2 − 2 w2
W2 + 2 w2

(A11).

f c2 f s (cos 4φ + 3)
1 − ei (W2 + 2 w2 ) D
1 − ei (W2 − 2 w2 ) D
1 − eiW2 D
F2 c × [a 2
+ b2
− 2ab
+
W2 + 2 w2
W2 − 2 w2
W2
4
Rbdp e 2iW2 D × (a 2

1 − ei (W2 − 2 w2 ) D
1 − ei (W2 + 2 w2 ) D
1 − e − iW2 D
+ b2
− 2ab
)]}
W2 − 2 w2
W2 + 2 w2
W2

And the bulk quadrupolar SHG from the substrate:
~
iπΩ32 n2ζW2−1
Tdop
Tp
p
Esub =
×
× f s ( odp ) 2 E p2 ×
4
W2 + 2w2
Tob

[ f c2 F2c cos 4φ + 3 f c2 F2c + 4 F2 s f s f c ]
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(A12).

Thus the total SHG is coherent superposition of all the above SH fields:
p
p
p
ETotal
= EIp + EIIp + EIIIp + ESOI
+ Esub

(A13).

Appendix B: DIRECTORY OF SAMPLE SOURCES

Materials

Grower/Source(contact)/Vendor

50 nm SOI

Sigen (contact sigen.com)

SOI with DOX and all samples related
to chemical etching process

Ming Lei (performed at Pickle’s Research
Center, see Section 2.2 for description of
growth procedure)
Dr. Diego R. Yankelevich from UC

TCV on glass

Davis (yankelev@ece.ucdavis.edu, see
Reference [37] for detailed growth procedure)

ALS BeO on Si

Epi InxGa(1-x)As on GaAs,
Epi GaAs

TSV

J. H. Yum (jung.hwan.yum@sematech.org,
see Reference [62] for detailed growth
procedure)
Man Hoi Wong from SEMATECH
(ManHoi.Wong@sematech.org),
Jimmy Price from SEMATECH
(Jimmy.Price@sematech.org)
Prof. Paul Ho from UT Austin,
Zhuujie Wu (wuzj@physics.utexas.edu)
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Appendix C: DIRECTORY OF DIAGNOSTIC EQUIPMENT

Instrument

Location

J.A. Woollam spectroscopic
ellipsometer M2000

Microelectronic Research Center (training
contact: mertech@mer.utexas.edu)

All semiconductor processing
(cleaning, etching deposition, PDA,
etc)

Microelectronic Research Center (training
contact: mertech@mer.utexas.edu)
Center for Nano- and Molecular

SEM

confocal scanning microscope

XRD

HRTEM

Science (FNT 3.110)
Patterson Microscopy Center (Patterson
building, RM 334, training contact:
wes@mail.utexas.edu)
SVTC (Jimmy.Price@sematech.org)

Albany (Dr. Kathy Dunn, Dr. PY Hung)

Scanning SH Microscope

RLM 2.408 (built by Ming Lei,
leiming@physics.utexas.edu)

IPE

RLM 2.408 (built by Ming Lei,
leiming@physics.utexas.edu)

Training is required for all the equipment listed here
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